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ABSTRACT: Current energy resources largely rely on fossil fuels that are h | it ]
expected to be depleted in 50—200 years. On a global scale, the intensive )
use of this energy source has resulted in highly detrimental effects to the

environment. Hydrogen production by water splitting, with sunlight as the ; > |
main energy source, is a promising way to augment the production of | . . ; \ g ]
renewable energy; however, the development of an efficient and stable S ! f ’/—\
water-oxidizing catalyst remains a key task before a technological - h e ﬁ ;
breakthrough based on water splitting can be realized. A main issue =~ | | n a ‘V\\_/( n
hampering the development of commercially viable, non-precious-metal- o -
based catalysts is their susceptibility to degradation. To efficiently address i !
this major drawback, self-healing catalysts that can repair their structure ) ‘
without human intervention will be necessary. In this review, we focus on [

water oxidation by natural and artificial Mn-, Co-, and Ni-based catalysts
and then discuss the self-healing properties that contribute to sustaining their catalytic activity.
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B INTRODUCTION supply chain, since this energy will be provided intermittently. An
additional and promising solution is artificial photosynthesis. In
this process, the energy of solar irradiation is directly converted to
chemical energy stored in chemical bonds as fuels."” Water
splitting, powered entirely or in part by solar energy, can be
utilized to produce H, as a green fuel (Figure 1 and eqs 1—3).

Our overwhelming reliance on fossil fuels has resulted in
devastating consequences that are causing global changes in our
environment. These worldwide phenomena point to the
emergence of major economic, social, and ecological problems,
potentially in the near future, and for generations to come." To

mitigate this situation and also to address the depletion of fossils 2H,0 — 4H" + O, + 4e”  E° = (123 — 0.059 pH) V
fuels, the implementation of new, clean sources of energy is (1)
urgently needed. Physical sources of green electricity, such as

wind, tidal, geothermal, or photovoltaic energy, are all viable Received: October 2, 2014

candidates. Developing efficient ways to store excess power, Revised: ~ December 15, 2014

however, is essential to their successful integration into the power Published: January 21, 2015
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Figure 1. Hydrogen produced by water splitting is a viable way of storing energy available from various renewable sources.
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Figure 2. CaMn,O;(H,0), (Ca, blue; Mn, green; O, red) cluster (enclosed in white circle) and surrounding amino acids. Amino acid residues in
photosystem II (PSII) are involved in proton, water, and oxygen transfer. The roles of the residues in direct contact with the Mn—Ca cluster include
regulation of charges and electrochemistry of the CaMn,O5(H,0), cluster and assisting with the coordination of water molecules at appropriate metal
sites and stabilization of this cluster. The image was made with Visual Molecular Dynamics (VMD), which is owned by the Theoretical and Computational
Biophysics Group, NIH Resource for Macromolecular Modeling and Bioinformatics, at the Beckman Institute, University of Illinois at Urbana—
Champaign. The original data is from ref 21 (PDB: 3ARC) (A). Schematic depiction of the CaMn,O;(H,0), cluster (B). Image B is reprinted with

permission from ref 21. Copyright (2011) by Nature Publishing Group.

4H" + 4e” - 2H, E°=(0.00 —0059pH)V (2
2H,0 — 2H, + O,
AES, = 1.23V; AG = 475 IJ/mol 3)

Water electrolysis is an endothermic reaction that requires
external energy input to proceed. The thermodynamic and kinetic
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limitations of the water oxidation reaction (eq 1), involving
multielectron transfer, are especially challenging to overcome and
depend significantly on pH;>® hence, to evolve hydrogen in a
sustainable manner, it is necessary first to synthesize a highly
active catalyst for water oxidation that is capable of lowering the
activation energy of the anode reaction close to the thermody-
namic minimum.” Significant attention has been devoted to the
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development of novel water-oxidizing catalysts that can be used in
electrolyzers or as a part of photoelectrochemical devices.*® Rare
and expensive metals, such as platinum and iridium, are widely
used for water oxidation in modern technology.” In contrast,
cyanobacteria, algae, and higher plants, by controlling molecular
environments and suppressing unfavorable oxidation reactions,
manage to use abundant, nontoxic transition metals for the same
purpose (Figure 2).57>°

Recently, there has been significant progress in improving the
activity of water oxidation catalysts. Indeed, in some cases, the rate
of oxygen evolution sustained by the water-oxidizing complex
(WOC) or oxygen-evolving complex in PSII has been surpassed
by artificial systems.”” ~>* Nevertheless, research on the long-term
mechanical and chemical stability of these catalysts is also
necessary for commercial application. In the latter case, it is
important that the system possess an ability to repair damage
incurred during normal operation. When this is achieved in a
spontaneous and autonomous fashion, the lifetime of the catalytic
system can be significantly extended. This process, referred to as
“self-healing”, is highly significant for energy science because
catalyst stability is a vital issue in both industrial and biological
systems. Catalysts for multielectron reactions (such as water
oxidation) are prone to structural rearrangement and instability
during turnover; therefore, in this case, self-healing is especially
important toward the retention of catalytic activity over an
extended period of time.*

As discussed by Nosonovsky, degradation (deformation,
fracture, chemical decomposition, etc.) and energy dissipation
during friction and wear can be quantified in terms of entropy
production.® These dissipative processes are irreversible and
result in a net increase in entropy. Therefore, it seems
contradictory that reorganization and self-healing, leading to a
reduction in entropy, should occur. In nonequilibrium processes
(such as friction), however, self-organization can be thermody-
namically necessary. When the system operates far from
equilibrium, the formation of organized secondary structures
can result in reduced rates of entropy production. This way, self-
organization and self-healing allow the system to shift back to
equilibrium by moderating frictional forces. Similarly, when the
system operates in a metastable state, self-organization can
provide a thermodynamic force that drives the system to its stable
equilibrium state (Figure 3). To induce self-healing, the system
can be externally promoted to a metastable state by utilizing an

Unstable
Metastable

lzi:;j;;;2<<::;\\\\\i__,’///////////

Stable

Reaction Pathway

Energy
of the System

Figure 3. Possible reaction pathways (marked by arrows) related to the
energy state of the system. Stable, metastable, and unstable points are
indicated.
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energy input, such as heating, light or the application of an
electrochemical potential.

In material science, self-healing is defined as self-recovery of the
initial properties of a compound following dama§e caused by the
external environment or internal stresses.>*>? Self-repair,
autonomic healing, and autonomic repair are expressions
commonly used to define such a property in materials.**
However, self-healing is different from self-assembly and self-
replication. Self-assembly®® occurs when a disordered system of
pre-existing components forms an organized structure without
external direction.>>* Self-replication is any behavior of a system
that yields construction of an identical copy of itself.>*

As discussed above, self-healing can be an interesting strategy to
increase robustness and extend the life of a compound, especially
in cases where the repair or replacement of the compound is
economically detrimental, dangerous, or impossible.

