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ABSTRACT: Increased demand for a carbon-neutral sustainable energy
scheme augmented by climatic threats motivates the design and exploration
of novel approaches that reserve intermittent solar energy in the form of
chemical bonds in molecules and materials. In this context, inspired by
biological processes, artificial photosynthesis has garnered significant
attention as a promising solution to convert solar power into chemical
fuels from abundantly found H2O. Among the two redox half-reactions in
artificial photosynthesis, the four-electron oxidation of water according to
2H2O → O2 + 4H+ + 4e− comprises the major bottleneck and is a severe
impediment toward sustainable energy production. As such, devising new
catalytic platforms, with traditional concepts of molecular, materials and
biological catalysis and capable of integrating the functional architectures of
the natural oxygen-evolving complex in photosystem II would certainly be a
value-addition toward this objective. In this review, we discuss the progress
in construction of ideal water oxidation catalysts (WOCs), starting with the ingenuity of the biological design with earth-abundant
transition metal ions, which then diverges into molecular, supramolecular and hybrid approaches, blurring any existing chemical or
conceptual boundaries. We focus on the geometric, electronic, and mechanistic understanding of state-of-the-art homogeneous
transition-metal containing molecular WOCs and summarize the limiting factors such as choice of ligands and predominance of
environmentally unrewarding and expensive noble-metals, necessity of high-valency on metal, thermodynamic instability of
intermediates, and reversibility of reactions that create challenges in construction of robust and efficient water oxidation catalyst. We
highlight how judicious heterogenization of atom-efficient molecular WOCs in supramolecular and hybrid approaches put forth
promising avenues to alleviate the existing problems in molecular catalysis, albeit retaining their fascinating intrinsic reactivities.
Taken together, our overview is expected to provide guiding principles on opportunities, challenges, and crucial factors for designing
novel water oxidation catalysts based on a synergy between conventional and contemporary methodologies that will incite the
expansion of the domain of artificial photosynthesis.

1. INTRODUCTION
The rapid increase in global energy demands coupled to
climatic concerns have intensified development of alternative
sustainable, environment-friendly, and affordable energy
perspectives. In this context, artificial photosynthesis has
garnered significant attention as a viable approach to meet
these crucial societal needs, whereby the abundant solar energy
is stored in chemical bonds to be used later as solar fuels.1−6

Indeed, photocatalytic and electrocatalytic pathways are
promising strategies to utilize visible light as the primary
source of energy to drive the reaction of water splitting and
provide practical solutions to a clean and green hydrogen fuel
economy.7−14 Notably, water splitting consists of the following
two half-cell reactions to generate the solar fuel hydrogen and
release molecular oxygen:

2H O(l) O (g) 4H (aq) 4e2 2 + ++
(1)

4H (aq) 4e 2H (g)2++
(2)

where eq 1 and 2 are water oxidation and reduction reactions,
respectively. Out of these two steps, water oxidation requires
high overpotential, E° = 1.23 V vs normal hydrogen electrode
(NHE), due to involvement of multiple electron−proton
releases, escalating the energetic input, and widely considered
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as the bottleneck of homogeneous electrochemical production
of H2 from H2O.

15−17 Specifically, the O−O bond formation,
during the oxygen evolution reaction (OER), is a challenging
task due to high endergonicity of the redox events, coupled to
significant electronic and structural reorganization.18−21 In fact,
water oxidation often requires overpotentials of 400 mV or
higher, that results in almost 25% energy loss to drive the
splitting process.22 Therefore, it is of paramount importance to
identify an ideal and efficient water-oxidizing catalyst which
should be robust and overcome the thermodynamic and
kinetic requirement for water oxidation under mild con-
ditions.4,23

As discussed in details in section 2.1, Nature adopts a unique
and intricate sunlight driven biochemical machinery for water
oxidation to O2 in the oxygen evolving complex (OEC) of
photosystem II (PSII) (Scheme 1).24−28 The critical O−O
bond forming event is coupled to release of two protons, O2
generation and rapid release, followed by a water-binding
event. Interestingly, all these processes are manifested by
assistance from appropriate oxidation states on manganese,
proximity and binding of water molecules to the Mn core and
Ca2+, and hydrogen bonding networks of the neighboring
amino acid residues (Figure 2, vide infra). Simultaneously, the
reducing equivalents such as electrons and protons derived
from water are utilized to drive the reduction of CO2 to
carbohydrate during the carbon fixation event. This
fundamental yet intriguing biological process is the central
strategy to harvest solar energy into chemical form and leads to
sustenance of life on earth.5

As demonstrated in the literature, in the past few decades,
significant research efforts have been invested to understand
the structural and functional principles of the water oxidation
event in PSII.29−31 Understanding the oxygen evolution
reaction in the OEC has been primarily focused. The OEC
consists of an oxo-bridged tetranuclear manganese−calcium
cluster (Mn4CaO5) at its active site. Complementary
spectroscopic and computational techniques have unearthed
in-depth insights on this riveting mechanism, that leads to a
four-electron redox chemistry of two water molecules in the
OEC, encompassing five sequential intermediate states in the
Kok cycle, resulting in the crucial O−O bond formation (see

Figure 2, vide infra).31−37 X-ray diffraction techniques with
free-electron lasers (XFEL) and other advanced spectroscopic
approaches have contributed immensely to elaborate the
geometric and electronic templates that are involved in the
plausible substrate water coupling and release of dioxy-
gen,38−41 providing a solid foundation for future functional
studies.42,43 Thus, the biological photosynthetic complex
serves as a natural platform which could be probed to provide
useful guidelines in the quest for light-driven artificial water
splitting catalyst (Scheme 1).20,44−46

Over the years, several biomimetic analogs have been
identified which mimic the structural and electronic properties
of the inorganic core of Nature’s water oxidation catalyst.47−52

This resulted in synthetic endeavors of a plethora of oxo-
bridged oligonuclear complexes, mostly buildup of manganese,
displaying beautiful chemical architectures, albeit with less
success as compared to the efficiency of the biological water
oxidation catalyst.53 Furthermore, several experimental and
synthetic studies have attempted to draw inspiration from the
photochemical processes of PSII, to achieve conversion of solar
energy into chemical energy and fuels in an elegant manner,
rather than mimicking the structural components of the
complicated and sophisticated photosynthetic device. Thus, a
number of well-defined molecular catalysts19 have been
deployed to facilitate water splitting in electrolyzers and
photoelectrochemical devices.54 In addition to initial explora-
tions with rare, expensive and toxic noble metals like
ruthenium and iridium,55 present scientific thrust relies on
low-cost and abundant non-noble first-row transition metals
like manganese, iron, cobalt, nickel, and copper, with tailored
coordination environment, electronic structure and solvent
medium.56 In addition, the humongous success of supra-
molecular chemistry in selective chemical transformations and
organized assemblage of photochromophores have opened up
new avenues in supramolecular catalysis,57 particularly the
subfield of photoredox catalysis. This has paved the way for
emergence of bioinspired supramolecular water oxidation
catalysts, utilizing the fundamental concepts of noncovalent
interactions, and consisting of mono-, bi-, and polynuclear
metallic sites.58,59 Utilizing supramolecular principles, mono-
nuclear catalysts are confined in vesicles or fibers to enable

Scheme 1. Generalized Theme for Typical Solar Light Driven Photocatalytic Water Splitting, Showing the Active Site of the
Mn4CaO5 Cubane in Photosystem II

Reprinted with permission from ref 4. Copyright 2014 the Royal Society of Chemistry.
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spatial proximity of two catalytic centers during O−O bond
formation, and improves catalytic efficiency.58,59 However,
despite considerable increase in the number of active water
oxidation catalysts (WOCs), thermal instability and kinetic
challenges are key issues that prevent their practical
implementation, critical for a sustainable future.18

In the recent past, several review articles and perspectives
have highlighted the structural features and methodological
development in artificial water splitting.4,18,20,21,60 However, to
the best of our knowledge, there has been no concise report
that outlines collectively the advancements in water oxidation
by conventional molecular catalysts, multinuclear inorganic
cores, supramolecular and hybrid catalysts61 and focuses on
their catalytic functions from a structural−functional−mecha-
nistic perspective, acquired through both experimental and
computational techniques. Therefore, in this review, we briefly
discuss the present knowledge on the complexity and the
mechanistic intricacies involved in the tightly controlled
reaction center in nature’s photosynthetic device (Scheme 1,
Figure 2). This should provide guidance to understand the
evolution of several biomimetic and nonbiomimetic structural
and functional analogues of the oxygen evolving complex and
offer proper directions for modifying the chemical environ-
ment of the synthetic catalyst to attain the desired efficiency in
artificial water oxidation. Furthermore, we present a critical
overview on the recent progress on WOCs, with representative
examples in the field of homogeneous molecular catalysts,
structural biomimetic cores, supramolecular and hybrid
catalysts identified in the past decade (Figure 1).4,18,20,21,61

We identify the challenges faced in artificial water oxidation,
and present our outlook on the prospect of various chemical
approaches for future design of transition-metal-based catalysts
with high catalytic activity. This article is by no means a
comprehensive account of the vast literature on biological and
artificial water oxidation, neither it covers an overview on
photoredox catalysis for solar fuel generation. Furthermore,
this article does not address the vast field of heterogeneous
water oxidation by metal-oxides, electrodes etc. The readers
are encouraged to consult recently published review articles for
a detailed narrative.4,18,20,21,60−65

2. BIOLOGICAL WATER OXIDATION
2.1. Principle of Natural Photosynthesis. The oxygenic

photosynthetic reaction occurs at PSII which is a multipigment
protein complex, comprising of four chlorophyll-a and two
pheophytin-a molecules. Visible light shining on the antenna
complexes generates an excitation energy that induce a charge
separation in the chlorophyll-a and pheophytin-a assembly.
This subsequently leads to a charge-separated radical pair
comprising of the radical cation P680•+ and the radical anion
Pheo•−.20 Incidentally, the oxidation potential of P680•+ is the
highest known oxidizing potential in biology, estimated to be
ca. + 1.2 to 1.3 V,65 and therefore, it is primarily responsible for
successive four-electron oxidations of the manganese−calcium
cluster, Mn4CaO5, or the water oxidizing molecular machine
present in photosystem II (PSII) subunit. The radical pair
(P680•+ and Pheo•−) undergoes electron/hole transfer steps to
avoid oxidizing neighboring chlorophylls by the radical
cation.65 The intermediacy of the redox-active tyrosine residue
(Yz) next to P680•+ results in donation of an electron from the
former to the latter, within 20−250 ns, to regenerate the initial
state of P680.65 The tyrosine radical cation reversibly loses one
proton to a neighboring histidine residue, forming a neutral Yz

•

radical.20,65,66

The four electron transport events lead to transient storage
of four oxidizing equivalents or holes in the OEC, with
alternate release of protons to maintain charge neutrality. The
series of five redox intermediate states (Si) (i = 0−4) in the
Kok cycle (also known as the oxygen cycle or the S-state cycle)
designate the number of stored oxidizing equivalents in the
Mn4CaO5 cluster (Figure 2).67 The original Kok model was

developed by Kok and co-workers as early as 1970,68 based on
Joliot’s flash-induced oxygen evolution pattern (FIOP) experi-
ments.69 Over the past five decades the kinetic FIOP model
has evolved enormously to contribute to molecular-level
understating of the OEC. As shown in Figure 2a, accumulation
of four oxidizing equivalents in the S4 state convert it back to
the S0 state, with simultaneous release of O2 from oxidation
and deprotonation of two coordinated H2O molecules.67 Thus,
it consists of alternate electron/proton removal steps as
proposed by Klauss70 as well as two water-binding events in
the S2 → S3 and S4 → S0 states.

71−74 The four states, S0 to S3+,

Figure 1. Schematic representation of the various water oxidation
catalysts and their salient features discussed in this review.

Figure 2. (a) Stages of the five Si states in the catalytic Kok cycle.
Reprinted with permission from ref 67. Copyright 2023 Springer
Nature. (b) Ball and stick representation of the active site of the
oxygen evolving complex in photosystem II (not to scale). Color
code: Mn (magenta), O (red), Ca (yellow), C (gray), N (blue), O
(green). H atoms are not shown for clarity. Reprinted with permission
from ref 76. Copyright 2021 the Royal Society of Chemistry.
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in the sequential water-splitting mechanism can be trapped and
identified spectroscopically, while the fifth state (S4+) has
fleeting existence and has not been probed experimentally so
far.67,75 The chemical energy extracted from water oxidation
and the reducing equivalents are temporarily stored in the
plastoquinone for eventual utilization during CO2 fixation to
carbohydrate.76

2.2. Geometric and Electronic Structure of the OEC.
An understanding of the structural complexity of the oxygen
evolving complex in photosystem II imparts requisite leads to
design efficient molecular catalysts. Although crystallization of
the photosynthetic reaction center was reported back in 1985
by Deisenhofer et. al,77 it was almost after two decades that the
X-ray diffraction (XRD) structure of the membrane-embedded
PSII enzyme from oxygenic photosynthetic bacteria was
probed by Krauss and others at a resolution of 3.8 Å.78 The
first crystallographic structure of PSII revealed unique
placement of the protein residues and the metal cofactor.78

Further refinement of the structure at 3.5 Å with X-ray
absorption fine structure (EXAFS), electron paramagnetic
resonance (EPR) and electron nuclear double resonance
(ENDOR) studies by Ferreira et. al reflected that the OEC
consists of a heterometallic oxo-bridged Mn3CaO4 cubane
structure.29 Improved crystallographic models at higher
resolutions resolved the atomic placements of all the four
Mn ions and the Ca2+ ion. It is depicted that the inorganic core
of the OEC consists of three Mn and one Ca2+ ion arranged in
an asymmetric cubane-like structure like a distorted-chair, with
bridging -oxo groups, and a fourth distant and dangling Mn
(Mn4) attached to the core by corner oxo groups (Figure
2b).76 In addition, there are four terminal water molecules
(W1 to W4), close to the metal centers, out of which two are
attached to Mn4 and two to Ca. It is believed that these water
molecules act as substrates during oxidation. Latest studies
have also demystified the identity of the associated amino acid
residues (as shown in Figure 2b), the coordination ligand
environment around each metal center, secondary coordina-
tion sphere, hydrogen bonding networks, chloride binding,
charge balance, and proton gradient.76 The crucial tyrosine
residue (Yz) is hypothesized to be in close proximity to the
OEC and engage in hydrogen bonding with the inorganic core.
Ca2+ is believed to coordinate these hydrogen bond networks
around the OEC through electrostatic balance, bind one
substrate water molecule, and facilitate nucleophilic attack on a
bridging oxo ligand during O−O bond formation. Spectro-
scopic and computational studies have indicated that func-
tional substitution of Ca2+ with Lewis acidic Sr2+ impart similar
structural and electronic environment, but with diminished
efficiency for O2 evolution capability of the cluster.79

Furthermore, high resolution XRD at 1.9 Å indicates existence
of two Cl− ions at the entrance of hydrogen bonding
network,80 which might function as either water inlet channels
or proton exit channels, and assist in protein alteration. Recent
studies on room temperature crystallographic snapshots at 1.89
Å of the OEC provide clarity on the mobility of the water
molecules encircling the cubane during S2 to S3 transition,
emphasizing on the coordination of the amino acid and H-
bond networks during proton and water shuttles.81

Several spectroscopic evidence have captured the dynamism
in the Mn4CaO5 cofactor, indicating that it can attain more
than one stable conformation, especially in the S2 state (Figure
3).75,76 Interestingly, EPR spectroscopy showed two distinct
signals for the most probable intermediate of the S2 state: a

multiline signal at g ≈ 2.0 corresponding to a low-spin (S ≈ 1/
2) ground state.83−85 Additionally, several studies under varied
conditions indicated a higher spin (S ≈ 5/2) ground electronic
configuration due to exhibition of g ≥ 4.1. Later, a pioneering
work by Pantazis et. al put forth the possibility of exchange of
the bridging O5 oxygen (see Figure 2), between Mn1 and
Mn4, leading toward two structural forms: open cubane (A
form) and closed cubane (B form) (Figure 3),82 by
rationalization of Umena et al.’s XRD data of the PSII at 1.9
Å resolution.80 However, recent X-ray absorption near edge
spectroscopy (XANES) analysis of the membrane-bound oxo-
bridged Mn4CaO5 cluster at room temperature propose that
the OEC can be described by one structural form of the S2
state, while structural data under cryogenic temperatures
indicate the possibility of two structural forms at the S2 state.

