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Recently, several mononuclear water oxidation catalysts have been

reported, a breakthrough considering the dogma that at least two metal
sites were required to oxidize water efficiently. In this Review various
mononuclear catalysts which have been reported in the last five years
are reviewed, as well as their implementation in prototype devices that
allow dioxygen formation to be coupled to dihydrogen production will

be discussed.

1. Introduction

Global climate change and exhaustion of natural resour-
ces are among the most important problems that scientists
need to solve within the next decades. Moving away from
fossil fuels would require incorporation of solar energy into
the energy infrastructure as this is the only source of
renewable energy which can be harvested in sufficient
amounts to sustain the world’s population.'! Yet, solar
radiation reaching the earth varies considerably over time
and with location. In addition, for several applications fuels
will be needed, as electric alternatives imply major changes in
technology that require time or simply are impossible.
Therefore the efficient conversion of solar radiation into
a form of chemical energy (e.g. H,) is a key issue. One could
achieve such an energy conversion by splitting water upon
irradiation of light, thus resulting in the formation of O, and
H,. To do this efficiently, robust water oxidation catalysts are
required to produce oxygen efficiently, that is, with high rates
using only a small overpotential.

Initially most attention has been focused on multinuclear
complexes based on natural systems, with the rationale that
these are better able to cycle through a wide range of
oxidation states under strongly oxidative conditions com-
pared to mononuclear catalysts. Consequently several man-
ganese, ruthenium, and cobalt clusters have been reported for
water oxidation.”) Dinuclear complexes have also received
some attention, with ruthenium systems in particular giving
interesting results.”) In 2005, the first mononuclear water
oxidation catalyst was presented,’! and it broke the dogma
that at least two metal sites are required for catalytic water
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oxidation. This initial report was followed by a plethora of
examples, which includes manganese, iron, cobalt, iridium,
and ruthenium catalysts. Some of these systems have been
shown to be very active and can even compete with the
oxygen-evolving center of photosystem IT™ in terms of
turnover frequency. Consequently, this class of water oxida-
tion catalysts may be of great importance for future solar
energy to fuel conversion technologies.

Herein we provide an overview of mononuclear water
oxidation catalysts which have been reported recently, with-
out the intention of being comprehensive. Catalysts based on
various metals will be described, and examples as to where
these catalysts are implemented into devices will be present-
ed.

2. Catalyst and Catalytic Activity
2.1. Manganese Complexes

To the best of our knowledge, manganese corroles are the
only mononuclear systems that are catalytically active in
water oxidation (Figure 1).°) Water oxidation catalysis was
carried out electrochemically and the formation of dioxygen
was detected with an oxygen electrode.

Figure 1. A manganese corrole complex that is catalytically active in
water oxidation catalysis.
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2.2. Ruthenium Complexes

A large number of mononuclear ruthenium water oxida-
tion catalysts has been published in the last couple of years. A
representative selection of catalysts, including the most
important ones, is reviewed below.

2.2.1. Polypyridyl Ligands

In 2005, [Ru(bpn)(MePy),(OH,)]*" (Py = pyridine) was
reported as the first well-defined mononuclear ruthenium
catalyst that was catalytically active in water oxidation.!
Several structural variations have been reported since,”! and
in addition to nitrogen donors, stable carbene ligands® were
used successfully (see Figure 2 for some examples but note
that this is not a comprehensive list). The complex [Ru(tpy)-
(bpy)(OH,)]*" is not the most active or robust catalyst known
to date, but it is noteworthy as it has been thoroughly studied
by several research groups.”

Catalyst activities could be increased upon substituting
the tpy ligand with electron-withdrawing groups. Ligand
variations influence the pK, values and the oxidation poten-
tials of the complexes. This change in oxidation potential has
a direct effect on the rates of the elementary steps of the
catalytic cycle and thus also on the catalytic performance of
these species. The complex [Ru(Mebimpy)(bpy)(OH,)]*" is
the fastest catalyst of this family, with an observed turnover
frequency of 0.057 s™'. For these systems water oxidation
typically occurs through a pathway wherein nucleophilic
attack of water on a high-valent metal oxide species occurs
(Scheme 1).

