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Chapter 1

Introduction

In this thesis I will describe my contributions to the field of molecular water
oxidation catalysis. I will start with a general introduction to place this
research in the broader context of climate change and the storage of
renewable energy. Then I discuss some of the requirements of water
oxidation catalysts in their final applications, followed by a tutorial on
research strategies in the field of water oxidation. Next, I give a short
overview on the state of the art of water oxidation, specifically focusing on
complexes of transition metals discussed in this thesis. The introduction
finishes with a paragraph on the further contents of this thesis.
Enjoy reading! – Joeri Hessels
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1.1.0 Climate change
At the time of writing, humanity uses around 16 TW per year to sustain
itself.1 With the increasing welfare of countries around the world, this
number is expected to increase by nearly 50% in 2050.2 Another major
reason for the expected energy increase is the ever growing world
population, with around 7.7 billion people now and a projected growth to
roughly 10 billion people in 2050.3 Currently, most energy consumed
originates from burning fossil fuels. Since the industrial revolution in the
18th century an ever increasing amount of fossil fuels have been burned to
quench the desire for energy and progress (Figure 1.1).4

Figure 1.1. Energy consumption per source since 1800 in TWh (8760 TWh = 1 TW per
year).4

In recent decades, a major downside of these energy sources has
come to light. By burning accumulated carbon reservoirs, large amounts of
CO2 and other greenhouse gases are released into the atmosphere. As a
result of this, the CO2 concentration in the atmosphere is currently above
400 ppm and rising.5 To put this in perspective, in the 650 thousand years
before 1950, the CO2 concentration has not been above 300 ppm and has
never increased so rapidly. The increased concentration of CO2 and other
greenhouse gasses amplifies infrared absorbance, which causes a rise in the
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average global temperature. This phenomena is called global warming and
has consequences for the climate of the whole planet.6,7 Examples include
rise in sea level, reduction of arctic sea ice, ocean acidification, ocean
deoxygenation, and an increase in extreme weather conditions (e.g. heat
waves, droughts, hurricanes and typhoons).8-12 Many of these consequences
severely influence ecosystems, which will cause loss of biodiversity and
hamper economic growth.
Another downside of the burning coal, oil and natural gas, which
formed over millennia from plant and animal residues, is that the reserves
of the world are slowly depleting (Figure 1.2).1 One consequence of this is
that it becomes ever more difficult and thus costly to extract these raw
materials from the earth crust. In addition, the extraction also causes
negative environmental impact. A second consequence of the increasing
scarcity of fossil fuels is an increase in worldwide geopolitical issues.
1.1.1 Renewable energy
To prevent further global warming and reduce dependence on fossil fuels,
drastic changes to the current energy system must be made.13 Slowing down
population growth and increasing the efficiency of current technologies can
help to reduce energy needs. However, an overhaul of fossil energy to
renewable energy will be necessary. Renewable energy originates from
sources replenished over the timescale of a human life. Examples are wind
energy, ocean thermal energy conversion, biomass, hydropower,
geothermal energy, tidal energy and solar energy. In Figure 1.2, the amount
of energy that these renewable sources could deliver on a yearly basis is
depicted, along with the world energy use of 16 TWyr.1 According to Perez
et al. wind energy could deliver around 25-70 TW yr-1, ocean thermal energy
conversion (OTEC) 3-11 TW yr-1, biomass 2-6 TW yr-1 and hydropower,
geothermal and tidal could deliver 3-4, 0.3-2 and 0.3 TW yr-1, respectively
(Figure 1.2). Interestingly, the sun delivers orders of magnitude more
energy to the earth, around 23000 TW yr-1. Thus only 0.07% of the potential
solar energy has to be harvested to supply enough for all of humanity.
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Figure 1.2. Potential energy from various sources and the world energy use. The renewable
energy sources are displayed as potential energy per year, while for fossil fuels the total
capacity is displayed. Adapted from Perez et al.1