86

Notably, the two interconvertible flexible structural forms
although are isoenergetic, but represent different oxidation
states of the manganese ions, III−IV−IV−IV for the open (A)
form and IV−IV−IV−III for the closed (B) form, respectively
(Figure 3). Consequently, the cofactor attains different spin
multiplicities at the ground state of the S2 state. The open
cubane structure exhibits essentially antiferromagnetic inter-
actions in the mixed valence manganese cluster while the
closed cubane display ferromagnetic interactions between the
Mn(1,2,3) bundle and the pendulous Mn(4) ion, leading to
ground low-spin and high spin states respectively and the
observance of the different EPR signals.75,82

Despite the similarity in the Mn−Mn distances (∼2.7−2.9 Å
in the cubane) in the open and the closed forms, the nature of
the Mn−O bonds and distances (Mn1−O5 distance is 3.2 Å in
the open and 1.87 Å in the closed structure, Figure 3) are
unique that results in multiple scattering effects.82 Further-
more, the equilibrium between the low spin and high spin
isomers in the S2 state is pH dependent as demonstrated by
EPR, time-resolved UV−vis absorption spectroscopy and DFT
studies by Rutherford and co-workers.87 Low-temperature
(<150 K) experiments88 indicate a facile transition of the high
spin S2 model to the S3 state, lending support to the hypothesis
that low-spin conformer A exists initially, followed by
transition to the high spin B form. Systematic comparison of
the computational models of the S0-S3 states with spectroscopi-
cally identified intermediates provide additional information
on the heterogeneity of the structure of the water oxidizing
enzyme. It is generally believed that S0 (III−IV−III−III) and
S1 (III−IV−IV−III) retain low-spin open cubane structure,
with minimal geometric and electronic structure difference that
is responsible for their easy interconversion.89 Moreover, the
three-electron/two-proton oxidized S3 state also features

Figure 3. Valence isomeric forms at S2 state of the OEC showing
open (left) and closed (right) cubane structures. Mn−Mn distance
∼2.7−2.9 Å in the cubane; Mn1−O5 distance is 3.2 Å in the open
and 1.87 Å in the closed structure. Reprinted with permission from ref
82. Copyright 2012 John Wiley and Sons.
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heterogeneity and adopts the open conformation due to water
molecule insertion. This is because conversion of the open
cubane structure to the closed cubane allows greater solvent
access to Mn4 which can hold two terminal water molecules.
Indeed, high-field EPR measurements suggests a modified S3′
intermediate, featuring an oxidized cofactor with closed cubane
structure (resembling B type) and a five-coordinated Mn4.90

2.3. Mechanism of Water Oxidation in PSII. Spectro-
scopic, X-ray analysis and quantum chemical studies filter out
the possibilities of O−O bond formation which occupies the
center stage in biological water oxidation. In particular, the O5
oxygen is considered as the substrate site (Figure 3 and green
colored bridging oxygen in Figure 4), which correlates with the
observed redox changes and the role of Ca2+ ion in the
mechanism. Recent evidence converge to two different
possible pathways for the O−O bond formation, either inside
or outside the cubane structure, initiating from two different
structures at the S2 state. Representations of both the pathways
are shown in Figure 4.91

Notably, interconversion of two isomeric forms at S2 is
facilitated by swapping a single spin and occurs at a marginal
energetic expense (1 kcal/mol),82 as predicted by DFT
calculations on the XRD structural data, thereby allowing
smooth valence exchange. FTIR spectroscopy92 studies reveal
the insertion of an additional water substrate on the vacant
coordination site on Mn1 at the S3 state, presumably due to
elongation of the Mn1−O5 bond in the open cubane structure
that leads to radical coupled O�O dioxygen bond formation.
This internal mechanism also known as oxo/oxyl coupling
(Figure 4, top) was originally suggested by Siegbahn et al. from
density functional theory (DFT) calculations of the OEC,71,93

and recently supported by XFEL serial crystallography by Suga
et al.94 Interestingly, the three Mn ions (1, 3, 4) that hold the
oxo and the oxyl ligands are reduced to + III state on O−O
bond formation and subsequent O2 release. In the external
mechanism also known as the water nucleophilic attack
(Figure 4, bottom), oxidation of the substrate water to O2 is
carried out on the highly oxidized pendulous Mn4 ion (Figure
4). Here, a water or a hydroxyl ligand (W3) attached to Ca2+
acts as a nucleophile to facilitate an acid−base coupling and
attacks the electrophilic terminal O5 bound to Mn4, which
may be an MnV-oxo or a MnIV-oxyl center, to couple the two

oxygen atoms. Present studies on biological water oxidation
mainly focus on the overall high oxidation state of the
manganese−calcium cluster, corresponding to the electronic
configuration: MnVMnIV3.

42 The reactivity and property of
separately synthesized simpler chemical models of first row
transition metals provide inspirations toward the occurrence of
O−O bond through nucleophilic attack of a nearby water.
Although, initially it was hypothesized that MnV�O best
represents the electrophile,95−97 recent evidence propose
MnIV−O• (oxyl) to be a better site for substrate oxidation,
hinting toward a possible electronic rearrangement of the
metal−oxygen moiety.97 Theoretical analyses also predicted
high activation energies ensuing from the MnV�O inter-
mediate, suggesting that the oxyl-radical bound MnIV is the
likely site for O−O coupling.71,98−100 However, in a recent
report, Siegbahn has indicated nonconformity of the water
nucleophilic attack mechanism due to overtly large barriers, in
the range of 29.8−48.6 kcal/mol, predicted by DFT
calculations at B3LYP/LACVP for six different case studies,
involving different open/closed structures and overall spin of
the cluster.101 Thus, the mechanistic intricacies of the O−O
bond formation during water oxidation are still perplexing. It
may be noted, that the natural process may consists of
blending of both these mechanisms, instead of following one
predominantly. Contrasting mechanistic studies by Zhang and
Sun suggests the formation of a MnVII-dioxo intermediate as
the dangling metal site for water oxidation in the S4 state of the
Kok cycle.18 Extensive DFT studies by Li and others reveal
that the existence of a MnVII�O moiety is very unlikely, due
to the large energetic cost involved in transition from S3 to S4
(+33.8 kcal/mol at B3LYP/LACVP) as compared to the
insignificant endergonicity of the analogous transformation
with all MnIV ions (+5.7 kcal/mol).102 In a latest theoretical
study, Messinger, Sun, and others103,104 indicate that unlike
cyanobacterial photosystems, the S3 state of higher plants are
devoid of the additional Mn-bound oxygenic ligand necessary
for a “radical coupling” through the MnIV−O• (oxyl) moiety in
an open-cubane cluster, as shown in Figure 4 (bottom). The
authors further propose that the S3 state in higher plants
undergo considerable structural modifications on binding of
water and attain a specific conformation that enables the
dangling MnV�O exhibit a “nucleophilic oxo-oxo coupling”

Figure 4. Possible catalytic pathways of O−O bond formation: (I) nucleophilic attack (red boxes) and (II) oxo/oxyl radical coupling (blue boxes).
Reprinted with permission from ref 91. Copyright 2013 American Chemical Society.
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with a μ3-oxo group of the closed-cubane motif in the resulting
unbound S4 state (Scheme 2). Notably, this mechanism is

rather sluggish as compared to radical coupling, justifying that
the conformational changes due to water insertion is a
prerequisite for O2 release. The relative energetics at
B3LYP*-D3(BJ)/SMD (ε = 6.0)/SDD (Mn, Ca), cc-pvtz(-f)
(C, N, O, H) level of theory are found to be consistent with
experimental findings relevant for higher plants and features a
complementary pathway to the existing radical coupling
mechanism.
Alternative ideas about the mechanism of O−O bond

formation are also rife in the literature. This is primarily
because of the involvement of several proton release and
electron transfer chain reactions (as shown in Figure 2) that
occur efficiently within the photoactive protein matrix of the
OEC, other than the accentuated O−O bond formation event.
Renger proposed that oxidation of the tyrosine residue Yz to
Yz

ox by the P680•+ radical cation is kinetically limiting through
a nonadiabatic electron transfer step that leads to rearrange-
ments of the hydrogen-bonding networks.105 On the contrary,
the Yz

ox induced oxidations of the catalytic framework in the S3
state are kinetically limited by triggering processes which are
sluggish as compared to the nonadiabatic electron transfer.
Thus, the reduction of Yz

ox by the WOC provides an optimum
facility for the energetically uphill process of O2 formation and
release in the S3 state itself.

105 Quantum mechanics/molecular
mechanics (QM/MM) analysis of the tyrosine oxidation and
intramolecular proton transfer reaction in photosystem II by
Shoji, Yamaguchi and others emphasized on the possibility of
O−O bond formation in the S3 state triggered by electron
transfer from the manganese−calcium cluster to Yz.

108 On a
similar footing, Pushkar et al. predicted a low-barrier O−O
bond formation in the S3 state, prior to the final S4 redox state
in the Kok cycle, by a combination of spectroscopic,
crystallographic and DFT studies.109 An interesting assessment
on this subject has been put forth by O’Malley et al. through
density functional theory modeling and intrinsic bond orbital

analysis of the reaction path in photosystem II.106,107 As shown
in Figure 5, the authors propose concerted movement of two

electrons to Mn1 and Mn4 from the coordinated oxo groups,
i.e., O6 and O5, respectively, that results in an unoccupied σ2p*
orbital which streamlines low barrier nascent O−O bond
formation. Furthermore, the relatively short O−O bond is
predicted to reflect a dynamic equilibrium model. The authors
further emphasize that O−O bond forming event in the S4
state requires the oxidation of MnIV to MnV or MnIV-oxyl. Such
transformation is feasible at an electrode potential of +2.7 to
+4.7 V in an acidic aqueous solution.110 However, the
electrode potential offered by the Yz

ox/Yz is merely +1.1
V,111 suggesting the requirement of a site-induced metal
electrode potential to facilitate MnIV oxidation by Yz

ox. Since
no evidence for such oxidation is observed at S4 state,112

O’Malley et al. are of the opinion that equilibriums shown in
Figure 5 results in electron transfer from the OEC to Yz

ox,
facilitating formation of peroxo110 and superoxo linkages, that
ultimately releases triplet oxygen to instigate a new cycle.113

However, the peroxo intermediates in the S3 state are criticized
of being minor species and do not hold consistency with
spectroscopic data.114 Undoubtedly, better clarity is required
on the final steps of covalent O−O linkage formation, release
of O2 and further water binding events during the transition
from S3 to S0 in the Kok cycle.

103,104 Nevertheless, knowledge
of the biological water oxidation catalyst provides crucial
lessons to improve designing of artificial water oxidation
catalysts that we discuss below.
2.4. Insights for Biomimetic Water Oxidation.

Increasing efforts to understand the operation of the water
oxidizing catalyst in nature have parallelly instigated the field of
biomimetic approaches for designing homogeneous and
heterogeneous devices for artificial water oxidation. We
summarize here some of the crucial insights obtained from
photosynthetic water oxidation that should prove beneficial for
the development of novel WOC.31,67,115

2.4.1. The Necessity of Multinuclear Environment for
Four-Electron Water Oxidation Mechanism. The fact that
water oxidation in PSII requires release of four electrons
(Figure 2a) to create covalent O−O linkage is challenging in
the presence of mono- or di- nuclear motifs, since each of the
metal ions provide catalytic support by minute changes in their
electronic structure, and thereby facilitating alteration of the

Scheme 2. Graphic Illustration for O−O Bond Formation
and 3O2 Release Due to W2(Terminal oxo)−O5(μ3-oxo)
Coupling in S4B,unbound*a

aEnergetics for O2 release shown are at B3LYP*-D3(BJ)/SMD (ε =
6.0)/ SDD (Mn, Ca), cc-pvtz(-f) (C, N, O, H) level of theory.103

Figure 5. Alternative mechanism of O−O bond formation with
representations of important molecular orbitals. Reprinted with
permission from refs 106, 107. Copyright 2018 American Chemical
Society, Copyright 2020 American Chemical Society.
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charge and multiplicity of the entire cluster. It further
emphasizes on the feasibility of multielectron transfer
processes by utilization of metallic clusters, which can also
serve as redox reservoirs116−118 and transfer electrons to the
substrates on need. It is expected that an ideal WOC would
host multiple electrons without noticeable structural adjust-
ments, similar to the biological water oxidizing enzyme where
three out of four Mn ions participate in the redox chemistry.105

Thereby, it makes tetra- or polynuclear metallic sites as ideal
hotspots to perform multioxidation reactions and emerge as
promising functional models to oxidize water.119

2.4.2. Spin-Flipping Reactions. It is important to note that
3d transition metals demonstrate an array of oxidation states
with variable spin multiplicities, due to spin flipping
mechanism achievable at low energetic expense, and displaying
diversified chemistry.121,122 Biological water oxidation is also
hypothesized to follow the spin-flip mechanism. During direct
oxo-oxyl coupling mechanism (Figure 6a), the predicted

barrier is very low (11.3 kcal/mol).93,123 Siegbahn reasoned
that such a low barrier is observed due to antiferromagnetic
interaction between the high spin MnIV (up spin) and oxygen
radical (down spin) with another high spin MnIV (down spin)-
oxo that leads to the reduction of the second metal center by
one antiparallel spin electron (Figure 6a). Thus, a smooth
transition of electrons can take place from one bond to another
without any spin-crossing to generate the peroxide product.
This also reiterates the necessity of greater than one Mn center
for feasible O−O bond formation. However, for the
nucleophilic attack, electron transfer from the closed-shell
water or hydroxyl ligand requires the high spin MnIV and the
radical oxygen to have all parallel spins. This is only possible
on spin-flip crossing on the reactant side (Figure 6b), which
leads to a higher barrier. Thereby, design of novel catalysts
should utilize this strategy and biomimetic models should
judiciously follow the spin-balance rule to achieve similar
efficiency.