2.2.2. Anionic Ligands

The dicationic catalysts described above typically operate
with a large overpotential. A significant decrease of the
overpotential for catalytic water oxidation can be obtained by
the use of anionic ligands instead.!'”! This ligand type results in
complexes having a more electron-rich metal center and thus
lower oxidation potentials. Since the overpotential for
catalytic water oxidation at pH?7 is sufficiently low,
[Ru™(bpy),]*" can also be used effectively as an oxidant in
a photocatalytic manner (Figure 3).'"1 The complex
[Ru(bda)(isoq),]’, where isoquinoline (isoq) was used as an
axial ligand instead of 4-methylpyridine, shows an extremely
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Figure 2. Chemical structures of selected ligands and ruthenium
catalysts.
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Scheme 1. Combined mechanism of water oxidation mediated by
[Ru(OH,) (tpy) (bpy)]*" and some of its analogs.”
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Figure 3. Sequential redox reactions of light-driven water oxidation
using a [Ru" (bpy);]*" photosensitizer. The photosensitizer is excited
upon irradiation with visible light and expels an electron (1), which is
picked up by an electron scavenger (2). The remaining oxidized

[Ru" (bpy)s]** in turn acts as an oxidant for the catalytic water oxidation
reaction (3 and 4), thereby regenerating [Ru(bpy);]*".

high turnover frequency of 300 s, which compares to that of

the oxygen-evolving center of photosystem IT (100-
400 s71)."” In contrast to the dicationic systems described
earlier, these neutral systems may also react through a bimo-
lecular pathway, and the preferred pathway depends upon
subtle ligand variations (Scheme 2).1*!
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Scheme 2. Competing pathways in case of [Ru(pda) (MePy),(=O
[Ru(bda) (MePy),(=0)].
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2.2.3. Inorganic Ligands

The inorganic complexes [Ru™(SiW,;05,)(OH,)]>"
[Ru™(GeW,,04)(OH,)]’~ are also active in water oxida-
tion.' Despite their lack of organic ligands, which are
susceptible towards oxidative decomposition, the turnover
numbers were low (50).

2.3. Iridium Complexes

Since the discovery of the first homogenous, iridium water
oxidation catalyst in 2008, the number of reported iridium
catalysts active in water oxidation has been rapidly increasing.
In addition to homogeneous iridium catalysts, iridium oxo
nanoparticles'® and heterogeneous iridium oxide!'” have also
been reported to catalyze water oxidation very efficiently.
Moreover it has been reported that molecular iridium
complexes can easily degrade to iridium nanoparticles.®!

2.3.1. The [Ir(ppy),(OH,),]” Complex

Treatment of [Ir(ppy),(OH,),]OTf (Tf = trifluorometha-
nesulfonyl), the first molecular iridium water oxidation
catalyst, with ceric ammonium nitrate (CAN) leads to
formation of dioxygen (Figure 4).") Although the catalytic

activity of this complex was fairly low, turnover numbers were
reported to exceed one thousand.
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Figure 4. Chemical structure of selected homogeneous iridium water
oxidation catalysts.

2.3.2. Pentamethylcyclopentadienyl Ligands

[IrCp*] complexes (Cp* = pentamethylcyclopentadienyl)
proved to be a very suitable structural element for iridium-
based water oxidation catalysts, and several related com-
plexes have been reported (Figure4). The complexes
[Ir(Cp*)(ppy)(Cl)] and [Ir(Cp*)(bpy)(Cl)]Cl were shown to
be very potent catalysts for water oxidation upon oxidation
with CAN (Table 1), and were shown to catalyze water
oxidation through a mechanism similar to that of the bipyridyl
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Table 1: Catalytic performance of selected water oxidation catalysts in
the presence of CAN.