Self-healing systems have been classified into several groups.
The first group includes those that are capable of autonomous
self-healing and do not require any external intervention to
restore the damage, such as certain biological systems.**™ In
these biological systems, damage, such as a wound, is repaired by
an autonomous self-healing process. The systems that require an
external trigger to start the repair process are known as
nonautonomous self-healing systems.>”** One example of a
nonautonomous self-healing system could be a polymer matrix, in
which heat can trigger a repair mechanism (such as filling of a
crack) by an incorporated healing agent.

Different strategies have been employed toward the synthesis
of self-healing compounds.®** One strategy that has been
implemented for polymer systems** involves the use of epoxy
compounds as healing agents. The epoxy resin is stored within
brittle macrocapsules embedded into the polymer. When damage
occurs, the capsules fracture, and the healing agent is released,
which then propagates into the crack with the help of capillary
forces. In the next step, the healing agent reacts with a catalyst in
the matrix, which starts the cross-linking reaction and hardening
of the epoxy that seals the crack.*"** Other strategies used to
propagate self-repair of polymer systems involve the incorpo-
ration of the healing agent into a material that requires heat to
initiate healing. *>**

For metallic systems, three main self-healing methods have
been developed. The first approach includes the formation of
precipitates at the defect sites that immobilize further growth until
failure.>* The second method uses an alloy matrix with
microfibers or wires that have the ability to recover their original
shape after a deformation has occurred. This process usually
requires heating above the phase transformation temperature. In a
third approach, the healing agent, such as an alloy with a low
melting temperature, is embedded into a metallic solder matrix.**

Nanomaterials are prone to both fast degradation and
structural damage during use, and thus, self-healing strategies
can be vitally important for the practical implementation of these
materials.*

Triggered by injury, Nature has employed many different self-
healing mechanisms ranging from single molecules to entire
organisms and, thus, provides a source of inspiration for a variety
of self-healing concepts that can be utilized in the design of
catalyst materials.>* As shown in detail in Figure 4, upon an injury,
the biological response consists of three main steps: inflammatory
response (immediate), cell proliferation (secondary), and matrix
remodeling (long-term). Simple methods in synthetic self-healing
materials mimic this three-step process: triggering (actuation),
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Figure 4. Photoinhibition—repair cycle of PSII in plant chloroplasts can be divided into five different phases. PSII supercomplexes, located in appressed
thylakoids in the grana, are prone to photoinhibion. Under intense light, the PSII core proteins are phosphorylated. The D1 protein in damaged PSII is
replaced by the new copy. PSII core protein phosphorylation facilitates the “migration” of the damaged PSII monomer to stroma-exposed thylakoid
regions for repair. After core protein dephosphorylation, the D1 protein is degraded by the FtsH and DEG proteases. De novo synthesis of the D1 proteins
occurs directly to the pre-existing parts of the PSII monomer and is assisted by a number of different auxiliary proteins (examples on yellow background).
C-terminal processing of the pre-D1 protein and assembly of WOC occur before the PSII supercomplexes are reassembled in the appressed grana

membranes.

transport of materials to the damaged sites, and chemical repair
process.*®

In the sections to follow, we first discuss some of the intricate
processes that have evolved over millions of years to sustain water
oxidation in living organisms and will explore how these
mechanisms have inspired the development of Mn, Co, and Ni
oxide-based water oxidizing catalysts with self-repair abilities.

B PSII-WOC:NATURE’S WATER-OXIDIZING COMPLEX

The key role of manganese in oxygenic photosynthesis was first
demonstrated in 1937.* Numerous methods have subsequently
been applied to give insight into the structure of the water-
oxidizing complex (WOC) in PSIL These have included electron
paramagnetic resonance (EPR), electron nuclear double-
resonance spectroscopy,’’ >° Fourier-transform infrared spec-
troscopy,” %> X-ray absorption spectroscopy (XAS),* 16 X
ray diffraction on PSII crystals (protein crystallography), and
other methods.!? 11772065 Aq a result of these studies, a
consensus has emerged that the WOC contained four Mn, one
Ca, and possibly one chloride ion.°*®” The first key model
suggested for the WOC was the “dimer of dimers” in which the
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Mn complex was assumed to be composed of two Mn “dimers”
each comprising a di-p-oxo-bridged Mn, unit.® Subsequently,
Britt and co-workers proposed an alternative “dangler model”.>*
In 2001, the first crystallographic model, with four Mn ions bound
to PSII proteins, was presented at 3.8 A resolution,'* and in 2003,
more protein ligands were identified.'®> In 2004, the research
groups of Barber and Iwata provided, for the first time,
information on the presence of Ca: the WOC was found to
contain a Mn;Cain a cubic structural arrangement with the fourth
Mn ion attached separately.'* They proposed that three Mn and
one Ca ion formed an elongated CaMn;(u-O), cubane-like
structure together with four bridging oxygen atoms. In this model,
the fourth Mn ion was connected to the cube by binding to one of
the bridging oxygen atoms and was thereby positioned as a
“dangler”. In 200S, Biesiadka and co-workers presented an
improved structure at 3.0 A resolution.'* In this study, a pyramid
structure was proposed, involving three Mn atoms and the Ca
atom, asymmetrically connected to Mn4. The bond lengths
within the pyramid were determined as unequal, confirming a
slightly distorted structure. Protein ligands were assigned with
more confidence than was possible from the previous reports.

DOI: 10.1021/cs5015157
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Polarized extended X-ray absorption fine structure (EXAFS) data
collected on protein crystals led to the é)roposal of four similar
models for the Mn,(u-O), WOC core.

In addltlon, using the crystallographic model of Barber and
Iwata,'* Batista, Brudvig, and Sproviero developed structural
models of the WOC in different states by applying density
functional theory (DFT) calculations.®® Other studies inves-
tigated the location of chloride in the WOC.%~7" These results
showed, somewhat unexpectedly, that the chloride cofactor was
not bound to any of the four Mn atoms or to the Caion. A further
breakthrough occurred in 2011 when the resolution of PSII
crystals was improved to 1 9 A, enabling analysis of the WOC
structure in atomic detail.*' This key development has provided
much more detail on the structure of the WOC, revealing the
number and location of the bridging oxygen atoms, the location of
putative water substrate molecules, and the precise arrangement
of the amino acid side chains.>' The structure proposed by Umena
et al. consists of four Mn ions, one Ca ion, and five oxygen atoms
that serve as oxo bridges linking the five metal i ions.?! In addition,
four terminal water ligands were found, two of which were
coordinated to the Ca ion and two to the “dangling” Mn ion
(Mn(4)). Thus, the Mn—Ca cluster could be described as a
Mn,CaO;(H,0), cubane-like structure (Figure 2). Eight of these
ten atoms (five metals and five oxygen atoms) form a distorted
cubic structure, with the Ca and three Mn ions occupying four
corners and oxygen atoms forming the other four corners. The
fourth Mn ion is located outside the cubane geometry and is
linked by a di-u-oxo bridge to two Mn ions within the cubane
through one oxygen atom inside and the fifth oxygen atom outside
the cubane structure.® Calculations of the Ca—O and Mn—O
bond lengths revealed that the cubane-like structure is not
symmetric. In addition, carboxylate and imidazole groups from
several amino acids are coordinated to the Mn,CaOs(H,0),
cluster.”' In 2013, Shen and co—workers reported a Sr-exchanged
cluster of Mn,CaO4(H,0), 4 3 that also catalyzes water oxidation;
however, at reduced rates.