One important characteristic is that all renewable resources, except
biomass, offer extractable energy in the form of electricity or heat.
Currently, only 20% of final energy consumption is in the form of electricity.
One solution is to heavily electrify society, from transport to industry to
households. An important caveat of the two largest potential renewable
sources, wind and solar, is that they are both intermittent. Solar power in
particular has a large dependence on the day/night cycle, as well as seasonal
differences. As energy consumption does not follow the same trend, there is
a mismatch in supply and demand.14 In addition, balancing the power grid
becomes more challenging due to this increasingly intermittent supply. To
overcome these challenges, energy should be stored.
1.1.2 Storing renewable energy
Important properties for efficient energy storage methods are the energy
density of the storage method, as well as how much energy needs to be
invested to store the energy and how much remains available for use (i.e.
the efficiency of the storage option). Two possible options are to store
electrical energy in batteries or to store electrical energy in chemical bonds.
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Batteries are currently often used to store electric energy
directly. One of the most efficient batteries up to date is the lithium ion
battery, the inventors of which were awarded with the Nobel Prize in
2019.15 A major downside of batteries, is their low energy density. This is a
fundamental flaw of batteries, as the energy is stored as higher lying redox
states of the metal/material of the battery. The energy density of a lithium
ion battery is around 0.9 MJ kg-1 and of for example a lead acid battery the
energy density is 0.2 MJ kg-1. For stationary applications, the low energy
density is not necessarily an issue. Unfortunately, batteries also suffer from
long term discharge losses.16 Thus for long term energy storage, alternative
methods should be used.
Another option to store surplus electrical energy harvested from
renewable resources would be the storage in chemical bonds.17 An
advantage is that the energy density of chemicals of for example H2, CH4, and
MeOH is high compared to other storage options, 120, 50, and 20 MJ kg-1
(lower heating values), respectively. Another advantage is that their storage
and transport are relatively easy and can, for the most part, use existing
infrastructure used for fossil fuels. In addition, chemical fuels do not suffer
from long-term energy losses. An important consideration here is that to
store energy in chemical bonds, per definition, a thermodynamically uphill
reaction has to be performed (Figure 1.3). To arrive at an efficient system,
the energy input has to exceed the energy output of using the obtained
chemical fuel by an as small as possible margin. To minimize the energy
needs of these transformations, catalysts have to be employed. A catalyst
can increase the rate of a reaction without undergoing any permanent
change. The development of these catalysts is of great importance to the
overall efficiency of the energy storage system. For the conversion of
renewable energy into chemical fuels there are multiple possibilities. One
option is use electrolysis to convert electrical energy into chemical energy.
In the case of using the power of the sun to generate renewable energy, a
direct conversion of the energy of photons towards chemical fuels is also
possible.
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Figure 1.3. Schematic diagram of energy storage.

1.1.3 Electrolysis
In electrolysis, electrical energy can be used to produce chemical fuels.17,18
Examples of commercial electrolyzers are alkaline, proton exchange
membrane and solid oxide electrolyzers. In this section we will focus on the
characteristics of electrolysis cells important for the development of
molecular water oxidation catalysts. For more information on electrolyzers
we refer the reader to selected reviews.18-20 Important characteristics of an
electrolysis cell are the overpotential at which a certain current density is
obtained, the faradaic efficiency and the stability. The current density is the
amount of electrons transferred per unit time per unit area, and is an
important measure for the rate of the reaction (i.e. a kinetic parameter). The
potential at which an electrolysis cell runs is the amount of energy that has
to be put in the system to generate a certain current density (i.e. a
thermodynamic parameter). The overpotential is defined as the potential
applied minus the thermodynamic potential for the reaction. For example,
the thermodynamic standard potential for water splitting (2 H2O  O2 + 2
H2O) is 1.23 eV, if an electrolysis cell runs at a current density of 10 mA cm2 at a potential of 1.80 V, the overpotential is 0.57 V. Overpotential is an
important characteristic as it determines part of the energy efficiency, as
any potential applied above the thermodynamic potential will not be stored,
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and thus will be energy lost and released as heat. The faradaic efficiency of
an electrolysis cell is defined as the amount of product formed divided by
the theoretical amount of product that could by produced according to the
current passed through the device. The efficiency of the electrolysis cell at a
certain current density is thus dependent on the faradaic efficiency and the
overpotential. For economic feasibility, the long term stability of the
electrolysis cell is also important. All the individual components of an
electrolysis cell influence these characteristics.
An electrolysis cell consists of an anode, a cathode, an electrolyte
and (commonly) a membrane (Figure 1.4).20 At the anode an oxidation
reaction takes place, for example water oxidation. The electrons generated
from the oxidation reaction are transferred to and consumed by the
cathode, which performs a reduction reaction. For example proton
reduction or CO2 reduction. Both the anode and the cathode require a
conductive material, to transfer electrons, and a catalyst on top of this
material to perform the reduction and oxidation reactions at a favorable
overpotential. The electrolyte serves as a conductive medium to allow for
electron transfer towards or from the substrate and is usually an aqueous
solution with a high salt concentration. Importantly, the pH is also
controlled by electrolyte. The pH is an important parameter, as most half
reactions in electrolysis consist of proton transfer, which is heavily
influenced by the pH. Generally a proton conductive membrane is also used
in an electrolysis cell, as it can aid product separation. For example, in water
splitting H2 and O2 are produced at the cathode and anode respectively, a
membrane compartmentalizes both reactions, causing no further
separation to be necessary. Advantages of electrolysis cells are that they are
able to use any (renewable) electricity source and they can reach high
current densities.
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Figure 1.4. Schematic electrolysis cell for water splitting.