Catalyst TOF TON Catalyst CAN  Ref.
[s7] [um]? [mm]
[Ru(Mebimpy) (bpz) (OH)** 0.18 - 51 15 [9b]
[Ru(pyda) (MePy),] 023 550 - - [11a]
[Ru (tpy) (MePy),(OH,)](ClO,), 0.092 450 67 320 [10a]
[Ru(dpt) (MeCN),J>* 1119 1000 100 [7b]
[Ru(pda) (MePy),] 010 310 - - [10¢]
[Ru(bda) (MePy),] 45 1200 - - [10¢]
[Ru(bda) (isoq),] 300 8360 216 480  [12]
[Ir(ppy)2(OH,),]OTF 0.005 2500 0.5 150 [15]
[Ir(Cp*) (bpy) ClICI 024 320 5.0 78 [19]
[Ir(Cp*) (ppy)Cl] 0.17 1500 5.0 78 [19]
[Ir(Cp*) (OH,)5](NO), 026 1250 523 2 (23]
[Ir(Cp*) (Ph,NHC)Cl] 013 - 45 78 [214]
[Ir(Cp™) (pii) (MeCN) > 0.09 10000 0.2 10 [21b]
[Ir(Cp*) (pii') (MeCN)J2* 004 8350 0.2 10 [21b]
[Ir(Cp*) (Me,NHC) (OH),] 034 2000 1.0 90 [22]
[Fe(mcp) (OTH),] 023 360 125 125 28]
[Fe(TAML) (OH,)] 13 16 - 015 [27]

[a] Catalyst and CAN concentrations are those for the conditions under
which the highest turnover frequency (TOF) was recorded. These are not
necessarily the conditions under which the maximum turnover number
(TON) was recorded. dpt=3, 4-di(2-pyridyl)-1,2,5-thiadiazole.

ruthenium complexes (Scheme 3).!! Related complexes with
Cp instead of Cp* ligands (Cp = cyclopentadienyl) showed
somewhat lower catalytic activity, but proved to be more
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Scheme 3. Proposed mechanism for iridium-catalyzed water oxida-
tion."

robust towards catalyst deactivation,'”! which in the case of
Cp* is probably initiated by oxidation of the Cp* methyl
groups.?’! N-heterocyclic carbenes (NHCs) and irregular
carbenes have also been shown to act as good ligands®®! even
in a monodentate fashion.”” Besides the Cp* moiety, addi-
tional ligands are not required to obtain an active species.
[Ir(Cp*)(OH,),]** ! shows catalytic activity, although rela-
tive catalyst activity does increase with catalyst concentra-
tion.!"”!

In contrast, clear first-order rate constants are observed
for [Ir(Cp*)(Me,NHC)(OH),], [Ir(Cp*)(ppy)(CD]. and
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[Ir(Cp*)(bpy)(CI)]CI (Figure 4), thus suggesting a different
active species. Therefore ligand loss from these systems to
produce the same active species as [Ir(Cp*)(OH,);]*" does
not occur."*?! Electrochemical oxidation of [{IrCp*Cl,},],
[Ir(Cp*(OH,);]SO,, and [{IrCp*},(n-OH);]JOH in aqueous
solutions results in deposition of a blue iridium oxide layer on
the electrode.”” Formation of this blue layer of iridium oxide
is observed for the [Cp*Ir] species which have three vacant
sites. This requirement for three vacant sites to produce
iridium oxide does not mean that other complexes are by
definition molecular because these may form nanoparticles
which do not precipitate on the electrode.