B SELF-HEALING IN PSII

The photosynthetic apparatus in plants is prone to photo-
inhibition under natural light conditions. This is due to the
oxidative chemistry of PSII and leads to deleterious reactions that
disrupt the structure and function of the photosystem. It is
intriguing that of the nearly 30 proteins in PSII, only the reaction
center D1 protein (and the reaction center D2 to a much lesser
extent) is vulnerable to damage and needs to be continuously
replaced bZ a newly synthesized copy to keep the PSII complex
functional.”” It still remains unclear how photoinhibition of PSII
damages the D1 protein and makes it susceptible to proteolytic
degradation. However, it is important to note that the PSII repair
cycle is one of the fundamental functions of the thylakoid
membrane to maintain fluent photosynthesis. In the absence of
such a repair cycle, the entire photosynthetic apparatus would be
irreversibly deactivated on bright summer days.

Most PSII centers are located in supercomplexes in the
appressed grana of the thylakoid membrane, whereas the repair
machinery of PSII, particularly the ribosomes involved in the
synthesis of the new D1 protein, are attached to nonappressed
thylakoid regions. This structural arrangement means that lateral
migration of the PSII complexes along the thylakoid membrane is
an intrinsic feature of the PSII repair cycle in plant chloroplasts.
However, it has become clear that under intensive light
conditions, the area of appressed grana membranes decreases.
This suggests that such “migration” of the complexes could be
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mainly due to the partial opening of the grana structures with the
concomitant increase in the stroma-exposed thylakoid mem-
branes.”> Migration of PSII complexes or the opening of the
appressed grana is regulated, at least partially, by reversible PSII
core protein phosphorylation. At high light intensities, the PSII
core proteins are phosphorylated in the supercomplexes within
the grana, and the core protein phosphorylation facilitates the
migration of the damaged PSII to the stroma-exposed lamellae for
repair. Since the D1/D2 heterodimer is located in the heart of the
PSII complex and ligates virtually all the cofactors essential for
water splitting, it is evident that the repair cycle of PSII is an
intricate process and involves a number of auxiliary and assisting
proteins. Figure 4 depicts the major features of the PSII repair
cycle and components involved in the process in plant
chloroplasts.”

As noted above, the most active PSII centers are located in
supercomplexes within appressed grana membranes, and this is
where PSII photoinhibition and damage chiefly occurs. The PSII
supercomplex, at the highest level of organization, consists of two
PSII monomers with attached minor Chl a/b-binding antenna
proteins (CP24, CP26, and CP29) and is surrounded by the
trimers of the major light-harvesting Chl a/b-binding proteins
known as LHCIL Under bright light conditions, the core proteins
D1, D2, and CP43 are generally phosphorylated. When PSII
becomes photoinhibited, concurrent damage of the D1 protein
induces a still uncharacterized conformational change in the PSII
supercomplex that results in (at least partial) detachment of the
LHCII antenna and monomerization of the PSII dimer. Damaged
PSII monomers then migrate to the stroma-exposed thylakoid
regions for repair. Indeed, when damage has occurred in PSIJ, the
functionality can be regained only via the repair cycle, which
involves the replacement of the damaged D1 protein with a new
copy by de novo synthesis.

In stroma-exposed thylakoid membranes (Figure 4), the
damaged PSII monomer is dephosphorylated, particularly the
D1 protein, and only thereafter does the damaged D1 protein
become prone to proteolytic degradation. Before D1 degradation,
the internal CP43 antenna protein detaches from the PSII
complex, probably making space for the repair machinery to work
on PSIL Extensive literature can be found describing the proteases
involved in D1 protein degradation.”* De novo synthesis and
insertion of the new D1 protein into the pre-existing parts of the
PSII complex are the next steps in the repair cycle. The D2 protein
is apparently a docking site for newly synthesized D1 protein,
which inserts into the membrane and interacts with the D2
protein.

The assembly of the CaMn,04(H,0), cluster is followed by
the assembly of the WOC proteins. PsbO is attached to the PSII
complex first, followed by the assembly of the PsbP and PsbQ
proteins. It is intriguing to note that the exact site of the WOC
protein assembly has remained elusive. This process has been
suggested to be either stroma-exposed, or to take place in the
appressed thylakoid membranes. Nevertheless, after migration of
the repaired PSII monomer to the appressed grana, the formation
of the supercomplexes is tightly dependent on the presence of the
WOC proteins in PSIIL

B PHOTOACTIVATION IN THE PSII-WOC

Another important issue in PSII that is related to self-healing is
photoactivation. Photoactivation is the photoassembly of Mn, Ca,
chloride, and water to the cofactor-depleted PSII in the presence
of hght resulting in the formation of the Mn—Ca cluster (Figure

5).
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Figure 5. Methodology for removal of Mn,Ca cluster by high pH treatment, for example, isolation of the cofactor-depleted PSII particles from isolated
spinach PSII membranes, and reconstitution by photoactivation (assembly of the WOC is according to the two-quantum model).*' The scheme depicts
the stepwise binding of Mn(II) (light red) and Ca(II) (blue) to the cofactor-depleted PSII (yellow) as well as the photooxidation of Mn(II) to Mn(III)
(dark red). Initially, a single Mn(II) is bound to the cofactor-depleted PSII and is oxidized by a first quantum of light. After binding of Ca(II) and a
subsequent light-independent structural rearrangement (3), a second Mn(1I) is bound (4) and photooxidized (S). The binding of the missing two Mn
ions and chloride is not depicted in this scheme because it could not be kineticallz resolved.®' The model suggested by Cheniae and Martin,* which was
basically confirmed in subsequent experiments using paired flash illumination.**~ ¢ Image and caption is from ref 81. Adapted with permission from ref 81.