1.1.4 Photoelectrochemical cells
To store electricity generated from solar energy in chemical fuels,
electrolysis cells could be employed, thus requiring two steps to arrive at
renewable fuels. Interestingly, nature takes a more direct approach, as
plants have been harvesting solar energy to produce chemical bonds for
millennia. More specifically, plants use photo antennae, consisting of
porphyrin like molecules, to absorb light, which is used by photosystem II
to oxidize water to oxygen. This oxygen byproduct is later on consumed to
generate energy during respiration, not only by plants but also by us
humans and all other oxygen consuming lifeforms. The reducing
equivalents generated by the oxidation of water are transferred via an
elaborate electron transfer chain to the enzyme RuBisCO which in turn
reduces CO2 to sugars.21 Inspired by nature, a more direct approach to store
solar energy is also possible, where the energy from photons is directly used
to generate so called solar fuels. This direct conversion of solar energy into
fuels could theoretically be more efficient, as there are less steps in the
energy conversion scheme. Direct production of solar fuels can be
performed in photoelectrochemical cells (PECs).22 Important to note here is
that while there are several examples of commercial electrolyzers,17,20,23
there are no commercial examples of PECs yet.
In photoelectrochemical cells, a light absorbing moiety absorbs
energy from photons, generating an excited state, which has a
thermodynamically higher energy than the ground state. This energy from
the excited state can be utilized to perform both reductive and oxidative
reactions. The energy from the sun at the earth’s surface consists for a small
part of high energy UV light (3-5 % below 380 nm), around 42-43 % of
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visible light (380 nm – 700 nm) and 52-55 % of infrared and far infrared
light (above 700 nm, Figure 1.5).24 The wavelength of light determines the
energy that can potentially be absorbed. The energy difference between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of a specific light harvesting moiety determines
the minimum energy of light that can be absorbed.25 Ideally the minimum
energy that can be absorbed by a light harvesting moiety is just a slightly
higher energy than the catalyst requires, which in turn ideally is located as
close as possible to the thermodynamic energy for the envisioned reaction.
In practice however, catalysts generally require an overpotential, and the
light harvesting moiety needs an even higher energy to favor electron
transfer. The energy requirement of the light harvesting moiety determines
the wavelength of light that can be used, and, thus, which part of the
spectrum of the sun can be harvested. Limiting energy losses during
catalysis and electron transfer from the light harvesting moiety to the
catalyst is of high importance to increase the overall efficiency of the PEC.

Figure 1.5. The solar spectrum.24

A PEC consists of an anode, a cathode, an electrolyte and
(commonly) a membrane (Figure 1.6), similar to an electrolysis cell.26 The
electrolyte and the membrane fulfill the same function as in electrolysis. The
electrolyte, controls pH and ensures a conductive medium, while a
membrane aids product separation. The anode and cathode perform an
oxidation and reduction reaction, respectively. An important difference
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compared to an electrolysis cell is that the energy to drive these reactions
in a PEC is no longer supplied by an external source, by applying a potential,
but internally by a light harvesting moiety. In the next part we will focus
specifically on dye-sensitized PECs (DS-PEC), but the same general
principles apply for PECs which use non-molecular light harvesting
moieties. At the anode of a PEC, the excited light harvesting moiety injects
its electron into the conduction band of a suitable semiconductor, and the
hole generated is filled by a water oxidation catalyst. In total four electrons
have to be transferred to generate oxygen. Electrons travel from the
conduction band of the semiconductor at the anode to the cathode. If the
energy of these electrons is sufficient, they can be used directly for proton
reduction. However, generally this energy is not sufficient, and a second
light harvesting moiety is required, i.e. in a tandem approach. When the
second light harvesting moiety is excited, the excited electron can reduce a
proton reduction catalyst, which initiates proton reduction. The hole
generated from this transfer will be filled by the valence band of a second
semiconductor at the cathode. We here consider a reductive quenching
mechanism for both anode and cathode, but an oxidative quenching route is
also possible. In this latter route, the hole is filled before electron transfer of
the excited electron. One of the major problems of PECs are high
recombination rates, which are unproductive electron transfer pathways.
For example, electrons from the conduction band of the anode could
transfer back to the dye or WOC. To prevent these pathways from
dominating, directional electron transfer is important to arrive at efficient
devices. Directional energy transfer can for instance be achieved by proper
alignment of the energy levels, by creation of physical distance during
charge separation, and by use of molecular rectifiers.27-31 In Figure 1.6 the
prerequisites for the anode and cathode of a PEC are displayed, as well as
the preferred characteristics to arrive at directional energy transfer.
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Figure 1.6. Schematic photoelectrochemical cell for water splitting.