2.4.3. Ca2+ and Cl− Ions Are Essential in Nature’s Water
Oxidation Reaction. As already discussed in section 2.2,
several dicationic and tricationic metal ions have been explored
to occupy Ca2+ site in the OEC. However, only Sr2+ was found
to functionally compete with Ca2+. In addition, the possibility
of a nucleophilic attack from a Lewis acidic Ca2+ bound
hydroxide or a water molecule on an electrophilic high-valent
manganese-oxo group has also been postulated.124−126

Interestingly, X-band and Q-band EPR114 and Mn ENDOR
spectroscopic studies indicate that the electronic structure of
the OEC remains unaltered on Ca2+ exclusion which suggests
that it could have functions during coupled electron−proton
relays, rather than providing structural integrity. However,
recent studies also indicate Ca2+ to critically bound the
substrate water through a Mn−O−Ca bridge and provide
thermal stability to the water oxidizing cluster in PSII. In
addition, chloride ions are postulated to have roles in proton
transfer channels and to balance the charge developed due to
amino acid residues. Hence, it is imperative to consider the
crucial roles of Lewis acidic earth abundant metal centers like
Ca2+ and proton-relay promoting Cl− ions in innovative
designs and strategic assemblage of artificial models for the
water oxidation process.
2.4.4. Amino Acid Side Chains and Extended H-Bond

Networks. Amino acid residues proximal to the manganese−
calcium cluster are important to maintain charge balance and
electron/proton channels. The redox potential for oxidation of
water is significantly decreased during proton transfer steps if
the releasing protons are bound through H-bonding.70 Indeed,
it has been observed experimentally that H-bonded water
molecules have profound role during catalytic water
oxidation.127 Notably, molecular dynamics simulations with
crystal structures of photosystem II reveal a series of hydrogen-
bond wires, starting from the Mn cluster, and extending toward
the Cl1 and O4 channels.36 Such wires are believed to carry
out proton transfer in the PSII networks.36,128,129 In fact, it is
crucial to take notice of the secondary coordination sphere and
the prolonged H-bonding network of the OEC while designing
synthetic catalysts. The amino acid residue containing
polypeptides can be replaced by judicious choice of organic
and inorganic groups providing appropriate biomimetic local
coordination. However, many of the peripheral polypeptides in
PSII are utilized for binding antenna pigments and assembling
the reaction center with the O2 evolution component.130−132

Importantly, deletion mutagenesis that selectively removes
peripheral polypeptides to make PSII core complexes indicate
higher specific rate of O2 evolution due to smaller antenna
size.130

3. MOLECULAR CATALYSTS
Identification of an efficient water-oxidation catalyst to
facilitate hydrogen generation has escalated in the past few
decades, resulting in the development of homogeneous
molecular catalysts, primarily made up of ruthenium, iridium,
and manganese.60 Pioneering work by Meyer and co-workers
in 1982 led to the development of the coveted blue dimer
complex,133 which instigated the development of molecular
devices for artificial photosynthesis. This led to the synthesis of
a significant number of mononuclear and polynuclear
transition metal containing coordination complexes, capable
of water splitting reactions at alkaline pH, by modifying the
ligand geometry and the central transition metal, with varied
oxidation and spin states, in order to achieve desired redox

Figure 6. Electronic structure during O−O bond formation in PSII as
predicted from computational studies for (a) direct oxo-oxyl coupling
and (b) nucleophilic attack mechanism. Reprinted with permission
from ref 120. Copyright 2013 American Chemical Society.
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features during artificial water oxidation.4,18 However, most of
the synthesized complexes suffer from premature degradation
in solution, leading to the deposition of metallic oxides on the
electrodes, which have less favorable catalytic activity,
compared to their molecular analogues.4 This uncertainty in
long-term stability of molecular catalysts for water oxidation
led to a decline in their exploration in the recent years. While a
perspective on metallic oxides is out of scope of this review, we
focus on notable developments of transition metal containing
molecular catalysts in this section with an objective to
understand the evolution of atom-efficient molecular water
oxidation catalysts, functionally built up of insights from
biological oxygen releasing mechanism. Special focus has been
given to highlight the fascinating intrinsic catalytic activities of
these molecules that augment their possibility for hetero-
genization in supramolecular and hybrid artificial (photo/
electro) catalytic devices.18

The so-called blue dimer, which is actually cis,cis-
[RuIII(bpy)2(H2O)]2(μ-O)4+ ion (bpy = 2,2′-bipyridine),
highlighted the role of proton coupled electron transfer
(PCET) processes during activation of water.134 The library
of WOCs developed after it also emphasized on the crucial role
of PCET.4 Since water oxidation involves 4 H+/4 e−, it
suggests that the catalyst should consists of metals with low-
lying vacant d-block to accommodate the electrons released
from water to form the O2 molecule. This naturally implies
easy accessibility of high oxidation state on the metal center,
promoted by the associated ligand. Notably, successive
electron transfer (ET) processes results in highly charged
intermediates, which would resist further electron removal, and
hence become unsuitable for oxidation. Alternatively, on
PCET the desired oxidation state on the metal can be attained
at low energetic expense. Furthermore, in such cases, the pKa
of the water bound to the metal is changed, resulting in a
feasible transformation to the hydroxo or oxo unit.60 The
redox-noninnocence or electron releasing power of the ligand
on application of suitable photochemical, electrochemical or
thermal energy is increased subsequently on going from aqua,
to hydroxo to oxo coordination, thus facilitating the otherwise
challenging multielectron oxidation. Hence, an aqua ligand or a
vacant coordination site is imperative to generate the metal-
oxo group which ultimately leads to the crucial O−O coupling.
Furthermore, to rationally design a successful WOC, the
choice of ligand and the additional substituents such as
electron donating and withdrawing groups also play a crucial
role. Additionally, the ligand should be structurally and
electronically robust to resist solvent exchange in aqueous
condition. Moreover, the overall complex should meet the
desired solubility under the experimental conditions, by
incorporation of additional functionalities in the ligand
framework and enhancing the possibility of its anchorage on
the working electrodes. Lately, noninnocent ligands such as
semiquinones135 and mox4− (N1,N1′-(1,2-phenylene)bis(N2-
methyloxalamide)136−138 are found to display ligand based
electron transfers facilitating water oxidation through metal−
ligand cooperativity in ruthenium and copper complexes,
respectively.
3.1. Mechanism of Water Oxidation. As mentioned

earlier in this section and prior revelation of the biological
oxygen evolution mechanism (Figure 4 and Scheme 2), to
carry out water oxidation, it is imperative for the molecular
catalyst to accommodate multiple positive charges and
generate a high valent metal-oxo/oxyl species. It is generally

achieved starting from a coordinatively unsaturated metal
complex which host the substrate aqua ligand. Scheme 3 shows

the generation of the metal-oxo species undertaking two
consecutive PCET pathways. Thereby two different conduits
are followed to pursue O−O bond formation in the subsequent
steps based on the nature of this in situ developed high-valent
metal-oxo intermediate: (a) water nucleophilic attack (WNA)
and (b) interaction between two M�O units (I2M). In the
WNA mechanism, one solvent water molecule acts as the
nucleophile and attacks the sufficiently electrophilic M�O
moiety, resulting in the hydroperoxo O−O bond linkage (M-
OOH) on top of the metal center. The O−O bond is a
manifestation of the interaction between the HOMO of the
second H2O molecule and the LUMO of the metal-oxo group.
Consequently, cleavage of the M−O bond and release of O2
leads to a precatalytic reduced metal complex. In the I2M
mechanism, the oxygen on the M�O unit develops radical
character. Hence, the O−O coupling takes place between two
high spin radical intermediates, either in an intra- or
intermolecular fashion, leading to an M−O−O−M moiety.
Subsequent oxidation and O2 evolution from this transient
intermediate deliver the starting complex (Scheme 3).
Notably, either of the two conduits pursued in Scheme 3 is

largely dependent on the over potential and the concentration
of in situ generated crucial intermediates. Earlier it has been
reported that each of the PCET processes is associated with
ΔG = 1.23 kcal/mol. Hence, for the second and third PCET,
the energetic requirements are 2.46 and 3.69 eV, respec-
tively.139 However, the I2M mechanism lacks the third PCET
step, thus being favored at low over potential situation As
pointed out by Reek and co-workers, a minimal over potential
of about 0.3 eV is a fundamental requirement of WNA over
radical oxo coupling via I2M.139 Presumably, the energetic
build up is due to the formation of the highly unstable metal-
hydroperoxide (M−O−O−H) intermediate, which is absent in
the I2M mechanism. Hence, comparing the energetic require-
ment of M-OOH and M−OH in WNA is incorrect.139 Rather,
a scaling relationship for the binding energies of M−OH and
M�O species should be followed, such as

Scheme 3. Mechanism of O−O Bond Formation through
Water Nucleophilic Attack (WNA) (left, red) and
Interaction between Two M−O Moieties (I2M) (right,
blue)

Reprinted with permission from ref 139. Copyright 2017 John Wiley
and Sons.
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G G K0.5M OH M O (O,OH)= × + (3)

where K(O,OH) is a constant depending on the materials
considered. The factor 0.5 indicate that O group binds through
a double bond and OH group binds through a single bond
toward the metal. Notably, for truly radical-oxo species, the
M�O double bond character is lowered.139 Nevertheless, for
rational design of catalysts, the I2M mechanism is preferred,
which is primarily facilitated by the concentration of the in situ
developed metal-oxo species. Further, intramolecular coupling
of two M�O units in a binuclear set up is often found to be
less efficient than the mononuclear paths, due to the lack of an
optimum metal−metal distance.59
3.2. Ruthenium Catalysts. Meyer’s blue-dimer (1, Figure

7) is the first well-characterized and extensively studied

WOC.133 It gained significant attention due to its unprece-
dented ability to release O2 in the presence of a sacrificial
oxidant, Ce(IV). It consists of two pseudo-octahedral Ru(III)
centers coordinated to a near-linear bridging μ-oxo ligand and
coupled to two bipyridine groups in cis fashion and one aqua
group on the sixth coordination site. Although initial cyclic
voltammetry studies from the Meyer group were inconclusive
about the protonation states of the involved water substrate
and the role of the μ-O ligand in oxidizing it,133 later reports
highlighted on the pH-dependency of this catalyst.144

Furthermore, in spite of having reasonable catalytic activity
with turnover number (TON) of 13 and turnover frequency of
4.2 × 10−3 s−1,133,145,146 the deactivation of 1 due to anion
coordination instead of aquation impedes its utilization in
technological advancement.147 Nevertheless, detailed electro-
chemical, spectroscopic and quantum mechanical studies in the
last four decades have unfolded comprehensive understanding
on the physical properties and chemical reactivity of 1,148,149

that provides a qualitative landscape of catalyst evolution and
rational design of robust and efficient catalysts.
Extensive mechanistic investigations of 1 based on redox

states, undertaken by Hurst and others,148−150 indicated that
the oxygen evolving complex consists of RuVRuV oxidation
state. To rationalize this observation, it is believed that at the
onset [(H2O)RuIII(bpy)2(μ-O)RuIII(bpy)2(OH2)]4+ releases
one H+ and one e− at 0.79 V (against NHE) to generate

[(H2O)RuIII(bpy)2(μ-O)RuIV(bpy)2(OH)]4+.15 This is fol-
lowed by further oxidation of 3H+ and 3e− simultaneously at
an energetic expense of 1.22 V to facilitate the formation of the
catalytical ly active species, [(O)RuV(bpy)2(μ-O)-
RuV(bpy)2(O)]4+.

15 Hence, the catalyst undergoes oxidation
of a total of 4H+ and 4e− requisite for oxidizing water to
dioxygen, particularly displaying 2e−/2H+ oxidation at each
Ru�O redox centers, due to strategic disposition of two metal
centers by a μ-O bridging ligand. Moreover, in order to
accommodate oxidation state of Ru beyond + III, it is
hypothesized that this active species remains in equilibrium
with [(•O)RuIV(bpy)2(μ-O)RuIV(bpy)2(O•)]4+, imparting oxyl
character to the terminal O2− moieties.15,151 Furthermore, the
crucial O−O coupling step has been probed actively by
labeling experiments. Initial labeling experiments of [(H2

18O)-
RuIII(bpy)2(μ-O)RuIII(bpy)2(18OH2)]4+ conducted with
H2

16O in 0.1 M CF3SO3H and appropriate quantity of Ce(IV)
resulted in ∼13% 18O18O.150 This highlighted the possibility of
a bimolecular or intramolecular O−O coupling pathway.
However, increasing the concentration of CF3SO3H to 0.5 M
resulted in comparable amounts of 16O18O and 16O16O with
diminished quantity for 18O18O product.150 Observation of an
appreciable amount of 16O18O product indicated water
nucleophilic attack on one of the Ru�O redox sites.
Computed catalytic mechanism of O−O bond formation in

1 by Yang and Baik predicted low-spin weak antiferromagnetic
coupling in [(O)RuVORuV(O)]4+ due to the mixing of dπ and
δ orbitals along the Ru−O−Ru bridge.151 This energetically
relaxed staggered conformer together with an unbound water
molecule has been considered as the reference energy state (a,
Scheme 4). Explicit interaction of the unbound water molecule
to the two RuV�O cores results in formation of a high-spin
antiferromagnetically coupled species (a*) that displays oxyl
radical character due to intramolecular electron transfer. This
2e− transfer to the Ru centers initiates O−O coupling process
by cleavage of the H−OH bond and formation of RuO−OH
coupling to generate the hydroperoxo intermediate b, through
a multisite electron transfer proton transfer (ET/PT). This is
the rate-determining step with an estimated barrier of 25.9
kcal/mol. Thereby, sequential events such as proton transfer/
electron transfer, disproportionation and intramolecular
oxidation formally yields the RuIII/RuIV superoxo complex c.
In order to release triplet O2, an intersystem crossing is
predicted that recovers the catalytically inactive core of 1, i.e.,
[(H2O)RuIIIORuIII(OH2)]4+ ion. Although this proposed
mechanism does not account for the quantitative geometric
changes or the role of the orbitals on the μ-oxo bridge on
redox processes, it provides a conceptual understanding of the
catalysis.
Further studies with geometrical derivatives of the blue

dimer suggested that the O2− bridge is not imperative for
catalytic activity. Second, it was important to prevent
disintegration of the backbone of the μ-O linked ruthenium
dimer. This realization ensued development of related
ruthenium-based binuclear catalysts with rigid bridging ligands,
particularly N containing polypyridyl heterocycles such as in
Llobet’s [(H2O)Ru(tpy)(μ-bpp)Ru(tpy)(OH2)]3+ (complex
2, where tpy = 2,2′:6′,2″-terpyridine, bpp = 3,5-bis(2-
pyridyl)pyrazolate, Figure 7), which displays a 3-fold faster
oxygen evolution reactivity than blue dimer with a TOF of
0.014 s−1.140 It is believed to follow the intramolecular I2M
mechanism due to proximal disposition of two Ru−OH2
groups, rigidly held together by the pyrazolate ligand.

Figure 7. Molecular structures of Ru-based water oxidation
catalysts.133,140−143
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Siegbahn et al. reinvestigated the mechanism of water
oxidation by the artificial water oxidizing Meyer’s Blue-dimer
(1) and Llobet’s catalyst (2), particularly focusing on the
transition state of O−O coupling through interaction of the
M−O units or the direct coupling (DC) and attack of a
nucleophilic water molecule or the acid−base (AB) mecha-
nism.152 As shown in Scheme 5, the authors considered all the
possible redox and chemical steps in both protonated and
nonprotonated species, signifying the removal of only 3H+ in
the initial step for the former case, as opposed to conventional
removal of 4H+ in the latter case. Careful evaluation revealed
that complex 1 favors an AB mechanism over the DC
mechanism by 3.9 kcal/mol, through intermediacy of 1a which
consists of a distinct protonated oxygen before the O−O
coupling takes place. Interestingly, the initial ET/PT steps
starting from complex 1 to intermediate 1a was predicted to be
rate-limiting, with a barrier of 22.0 kcal/mol. However,
complex 2 prefers a DC mechanism through a nonprotonated
species, 2a with a comparable rate-limiting O2 release barrier of
21.9 kcal/mol.
The multimetallic manganese−calcium cubane-like cluster in

OEC prescribed the requirement of a multinuclear framework
for biomimetic synthetic catalyst to accommodate four redox
equivalents during water oxidation. However, preparation of
tailor-made binuclear ruthenium catalyst is dwindled with
synthetic challenges. Soon it was evident that a single transition
metal site was adequate for carrying out necessary electronic
transformations. This led to the development of a family of

well-defined single-site Ru(NNN) based promising WOCs by
Meyer, Thummel, and others.154,155 Lately, many efforts have
been invested to compensate the pyridyl/bipyridyl/polypyridyl
groups by carboxylate-bridging neutral ligands (complexes 3−
5, Figure 7), allowing clear perceptions on the mechanisms of
water oxidation. This led to the development of more efficient
catalysts. In fact, the mononuclear catalyst 3, Ru(bda)(pic)2
[bda = 2,2′-bipyridine-6,60-dicarboxylate; pic = 4-methylpyr-
idine] and 4, Ru(bda)(isoq)2 [isoq = isoquinoline] are
reported to oxidize water through intermolecular I2M
interaction of two radical RuIV species (Figure 8).109,121 In
case of 3, a dimer is hypothesized to generate an [HOHOH]−

linkage, with an impressive TON of 2000 and a TOF of 41
s−1.141 The two RuIV-oxyl radical species are low-spin doublet
entities which can couple either through the energetically
degenerate antiferromagnetic or ferromagnetic interactions,
leading to a closed-shell peroxide bridging.156 Interestingly, the
involvement of the dimer is experimentally evident from the
second-order rate expression for O2 evolution.