Copyright (2011) by Elsevier.
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Figure 6. Proposed catalytic mechanism of the CoCF catalyst. PCET equilibrium step: [ Co(III)—OH] < [Co(IV)—O] + H* + e . Rate-limiting step: O—
O bond formation (a). Image reprinted with permission from ref 99. Copyright (2010) by American Chemical Society. Percentage of *’Co leached from
films of the Co-Pi catalyst on an electrode with a potential bias of 1.3 V (NHE) (blue squares) turned on and off at the times designated and held at open
circuit potential (red circles). At open circuit potential, high amounts of Co ions were released from the catalyst. After only 39 h, ~1.5% of the cobalt ions
was observed in solution. However, under a potential bias after 14 h, only 0.002% Co was detected in solution. Image and caption b reprinted with
permission from ref 30. Copyright (2009) by American Chemical Society.

It is still unknown how the CaMn,O4(H,0), cluster is correctly next Mn(Il) is catalyzed by the —OH groups from [Mn(III)—

assembled in PSII within plant chloroplasts, but more knowledge OH]** units because OH ™ can serve as a better ligand than water
has accumulated from studies with cyanobacteria. A specific to template the binding of the next Mn(II).”” As discussed and
protein has been demonstrated as a Mn(II)-binding protein that is reviewed by Nowaczyk, Ca(Il) is an essential part of the active

required for efficient delivery of Mn(II) to PSII in vivo.”” It is WOC with an ambiguous effect. It competes with Mn(II) for the
known that the process is dependent on pH and, in addition, on

hotoactive site.** Low Ca(Il) concentrations cause destructive
the concentrations of free Mn(II), Ca(II), and bicarbonate ions. P (D

Photoactivation involves a two-step sequence (Figure 5). Ligation photoligation of Mn(II) due to unspecific binding to the PSII

.1 80 :
of Mn(1I) first occurs at specific sites within the cofactor—de;)leted .donor side.” Most probably, Ca(ll) promotes t%le 1 1gh§(;
PSIT and is not absolutely dependent on added Ca(II). 5,76,78 independent rearrangement before the second photooxidation.

Then, in the presence of light, Mn(II) is oxidized to Mn(III).”S Photoactivation and self-healing processes have been well
, ) : . ; 81-87

The first step is critical because Mn(II) cannot be attached to the described for the Mn—Ca cluster in PSIL The decomposed

cofactor-depleted PSIL After oxidation of the Mn(II) ion to clusters can be self-repaired by a photoactivation process. The

Mn(III), however, it binds strongly to the cofactor-depleted self-healing mechanism of this inorganic cluster could inspire self-

photosystem. It has been suggested that the photooxidation of the repair strategies in the design of artificial water-oxidizing catalysts.
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B SELF-HEALING PROCESSES IN SYNTHETIC
WATER-OXIDIZING CATALYSTS

The concept of utilizing self-healing strategies toward improving
the stability of various materials was presented many years
ago ;8788 K owever, its application in water electrolysis is relatively
new. Since the self-healing cobalt oxide water oxidation catalyst
was reported by the Nocera group in 2009, the concept has
started to rapidly attract more attention, and several catalyst
materials with self-healing ability are now known.****~"" In the
following sections, we will discuss a few selected milestones of the
development of cobalt, nickel, and manganese oxide-based water
oxidation catalysts and compare reports on self-healing
mechanisms that lie behind the recently achieved prolonged
catalyst lifetimes.

Cobalt Oxides. In 1968, Glikman and Shchegoleva observed
that the introduction of powdered metal oxides, such as cobalt
oxides (also Pt, Pd, and Mn oxides) into a solution of Ce(IV)
perchlorate (a sacrificial oxidant) resulted in vigorous oxygen
evolution.” In the 1990s, Jiang et al. prepared highly active mixed
cobalt oxide/hydroxide catalysts by reactive electrodeposition
from a CoCl, solution onto nickel mesh or titanium foil substrates
in concentrated alkaline solutions.”>**

Asself-healing mechanism in in-situ-deposited cobalt oxides was
first mentioned by Kanan and Nocera in 2008.° A cobalt oxide
catalyst film (CoCF) was electrodeposited from a solution
containing cobalt and phosphate ions at neutral pH. XRD data
suggested that the cobalt catalyst film was largely amorphous.
Proposed mechanisms for the H,0/0O, redox cycles at the Co
centers suggested the involvement of Co(II), Co(III), and most
probably Co(IV) oxidation states during water oxidation.”® The
water oxidation current was found to rapidly diminish when no
Co(II) ions were present in the electrolyte. The fate of the Co and
phosphate ions during electrodeposition and catalyst operation
was examined when the oxide film (Co-Pi) was prepared from a
radiolabeled solution containing ’Co and **P isotopes.> Held at
open circuit potential, the film was observed to gradually dissolve.
On the other hand, when a potential bias of 1.3 V vs NHE was
applied (also sufficient for water oxidation to occur), no film
dissolution was observed until the potential bias was removed.
This process could be reversed when a buffering electrolyte (in
this case a phosphate buffer) was present. It has been described as
self-healing of the catalyst film, which entails the redeposition of
the leached Co(II) ions at operational potentials as an amorphous
phosphate-rich Co(III) oxide catalyst film, such “healing” the
degrading catalyst film simultaneously with O, evolution. In the
absence of a buffering electrolyte, the film degradation was
irreversible: the protons generated in the vicinity of the catalyst
surface, when not transported into the bulk of the electrolyte by
proton acceptors, accumulate and cause a local decrease in pH,
leading to the dissolution of the catalyst film. As a consequence,
the presence of a buffering electrolyte (such as a phosphate buffer)
was confirmed as essential for prolonged catalyst operation
(Figure 6).

Further studies by Nocera and co-workers on the CoCF
confirmed that the presence of a proton-accepting buffer solution
was essential to prolonged catalytic function. It was also shown
that exchange between various proton-accepting buffers was
permitted: the catalyst film was also found operational in borate
instead of phosphate buffers or even natural seawater (with the
addition of a buffer).”® This phenomenon was linked to the
relative instability of Co(II) compared with Co(III) during
catalyst turnover.*”
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The CoCF was also examined by Dau and co-workers, who
employed X-ray absorption spectroscopy to elucidate the
structure and oxidation state of the cobalt centers in the catalyst
film.”** This study proposed that the active catalytic center of the
CoCF is composed of interconnected complete or partial Co(11I)
cubane clusters bearing a strong structural resemblance to the
WOC in PSIIL The possible ligation with K ions present in the
buffer solution was suggested to lead to the formation of Co;K (-
0), cubanes, analogous to the Mn;Ca(u-O), cubane motif of the
natural water-oxidizing complex. Pair distribution function
analysis by the Tiede group indicated that the catalyst is
essentially a cobalt dioxide lattice sheet containing a Co,O,
cubane-type structure, composed of 13—14 cobalt ions.”®® In
the catalyst structure, phosphate is present as a disordered
component.”®