2.3.3. Nanoparticles?

Several other iridium precursors such as IrCl,,'*¥
K,[IrClg] ™ and [Ir(acac);]?* (acac = acetylacetonato) have
shown catalytic activity for water oxidation. It is most likely in
these cases that the actual catalytic species are iridium oxo
nanoparticles rather than a well-defined molecular catalyst.
In line with this, broken rate orders with respect to CAN and
the catalyst were found, and for diluted systems longer
incubation times were observed, which points to formation of
nanoparticles. The presence of such species has been estab-
lished in the case of IrCl,.?¥ [Ir(ppy),(OH,),]OTf, [Ir(Cp*)-
(epy)(CD],  [Ir(Cp*)(Me;,NHC)(OH),],  [Ir(Cp*)(pii)-
(MeCN)]**, and [Ir(Cp*)(pii")(MeCN)]** (Figure 4) were also
shown to quickly decompose in the presence of CAN, as
illustrated by TEM measurements or signals in the UV/vis of
the dark-blue mixtures which were determined to be the
formation of the nanoparticles.'¥l However, in most cases the
catalytic activity was ascribed to a molecular species for
kinetic reasons. Nevertheless, one should be very careful with
the interpretation of these data as more and more evidence
has been gathered to show that several mononuclear com-
plexes form catalytically active metal oxides!"®? and it would
be best to move away from CAN as the chemical oxidant,
especially since CAN does not always behave as an innocent
one-electron oxidant.?

2.4. Iron Complexes

The complex [Fe(TAML)(OH,)] is an efficient water
oxidation catalyst with a very high initial catalyst activity
(Figure 5).”" The maximum observed turnover frequency of
1.3s7! is impressive. However, the catalyst degrades rapidly
and an turnover number of only 16 has been reported. Higher
turnover numbers were obtained for complexes having
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[Fe(mcp)(OTf),]

[Fe(TAML)(OH,)] [Fe(Me,Pytacn)(OTf),]

Figure 5. Chemical structure of selected homogeneous iron complexes
used for chemical water oxidation.
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tetradentate nitrogen ligands, which allow the iron center to
have two cis vacant sites.”! Turnover numbers between 40
and 360 were obtained. Similar catalysts having either trans
vacant sites or only one vacant site were not active (Figure 5
and Table 1).

2.5. Cobalt Complexes

Although heterogeneous cobalt catalysts are very suc-
cessful,”! mononuclear cobalt catalysts have hardly been
reported. This is partly due to the facile catalyst degradation
as the ligand opposite the Co=0O bond is very weakly
coordinated. Ligand decoordination can be prevented by
using a pentadentate pyridine ligand (Figure 6).°" In the

[Co(Pys)(OH)I>*

[Co(hangman)]

Figure 6. Chemical structure of homogeneous cobalt water oxidation
catalysts used for water oxidation.

resulting geometry the pyridine opposite the aqua ligand is
tightly bound to the complex because of the rigidity of the
ligand and coordination of the other four pyridines to cobalt.
Consequently, the complex is stable upon oxidation and able
to shuttle between the Co", Co™, and Co' oxidation states
required for catalytic activity. Water oxidation activity was
established by electrochemistry experiments.” The observed
turnover frequency for this system was found to be 79 s,
which is substantially higher than most other catalysts.
However, very similar cyclic voltammograms were observed
in the case of [Co(OH,)s**,’!! and several other cobalt
complexes decomposed readily to nanoparticles.’” Cobalt
corroles, for example [Co(hangman)], are also catalytically
active both in water oxidation™ as well as in dioxygen
reduction.’¥ In case of water oxidation, the presence of
a nearby base is a requirement for activity.

3. Prototype Water Splitting Devices

Aside from catalyst optimization, several additional
challenges need to be solved before solar energy to fuel
conversion devices are at the level of practical use. The first
question to be answered is: Will the water oxidation catalyst
still work when implemented into devices in which the half
reaction for O, formation and H, production are coupled.

www.angewandte.org
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3.1. Electrochemical Cells

Efficient water splitting can be achieved by immobiliza-
tion of the catalyst onto an electrode. In combination with
a proton reduction catalyst, typically a platinum wire,
electrolysis of water may occur at relatively mild reaction
conditions. The complex [Ru(Mebimpy){bpy(PO;H,),}(C)]*
was immobilized on fluorine-doped SnO, (FTO), Sn"-doped
In,O; (ITO), and on optically transparent films of TiO,
nanoparticles on FTO (Figure 72).%" Tt was illustrated by

apond3|3

q ///\/Q/\//
B ”/\/Q/\ /)
\ //\ /)

aponaaﬂ

Figure 7. Structure-immobilized [Ru(Mebimpy){bpy(PO;H,),} (OH,)]*"