141 Furthermore,
the π-stacking interaction between the axial bda ligands and
hydrophobic effects of the Ru(IV)-oxyl radical in complex 4
are reported to favor low-barrier O−O coupling processes.142

Introduction of halogen groups in -bda ligands such as fluorine
(complex 5, Figure 7) further increases the catalytic efficacy of
this family of carboxylate ligand containing ruthenium
complexes.143 Indeed, the outstanding activities of the recently
reported ruthenium catalysts surely raises hope to develop

Scheme 4. Proposed Mechanism of O−O Bond Formation in 1 Starting from [(O)RuVORuV(O)]4+ as Proposed by Yang and
Baik150,151a

Reprinted with permission from ref 151. Copyright 2006 American Chemical Society. aRelative free energies given in parentheses (blue) are
evaluated at B3LYP/cc-pVTZ(-f)/LACV3P(Ru) level of theory.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c07847
ACS Omega 2024, 9, 9886−9920

9895

https://pubs.acs.org/doi/10.1021/acsomega.3c07847?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07847?fig=sch4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07847?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


novel catalysts with high thermal and electronic stability, for
easy incorporation into artificial photosynthetic devices.
3.3. Iridium Catalysts. The tremendous success of Ru

based WOCs inspired the parallel development of iridium
containing classic mononuclear and binuclear catalysts. The
Bernard group in 2008 first reported the family of cyclo-
metalated iridium complexes, [Ir(ppy)2(H2O)2]+ (ppy =
phenylpyridine) (6, Figure 9) with two phenyl-pyridine
ligations and two coordinated water molecules.157 This robust
complex catalyzes water with a total turnover per unit hour of
2490/168, by utilizing Ce4+ as the oxidant.157 The utilization

of Ce4+ is relevant to the four single electron oxidation process
of photosynthesis. Vilella et al. proposed an electrophilic IrV-
oxo moiety as the active species of complex 6, under different
pH conditions, as shown in Scheme 6. Computational studies
at B3LYP/6-311+G(d,p) reveal that the O−O bond formation
is instigated by nucleophilic attack of water on the oxo ligand.
In this acid−base mechanism, the iridium-oxo group in the
[(ppy)2IrV�O(X)]n framework {with X = OH2 (n = +1), X =
OH− (n = 0), X = O2− (n = −1)} is the Lewis acid accepting
two electrons from the attacking water while the associated
ligands act as Brønsted base preferably accepting a proton.161

Hence, the energetic expense for O−O bond formation is
mainly dependent on the basicity of the ancillary ligand, apart
from the electrophilicity of the target -oxo moiety. An anionic
[(ppy)2IrV�(O)2]1− species (Scheme 6, extreme right)
consisting of two units of X = O2− has the greatest proton
affinity and facilitates O−O bond formation with a barrier of
14.5 kcal/mol, whereas a similar O−O coupling requires a

Scheme 5. (a) Protonated Direct Coupling (DC)
Mechanism for Water Oxidation Using Meyer’s Blue-Dimer
and (b) Nonprotonated Acid−Base Mechanism for Water
Oxidation Using Llobet Catalysta

Reprinted with permission from ref 152. Copyright 2011 the Royal
Society of Chemistry. aRelative free energies given in parentheses
(red, blue) are evaluated at B3LYP/CC-PVTZ(-f)/LACV3P level of
theory.

Figure 8. Calculated transition state structure of 4:4 dimer O−O
bond formation displaying noncovalent face to face π−π stacked
interacting geometric arrangement.153 Distances shown are in units of
Å. Color coding: C (black), H (white), N (blue), O (red), Ru
(green).

Figure 9. Molecular structures of Ir-based water oxidation
catalysts.157−160
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higher barrier when X = OH− (20.2 kcal/mol, Scheme 6,
center) or OH2 (25.9 kcal/mol, Scheme 6, extreme left).
Analysis of the frontier molecular orbitals of structural

alternatives of 6 demonstrated mixed valence metal and ligand
characterized highest occupied molecular orbitals (HOMOs)
due to strong correlation between metal-based d-orbitals and
ligand-based π-orbitals.157 This led to the development of
analogous complexes with tunable ligand substitutions,
featuring electron withdrawing or electron-donating groups
to optimize reactivity and stability. For instance, complex 7a,
[(Cp*)IrIII(ppy)Cl] (Cp* = pentamethylcyclopentadienyl),
which is a member of the family of half-sandwich complexes
synthesized by Crabtree and co-workers, demonstrated
improved reactivity with an initial TON of 54 and a lifetime
of several hours.162 This indicates the necessity of strongly
donating ligands to facilitate smooth accessibility to a high
oxidation state on the metal (for, e.g., IrV). Electronic structure
of the DFT predicted active species of 7b reveals a pseudo
octahedral arrangement of (t2g)4 electronic configuration in the
metal-based d-orbitals of [(Cp*)Ir(ppy)]+ which combines
with the p-orbitals of O2− ligand (Figure 10). Since the doubly

occupied dx2−y2 orbital does not overlap with any of the O2− p-
orbitals and remains essentially nonbonding in nature, metal-
based dN and dC appropriately oriented toward the -oxo group
through the pyridine (N) and the phenyl (C) centers,
respectively, develop dπ/pπ interactions to distribute six
electrons in two bonding (πN and πC) and two antibonding
molecular orbitals (πN* and πC*) of [(Cp*)Ir(O)(ppy)]+

(Figure 10). The doubly occupied πN* and unoccupied πC*
results in a singlet species which is slightly higher in energy
than the triplet intermediate (3.7 kcal/mol), where each of the
πN* and πC* are singly occupied. The low-lying antibonding π*
orbitals on the IrV�O moiety possess large electrophilicity and
have significant contributions from the -oxo group. This
electronic configuration thus facilitates O−O coupling via oxo-
nucleophilic attack and regenerates the starting IrIII diamag-
netic octahedral complex.162,163

Despite the enhanced catalytic activity of complexes with
Cp* ligands, these half-sandwich complexes undergo immature
degradation upon oxidation. To improve the stability of the
iridium complexes, several alternative strongly σ-donating
ligands have been proposed like N-heterocyclic carbene,
pyridine amide, pyridinium carbene, etc.164−166 Recently, a
novel family of tetra dentate bpsa {bpsa = bis(pyridine-2-
sulfonamide)} ligands have been designed by the Bernhard
group which envelops an Ir(III) center to develop an anionic
octahedral complex with the two remaining coordination sites
occupied by Cl− ligands (Figure 9).159 The efficient strong
electron donating environment could stabilize high valent
metal center and assist catalytic activities under harsh water
oxidation conditions. The more rigid ligand frameworks with
cyclohexane and phenylene substituents in [Ir(bpsa-Cy)Cl2]−,
(8a, Cy = cyclohexane) and [Ir(bpsa-Ph)Cl2]− (8c, Ph =
phenylene) displaying C1-symmetry exhibit higher catalytic
activity with TON values of 1820 and 3540, than the more
flexible C2-symmetric ethylene linker containing [Ir(bpsa-
en)Cl2]− (8b, en = ethylene) complex with a TON value of
mere 53.159 Cyclic voltammetry experiments indicated non-
innocence of the sulfonamide group in the electrochemical
oxidation process. Frontier orbital diagrams from DFT
calculations of 8a, b, and c as shown in Figure 11 reveals
that the energy of the HOMO for three complexes is in
reasonable agreement with the experimentally observed
oxidation potential.159 Careful analysis reveals that the
HOMO of 8c is considerably destabilized as compared to
the other two complexes. This indicates involvement of the
phenylene spacer in delocalization of the electron cloud in 8c
which presumably favors the oxidation process by stabilizing
the high valent metal-oxo intermediate. Furthermore, the
HOMO−LUMO energy gap is least for 8c and highest for 8b,
correlating with their respective catalytic behaviors and further
emphasizes on the efficiency of the robust ligand design.159

Another strategy in homogeneous water oxidation by
iridium containing organometallic complexes involved replace-
ment of the oxidatively degrading Cp* ligand with stable
oxidant-resistant chelates that can withstand the harsh water
oxidizing conditions and discontinuing the use of sacrificial
oxidant like Ce4+. The most intriguing catalytic mixture on the
loss of Cp* through oxidative degradation is obtained from the
precatalyst, Cp*Ir(pyalk)OH (pyalk = 2-pyridyl-2-propa-

Scheme 6. Protonation States of IrV-Oxo Active Species of Complex 6, [(ppy)2IrV�O(X)]n {with X = OH2 (n = +1), X = OH−

(n = 0), X = O2− (n = −1)}

Figure 10. Molecular orbitals of [(Cp*)Ir(O)(ppy)]+, i.e., active
species of 7b. Reprinted with permission from ref 158. Copyright
2009 American Chemical Society.
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noate), which results in an extreme blue-colored homogeneous
solution.1 The solution consists of a robust μ-oxo binuclear
[(pyalk)IrIV−O−IrIV(pyalk)] core (9, Figure 9), retaining the
pyridyl chelating ligand and exhibiting efficient water oxidation
catalysis. Interestingly, the pyalk ligand consists of a −CMe2
unit at the benzylic position which facilitates electron donation
to achieve high valent state on Ir as well as resists self-
degradation.160,167−169 Several isomeric forms of 9 were
studied using X-ray crystallography, UV−visible spectrum,
and computational studies to unravel the probable structure of
the homogeneous catalytically active species.160,168 Since blue
coloration is a well-known characteristic of Ir(IV)−O−Ir(IV)
species, important absorbance in the visible region (550−750
nm) were studied in details by time-dependent DFT (TD-
DFT) calculations at ωB97xd/LANL2TZ(f),6-311G(d,p) level
of theory.160 Ir(IV)-oxo dimers display a combination of
nonbonding metal d and antibonding μ-oxo p orbitals in the
Ir−O−Ir bridge (Figure 12). Hence the HOMO → LUMO
(725.5 nm) and HOMO−1 → LUMO (584.7 nm) electronic
transfers in closed-shell-singlet (CSS) and open-shell-singlet
(OSS) systems are best described as n → π* excitations

involving a conjugation of Ir d-orbitals and oxygen p-orbitals
rather than traditional Laporte forbidden d → d transitions.
Furthermore, lower-wavelength absorbance at ∼430 nm
appears to be typically ligand to metal charge transfer
(LMCT) resulting in an absorption band. This clearly suggests
that the metal-centered transitions are responsible for the
visible spectra and color. However, recent work from Crabtree,
Brudvig, and others indicates that these crystallographically
identified iridium-oxo dimers are not the active species for
oxidation catalysis. To demystify the molecular species for
homogeneous catalysis, the authors employed a mixture of
binuclear iridium-oxo complexes together with NaIO4 as the
oxidant. This resulted in a Na[Ir(pyalk)Cl4] coordination
precursor which exhibits catalytic activity of oxygen evolution
comparable to 9, without the need of a sacrificial oxidant.168

One genuine concern regarding iridium-based WOC is their
molecular instability. Synthetic molecular iridium complexes
undergo oxidative modifications to IrOx or complete
degradation to metal nanoparticles that get deposited on the
electrode materials and exhibit high catalytic activity.20 Hence,
it is difficult to distinguish between homogeneity and
heterogeneity of the observed catalysis. In fact, the organic
linkers might be retained in the heterogeneous material and
impart structural and catalytic properties like the molecular
analogue. One such example is the MOF-immobilized [Cp*Ir]
complex with modified 2-phenylpyridine.170 However, devel-
opment of heterogeneous phases from catalytically active
molecular scaffolds is a major challenge toward well-defined
homogeneity. Recently, Crabtree has discussed several
solutions to this heterogeneity problem in a recent review
article.169 Nevertheless, it is important to go beyond the
measurement of O2 evolution in attempts to develop robust
molecular iridium catalysts.
3.4. Manganese Catalysts. Inspirations from the

elemental description of Mn4Ca cubane structure in the
natural oxygen evolving complex, coupled to high natural
abundance, low-cost and extensively rich redox chemistry of
manganese, together with the current thrust on identifying
catalysts with inexpensive non-noble transition metals stream-
lined major efforts to synthesize manganese complexes and
biomimetic multinuclear clusters relevant to PSII. The fact that
the OEC consists of tightly arranged manganese ions resulted
in an array of possible biomimetic structural analogues with
varied ligand scaffolds, oxidation states and nuclearity as
reviewed recently.21,171 Owing to the structural resemblance
with the OEC in PSII, myriads of tetranuclear manganese
cubane complexes were explored at the initial stage. These
tetranuclear manganese systems feature varied oxidation states
such as Mn(II)4, Mn(III)3Mn(IV), Mn(IV)4, Mn(III)2Mn-
(IV)2, and Mn(IV)4 with intriguing architectures.171 Some of
the earlier multinuclear manganese models consisted of
tetranuclear manganese adamantane structures with
[MnIV4O6]4+ aggregates, coordinated to 1,4,7-triazacyclono-
nane ligands, developed by Wieghardt et al.172 Later a family of
manganese adamantane shaped complexes were synthesized
from ligand exchange reactions of [Mn4O6(bpea)4](ClO4)4
with tridendate amine and iminodicarboxylate ligands by
Armstrong and others.173 Dismukes reported a phosphine
based mixed valent μ-oxo bridged Mn(III)2Mn(IV)2 cubane
complex,174 while Vincent et al. synthesized nonplanar
butterfly type complexes of the types [Mn4(μ3-O)2(μ-
O2CR)7(bpy)2]n+ (R = Me, Et, Ph) displaying Mn(II)2Mn-
(III)2 to Mn(III)4 oxidations.

175 Christou and others reported

Figure 11. Frontier orbital diagrams of 8a, 8b, and 8c based on DFT
calculations at B3LYP/LANL2DZ level of theory. Reprinted with
permission from ref 159. Copyright 2016 American Chemical Society.