The mechanism of the CoCF-catalyzed oxygen evolution
reaction was further investigated by Surendranath et al,, focusing
on the role of the proton-conducting buffer in the catalytic
process.” Electrokinetic studies, mainly Tafel analysis, were
carried out in neutral phosphate buffer solutions. In the absence of
the buffer, the Tafel slope increased 3-fold, indicating a dramatic
drop in the rate of oxygen evolution. A relatively low
concentration of phosphate (0.03 M) was sufficient to maintain
a Tafel slope of 59 mV/decade; a further increase in buffer
concentration did not affect the rate of the oxygen evolution
reaction. A first-order dependence of the current density on pH
(inverse first-order dependence on the activity of protons) was
also established. On the basis of these observations, as well as '20-
labeled experiments and theoretical considerations, the authors
proposed a reversible equilibrium step involving one proton and
one electron (A <> B +e” + H"), followed by arate-limiting B — C
step. The equilibrium step involves proton-coupled electron
transfer (PCET) between Co(III)—OH and Co(IV)—O species,
with phosphate as the proton acceptor. This equilibrium was also
termed “catalyst resting state”. An O—O bond is formed in the
irreversible chemical-rate-limiting step, and the resulting oxygen
molecule is released. The edge-sharing octahedral structure was
proposed for the CoCF catalyst by Nocera and co-workers.'®
Gerken et al.'*" and Surendranath et al.”” further investigated the
structure and catalytic mechanism of the CoCF through Pourbaix
analysis, EPR, and XAS studies, leading to similar conclusions. In
agreement with the octahedral model, the study found that the
catalyst mainly consisted of stacked oligocobaltate lamellae,
forming a three-dimensional layered double-hydroxide structure.
These investigations into the structure, formation, and catalytic
mechanism of the CoCF provide deeper insights into the
observed self-healing behavior. Under buffered, neutral to alkaline
conditions, aqueous Co?" ions in the solution are oxidized upon
the application of a sufficiently positive potential and deposited as
a Co(O)OH species. This material is further oxidized to the
above-mentioned catalyst resting state, a mixed Co(III)—OH and
Co(IV)—O oxide. In alkaline solutions, the catalyst in the resting
state is oxidized to Co(IV) oxide, which reacts with the H,O
substrate, resulting in the release of oxygen gas and the reduction
of the catalyst to Co(Ill) (oxy)hydroxide. This completes the
cycle, the aqueous Co*" species leached from the dissolved,
corroded film redeposit (with the appropriate bias applied) via the
same mechanism as the original film formation. Gerken et al.""!
point out that the described mechanism, including the self-healing
process, is a direct consequence of the thermodynamics of the
system.

Drawing inspiration from the success of the CoCF, many other
cobalt oxide catalysts have been synthesized with the aim of
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improving their performance even further. Jiao et al. published a
series of studies on a silica-templated, nanostructured, meso-
porous Co;0, spinel oxygen-evolving catalyst.'®* These spinel
structures are of special interest because they comprise Co(II)
tetrahedra and Co(IlI) octahedra, Co,O,, which bears high
structural resemblance to the PSII-WOC. Grewe et al. tested a
very similar silica-templated mesoporous Co;0, spinel in
electrochemical water oxidation in a pH 13 KOH electrolyte.'*®
Incorporation of small amounts of iron into the mesoporous
structure was shown to result in decreased symmetry (a more
disordered structure) with greater film porosity and higher
activity. Instead of using Co(II) as a cobalt source during
electrodeposition of the cobalt oxide film, Han and co-workers
deposited CoOj catalyst films from cobaloximes.'®* Cobaloximes
are generally used as water reduction catalysts,'” but when
electrodeposited from buffered mildly alkaline electrolytes at
highly positive potentials (+1.7 V vs SHE), the formation of a
water-oxidizing cobalt oxide film was observed. The activity was
found to depend on the cobaloxime precursor. The maximum
current density measured using the best-performing film was 2.6
mA cm > when biased at 1.3 V vs SHE at pH 9.2 (17 = 610 mV).
This activity is comparable to the 1 mA cm™ current obtained
from the CoCF at =470 mV. The authors stressed the stability of
the film morphology when the catalysts were operated on alonger
term, which was confirmed to be close to 100% over 8 h of
continuous operation in a borate buffer. The good stability
observed at mildly alkaline pH (pH 9.2) in the presence of a
proton-accepting electrolyte agrees well with the findings of
Nocera and co-workers'®" on the CoCF catalyst. Indeed, the
authors considered the possibility of a dynamic self-repair
mechanism occurring during oxygen evolution.

Nickel Oxides. Nickel oxide has been used in energy storage
applications since the late 19th century.'® Nickel electrodes were
typically fabricated by cathodic electrodeposition and used as
cathode materials in batteries.'”” In the 20th century, Raney-
nickel became the main catalyst material of choice in commercial
alkaline water electrolyzers.'® In terms of water oxidation catalyst
design, nickel oxide/ hydroxideswg’lm and mixed nickel oxides,
mostly perovskites (for example, LaNiO;)""" and spinels such as
NiCo,0,""? and a variety of Ni-based catalysts, have been tested
with a view to improving catalytic activity and minimizing the
oxygen evolution overpotential. Appleby et al.'” and Hall''’
building on mechanistic studies by Lu et al,,''® which suggested
that nickel oxyhydroxides were the active surface species in nickel
oxide catalyzed water oxidation, reported Ni(OH),-impregnated
porous nickel electrodes. Nickel oxyhydroxide was found to form
when Ni(OH), was electrochemically oxidized. The surface
morphology of the best-performing nickel hydroxide impreg-
nated porous nickel electrode could be described as submi-
crometer-sized spherical nodules and has some similarity to that
of the active cobalt oxide electrodes discussed earlier.

While studying nickel oxide batteries, Corrigan and co-workers
noticed that Fe impurities in the electrode material (possibly
introduced from rust staining) led to the formation of O, bubbles,
which, while detrimental to the battery charge process, presented
anew approach to alkaline water electrolysis.'** As little as 0.01%
iron, coprecipitated with nickel oxide, led to a reduction in the
oxygen evolution overpotential, and higher concentrations of iron
in iron/nickel oxyhydroxide composite materials was found to
efficiently catalyze water oxidation. At 10% iron content, the
overpotential was reduced by 200 mV to 250 mV (at 80 mA/cm?
current density), as compared with pure nickel oxide. The Tafel
slope decreased from 70 to 25 mV/decade in a 25% KOH
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electrolyte. Corrigan’s work''* opened up a field of research into
composite nickel oxide water-oxidizing anodes. Merrill and
Dougherty confirmed Corrigan’s findings by comparing the
catalytic performances of a range of transition metal composites.
They concluded that a catalyst film deposited from a solution
containing equal concentrations of NiCl, and FeCl, onto Pt foil
had the highest activity when measured in a 1 M KOH solution.'%”
Pletcher and co-workers also investigated electrodeposited
composite hydroxides of nickel with Fe, Co, Cr, Mn, and Cult®
The addition of manganese and copper was found to be
detrimental to performance when compared with Ni(OH),.
Copper and chromium addition improved performance slightly,
but once again, the highest activity was observed when 10% iron
was present in the Fe/Ni(OH), composite.