(a), [Ru(tpy) (bmp)] redox mediator complex (b), and
ITO | MWCNT |[Ru(dpa) (Py-pyrene),] (c).

electrochemical experiments that the ruthenium catalysts
retained their catalytic properties upon attachment to the
surface. Excellent rates were reported for a system that
contained a redox mediator between the catalyst complex and
the electrode (Figure 7b). Turnover numbers are above
28000, still without any sign of catalyst deactivation (Ta-
ble 2).% A turnover frequency of approximately 1s~! was
found for the catalyst on the electrode, and is significantly
faster compared to the catalyst in solution (TOF=0.06s"")
when oxidized with CAN (Table 1).

In another device, the complex [Ru(bda)(Py-pyrene),]
was attached to deposited multiwalled carbon nanotubes
(MWCNTSs) on ITO glass (Figure 7).’ The redox potentials
of the immobilized catalyst are similar to that of the catalyst in
solution."!! Also, for the immobilized system high rates are
observed at relatively low overpotential. The results are
summarized in Table 2, and show that these heterogenized
architectures display great catalyst activities and have in-
creased robustness compared to homogeneous analogues
which have been driven by CAN.

Angew. Chem. Int. Ed. 2012, 51, 9740 —9747
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Table 2: Prototype electrochemical cells.

Catalyst assembly Current r TOF TON pH E
density [molem™] [s7] [V vs NHE]
[MAcm™]

ITO | MWCNT | [Ru (bda) (Py-pyrene),] 220 1.8x107° 0.3 11000 7.0 1.4

ITO | redox mediator assembly with tpy 6.7 7x1071° 0.3 8900 1.0 1.8

ITO | redox mediator assembly with Mebimpy 3x107"° 0.6 28000 1.0 1.8

ITO |redox mediator assembly with Mebimpy 1.5 5.7x107"° 0.007 70 1.0 1.5

FTO|TiO, | redox mediator assembly with tpy 83 8.5x107% 0.0027 82 1.0 1.8

3.2. Photoanodes for Light-Driven Water Splitting

Ultimately, devices should run in the absence of external (rCPppy-COORIEI]
potential, wherein the water oxidation reaction is fully driven
by light using photosensitizers to produce the charge separa-
tion. In 2008 the first example in which iridium oxo nano-
particles were used as the active water oxidation catalyst was
published (Table 3).5% It was also demonstrated that deposi-
tion of the [Ir(Cp*)(ppy-COOH)(Cl)] water oxidation cata-
lyst onto TiO, nanoparticles, together with a high-potential
zinc porphyrin as the chromophore, results in a working
photoanode (Figure 8).*"! Visible light is absorbed by the zinc
porphyrin, which expels an electron into the conduction band
of TiO,, thus resulting in the formation of oxidized zinc
porphyrin complexes at the surface of the TiO, nanoparticles. ~ Figure 8. The porphyrin chromophore and iridium water oxidation
Oxidation of the iridium water oxidation catalysts takes place  catalysts as components of a photoanode of a light-driven water
by the photooxidized zinc porphyrin. Upon irradiation of the oxidation device.
system with visible light and with a small bias voltage of
300 mV, a photocurrent of about 30 pA cm ™ is generated.

A similar photoanode was prepared by using [Ru(bda)-
(MePy),] as a catalyst and [Ru{bpy(PO;H,),}(bpy),] as
a chromophore " A film of TiO, was covered with [Ru{bpy-
(POsH,),}(bpy),] and placed on FTO conducting glass (Fig-
ure 9). The anode was layered with a film of neutralized
nafion containing the [Ru(bda)(MePy),] catalyst. When the
photoanode was connected to a platinum electrode as the
reduction catalyst, both hydrogen and oxygen could be
detected upon irradiation of the device. Also, for this system
a bias voltage of 325 mV was applied to achieve water
splitting.