1.1.5 Catalysis
A common component for both electrolysis cells and photoelectrochemical
cells are the catalysts required at both the cathode and anode side. 26,32-35 A
catalyst accelerates a reaction without being consumed, primarily by
providing an alternative reaction pathway of lower energy. Both
heterogeneous and molecular catalysts can be employed at the anode
and/or the cathode. Heterogeneous catalysts are generally cheaper and
more stable and are currently commercially applied in electrolyzers.36
While the field of heterogeneous catalysis for electrolysis and PECs is
important, in this thesis and in this introduction, we will focus on progress
in the field of molecular catalysts. For more information on heterogeneous
catalysts for electrolysis and PECs, we will refer the reader to selected
reviews.18,22,23,35,37-41 Mechanistic studies are easier to perform in solution,
and thus, for molecular complexes it is more straightforward to obtain
structure-activity relations. This in turn can lead to rules for catalyst design,
which accelerates development. Another advantage of molecular catalysts
is that they are generally more active per metal center. Important
constituents of a molecular catalyst are the active metal center, and the
ligand framework, which can modulate the properties of the metal center.42
We will give a brief overview of catalysts used for reduction reactions
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performed at the cathode, and then we will discuss catalysts utilized at the
anode.
1.1.6 Molecular catalysts employed for proton, CO2, and N2 reduction
To generate renewable fuels/ energy carrier molecules, a reduction takes
place at the cathode. Reduction reactions for fuel formation are proton
reduction, producing hydrogen as chemical fuel, and CO2 reduction,
producing carbon-based fuels such as CO, methanol and formic acid (Figure
1.7).43,44

Figure 1.7. Examples of reduction reactions for the storage of renewable energy.

Proton reduction combines two proton and two electrons to arrive
at H2. Interestingly, there are several bacteria that perform proton
reduction, with their active site containing a FeFe-, NiFe- or Fe-hydrogenase
active site (Figure 1.8).45 Inspired by nature, many iron-based and nickelbased proton reduction catalysts (PRCs) are published, as well as those
based on other transition metals. Examples are FeFe-hydrogenase mimics,
DuBois type catalysts and cobalt proton reduction catalysts (Figure 1.8).4648 A common feature in the hydrogenases in nature is a proton relay, which
shuttles protons to the active site. Incorporation of a proton relay in both
hydrogenase mimics and DuBois type catalysts generally leads to greatly
enhanced rates.49,52 This accentuates the importance of looking to nature for
inspiration. There are many other PRCs in literature, but will refer the
reader to recent reviews for more details.26,43,53-57 Advantages of proton
reduction in comparison to other reduction reactions are the relative
simplicity of the reaction and the high energy density of hydrogen. In
addition, hydrogen can easily be used in the production of other high energy
molecules. For example in CO2 hydrogenation to arrive at formic acid or
methanol, or in Fisher-Tropsch synthesis to produce hydrocarbon fuels.58-60
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Figure 1.8. Hydrogenase active site and examples of proton reduction catalysts.

Nature also has examples of CO2 reduction catalysts (CO2RCs),
namely the enzyme RuBisCo.21 Some examples of man-made molecular CO2
reduction catalysts are iron porphyrins, manganese catalysts and
macrocyclic nickel complexes (Figure 1.9).61-63 For iron porphyrins
functionalizing the ortho-position of phenyl-substituents can stabilize the
M-CO2- intermediate. Such stabilization results in significantly higher CO 2
reduction rates and lower overpotentials.61 The reduction rates of the
manganese catalysts can be improved by replacing the pyridine moieties
with more electron donating groups.64 Thus, several different strategies can
lead to efficient catalysts. We will refer the reader to selected reviews for
more information on molecular catalysts for CO2 reduction.65-70 An
advantage of CO2 reduction is that some of the products, for example
methanol, can serve as a drop-in fuel (i.e. can be used in current engines of
cars). The selectivity of a CO2 reduction catalyst is important, as a plethora
of products could form. If the catalyst is not selective, product separation
has to take place and will increase cost and cause energy losses.
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Figure 1.9. Examples of CO2 reduction catalysts.