The Nocera group, based on their earlier results using the
CoCF, demonstrated that similar approaches could be utilized to
obtain active nickel oxide oxygen-evolving catalysts.''® The “Ni—
B,” film, deposited from dilute solutions of Ni** in the presence of
borate ions at pH 9.2 and operated at the same pH could present a
more benign alternative to nickel oxide catalysts designed to
function in highly alkaline electrolytes. Although more environ-
mentally friendly, the Ni—B; film cannot produce the high
oxidation current observed previously in alkaline electrolyzers. At
1.3V constant applied potential vs SHE, the current recorded was
1.3 mA/cm?, and the Tafel slope was 58 mV/decade. It has been
argued, however, that operation at lower current density can be
more energy-efficient because less vigorous bubble formation
results in smaller Ohmic losses through the cell.'*®

Electrodeposition from nickel complexes, rather than simple
nickel salts, has the potential to gain better control over film
morphology. Spiccia and co-workers demonstrated the influence
of the molecular precursor on activity and long-term stability of
nickel oxide water oxidation catalysts.""”""® Two molecular
complexes, [Ni(NH,)4]Cl, and [Ni(en);]Cl, (en = 1,2-diamino-
ethane) were used as precursors to deposit nickel oxide at pH 9.2.
The best-performing NiO,-en films generated 1.8 mA/ cm?
anodic currentat 1.1 Vvs Ag/AgCl, representing an improvement
in terms of current per electrode area over the Ni—B; film. The
Tafel-slopes, however, were measured as 104—105 mV/decade
for all films deposited from the different precursors, which was
higher than that of the Ni—B; films. Because Tafel slopes are
intensive measures of intrinsic activity independent of surface
area, these results suggest that the main advantage of the complex-
precursor materials lies in their higher electrochemically active
surface area (the NiO,-en films have a nanoporous surface
structure with dendritic surface features, with a well-defined
particle size between 300 and 350 nm).

Self-repair of nickel oxide-based water oxidation catalysts has
not had significant literature coverage so far, mainly because of the
outstanding stability of these materials under typical operating
conditions. The Pourbaix diagram of nickel'"® clearly shows that
below pH 9, Ni** is the dominant stable form of Ni in an aqueous
solution over a wide potential range. Below pH 9, therefore, nickel
oxide-based water oxidation catalysts would irreversibly dissolve
(until an equilibrium between the dissolved and solid phases is
reached; this is dependent on the anions present in the electrolyte
solution). In this case, even the application of a large positive bias
would still not be sufficient to induce redeposition-self-healing of
a nickel oxide or hydroxide phase. In traditional alkaline
electrolysis and under more recently adapted, less harsh basic
conditions (e.g, borate buffers, as discussed above), however, the
situation is very different. Recent mechanistic studies by Nocera
and co-workers suggest that, at alkaline pH, the nickel oxide-based
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Figure 7. Self-healing cycle for Mn oxide proposed by Spiccia and co-workers. High-resolution transmission electron microscopy images. Right: Nafion
film showing presence of manganese oxide nanoparticles formed on electrooxidation of [Mn,O,L]* at 1.0 V (versus Ag/AgCl). Left, Nafion film
examined after introduction of [Mn,O,L¢]" into the film. Images and caption are reprinted with permission from ref 135. Copyright Nature Publishing

Group (2011).

catalyst cycles between NiO(OH) and mixed Ni(II)/Ni(III)
hydroxide phases during operation, all of which phases are highly
insoluble in water.”® Continuous operation, in contrast with Co-
or Mn-based water oxidation catalysts, was found to initially
improve, rather than decrease current drawn from the device. This
process is also referred to as anodization. Excellent long-term
stability has been demonstrated for numerous Ni-based catalysts
used in water oxidation."'®"'712

While representing one of the longest-studied group of
electrode materials (both as battery cathodes and water oxidizing
anodes) that are remarkably active and stable, especially in
concentrated bases, it needs to be noted that nickel oxides are also
more toxic and less Earth-abundant than other transition metal
oxides, such as manganese oxides.

Manganese oxides. Following the initial studies by Glikman,
Shcheglova®" and Morita'>'** on water oxidation using metal
oxides (including Mn-oxides), Shafirovitch and Shilov first
suggested that Mn-oxo-based catalysts could bear functional
similarity to the PS-ITWOC."**'** The turnover rate of the PSII-
WOC is 100—400 s™" in living microorganisms (such as algae),
and up to 1000 turnovers per second were measured in vitro.'>>
This catalytic turnover rate is considered a benchmark for
synthetic mimics. Inorganic analogues of the WOC face many
challenges: apart from trying to achieve high activity, coupling the
water oxidizing catalyst to light-harvesting antennae and ensuring
its long-term stability are some of the main issues that need to be
addressed. As discussed above, in the natural system, these
functions are carried out by the surrounding protein matrix.
Synthetic systems need to provide functional analogues to these
extremely complex biological structures.

Najafpour and Kurz, aiming at simulating the
CaMn,0O;(H,0), cluster in PSII, showed that the incorporation
of Ca ions into Mn oxides can improve the catalytic activity of
these synthetic Mn oxides.'*® Wiechen et al. pointed out that
birnessites possess an intriguing similarity to the PSI-WOC if the
p-oxo-bridged Mn,O;Ca core of the WOC cluster is considered
as part of a possible extended oxide structure.'*” Kurz and co-
workers prepared a series of birnessite clays with intercalated
alkali and alkali earth ions."”” The activity, based on oxygen
evolution measurements from a pH 2 Ce(IV) oxidant solution,
was in the order of Ca(Il) > Sr(II) > Mg(II) > K(I). Similar
experiments, in which the natural WOC was depleted of Ca(1I)
and replaced with other ions, resulted in the same order of activity.
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This finding further strengthened the concept that Ca birnessites
can be considered not only structural, but also functional mimics
of the PSII-WOC.