Figure 12. Frontier orbital diagrams of 9 based on TD-DFT
calculations at ωB97xd/LANL2TZ(f),6-311G** level of theory. CSS
= closed shell singlet, OSS = open shell singlet. Reprinted with
permission from ref 160. Copyright 2016 American Chemical Society.
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a soluble manganese-oxo cluster consisting of 12 Mn centers
which performs water oxidation at a very low overpotential
(334 mV) and slightly acidic conditions.116

Owing to the importance of the calcium ion in the water
oxidation carried out by the OEC, specifically in the S3 state,
several manganese−calcium heterometallic cubane compounds
resembling the OEC have been developed, featuring a dangling
manganese center linked by an oxo bridge.178 The calcium ion
is believed to have a crucial role in the bioassembly of the
cluster, solvent association and catalytic activity.176,179,180

Agapie and co-workers prepared a distinctively cuboidal
structural model of the Mn3Ca−cubane (Figure 13a, extreme

left), reminiscent of the subsite in the natural OEC, in an
attempt to characterize the potential role of the calcium ion

during attainment of high oxidation states on the manganese
centers in the biological heterometallic cluster.176 Later, the
authors replaced the Ca2+ ion with heavy metals like Gd3+
(Figure 13a, center) and thereafter coordinated a Ag+ ion
(Figure 13a, extreme right) at the fifth site of the parent cluster
to prepare topological models of the OEC that display both the
cubane core and the dangler transition metal motif in order to
provide more detailed response to the overall redox potential
of the biological catalyst by these redox inactive
ions.79,176,179,180 Specifically, inclusion of these ions modulate
the basicity of the coordinating μ-oxo ligands and exerts a
rational strategy for the construction of multinuclear OEC-
analogues.
In a recent work, Zhang and co-workers have synthesized a

biomimetic Mn4CaO4 cubane with a dangling Mn ion (Figure
13b) which has the closest structural and stoichiometric
resemblance to the biological OEC.171,181 As a result of the
Mn(III)2Mn(IV)2 oxidation state of the inorganic core, the
cluster illustrates redox properties similar to the S1 state of the
OEC, distinctive from other cubane mimics. Furthermore, the
complex shows EPR signals at g ≈ 4.9 and 2.0, similar to the
findings for the OEC in the S2 state.

181 In a theoretical study,
Pantazis and co-workers have rationalized the emergence of g
≈ 4.9 from a S = 5/2 ground spin state.182 However, the
authors could not identify any low-spin energetically accessible
candidate to elucidate the g = 2.0 signal, despite employment
of a range of computational techniques including the highly
reliable density matrix renormalization group (DMRG)
method.181 Hence, computational studies indicate that the
absence of a labile -oxo bridge in the Zhang’s model results in
the lack of a valence isomer, unlike the characteristic electronic
structure of the OEC in the S2 state. Nevertheless, Zhang’s
model provides guidelines for spectroscopic and magnetic
properties of the biological cluster in various S-states preceding
the O−O bond formation.182

Figure 13. (a) Inorganic core of Mn-based Agapie’s heterometallic
complexes.176 (b) Zhang’s Mn3CaO4−Mn cubane with schematic
diagram.177 Color coding: C (black), H (white), N (blue), O (red),
Mn (pink).

Figure 14. Molecular structures of Mn-based water oxidation catalysts. Ar = 4-tBuC6F4, 2,4,6-(Me)3C6H2, and C6F5.
183,184
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The early structural mimics of the OEC also consisted of
myriads of Mn-based dinuclear frameworks with μ-oxo bridges
and comprised of nitrogenous bipyridine, terpyridine, phenan-
throline or multidentate ligands.185−187 Although these
complexes failed to replicate the elemental structural motif of
the tetranuclear Mn−Ca cubane, they provided better
understanding on the coordination chemistry of manganese.
This ultimately led to the creation and characterization of a
series of heterobimetallic redox-active manganese clusters with
covalently attached ruthenium sensitizers, such as [Ru-
(bpy)3]2+ (bpy = bipyridyl) unit by Åkermark and co-workers
(11, Figure 14).183,188 Flash-photolysis led to a sacrificial
electron transfer from the ruthenium photosensitizer that
created a hole on RuII and triggered replenishment from the
adjacent manganese donor sites. This approach represents a
more realistic prototype of a chromophore-WOC assembly
carrying out light-induced photoredox events analogous to
green plants. EPR measurements further confirmed the
generation of MnIII ion in the presence of a photosensitizer
array.188 In addition, it was reported that metal-to-metal
displacement and ligand environment are decisive in excited
state quenching and intramolecular charge transfer.188

However, most of these heteronuclear assemblies were
subjected to preferential catalyst decomposition over water
oxidation.21

The early functional models of the OEC, developed by
Naruta and co-workers in 1994, consisted of binuclear
manganese triphenylporphyrin (TPP) linked via an o-phenyl-
ene bridge.184,189 The complexes consisted of three different
aryl substitutions, such as 4-tBuC6F4, 2,4,6-(Me)3C6H2, and
C6F5 (12, Figure 14). Out of these three models, Mn-TPP
featuring C6F5 exhibited the highest reactivity (TON of 9.2) at
the expense of a higher oxidation potential.184 Mass
spectrometric control experiments with H2

16O and H2
18O

revealed that O2 released was in the following ratio, 16O2:
16O18O: 18O2 = 1:2:1 indicating that the evolved dioxygen
originated from solvent water. Mechanistic underpinnings
demonstrated that the two MnIII−OH units are oxidized to
two MnV�O units (Scheme 7) which readily transform to
peroxo bridging MnIV−O−O−MnIV due to convenient spatial
disposition of the -oxo groups. Thereby, OH− attack on the
metal centers replace the peroxy moiety and release O2 with
the regeneration of the dimeric precursor. This was further

confirmed by using meta-chloroperoxybenzoic acid (mCPBA)
as the oxidant in a later study.189

Thereafter, the groups of Crabtree and Brudvig synthesized
the dimeric terpyridine complex, [(H2O)(tpy)Mn(μ-O)2Mn-
(tpy)(OH2)]3+ (13, Figure 14) which catalyzed water
oxidation in the presence of chemical oxidants such as
potassium oxone (KHSO5) or sodium hypochlorite
(NaOCl).191,192 Careful evaluation of the crystal structure of
this complex revealed a mixed valence bis(μ-oxo) Mn(III)−
Mn(IV) electronic structure with one aqua ligand dangling on
each site. These exchangeable water ligands are crucial during
oxidation by NaOCl. A modest catalytic turnover of 4 was
observed for O2 evolution from 13. However, UV−vis
spectroscopy indicated the formation of permanganate which
likely develops due to oxidative decomposition and dissocia-
tion of the terpy ligand and precipitation of manganese
ions.191,192 Additionally, consumption of OCl− in large excess
compared to the quantity needed for evolution of O2 further
suggested oxidative ligand decomposition. Additionally,
isotope labeling studies confirmed that 75% of the evolved
O2 originated from solvent water and the rest from OCl−.
Despite the drawbacks concerning the oxidative stability of

the ligand moiety, complex 13 is an interesting synthetic
functional mimic which enhances the understanding on O2
evolution in photosynthetic water oxidation. Crabtree, Brudvig,
and others reported that the rate-limiting step consists of
development of a formal MnV�O intermediate, which serves
as the active component for O−O bond formation.192 The
structural correlation with the OEC due to the μ-oxo linkages
bridging the manganese ions led to a similar hypothesis for O−
O bond formation in either of the complexes. Later Lundberg
and others conducted DFT calculations to investigate the
mechanism of water oxidation by 13, focusing primarily on the
water activation step and realized that the highly oxidized MnV
state is not the sole factor for water activation (Figure 15a).190

The authors proposed that a MnIV-oxyl radical species is
essential to promote O−O bond formation in both model and
biological systems. Comparing the energies of different MnIV−
MnV reactant complexes displaying varied spin states, the
authors predicted a doublet species consisting of a high-spin
MnIV (S = 3/2, unpaired β electrons) oxidation state of the
catalytically active manganese ion, antiferromagnetically
coupled to the oxyl radical (S = 1/2, unpaired α electron)
and the catalytically inactive high-spin MnIV (S = 3/2, unpaired
α electrons) as the most stable magneto-structural conformer
(Figure 15b). The calculated barrier for O−O bond formation
with water (23 kcal/mol at B3LYP/LACV3P** level of
theory) is in well agreement to the experimental estima-
tion.190−192 Furthermore, calculations on inactive MnV�O
dimers revealed a singlet oxidation state which turned out to be
catalytically inactive and emphasized on the requirement of an
electron-deficient radical intermediate for water nucleophilic
attack.190

To summarize, the proposed mechanism for O2 evolution by
13 facilitated by an oxygen transfer agent (OX) can be
hypothesized to constitute of three parallel mechanistic
conduits: (a) nucleophilic attack of OX on the terminal
putative oxo ligand of MnV�O moiety to release O2 (Figure
15a, left gray route), (b) attack of solvent water on the
terminal oxo ligand in a similar fashion (Figure 15a, right black
route), and (c) comproportionation of the H2O−MnIV(μ-
O)2MnIV−O• species with the starting reactant, 13, to deliver
two units of catalytically inactive H2O−MnIV(μ-O)2MnIV−

Scheme 7. High-Valent MnV�O Porphyrin Dimer
Generated from a MnIII Precursor of Complex 12a

Reprinted with permission from ref 189. Copyright 2003 John Wiley
and Sons. amCPBA= meta-chloroperoxybenzoic acid. Ar = 4-tBuC6F4,
2,4,6-(Me)3C6H2, and C6F5.
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OH2 binuclear terpyridine complexes (Figure 15a, central gray
route) which indicates that water oxidation is a complicated
phenomenon and largely depends on specific reaction
engineering.193

Later, McKenzie and co-workers reported a dinuclear
manganese complex 14, [MnII2(H2O)2(mcbpen)] (where
mcbpen = N-methyl-N′-carboxy-methyl-N ,N″-bis(2-
pyridylmethyl)ethane-1,2-diamine) (Figure 14) which was

Figure 15. (a) Reaction scheme for O2 evolution by the Mn-terpy dimer complex, 13, focusing on the O−O bond formation step. (b) Molecular
structures of Mn-based water oxidation catalysts. Ar = 4-tBuC6F4, 2,4,6-(Me)3C6H2, and C6F5. Reprinted with permission from ref 190. Copyright
2004 American Chemical Society.

Scheme 8. Catalytic Cycle for Water Oxidation by 14

Reprinted with permission from ref 194. Copyright 2011 the Royal Society of Chemistry.
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initially developed as a bioinspired mimic of lipoxyge-
nase.194,195 Interestingly, complex 14 consists of two seven
coordinate manganese centers with two carboxylate ligand
bridges. EPR and UV−vis spectroscopic studies together with
electrochemical methods indicated generation of high-valent
compounds on treatment of complex 14 with tert-butyl
hydroperoxide (TBHP) in acetonitrile or methanol solvent.
Presumably, metal−oxygen cleavage leads to monomers of
MnIII species which might recombine to form Mn2III,III-μ-oxo
or further oxidize in the presence of TBHP to form Mn2IV,IV-
bis-μ-oxo (Scheme 8).
Computational studies by McGrady and others considered

both the monomer and the dimer constituting pathways.196

However, the authors proposed that the diamond core
Mn2IV,IV-bis-μ-oxo structure is unreactive and reorganizes
into a MnIII−(μ-O)−MnIVO• radical intermediate which
facilitates O−O bond formation in the presence of water to
generate a hydroperoxide intermediate (Scheme 8, inset). This
is reminiscent of coupling between Mn(IV)O• with the
bridging −Mn(IV)−(μ-O)−Mn(IV) through oxo/oxyl radical
mechanism in Mn−Ca cubane of PSII.91,93 Furthermore,
computational studies on Mn-mcbpen elaborated the crucial
role of the carboxylate moiety in abstracting proton from the
residual water. This is in addition to experimental endeavors
that suggested the active role of the carboxylate ligand in
stabilizing various catalytic species through coordination and
noncoordination modes. Such characteristic carboxylate shifts
are prevalent in nonheme iron enzymes as well.197

3.5. Iron Catalysts. There has been a growing consensus in
the organic and bioinorganic fields to harness the chemistry of
iron for varied reactions. Low cost and toxicity coupled to high
natural abundance of iron, and its ability to attain several high
oxidation states to promote fascinating redox chemistry have
constituted it to be an ideal element in catalysis. Hence, the
family of earth abundant metal containing water oxidation
catalysts has further been expanded by inclusion of iron-based
molecular catalysts. Albeit, inclusion of iron as a promising
water oxidizing agent also relies on specially designed ligand
frameworks that can support the high valent requirement. This
challenging aspect led to the design of the FeIII-TAML
complexes (15, Figure 16, TAML= tetra amido macrocyclic

ligand) by Collins and others.198 Varied ligand scaffolds tuning
the substituents led to diversified electronic properties of the
FeIII-TAML complexes that were further investigated for water
oxidation by ceric ammonium nitrate (CAN) at pH 0.7.198

Notably, complex 15a showed no discernible water oxidation
activity in acidic medium. However, 15b−e displayed a gradual

increment in the rate of dioxygen liberation, emphasizing on
the crucial role of electron-withdrawing substituents in the
ligand scaffold, reaching TOF of 1.3 s−1 for 15e. Interestingly,
simpler iron precursors like [Fe(bpy)3](NO3)2 or Fe(NO3)3
and others did not show evolution of O2 in presence or
absence of TAML ligand, thus fortifying the unique chemistry
of FeIII-TAML complexes.199

Quantum chemical calculations proposed two competitive
pathways for O−O bond formation by FeIII-TAML complexes.
Density functional theory and multireference second-order
perturbation theory studies by Cramer and others indicated
two proton-coupled electron transfer steps followed by a single
electron-transfer from the ligand that generated the putative
TAML+•−FeV−O intermediate, with a formal oxidation state
of FeVI on the metal center.200 Subsequent O−O bond
formation is initiated by a proton relay mechanism consisting
of a water nucleophilic attack and three additional water
molecules in the local solvation shell, leading to the product
hydroperoxide coordinated to iron (Figure 17, TSWAT).

However, the predicted barriers for this step were found to
be sensitive to the choice of DFT, ranging from 6.8−35.3 kcal/
mol, providing little credence to the direct water attack in the
O−O bond formation. Later, Liao et al. revisited this
mechanism and proposed an alternative pathway consisting
of a nitrate ion attack of CAN on the FeV−O intermediate
(Figure 17, TSNOd3

‑).201 The authors proposed that B3LYP*-D2
level of theory favored water attack, while M06L functional
preferred a nitrate attack. Furthermore, computations on
ligand degradation pathways indicated the possibility of both
water and nitrate attack on the aromatic ligand scaffold. In fact,
the direct water attack on ligand was found to have a lower
barrier than that of O−O bond formation according to
B3LYP*-D2 energetics.201 Additionally, the authors proposed
that 15a with methyl groups replacing two fluoride groups
leads to a competitive C−H oxidation mechanism, that renders
inactivity of the complex for water oxidation.201 Since the
oxygen evolving capability as well as the stability of Fe-TAML
complexes are largely dependent on the electronic structure of
the derivative complexes, it is therefore essential to maintain a
balance between electron donation and withdrawal in the
design of modified TAML complexes.199,202

Nonheme iron complexes are classic choice for oxygen
activation and thereby efficient oxidants for C−H or C�C
functionalization. Readily available iron-oxo or hydroperoxo
species are potential candidates for O−O bond formation and
thereby explored for their catalytic activity toward water
oxidation by Fillol and Costas.203 This resulted in inves-
tigations of a broad family of tetra and pentadentate neutral

Figure 16. Chemical structures of FeIII-TAML complexes (15).198

Figure 17. Structures of transition states of 15e catalyzed O−O bond
formation by water (TSWAT)