In addition to proton and CO2 reduction, the reduction of N2 to
ammonia also generates a high energy molecule. N2 is converted into
ammonia on a large scale in industry at high temperatures and under high
pressures by the Haber-Bosch process. In nature the N2 reduction is
performed by a nitrogenase enzyme with a Fe7MO cluster as active site
(Figure 1.10).71 Because of the highly inert nature of the N2 molecule, there
are not yet many molecular catalysts reported for this reaction. Some
examples include a low coordinate iron complex and a triphosphane cobalt
complex (Figure 1.10).72,73 For the nitrogen reduction reaction, generally
low valent metal centers are employed with bulky ligands. For more
information on the progress in N2 reduction we will refer the reader to
recent reviews.74,75

Figure 1.10. Nitrogenase active site and examples of nitrogen reduction catalysts.

1.1.7 Catalysts employed for water oxidation
To supply the required electrons (and protons) for the reduction reactions,
something has to be oxidized. Water is one of the most abundant resources
on this planet, and thus, the oxidation of water, producing dioxygen,
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electrons and protons is generally considered necessary for large scale
energy storage (Figure 1.11).17,76 The thermodynamic standard potential
required for water oxidation is 1.23 V vs RHE.

Figure 1.11. The water oxidation reaction.

Photosystem II has been performing water oxidation for billions of
years, and therefore serves as a great source of inspiration to chemists
around the world. In Figure 1.12 the active site of photosystem II is
depicted.77 The core consists of a cubic manganese-oxide structure with a
single calcium ion.78 Photosystem II performs water oxidation via an
oxyl/oxo mechanism according to the most recent insights, were two
oxygen atoms coordinated to two different manganese centers (Mn 1 & Mn
3) form a bond.79 Inspired by photosystem II, many research groups tried to
mimic its water oxidation capability.80-86 In the following section we will
discuss the strategies of research in the field of water oxidation catalysts
(WOCs), and in Section 1.3 we will give a short summary of WOCs based on
metals discussed in this thesis.