Suib and co-workers compared the activity of synthetic layered
K*-birnessites to tunnel-structured manganese oxides and to
amorphous manganese oxides (AMO).">* On the basis of oxygen
evolution experiments, in a system similar to that used by Kurz
and co-workers,"?*'*” AMO was found the most active. The
AMO was found to contain randomly oriented sheets of a
hexagonal H* birnessite-like structure (resembling MnO, with a
large number of cation vacancies). Najafpour and co-workers also
showed that different Mn oxide phases, in the presence of Ce(IV)
or in an electrochemical water oxidation process, transform to a
layered Mn oxide phase after a few hours.'>>"*°

The intriguing fact that both molecular Mn oxo com-
plexes'>*"3"13 and heterogeneous manganese oxides can
represent structural and functional analogues to the PS-II
WOC, led to further investigations of the transformations that
these catalyst materials go through during operation.'**~"3
Interestingly, these studies also led to new insights into the self-
healing ability of some of these catalyst systems.

A first example of such molecular-heterogeneous trans-
formations in the field of Mn-based water oxidation catalysts
was reported by the Spiccia group during investigations of a
tetranuclear Mn cluster (also referred to as a “cubane”,
[Mn,O,L¢]*; L: diarylphosphinate). When embedded into a
Nafion polymer matrix deposited on a conductive electrode and
irradiated with visible light, this cluster was shown to function for
up to 3 days with minor loss in activity.'*> A PSII mimic,
combining the above-mentioned Mn-WOC catalyst with a light-
harvesting layer similar to that employed in a dye-sensitized solar
cell (DSC) was also developed. In this case, visible light was used
as the only energy source to achieve water oxidation
catalysis.'>>"3*

In 2011, Hocking et al."** proposed a different mechanism for
water oxidation by the [Mn,O,L4]" compound. The cluster was
shown to dissociate in Nafion, yielding Mn(II) species that were
converted into a disordered Mn(III/IV) oxide phase upon
electrooxidation. It was further demonstrated that in situ cycling
between the Mn(II) photoreduced product and an oxidized,
disordered Mn(II1/IV) oxide phase most likely forms the basis of
the observed water oxidation catalysis. That is, irradiation of the
oxide with visible light results in the release of oxygen and
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Figure 8. Self-healing in water oxidation by Mn oxides in the presence of Ce(IV). 1: Oxygen evolution was detected by an oxygen meter. The origin of
oxygen is water. 2: Mn(II) was detected by EPR (see text). 3: MnO,~ formation could be detected by UV—vis spectrophotometry in reacting Mn(1I) and
Ce(IV). 4: It is known that in the reaction of Mn(II) and MnO,~ at different pH values, Mn oxide is produced. 5: MnO, in the presence of Mn oxide
oxidizes water. In the reaction, MnO,~ reduces to Mn oxide. 6: Mn(II) in the presence of Ce(IV) forms Mn oxide. In a typical experiment, the reaction of
MnSO, in the presence of Ce(IV) (1.0 M) forms MnO,, which can be detected by XRD. Images and captions reprinted with permission from ref 89.

Copyright (2013) by Royal Society of Chemistry.

photoreduction to Mn(II) species, which are converted back to
the oxide by the constantly applied bias. The bias is necessary for
the oxide catalyst to self-heal or regenerate so that further water
oxidation catalysis is possible (Figure 7).

To demonstrate the cycling between the Mn oxidation states,
K-edge XAS" was used to probe the fate of the cubane cluster
when dissolved in acetonitrile and when embedded in a Nafion
film coated on a glassy carbon electrode. A comparison of the
spectrum of [Mn,O,Ls]" measured in acetonitrile with that
measured immediately after loading of the cluster in Nafion
revealed a shift of the X-ray absorption near-edge structure
(XANES) peak to alower energy immediately upon the loading of
[Mn,O,L,]" into Nafion, which was consistent with the reduction
of the cluster to a Mn(II) compound.'®® The EXAFS and its
Fourier transform were consistent with a Mn(II) inner sphere
occupied by six oxygen donors with no ordered second sphere
(that is, not part of a crystal lattice)."*® Electrooxidation of the
Mn(II) product at a potential of 1.0 V (vs Ag/AgCl) shifted the
XANES rising edge to a higher energy. The XANES peak intensity
of the reoxidized product lay between that expected for Mn(III)
and Mn(IV) and was consistent with a material having an average
oxidation state of ~3.8, similar to that of oxidized cubane.
However, the XANES spectra of the electro-oxidized product and
the [Mn,O,L¢]" cluster differed, and thus, it was concluded that
[Mn,O,Ls]" may not be responsible for the prolonged water
oxidation catalysis.

Further studies then showed very similar EXAFS patterns for
the products of electrooxidation of Mn(Il), [Mn,O,L¢]* and
[(bpy),Mn(O),Mn(bpy),]*" in Nafion at 1.0 V (vs Ag/AgCl).
This indicated that, upon electrooxidation in Nafion, all three Mn
precursors generate a compound with a structure very similar to a
layered Mn oxide type material. >3 In addition, NMR
experiments were conducted to show that decomposition of
[Mn,0,L¢]* occurs in Nafion. The 'H and *'P spectra of
[Mn,O,L¢]* on Nafion films exhibited peaks corresponding to
those of the protonated ligand, indicating partial or total
dissociation of the ligands from the cluster."® Finally, high
resolution TEM studies, undertaken on both the oxidized and
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reduced states of Nafion films doped with either [Mn,O,L¢]* or
Mn(II) from an acidified solution, led to the identification of
nanoparticles (10—20 nm in diameter) in the TEM image of the
oxidized films obtained from both Mn(II) and [Mn,O,L]",
whereas no nanoparticles were found for the reduced state. This is
consistent with the XAS results, which indicated that in situ
reduction of the Mn-precursors occurs upon doping into the
Nafion membrane, wherein Mn(II) species with no higher order
structure are formed."”” EPR experiments provided further
confirmation that the Mn precursor complexes are reduced to
Mn(II) within the Nafion film and are subsequently oxidized to
EPR silent manganese oxide materials. Detailed electron
diffraction analysis established that the structure of this Mn
oxide catalyst corresponds to that of layered birnessite.*® This
provides clear evidence of self-healing, similar to the observations
of Nocera and co-workers on cobalt oxides.”” However, it was also
found that despite the fact that the same Mn oxide phase is formed
from a variety of Mn precursors, the size, crystallinity, and catalytic
activity can be enhanced through judicious choice of the
precursor.”>” Furthermore, a very recent study, applying L-edge
XAS and Resonant Inelastic X-ray Scattering (RIXS), has
established differences in the electronic structure of the Mn
oxide phase that very likely contribute to the higher catalytic
activity of the water oxidation catalyst derived from some
molecular precursors.'*”

Following the above-described studies in electrochemical
systems, a new self-repair pathway for Mn oxide in the presence
of chemical oxidants and in the presence of (NH,),Ce(NO;),
(Ce(1V)) was reported by the Najafpour group.*” Under these
conditions, in addition to oxygen, MnO, is also formed. Thisis in
agreement with the Latimer diagram of Mn; namely, that
oxidation of Mn(II) or Mn(III) to MnO, " is more facile than the
oxidation of MnO, to MnO,~.*’

The standard reduction potential of Ce(IV) is 1.5 V vs NHE,
which can hardly oxidize MnO, to MnO,". Thus, it was proposed
that Ce(IV) oxidizes the Mn(II) or Mn(III) species on the surface
of the Mn oxide to MnO,,". It was also shown that the reaction of
Mn(II) with Ce(IV) in solution produces MnO,~. The results of
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Figure 9. Decomposition and self-healing of the PSII-WOC (during photodeactivation) or metal oxides (during catalytic operation) could be
summarized by this simple schematic image. In this image, each structure contains only a few components. The attachment or removal of these
components results in self-healing (green arrow) or decomposition (red arrows).

these experiments suggested that MnO,~ may be formed by the
oxidation of Mn(II) (leached from the Mn oxide catalyst) by
Ce(IV) present in the electrolyte.