200 and nitrate (TSNO3‑)
201 attacks.
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homogeneous iron containing complexes with varied coordi-
nation sites and nitrogenous ligands (shown in Figure 18) such

as [Fe(OTf)2(Me2Pytacn)] (16, Figure 19, where Me2Pytacn =
1-(2′ -pyridylmethyl)-4,7-dimethyl-1,4,7-triazacyclononane)),
[Fe(OTf)2(mcp)] (17, Figure 19, where mcp = (N,N′-
dimethyl-N,N′-bis(2-pyridylmethyl)-cyclohexane-1,2-dia-
mine)), [Fe(OTf)2(bpbp)] (bpbp = N,N′-bis(2-pyridylmeth-
yl)-2,2′-bipyrrolidine), [Fe(OTf)2(mep)] (mep = N,N′-
dimethyl-N,N′-bis(2-pyridylmethyl)-ethane-1,2-diamine), [Fe-
(OTf)2(tpa)] (tpa = tris(2-pyridylmethyl)amine), [Fe-
(OTf)2(tmc)] (tmc = trimethylcyclam), and [Fe(NCCH3)-
(MePy2CH-tacn)](OTf)2]. Interestingly, position of the coor-
dination site relative to the ligand scaffold modulates the
catalytic activity. Catalyst 17 with two free cis coordination
sites was found to have higher catalytic activity than the TAML
complexes. Utilizing CeIV or NaIO4 as the oxidant at pH = 1
and 2 resulted in TON as high as >350 and >1000 and TOF of
0.23 s−1 and 0.062 s−1, respectively.203,204 However, [Fe-
(OTf)2(tmc)] and Fe(NCCH3)(MePy2CH-tacn)](OTf)2] hav-
ing two trans coordination sites and a single coordination site
respectively (Figure 18) were found to be inactive toward
water oxidation.
To elucidate the reaction mechanism, kinetic studies of

model complex 16 were carried out to monitor the evolution
of oxygen and the consumption of CeIV using UV−vis
titration.204 Based on the experimental evidence, the authors
proposed that [Fe(X)2(LN4)] type complexes follow a
common mechanism (Scheme 9). Mass-spectra measurements
indicated formation of a [FeIV(O)(OH2)(LN4)]2+ resting state
which is proposed to undergo oxidation by CeIV to generate a
highly reactive FeVO(OH) species. This postulated that the
high-valent intermediate is immediately attacked by a solvent

water molecule to undergo the crucial O−O bond formation
and liberation of O2 (Scheme 9). Subsequent study by the
authors highlighted that structural modification of the ligand
backbone is decisive in catalytic activity.204 While the presence
of strongly electron-withdrawing substituents at the para
position significantly enhanced the catalytic performance,
positioning of fluorine or methyl at the ortho position had
adverse effects, suggesting that these substituents restrict
coordination of substrate to the iron center.204

Recently, Meyer and co-workers have designed a six
coordinate mononuclear FeIII complex, [FeIII(dpaq)(H2O)]2+
(18, Figure 19); (where dpaq = 2-[bis(pyridine-2-ylmethyl)]-
amino-N-quinolin-8-yl-acetamido) for electrocatalytic water
oxidation in propylene carbonate.205 At E° = 1.58 V vs NHE,
FeIII(OH2)2+ is converted to FeV(O)2+ following a PCET
mechanism, which reacts with water to give rise to the
intermediate peroxide, FeIII(O−OH2)2+. Further, the peroxide
intermediate undergoes PCET oxidation of d5 FeIII(OOH2)2+
to d3 FeV(OO)2+ for rapid liberation of O2 with simultaneous
attack of H2O to regenerate the parent complex 18.
3.6. Cobalt Catalysts. Inorganic cobalt salts have long

been known to oxidize water.21 However, cobalt salts in the
presence of chemical oxidants form cobalt oxides that inhibit
the catalytic activity and impose significant hurdles in the path
for discovery of cobalt based WOCs. The interest in cobalt-
based systems started developing with Nocera’s discovery of an
in situ generated Co2+-phosphate (Co-Pi), characterized by
extended X-ray absorption fine structure (EXAFS) studies, that
indicated bis-oxo/hydroxo bridged metal subunits organized in
higher ordered clusters, working at neutral pH and a low
overpotential of 1.25 V vs NHE.206 This revelation led to
several breakthroughs in cobalt based WOCs, analogous to
other abundant transition metals like manganese or iron.
However, the instability of the CoII metal center inhibited
synthesis of robust catalysts, unlike ruthenium or iridium
complexes, channeling significant efforts toward design of
optimum ligand scaffolds.
In 2011, Berlinguette and co-workers reported a stable

cobalt based complex capable of reversible electrochemical
water oxidation and coordinated by the unusual 2,6-(bis(bis-2-
pyridyl)methoxy-methane)-pyridine (Py5) ligand (19, Figure
20).207 Some of the crucial features that imparts stability to
this complex are (1) accommodation of multiple redox levels

Figure 18. Active and inactive forms of iron based WOCs. Reprinted
with permission from ref 199. Copyright 2018 John Wiley and Sons.

Figure 19. Nonheme iron based molecular water oxidation catalysts.

Scheme 9. Postulated Mechanism for Water Oxidation by
Iron Complexes Based on Tetradentate Nitrogen Ligands

Reprinted with permission from ref 204. Copyright 2013 John Wiley
and Sons.
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by the metal ion; (2) oxidatively stable pyridine ligand
environment; (3) chelating effect strengthens the Co−N trans
ligand and (4) aqua ligand coordinated at the fundamental
stage to promote proton coupled electron transfer (PCET).
Indeed, this complex exhibited a redox wave at ∼0.75 V vs
NHE corresponding to the redox couple [CoIII−OH]2+/
[CoII−OH2]2+. The pH dependency of this couple is evident
from a modification of the signal to an extent of −59 mV for
each pH unit, until pH = 11.7, which furthermore solidifies the
possibility of a PCET for the initial step (Scheme 10).

Apparently, the water ligand facilitates access to high oxidation
states through PCET at low redox potentials.207 A subsequent
pH independent redox wave at 1.40 V vs NHE and pH = 7.6−
10.3 demonstrated single electron transfer involving the
[CoIV−OH]3+/[CoIII−OH]2+ couple. This was followed by a
large increment in the current density that signified oxidation
of water. However, at pH > 10.3, the redox event shifts toward
a PCET process of the [CoIV�O]2+/[CoIII−OH]2+ couple.
This results in a nucleophilic attack of water or OH− on the
CoIV-oxo intermediate (Scheme 10).
Baik and co-workers have recently studied the mechanism of

Co-Py5 (complex 19) with the help of quantum chemical
models.212 The authors conducted extensive electronic
structure analysis to identify the characteristics of the CoIV−
oxyl resting state. It was found to feature an energetically stable
intermediate-spin quartet state, instead of the low-spin doublet
state. Furthermore, significant spin polarization of the terminal
oxygen predicted an intramolecular electron transfer from O
→ M. Analysis of the calculated spin density postulated the
resting state to be a biradicaloid species, [CoII−(•O•)]2+,
representing a cobalt-oxene unit, instead of the formally
accepted CoIV-oxo. The authors had proposed similar radical
species [RuIV−O•] for the formally accepted [RuV�O]
intermediate in blue dimer (1, Scheme 5)148 which was
responsible for an oxyl radical attack on the water molecule.
Apparently, in first row transition metal containing complexes,
high spin configurations are easily accessible due to partially
filled 3d orbitals that enhances the oxyl radical character to
achieve a biradicaloid oxene moiety featuring a zero-oxidation
state on the oxygen center.207 Perhaps because of this new
reactive intermediate, the Co-Py5 complex displayed remark-
able catalytic oxidation.
A new route toward macrocyclic redox noninnocent ligand

coordinated cobalt complexes has been opened by Nocera and
co-workers by investigating the cobalt hangman corrole
complexes (20, Figure 20), that features a hanging carboxylic
acid, fabricating the “hangman cleft”.208 Notably, two water
molecules, one of which resides in the primary coordination
sphere of the metal and the other held tightly by H-bond
network within the secondary coordination sphere, are easily
accommodated in the hangman cleft bringing about the
possibility of oxygen evolution reaction (OER) (Figure 20).
Furthermore, the corrole ligand consists of auxiliary fluorinated
phenyl groups (C6F5) at the meso- positions that are believed
to increase the oxidizing power of the framework by ∼0.4 V.
Introduction of β-pyrrole fluorination in the porphyrin
macrocycle enhances the PCET capability by an additional
0.5−0.6 V.208
Representative examples of binuclear Co-based complexes

although limited, but are well-characterized structurally and
mechanistically with X-ray crystallography and kinetic
investigations. One such intriguing example is the dinuclear
cobalt-μ-1,2-peroxo complex consisting of bis(2-pyridyl)-3,5-
pyrazolate (bpp−) and 2,2′;6′:2″-terpyridine (trpy) ligands,
[CoIII2(trpy)2(μ-bpp)(μ-1,2-O2)]3+ (21, Figure 20), built by
Llobet and others to mimic the structural complexity of the
Ru-based Blue Dimer, demonstrating thermodynamic stability
and kinetic inertness.209,210 Interestingly, this binuclear cobalt-
peroxo complex was initially generated to device 4e− reduction
of dioxygen to water.209 It was facilitated by 1e− reductants
such as octamethylferrocene (Me8Fc) in acidic medium
consisting of trifluoroacetic acid (TFA) in acetonitrile solvent
at room temperature. Monitoring individual steps in the overall

Figure 20. Cobalt based molecular water oxidation catalysts.207−211

Scheme 10. Proposed Mechanism for Water Oxidation
Catalyzed by [(Py5)Co−OH2] (19)

Reprinted with permission from ref 212. Copyright 2015 John Wiley
and Sons.
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catalytic cycle led to the conclusion that PCET from the Fc
derivative to 21 is the rate-limiting step. Fascinated by the
possibility of the reverse reaction of water oxidation by this
unique peroxide-linkage containing [CoIII-(O−O)-CoIII]3+ or
analogous superoxido intermediates, practically underexplored
in the field of H2O → O2 conversion by first-row transition
metal complexes, the authors developed the related binuclear
cobalt complex with end-on superoxido moiety and a
coordinated water molecule (21b, Scheme 11).213 The shift
in vibrational resonance Raman (rR) for O−O bond stretching
in the peroxide intermediate 21 at 839 cm−1, 814 and 795
cm−1 to 1121 cm−1, 1088 and 1055 cm−1 for different oxygen
isotopologues such as 16O16O, 17O17O, and 18O18O, respec-
tively, clearly demonstrated the formation of the superoxide
linkage in intermediate 21b.213 As shown in Scheme 11, it is
hypothesized that initial oxidation of 21 with CeIV leads to the
superoxido complex, 21a [CoIII−O•O−CoIII]4+, which quickly
undergoes hydrolysis to the water coordinated intermediate,
21b [H2O−CoIIICoIII−OO•]4+. In fact, DFT studies at M11-
L/6-311G(2f,d)/SMD(water) level of theory further empha-
sized that the end-on complex 21b is ∼20 kcal/mol stable than
the superoxido-bridged complex, 21a. Furthermore, an EPR
signal at g = 1.98 and DFT calculations of singly occupied
molecular orbital and spin-density plots confirmed the
presence of the unpaired electron, predicted to mainly localize
on the superoxido group. Intermediate 21b undergoes further
oxidation at 1.81 V vs NHE to generate diradical hydroxyl−
superoxido intermediate [HO•−CoIIICoIII−OO•]4+ (proposed
with DFT and not shown here), that releases O2 with
concomitant solvent association in intermediate 21c (Scheme
11). Intermediate 21c is hypothesized to undergo 2e−/2H+

oxidation to an oxyl−hydroxyl species, [HO•−CoIIICoIII−
O•]4+, which can release one proton to regenerate complex 21.
Alternatively, due to its transient existence, the entropically

disfavored O−O bond formation is highly unlikely in [HO•−
CoIIICoIII−O•]4+. Rather intermediate 21c is expected to
undergo 1e− reduction and participate in the oxygen reduction
cycle. Thus, Scheme 11 demonstrates the beautiful coordina-
tion between the oxygen reduction and water oxidation cycles
as initiated from the cobalt complex 21. Further, in order to
validate whether molecular catalyst 21 is responsible for water
oxidation at pH = 2.1, rather than heterogeneous water
oxidation by cobalt-oxide films and nanoparticles, Nam,
Llobet, Stahl, and others developed complex 22 (Figure 20)
with more electronically rich bis(N-methyl-imidazolyl)-pyr-
idine (Me2bimpy).

210 As expected, the catalytic onset potential
in 22 is significantly reduced (at 1.35 and 1.84 V) as compared
to 21.209

In the quest for inexpensive polynuclear metal catalysts,
Co4O4 cubane (23, Figure 20) complex, coordinated by four
bidentate acetate and four monodentate pyridine ligands,
analogous to the Mn-based oxygen evolving complex, is
extensively studied. Dismukes and co-workers described this
complex capable of undergoing photochemical and electro-
chemical oxidation.214 Photoexcitation was carried out with the
employment of [RuII(bpy)3]2+, in the presence of a sacrificial
persulfate acceptor (Scheme 12). With the help of varied
spectroscopic techniques including XAS and Kβ RIXS and
DFT modeling, Chen et al. characterized the plausible high-
valent intermediates during oxygen evolution reaction as a
Co(IV) species.211 This is in line with the previous observation
of Co(IV) during OER in thin-film electrodeposited Co-Pi
catalyst.215

3.7. Copper and Nickel Catalysts. Recently, coordination
complexes of copper have garnered attention as catalysts for
oxygen evolution reaction and water oxidation, presumably due
to their versatility in biological chemistry as copper−oxygen
intermediates in reactive cores of several metalloenzymes.216

Scheme 11. Oxygen Reduction and Water Oxidation Catalyzed by Dinuclear [CoIII2(trpy)2(μ-bpp)(μ-1,2-O2)]3+ Complex, 21
a

aReprinted with permission from ref 213. Copyright 2016 American Chemical Society.
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Hence, mononuclear and multinuclear Cu-oxo complexes can
function as intermediates for facile O−O bond formation and
exhibit reversal to the starting configurations, promoting OER
and WO catalysis under different conditions (Scheme 13). In

2012, the Mayer group developed the first Cu-based WOC
catalyst, [(bpy)Cu(μ-OH)2] (24, Figure 21), starting from
simple copper salts and bipyridine at high pH.217 Notably, this
water-soluble catalyst demonstrated a very high turnover
frequency (TOF) of 100 s−1 for electrocatalytic water
oxidation at pH > 12, evolution of O2 being confirmed by
electrochemical fluorescence probe. One remarkable character-
istic of this catalyst is its ability to reorganize from simple
mononuclear neutral complex to a mononuclear positively
charged aquated complex, with the intermediacy of a positively
charged binuclear hydroxo species (Figure 21). This has been
verified by EPR probes which registered a mononuclear bis-
hydroxo species, [(bpy)Cu(μ-OH)2], in quartet state at high
catalytic pH. However, lowering the pH results in disappear-
ance of the EPR signal, indicating an antiferromagnetically
coupled dimeric species, [(bpy)Cu(μ-OH)]22+ (Figure 21).
Further lowering to pH 8 produces a new quartet signal in the
EPR spectra due to a resultant monomeric aqua-complex,
[(bpy)Cu(H2O)2]2+ (Figure 21), consistent with the hypothe-
sized monomer−dimer equilibrium for this catalyst. Moreover,
EPR double integration confirms that at pH 13, the reaction
consists predominantly of monomeric μ-hydroxo species,
emphasizing on its role as the active catalytic compound
during water oxidation. However, necessity of strong alkaline
conditions coupled with high overpotential requirement (∼750

mV) provide little credence to the utility of this complex as an
efficient, robust, and inexpensive homogeneous WOC,
performing conversion of electrical energy to chemical fuels.
To tackle these drawbacks in Mayer’s catalyst, Lin et al.,222

and Papish et al.223 separately designed 6,6′-dihydroxy-2,2′-
bipyridine (6,6′-dhbpy) with 6,6′-dhbpy and Cu(II) in ratios
of 1:1 and 2:1, respectively. These structurally modified
analogues of Mayer’s complex demonstrated electrocatalysis at
lowered overpotential of 640 and 477 mV, respectively, for
catalytic turnover of dioxygen. However, the pseudo-first-order
rate constant for water oxidation turns out to be merely 0.4
and 0.356 s−1, respectively, which is much lower than that
reported for Mayer’s catalyst.217,222,223

Later, Meyer and co-workers reported a triglycylglycine
(TGG) macrocyclic ligand based polypeptide Cu(II) complex,
[(TGG4−)CuII−OH2]2− (25, Figure 21), which carries out
water oxidation at an onset potential of 1.10 V, featuring an
overpotential of 520 mV, in alkaline phosphate buffer (pH
11).218 This complex exhibits exceptional stability and displays
a turnover frequency (TOF) of 33 s−1 at room temperature.
Notably, during water oxidation, the reported kCat for catalyst
25 is equivalent to 100 s−1, albeit at a higher pH of 13, and well
in comparison with that reported for Mayer’s bipyridine
catalyst.217

Cyclic voltammetric and electrochemical kinetic studies
provide in-depth insights on the mechanism of the crucial O−
O bond formation during water oxidation by catalyst 25
(Scheme 14). As mentioned earlier, the key step in water
oxidation by transition metal complexes commonly involve
either concomitant O atom transfer to a residual water
molecule in the first coordination sphere of the metal followed
by proton loss to a sacrificial base or an additional water
molecule (Scheme 6), or O−O bond formation in an
intramolecular fashion (Scheme 8, Figure 20). Here, a PCET
from Cu(II) in [(TGG4−)CuII−OH2]2− generates a Cu(III)-
hydroxo intermediate, [(TGG4−)CuIII−OH]2−. Thereafter,
development of a second oxidation wave linearly dependent

Scheme 12. Proposed Mechanism of Water Splitting by
Co4O4(OAc)4(py)4 Cubane, 23

Reprinted with permission from ref 214. Copyright 2011 American
Chemical Society.