The heterogenized [Ir(Cp*)(ppy-COOH)(Cl)] and
[Ru(bpy),{bpy(PO;H,),}] systems show similar catalytic ac-
tivities compared to the recently reported systems based on
heterogeneous iridium oxide® and manganese oxide (Ta-
blef 3)-41 Inter-estlngly, th.e deV¥ce based on th.e .manganese on a [Ru{bpy(PO;H,),} (bpy),]-sensitized TiO, film attached to an FTO
oxide cluster did not require a bias voltage to oxidize water. It conducting glass coated with a Nafion film penetrated with [Ru(bda)-
is interesting to note that mononuclear water oxidation  (MePy),], a Pt cathode, and an aqueous electrolyte, for light-driven
catalysts can compete with the heterogeneous catalysts.  water splitting.

2 H20 02 + 4H+

Figure 9. A Photoelectrochemical cell, consisting of an anode based

Table 3: Prototype photoanodic cells.

Catalyst assembly Cut off wavelength Light intensity Current density Bias potential
[nm] [mWecm™ [WAcm™] [mV]

FTO| TiO, | [Ru(bpy)s]** | Ir,O, 450 7.8 12.7 325

FTO|TiO, | [Zn(por)] | [Ir(Cp*) (Cl) (ppy-COOH)] 400 200 30 300

FTO | TiO, | [Ru (bpy){bpy(POsH LI | [Ru(MePy),{bpy (PO;H);}] 400 100 50 325

FTO| TiO, | [Ru(bpy).{bpy-(COOH)}J* | Mn,0, 250 100 25 0

Angew. Chem. Int. Ed. 2012, 51, 9740 — 9747 © 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org 9745


http://www.angewandte.org

Angewandte

Minireviews

Having said that, the best device reported so far was achieved
by using a heterogeneous cobalt catalyst for water oxidation,
albeit in for a very different device architecture using ITO,
triple-junction amorphous silicon, and a complementary
NiMoZn hydrogenase catalyst.*?

4. Summary and Outlook

In the last couple of years many mononuclear water
oxidation catalysts have been reported. Although the first
catalysts of this type were recently discovered, initial results
illustrate the huge potential of these systems. In terms of
catalytic activities and turnover numbers these mononuclear
complexes easily compete with, or even outcompete molec-
ular catalysts which are composed of more than one metal
site. Catalytic activity can be tuned by subtle variations of the
ligand system and have led to catalyst activities that compare
well to those of the oxygen-evolving center of photosystem II.
Whereas the robustness of many catalysts is at least ques-
tionable under CAN conditions, initial results, wherein
catalysts are immobilized in electrochemical cells, illustrate
excellent turnover numbers without significant loss of catalyst
activity. Moreover, the catalytic activities of these immobi-
lized architectures are typically largely improved compared to
their fully solvated equivalents.

One key bottleneck of the prototype for direct solar
energy to fuel conversion devices is the relatively short
lifetime of charge separation (h*) compared to the turnover
frequency of the water oxidation catalysts (i.e., h™ reacts
faster through electron back transfer rather than with the
water oxidation catalyst). Consequently, turnovers in direct-
light-driven devices are still low and a bias potential is often
required. To circumvent this problem water oxidation cata-
lysts which are directly linked in a well-defined manner to the
semiconductor/photosensitizer are necessary, thus allowing
efficient electron transport from the catalyst to h*. Typically
mononuclear catalysts contain relatively simple ligands which
can easily be substituted with appropriate linkers for attach-
ment to various supports, whereas substitution of the ligand
system of dinuclear catalysts often requires more synthetic
effort and immobilization of heterogenous systems in a well-
defined manner is far from straightforward. Hence, mono-
nuclear systems may be the way to go in direct solar energy to
fuel conversion applications.
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