More interestingly, at the end of the reaction and after
consumption of Ce(IV), no MnO,~ was observed. This shows
that after catalyst decomposition to MnO,~ (eq 4), there is a self-
healing reaction that repairs the catalyst once again (eq 5):

5Ce(IV) + Mn(II) from catalyst > MnO,” + SCe(III)
(4)

©)

A MnO,~ solution in the presence of the Mn oxide catalyst
showed a linear reduction in concentration, which suggests that a
reaction takes place between MnO,” and the Mn oxide. This
indicates that Mn oxide is necessary for the reduction of MnO,".

The consumption of MnO,” in the presence of Mn oxides can
be explained by at least two possible reactions: first, MnO,~ can
react with the Mn(II) ions resulting from catalyst decomposition
and redeposition as Mn oxide (Figure 8, pathway 4); second,
MnO,™ acts as an oxidant, and Mn oxide, as a water-oxidizing
catalyst, reacts to oxidize water (Figure 8, pathway S). In this
second case, MnO," is reduced to MnO,, which can also be
considered a self-healing process. Indeed, in 1979, the Shilov
group observed oxygen evolution when MnO,~ was in contact
with solid MnO,."** The isotopic composition of oxygen showed
that the reaction was indeed a water oxidation reaction. In both
cases, the re&)recipitated MnO, on the catalyst surface is
amorphous,* and active toward water oxidation.

MnO,” — Mn oxide

B SELF-HEALING IN BIOLOGICAL VS SYNTHETIC
WATER OXIDATION CATALYSTS

Among different compounds applied in water oxidation, metal
oxides can be designed as self-healing compounds, but the repair
mechanism is completely different from natural systems. In other
words, whereas PSII uses a complex biological procedure to repair
itself, metal oxides use different redox reactions to repair their
structures, as we have shown through a few examples above. As
discussed by Urban,'* it is important to note that self-healing
processes are performed by the replacement of “outdated”
components in biological systems, which is difficult to mimic in
synthetic systems. However, the systems introduced here,
similarly to biological systems, use decomposed and “outdated”
components (Co(I), Mn(II), or MnO,,") for self-healing. Such
reactions for metal complexes are not easy to perform because,
usually, decomposed or oxidized ligands cannot be fixed easily.
On the other hand, self-healing related to processes during the
biological water oxidation reaction, as well as many other
biological processes, is much more complex than the self-healing
behavior of Mn or Co compounds discussed here in the context of
water oxidation. However, some similarities can be observed
between the formation and decomposition processes within the
Mn—Ca cluster in PSII and those of Mn- or Co-based inorganic
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water oxidizing catalysts. As shown in Figure 9, both the Mn—Ca
cluster in PSII and Mn or Co oxides can be considered to be

composed of a few simple “building blocks™:

1. Mn—Ca cluster: Mn, Ca, and O
2. Mn oxides: primarily Mn and O
3. Co oxides: primarily Co and O
4. Ni oxides: primarily Ni and O

Decomposition (red arrows in Figure 9) or self-healing (green
arrows in Figure 9) reactions can occur within these structures.
The detachment and reattachment of these components is related
to the decomposition and self-healing processes, respectively.

B CONCLUSIONS

Water oxidation catalysis constitutes the bottleneck in the
development of artificial water splitting utilizing sunlight as the
energy source. The compounds that catalyze natural water
oxidation or other multielectron reactions are prone to instability
during rapid catalytic turnover. The high rates of damage and
repair observed in the only natural system that is capable of
sustaining water oxidation, PSII, make it an important model to
study in the quest for a fundamental understanding of key aspects
of self-healing. It is important to learn about and apply different
aspects of self-healing from the natural system in the design of new
water-oxidizing compounds with self-healing ability. Even though
self-healing in material science and biology occurs according to
completely different mechanisms, a number of key similarities
exist between these two systems. These synergies offer promise
for the design of novel water-splitting systems assembled from
earth-abundant materials that possess the ability to provide cheap
and sustained fuel production for future generations. Among
different strategies for achieving self-healing reactions, the self-
healing processes that are performed by the replacement of
“outdated” components in biological systems are very important
but difficult to mimic in synthetic systems. Metal oxide catalysts
involved in the water-oxidizing reaction often use such
decomposed components for self-healing. Under conditions
prevalent during water oxidation, kinetically active (labile) ions
are removed from the heterogeneous catalyst. On the other hand,
high-valent metal ions, such as Mn(VII) MnO,, ~ can be formed in
the water-oxidation reaction, causing the decomposition of the
catalyst material. Self-healing reactions can efficiently reintegrate
such species into the catalyst.

In addition to being able to self-heal, the catalysts need to have a
number of other highly desirable properties. They should (i)
consist of abundant elements; (iii) be easily synthesized and
manufactured, and at low cost; (ii) exhibit high stability under
catalytic cycling; (iv) exhibit high catalytic activity and efficiency;
and (v) be environmentally friendly. Of the potential candidates
and in the absence of molecular catalysts that meet these criteria,
manganese oxides are particularly attractive candidates for
application as water-oxidizing catalysts in artificial photosynthetic
systems because they fulfill most of these requirements. In
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addition to the optimization of electrolytic systems that can
function under benign noncorrosive conditions, the integration of
such self-healing catalysts with photoactive materials to create
photoelectrochemical devices or heterogeneous systems capable
of using only sunlight to generate fuels (from water or carbon
dioxide) should be an area of intense focus from now into the
foreseeable future. To maximize sunlight to fuel conversion
efficiency, however, catalytic turnovers commensurate with the
flux of solar radiation need to be achieved with the lowest possible
energy input (ie., as close as possible to reaction thermody-
namics). Moreover, the materials need to satisfy the additional
stringent requirements of long-term stability or self-healing under
continuous illumination.
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