Scheme 13. Catalytically Active Cu−O Intermediates for
O−O Bond Cleavage in Cu-Enzymes and O−O Bond
Formation in Cu-Based Complexes for OER and WO
Catalysis, Respectively

Figure 21. Copper and nickel based molecular water oxidation
catalysts.136,217−221
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on the concentration of copper, with enhanced pH depend-
ency and demonstrating irreversibility at a peak potential of
1.32 V, certainly indicate further removal of protons. Hence,
the second PCET process is predicted to generate a formal d7
[CuIV−O]2− intermediate (Scheme 14). Indeed, this inter-
mediate is reminiscent of a ligand-centered Cu(III)-oxyl radical
species by Winkler and Gray224 and our recent identification of
a hydroxyl-radical character on two electron oxidation of
complex 26 (Figure 21),136 i.e., intermediate [(L1•)-
CuII(OH•)]1−, where L1 = o-phenylenebis(oxamidate),
obtained by DFT studies and discussed later.225 The high-
valent Cu(IV)-oxo/Cu(III)-oxyl species attacks a water
molecule to produce a peroxide linkage containing inter-
mediate, [CuII−OOH]3− or [CuII(HOOH)]2−. The authors
further argue that the irreversibility of the second oxidation
wave emphasizes on the fact that [CuIV−O]2− species
undergoes oxidation to the peroxide intermediate with
subsequent release of dioxygen and regeneration of [(TGG4−)-
CuII−OH2]2−, through solvent water coordination, to gain
access to the catalytic cycle.218 Thus, the mechanistic
intricacies and favorable kinetic results indicate that bio-
relevant anionic polypeptide ligands could be used during
water oxidation by non-noble metals, analogous to Ru-
polypyridyl based water oxidation.226 Indeed, this led to the
study of water oxidation by two structurally modified Cu(II)
complexes with branched-polypeptide ligands.227 Pap, Szyr-
wiel, and others show that a Cu(II) complex constituting
similar tetrapeptide ligands, for instance H-Gly-dap(H-Gly)-
His-NH2 (where dap = 2,3-diaminopropionic acid), with an
equatorial histidine positioning, delivers an improved TOF of
53 s−1 at pH 11, presumably due to a favorable proton−π
interaction.227

One of the first nickel-based water oxidizing homogeneous
molecular catalyst was developed by Lu and co-workers in
2014 (27, Figure 21). Incidentally, this macrocyclic nickel(II)
complex, [Ni(meso-L)](ClO4)2 (L = 5,5,7,12,12,14-hexameth-
yl-1,4,8,11-tetraazacyclotetradecane) was found to catalyze

water oxidation at a neutral pH.219 Furthermore, the O−O
bond formation was operative through an intramolecular HO−
OH coupling, residing atop a Ni(IV) cis intermediate. DFT
calculations indicated the formation of a [NiIII−(OH•−OH)]
radical species in the transition state with a barrier of 24.6
kcal/mol. The cationic nickel(II) complex, Ni(II)-meso-
tetrakis(4-N-methylpyridyl)porphyrin, 28 (Figure 21), also
exhibit a similar catalytic cycle for water oxidation with the
intermediacy of a formal Ni(IV) intermediate [Por−NiIII−
O•]4+ (where Por = porphyrin) in neutral aqueous conditions
with an onset potential for catalytic wave at merely 1.0 V (pH
7.0).220 Interestingly, catalyst 28 work under acidic to
semialkaline conditions between pH 2−8, without showing
any traces of NiOx film deposition which is a usual drawback
in designing nickel based molecular catalyst for water
oxidation.
Unlike Lai, Cao, and other’s Ni(II)-porphyrin complex

(28),188 Llobet’s Ni(II)-phenylenebis(oxamidate) complex
(29, Figure 21) demonstrates borderline chemistry between
homogeneous and heterogeneous water oxidation pathway,
ultimately being decomposed to NiOx.189 Intriguingly, the
Ni(II) complex (29) and its aryl substituted analogues are
quite distinct from the series of Cu(II)-bis(oxamidate)
complexes (26) developed by the same group earlier.193

While, the Ni(II) complexes face counteraction between water
oxidation and molecular species deactivation, the Cu(II)
analogues display robust and predominant molecular water
oxidation behavior. Our recent theoretical endeavors reveal
that a single-electron transfer water nucleophilic attack (SET-
WNA) mechanism is operative for water oxidation in both the
complexes, whereas the molecular species degradation occurs
due to a potential H+ attack in acidic medium through proton
transfer water electrophilic attack (PT-WEA) pathway
(Scheme 15).189,193 Electronic structure analysis reveals that
2e- oxidation of complexes 29 and 26 generate the anionic
intermediates, [(L1•)NiIII(OH)]1− (29a, Scheme 15) and
[(L1•)CuII(OH•)]1− (26a, Scheme 15), respectively. Inciden-
tally, the former intermediate promotes ligand deactivation
with a comparatively higher driving force than the latter in an

Scheme 14. Proposed Mechanism of Water Oxidation
Catalyzed by 25

Reprinted with permission from ref 218. Copyright 2013 American
Chemical Society.

Scheme 15. Two-Electron Oxidized Anionic Intermediates
of 26 and 29, such as 26a and 29a, Respectively, Undergoing
SET-WNA and PT-WEA Pathways

Reprinted with permission from ref 225. Copyright 2023 John Wiley
and Sons.
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acidic medium. In fact, the copper intermediate display radical
character on the hydroxyl ligand which improves the prospect
of nucleophilic attack by OH− and prohibits catalyst
deactivation.193

4. SUPRAMOLECULAR CATALYSTS
In the last few decades, supramolecular strategies have
emerged as crucial tools to develop directional, self-sorted,
and programmed self-assembly of elementary molecular
donor−acceptor chromophores to complex oligomers, poly-
mers, nanofibers, dendrimers etc.57 Supramolecular strategies
are also adapted to device artificial photosynthetic arrange-
ments, with explicit control on the molecular architectures.36,37

Recently, supramolecular approaches have been widely
integrated in organization of molecular water oxidizing
catalysts to enhance their catalytic activity. Such approaches
minimize the potential loopholes of conventional artificial
photosynthesis, utilizing light-harvesting and charge separation
techniques. Undoubtedly, this leads to longer lifetime of
excited triplets generated by photosensitizers, curtailing the
possibility of decomposition and recombination, or photo-
production of singlet dioxygen that damages the ligand
framework.
Noncovalent interactions can be beautifully integrated in

organized supramolecular assemblies, like Nature’s enzymatic
resources. As highlighted in previous sections, biological water
oxidation catalysis involving transfer of protons and electrons
within the PSII framework firmly depends on the electron/
proton wire mechanism promoted by the various amino acid
residues surrounding the CaMnO4 cluster within the protein
domain. Unfortunately, such rigorous transmission of protons
and electrons in functional synthetic multimetallic cluster
mimics of PSII are incomprehensible and therefore lacks the
recommended stability and activity. Fortunately, supramolec-
ular multicomponent systems render vital nonbonding or
purely covalent confinement that afford enhanced performance
of existing water oxidation catalysts. In this section, we
highlight some of the classic examples of transition-metal
dependent supramolecular water oxidation activity while
readers are encouraged to undergo recent overview articles
for a holistic knowledge of supramolecular strategies in applied
artificial photosynthesis and state-of-the-art devices.6,59

4.1. Metallosupramolecular Cluster. The challenges
associated with catalyst design and loss of structural integrity
of molecular water oxidation catalysts in strongly alkaline or
acidic aqueous medium221 with manifold noble and non-noble
earth abundant metal active units led to the development of a
limited number of systems being considered for further
integration into supramolecular frameworks, albeit with the
utilization of sacrificial reagents.229 One such distinct example
of a single-component metallo-supramolecular cluster was
reported by Sun and co-workers in 2012 (30, Scheme 16).228

Apparently, the Ru-based metallic triad (Scheme 16) under-
goes an oxidative quenching mechanism on visible light
irradiation at >400 nm, in a H2O/MeCN (9:1) solution
containing Na2S2O8 as the sacrificial oxidant, with a TON of
38 for O2 evolution. As hypothesized for an oxidative
quenching mechanism (Scheme 17),229 the Ru-bpy photo-
sensitizer in 30 is expected to undergo photoexcitation,
followed by electron transfer to sodium persulfate. The
oxidized Ru(bpy)32+ photosensitizer would then trigger the
removal of an electron from the centrally placed mononuclear
RuII complex, [RuL(pic)2] (L = 2,2′-bipyridine-6,6′-dicarbox-

ylate; pic = 4-picoline), regenerating itself and oxidizing the
catalyst to facilitate electron capture during water oxidation
(Scheme 17). This event should undergo for four consecutive
cycles before the catalytic turnover is reached to enable four
electron water oxidation process. Notably, dissociation of the
Ru-photosensitizers from the central molecular catalysts
resulted in gradual decrease in the catalytic activity.228

Construction of photosensitizer−catalyst supramolecular
combinations are not always successful to the same extent.
For instance, utilizing Ru(tpy)22+ (tpy = 2,2′:6′,2″-terpyridine)
as the photosensitizer did not demonstrate any oxygen
evolution in 31 (Figure 22),228 perhaps due to its shorter
excited-state lifetime. The photosensitizer-catalyst dyad 32
(Figure 22) consisting of a bipyridyl-Ru(II) based photo-
sensitizer linked to a polypyridyl-Ru catalyst was reported by
Thummel and co-workers in 2012.230 Employing similar
experimental conditions such as a blue light-emitting diode
of wavelength 472 nm and persulfate as the sacrificial oxidant,
32 furnished a mere 6 turnover cycles, although using four
times the concentration of the photosensitizer. Furthermore,
33 (Figure 22),231 featuring a perylenebisimide (PBI)
sensitizer coupled to the well-known complex [(Cp*)-
IrIII(ppy)Cl], (7a, Figure 9),162 is photoactivated at 550 nm
that leads to electron transfer from the Ir(III) core to the PBI
moiety at a rate of 1.8 ps. However, the apparent charge
separation is slated for an even faster electron−hole
recombination (14 and 75 ps), ultimately resulting in a

Scheme 16. Metallo-supramolecular Triad 30 Containing
Both Ru(bpy)32+ Photosensitizer and a Ru-Based Water
Oxidation Catalyst

Reprinted with permission from ref 228. Copyright 2012 John Wiley
and Sons.

Scheme 17. Hypothesized Oxidative Quenching Mechanism
Taking Triad 30 as a Reference229
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short-lived PBI•−Ir(IV) radical state, not conducive for
photocatalytic oxygen evolution.
To develop an efficient artificial supramolecular macrocycle,

reflecting the sophistication and efficiency of the OEC in the
biochemical setup, Würthner and others reported a ruthenium
containing closed-loop complex (34, Figure 22), featuring
three [Ru(bda)] subunits (similar to complex 3)141 coordi-
nated through axial bpb (bpb= 1,4-bis(pyrid-3-yl) benzene)
linkers, with remarkable catalytic activity (TOF > 100 s−1).232

Indeed, 34 demonstrated a TOF of >13.1 s−1 even in nM
concentration of the system.
Mechanistic study with 18O isotope labeling and spectro-

electrochemical experiments show crucial difference in water
oxidation carried out by 34 (Scheme 18),232 as compared to
the traditional Ru-bda complexes, 3 or 4 (Figure 8).141,153 As
mentioned in section 3, [Ru(bda)pic2] complex (3),
demonstrates a second order reaction kinetics with respect to
the catalyst, i.e., a 3:3 dimer is predicted in the O−O bond
forming transition state (as shown in Figure 8 for complex
4),141 with zeroth order dependence on the sacrificial oxidant
and absence of a PCET process in the RDS.233 Contrarily, 34
shows first order in macrocycle and first order in Ce4+
concentration, with a characteristic involvement on the O−H
bond breaking step.232 This certainly eliminates the possibility
of a water nucleophilic attack (step 4, Scheme 18) or
bimolecular radical coupling (step 4′, Scheme 18), as opposed
to the radical mechanism predicted for complex 3.141

Incidentally, 18O isotope labeling and thereafter mass
spectrometry experiments demonstrate 43% of H2

18O,
emphasizing on the WNA as the most-acceptable mechanism

undertaken by the macrocyclic complex, 34. This suggests that
the [Ru(bda)bpb]3 architecture promotes a WNA pathway at a
very low activation barrier, that enables the drastic change in
the O2 evolution kinetic activity on going from axially water
coordinated mononuclear [RuIII(bda)(mmi)(OH2)] (mmi =
1,3-dimethylimidazolium-2-ylidene)234 catalyst with kO2 ∼
0.04 s−1 to supramolecular template formation in [Ru(bda)-
bpb]3, demonstrating an unprecedented TOF of 155 s−1.232

Figure 22. Structures of photosensitizer−catalyst metallo-supramolecular complexes.

Scheme 18. Mechanism of Light-Induced Water Oxidation
with Metallo-supramolecular Macrocyle 34a

Reprinted with permission from ref 232. Copyright 2012 Springer
Nature. a[Ru(bpy)3]Cl2 works as the photosensitizer.
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4.2. Supramolecular Self-Assembly and Encapsula-
tion. Understanding the chemical drive in bringing two
mononuclear units in proximal and favorable orientation, and
enhancement in reactivity due to π−π stacking in Ru-bda
complexes,141,153 laid premises for unchartered avenues on
development of catalysts within confined media, utilizing the
well-known host−guest chemistry. Indeed, supramolecular
encapsulation is an efficient technique to proliferate
intermolecular dispersion forces to achieve higher activity
and stability of molecular catalysts. One such unique example
was put forth by Yang, Li, and co-workers where the authors
prepared a nanocage of mesoporous silica for confining
RuII(bda)(pic)2 (3) and develop an efficient “homogeneous
in heterogeneous” solid catalyst (35, Figure 23).235 Inciden-

tally, the TOF is improved from 1.2 to 8.7 s−1 with successive
increment in the number of ruthenium complexes (3), starting
from one to seven units, confined within the nonaqueous
condense environment of the solid host. Notably, π-stacking
interactions are considered as key factors for the self-assembly
process of the metal catalyst that promotes “cooperative
activation” of the various binuclear units during the convergent
O−O bond formation.141,235 In fact, judicious design of
catalysts and supramolecular techniques are recommended for
extremely fast water oxidation reaction that could be utilized
for assembling molecular devices and designing efficient
photoanodes.16

As mentioned in 4.1, the metallo-supramolecular ruthenium
triad 30 showed remarkable 5-fold enhancement (TON
increased from 8 to 38) in catalytic activity as compared to
its analogous molecular components.196 However, further
exploration of 30 by Sun and co-workers with mass
spectrometry showed dissociation of the photosensitizer from
the metallic triad, resulting in lowered quantum yield efficiency
for O2 evolution.

228,236 To meet the demand for high quantum
yield during artificial photosynthesis, the authors anticipated to
overcome the dissociation challenge with recombination of the
sensitizer and the catalyst encapsulated in a supramolecular
coverage. Hence, β-cyclodextrin was functionalized (β-CD) to
incorporate Ru(bpy)2+ through an ester bond [CD-Ru-
(bpy)3]2+, while the central ruthenium catalyst consisted of

the hydrophobic 4-phenylpyridine (ppy) axial ligand (36,
Figure 24). As a result of host−guest interaction, the

hydrophobic cavity captured the phenylpyridine axial ligands
of the WOC through noncovalent interactions, resulting in an
inclusion complex identified with ESI-MS spectrometry.236

Efficient movement of electrons within the nondissociated
metallo-supramolecular cluster prolonged the quantum yield
efficiency to 84% at 450 nm, highlighting the noncovalent
interactions as a crucial strategy in future development of
artificial photosynthetic systems or dye-sensitized photo-
electrochemical cells.
Unlike various synthetic ruthenium catalysts including the

celebrated Meyer’s blue dimer which follow the WNA
mechanism (Scheme 3).133,152 the Ru-bda based catalysts
developed by Llobet, Sun and co-workers141,153,238 follow the
radical coupling I2M mechanism during the O−O bond
formation (Scheme 3). Moreover, utilization of organic
solvents imposes the challenges related to undesired molecular
complex deactivation pathways due to the solvent coordina-
tion. Additionally, the possibility of oxidation of accessible
organic/inorganic species other than the redox events related
to the targeted catalyst over the wide window of redox
potential increase the complexity of an already convoluted
operation. Furthermore, the feasibility of both WNA and I2M
pathways through comparable activation barriers by subtle
modification of the ligand scaffold of two analogous binuclear
ruthenium WOCs having bridging pyrazolate ligands such as
{[RuII(py-SO3)2(OH)]2(μ-Mebbp)}3−, (where Mebbp = 4-
methylbis(bipyridyl)pyrazolate), and the aqua complex,
{[RuII(trpy)(H2O)]2(μ-Hbpp)}3, (where trpy = 2,2′:6′,2″-
terpyridine; Hbpp− = 3,5-bis(2-pyridyl)pyrazolate) emphasizes
on the crucial role of the compartmental ligand design in
determining the mechanistic landscape of molecular water
oxidation.237 Such a mechanistic difference probably stems
from the bis-facial disposition of the Mebbp− ligand in the
former complex that impedes the rotation of the pyridyl
chelate arms to stabilize the putative RuIV�O or RuV�O
oxidants.237 These findings were inspirational for Yang et al.
who developed amphiphilic supramolecular Ru-bda catalysts,
self-assembled due to the interactions between the hydrophilic
ether chains or sulfonate axial ligands in 37 (Scheme 19,

Figure 23. WOC encapsulated in mesoporous silica (35). Reprinted
with permission from ref 235. Copyright 2012 Royal Society of
Chemistry.

Figure 24. Supramolecular dye-WOC assembly (36) formed by
encapsulation within cyclodextrin. Reprinted with permission from ref
236. Copyright 2015 American Chemical Society.
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OTEG = OCH2CH2OCH2CH2OCH3) and 38 (Scheme 19,
PySO3

− = pyridine-3-sulfonate).239 This amphiphilic nature of
the axial ligands and the hydrophobic bda2− core ensured
aggregation of 37 and 38 to vesicular arrangement that
undertook different O−O bond formation pathways with
variation in the chain length. While the longer amphiphilic
chain in 37 drifted the ruthenium centers apart, preventing the
radical coupling mechanism (Scheme 19), the shorter alkyl
chain in 38 favored the interaction between two M−O
moieties through radical coupling (Scheme 19).239 This
fundamental understanding demonstrate the dependence of
the water oxidation reaction mechanism on noncovalent
interactions. Thus, it unfurled the domain of supramolecular
water oxidation catalysis in natural photosynthesis for further
investigation.
Later, supramolecular interactions were tweaked to achieve

larger concentrations of the working catalyst. Reek and co-
workers encapsulated Ru(bda) complexes with sulfonated
pyridine axial ligands within a self-assembled guanidinium
functionalized M12L24 nanosphere (M = Pt2+ or Pd2+, L = bis-
pyridyl building block) (39, Figure 25),240 with a rigid shell
outer framework and an inner amorphous medium, originally
built by Fujita.241 This primarily occurs due to strong H-
bonding between the ligand −SO3

− and guanidium −NH2
groups. Interestingly, the aggregation of multiple Ru-bda
scaffolds (up to 12) within the supramolecular cage results in
high catalytic concentration (0.54 M), facilitating preorganiza-
tion of the binuclear setup to achieve greater catalytic activity.
Indeed, compared to the molecular catalyst, the reaction rate
increases 2-fold, following a diffusion-controlled RDS, rather
than a radical coupling mechanism.

5. HYBRID CATALYSTS
As discussed earlier, biomimetic artificial metalloenzymes and
model complexes are mostly found to have limited catalytic
activity owing to deactivation and suicidal oxidation.242,243

Hence, immobilization of synthetic structures on porous
materials like metal−organic frameworks, metal-exchanged
zeolites, carbon nanotubes etc., with persistent chemical
environment like protein scaffolds would not only heterogenize
these catalysts, but also prevent their immature deactivation,
and provide the necessary molecular recognition of substrates
to generate highly efficient biomimetic catalytic materials.242

Unlike irregular allocation of active sites on oxides or silica
supports, installation of molecular catalysts at regular intervals
on suitable porous supports provide highly economic catalysts
with superior heterogeneity and structural integrity. Thus, the
large gap between effective artificial photosynthetic devices and
the existing plethora of molecular and supramolecular catalysts
could be eliminated with heterogenization of the latter into
molecular catalyst-anchored on metal-oxo nodes or photo-
anodes.18 Rational design of biomimetic hybrid organic/
inorganic materials also ensures that selectivity is controlled in
competing reaction pathways. This strategic combination
enables the development of innovative electrochemical and
photochemical processes that enhance activity, selectivity, and
stability, leading to more efficient catalysis. In this context,
molecular catalysts displaying low overpotential are preferred
for design of efficient model of artificial photosynthetic
devices.18 Since the redox potential of organometallic
complexes depend on the adjoining ligand environment,
engineering the coordination environment lowers the over-
voltage to explore new frontiers in water oxidation. In this part,
therefore, we briefly discuss efficient hybridized molecular
catalysts developed in the first stage that have shown success in
catalytic splitting of water and ensure a continuous flow of
oxygen and hydrogen for implementation in artificial photo-
synthetic devices.
5.1. Direct Hybridization on Photoanodes. Immobili-

zation of molecular catalyst on electroconductive substrates or
solid electrodes is one of the many conceivable engineered
approaches for a hybrid (photo)electrocatalyst. Carboxylic,
phosphate, or silicate groups are commonly utilized for

Scheme 19. Schematic Representation of Amphiphilic Axial
Alkyl Chain Mediated Self-Assembly of Ru-bda-based
WOCs into Micellar Vesicles in Water

Reprinted with permission from ref 237. Copyright 2016 John Wiley
and Sons.

Figure 25. Assembled guanidinium nanosphere and catalyst
encapsulation process of Ru(bda)(PySO3TBA)2 (39). Reprinted
with permission from ref 240. Copyright 2018 John Wily and Sons.
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entrapment of molecular homogeneous catalysts on metal
oxides which amount to low catalyst loading and vulnerability
of the system in aqueous media,244 while thiol group
containing molecular catalysts are easily grafted on Au
anodes.245 Several techniques are also put forth for grafting
on glass carbon electrodes, carbon nanotubes or graphene. The
planar all-carbon monomolecular layers are covalently
functionalized by alkyne−azide click reaction246 or diazonium
ion reduction reactions.247 Alternatively, noncovalent inter-
actions such as π−π stacking are utilized to introduce
molecular catalysts over carbon nanotubes and graphene
sheets through physisorption.248 Interestingly, the carbon-
based platforms offer large surface area with oxidative stability
and feasibility of structural modification that provide easy
access to charge transfer for practical applications.
Recently, a new approach has been proposed by

Concepcion, Meyer and others on development of water
oxidation photoanodes consisting of a self-assembled chromo-
phore and catalyst combination on mesoporous SnO2/TiO2
core/shell electrode for photoelectro synthetic water splitting
in a dye-sensitized cell (40, Figure 26).249 Here long-alkyl
chain substituents on the Ru(bpy)2+ chromophore and Ru-bda
catalyst are noncovalently attached to generate a self-assembly
that is further grafted on the anode through the phosphate
groups on the photosensitizer (Figure 26). The oxygen
generation efficiencies are found to be remarkable (73%) at
450 nm and pH 7, signifying the utility of such strategies for a
varied number of catalyst-chromophore combinations in future
water-splitting explorations.249

5.2. Anchorage on Metal-Oxo Nodes. Supramolecular
preorganization of molecular catalysts on polyoxometalates
and metal-oxo nodes through electrostatic and other non-
covalent interactions are also interesting developments in the
field of water oxidation.59 Bonchio et. al utilized this technique
for self-assembly of multiperylene-bis-imide chromophores, π-
intercalated with poly ruthenium-oxo metalate water oxidation
catalyst, to develop a robust and dynamic amphiphilic
catalyst.250 The two-dimensional para-crystalline aggregates
resembled the architecture of PSII, with appreciable quantum
efficiency (>40%) using green light (λ > 500 nm).250 However,
a low TON (∼3) precludes its practical utility. Nevertheless,
the simplicity in modulation of the building blocks due to

feasibility of tweaking the various noncovalent interactions
offer scope for further investigation of innovative solutions
toward artificial photosynthesis.
Earth-abundant 3d transition metal containing coordination

complexes are incorporated within MOFs by bridging the
linkers, demonstrating intriguing alternatives to traditional
water oxidation catalysts. Crystalline porous MOFs with self-
assembled extended networks of inorganic connectors (nodes)
of metal ions or metallic clusters coordinated to the organic
ligands (linkers), having tailored functionalities are excellent
platforms, connecting the breaches between molecular and
material oxygen evolution catalysis. The large surface area and
high density provide the appropriate disposition of catalytic
active sites, comparable to the catalytic properties of
homogeneous catalysts. In fact, recent results show that a
Ni(II) meso-tetrakis(4-carboxyphenyl) porphyrin (TCPP)
functionalized Zr(IV)-based porous coordination network
(PCN-224) MOF is a highly reactive supermolecule (41,
Scheme 20),251 catalyzing water oxidation at neutral
conditions, with an overpotential of 450 mV. Interestingly,

Figure 26. Chromophore-catalyst assemblies on a SnO2/TiO2 core/shell oxide surface (40) for water oxidation. Reprinted with permission from
ref 249. Copyright 2019 American Chemical Society.

Scheme 20. Proposed Mechanism of Water Oxidation Using
Ni(II)-TCPP Immobilized over Zr-oxo Nodes (41)

Reprinted with permission from ref 251. Copyright 2016 the Royal
Society of Chemistry.
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the Ni(II)-TCPP linkers bound to the PCN-224 MOF are the
active catalytic units, which retain homogeneity of the water
oxidation reaction mechanism (Scheme 20). Octahedral
Zr(IV)-based MOF nodes or the secondary building units
are connected to six Ni(II)-TCPP ligands, at node-to-node
distance of 23.7 and 15.1 Å through two open channels, with a
pore diameter of ∼19 Å (Scheme 20). Thus, the large distance
between two nickel centers in 41 and the rigidity of the MOF
inhibits the possibility of binuclear participation in water
oxidation reaction. In fact, 41 is expected to undergo water
oxidation reaction, similar to catalyst 28 (Figure 21),220 with a
formal Por−Ni(III)−O• intermediate facilitating the O−O
bond formation through PCET processes. The Por−Ni(II)
active catalytic site is regenerated on O2 evolution (Scheme
20).251

6. CONCLUDING REMARKS
The worldwide attention toward clean energy has triggered
development of several promising catalysts for production of
chemical fuels from solar energy, forming the genesis of
successful artificial photosynthesis (AP). Primarily, tremen-
dous efforts are concentrated on dealing with water oxidation
catalysts which is the major bottleneck in practical
implementation of this strategy. Over the past few years,
both homogeneous and heterogeneous systems252,253 have
been investigated in detail to bring forward new design
principles in WOCs. As summarized in this review, molecular
homogeneous transition metal containing catalysts serve as
excellent model systems and provide enormous advantages to
understand the mechanistic intricacies of water oxidation,
which in turn facilitate to understand the structural trajectory
at an atomistic level. The fundamental insights gained on the
versatile interplay of ligand and metal centers over the catalytic
reaction pathways are inspirational for future development of
molecular catalysts. Further, strategies have been intensified to
develop molecular catalysts with higher nuclearity, utilizing
self-assembly and encapsulation techniques to integrate them
into hybrid structural motifs. With the progress in mechanistic
studies on “homogeneous in heterogenous catalysts”, new
dimensions for rational design of WOCs are now available,
thus eliminating the analytical challenges associated with the
active sites on heterogeneous catalysts.
Some of the key factors that needs to be addressed for the

development of new-age economical WOCs for alternative
renewable energy generation are (1) identification of earth-
abundant 3d transition metal based robust and efficient
molecular catalysts, working effectively in acidic aqueous
conditions, overcoming the possibility of ligand deactivation. It
is, therefore, important that such catalysts show low over
potential and high TON and TOF, analogous to their noble
metal counterparts, especially the ruthenium and iridium-based
complexes. Moreover, the design of catalysts should not be
biased toward certain organic solvents. (2) Homogeneous
electrocatalysts generally require a sacrificial oxidizing reagent
such as Ce4+, Na2S2O8, and others. However, it is imperative
that such catalysts are immobilized on electrodes for efficient
electrochemical oxygen evolution. Although the development
of molecular electrocatalysts is promising, the involvement of
the sacrificial oxidizing agent including its instability, presence
of reactive oxygen atoms and dependence on pH limits the
functionality of those WOCs. In fact, such vigorous oxidative
conditions are detrimental toward the ligand framework and
leads to decomposition of the molecular catalyst. Hence, more

efforts should be invested to identify molecular electrocatalysts
working in milder conditions and excluding the role of the
sacrificial oxidant. (3) Heterogenization of molecular/supra-
molecular catalysts on inorganic materials and photoanodes to
develop potential catalysts for industrial applications. Care
should be taken to enhance the stability and activity of
molecular catalysts engineered into hybrid materials. The
performance of the catalyst incorporated into electrochemical
setup should be evaluated under the influence of different
external parameters such as oxidants, reductants, solvent, and
pH. Understanding the complications related to molecular and
heterogenized water oxidation catalysis would be a key step to
“blur” the borderline chemistry between homogeneous and
heterogeneous catalysis, and expedite the search for permanent
solutions toward “greener” technological advancements.
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