Figure 1.12. The active site for water oxidation in photosystem II.77

1.2.0 Strategies in water oxidation research
Water oxidation catalysts (WOCs) are typically developed for
implementation in anodes, which can be used in, for instance, electrolysis
cells or photoelectrochemical cells. These devices often aim for the
production of hydrogen or other energy carrier molecules.44 As electrolysis
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and photoelectrochemical water oxidation are surface processes, a
molecular WOC likely has to be anchored to ensure efficient use of the
catalyst. However, anchoring a WOC can require extensive synthetic efforts
and makes it significantly harder to obtain structural and kinetic data.
Therefore, initial research in WOC often starts by studying catalysts in
solution. In this section we will discuss some of the strategies in research in
the area of molecular water oxidation catalysts. We first give some general
considerations, then we discuss methods used in solution, followed by
anchoring strategies and finally some details on molecular WOCs on a
surface.
1.2.1 General considerations in water oxidation research
In this section, we will discuss some considerations that are relevant to all
strategies of development in molecular water oxidation catalysis. The
stability of a catalyst in any process is of importance, and in the field of
water oxidation this is often challenging. First, the product (an energy
carrier molecule) has to be produced on large scale to make an impact in the
energy sector.17 Thus, a cost effective catalyst will have to perform many
millions of turnovers (see Section 1.3.3 for more details). Secondly, water
oxidation takes place under highly oxidative conditions in an aqueous
environment. Therefore, the catalyst and ligand framework have to be
resistant to oxidative conditions. This is complicated by the fact that a C-H
bond is thermodynamically easier to oxidize than water itself. Highly stable
ligand frameworks generally consist of aromatic groups with oxygen or
tertiary nitrogen donor atoms.87 The group of Llobet recently postulated
several guidelines to prepare stable WOCs.87 If a catalyst degrades under the
oxidative conditions, generally metal oxide nanoparticles are formed. This
can further complicate analysis because these nanoparticles or other
decomposition products can also be active in water oxidation under certain
conditions.88,89 Nanoparticles might be detected by for example dynamic
light scattering (DLS), scanning electron microscopy (SEM) and tunneling
electron microscopy (TEM), but sometimes even a thorough study fails to
detect catalyst decomposition (see Chapter 5).90-92 Therefore, it is
important to either establish the molecularity of the catalyst or exclude
contributions to water oxidation activity from any nanoparticles or other
decomposition products. Important to note is that the activity of WOCs is
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generally dependent on the pH of the medium.81,85 Thus, it can be beneficial
to perform any activity experiments at different degrees of acidity. As
catalyst stability and eventual nanoparticle activity are generally also pH
dependent, it is important to establish the origin of the activity at all pH
levels.93
The accessibility of a catalyst to high oxidation states is also
required, as water oxidation requires the transfer of four electrons. The
highest potential oxidation potential in the catalytic cycle determines the
onset potential of water oxidation. Thus, if a catalyst cannot easily access
these high oxidation states, a high overpotential and a low rate will be
obtained. Often, proton-coupled electron transfer takes place when a WOC
changes oxidation state in aqueous media. As proton-coupled electron
transfer is influenced by the pH, the oxidation potentials of a WOC is
generally also pH dependent. Strong donor groups can help to lower
oxidation potentials of metals.94 Examples of strong donor ligands include
alkoxy groups and carbenes.95,96
Water solubility is not required for immobilized WOCs, but water
stability is paramount. High water solubility can even lower the stability of
an anchor to a surface. However, it is preferable to perform studies of WOCs
in solution in a fully aqueous environment, to exclude any contributions
from organic solvents. Organic solvents could be oxidized instead of water,
complicating analysis and reducing faradaic efficiency, or could even
function as additional ligands promoting or inhibiting water oxidation.
A thorough understanding of the catalytic mechanism and the rate
determining steps can be beneficial for further optimization of water
oxidation catalysts.97 In addition, WOCs generally operate via either a
mononuclear or a dinuclear mechanism (Figure 1.13),98-100 which can have
consequences for the fundamental minimum overpotential that can be
achieved (see Chapter 2).101 Immobilization strategies should consider this
mono- or dinuclear nature of the mechanism. Mechanistic studies in water
oxidation should include a combination of kinetic studies, spectroscopy and
computational studies. Spectroscopic studies (UV-VIS, IR, X-ray, Raman,
NMR, EPR, MS, etc.) during the reaction can provide information on the
resting species.102-104
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Figure 1.13. Two possible mechanisms for water oxidation, the mononuclear water
nucleophilic attack (WNA) mechanism and the dinuclear radical-oxo coupling (ROC)
mechanism.

1.2.2 The use of chemical oxidants to study water oxidation activity
Chemical oxidants can be used to drive the water oxidation half reaction. In
this way, simultaneous proton reduction catalysis is not needed (Figure
1.14). This makes experiments easy to perform and can give valuable
experimental data. Common chemical oxidants used to evaluate water
oxidation
are
cerium(IV)
ammonium
nitrate
(CAN),
ruthenium(III)trisbipyridine (RuIII(bpy)3), sodium periodate (NaIO4) and
Oxone.105-107 CAN and RuIII(bpy)3 are one electron oxidants, while NaIO4 and
Oxone are two electron oxidants. Molecular complexes can be quickly
evaluated for activity in the water oxidation reaction.108 As water oxidation
aided by chemical oxidants is a bulk technique, turnover numbers (TONs)
and turnover frequencies (TOFs) are attained in a straightforward way. By
systematically modifying the ligand framework, rules for catalyst design can
be derived.105,108,109 In addition, kinetic data can provide insight in the
mechanism and the rate determining step of the catalyst. Another
advantage of chemical oxidations is that stoichiometric studies are easy to
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perform and, combined with spectroscopy, can give additional insight in the
mechanism. A disadvantage of the use of chemical oxidants to drive water
oxidation is that some oxidants can play an active role in the water oxidation
mechanism.110-112 If the oxidant plays a role in the mechanism, design rules
obtained for the catalyst might not function similar in electrochemical
and/or photochemical water oxidation.

Figure 1.14. Water oxidation with sacrificial oxidants.

1.2.3 Photochemical water oxidation in solution
If a complex is active in water oxidation with chemical oxidants, a next step
towards a photoelectrochemical cell (PEC) could be photochemical water
oxidation (Figure 1.15). Here a photosensitizer or dye molecule generates,
upon excitation, a highly oxidative species.83 This oxidative species can then
drive water oxidation by oxidizing the catalyst. Many species can be used as
photosensitizers. A common dye molecule is Ru(II)bipyridine
(RuII(bpy)3).106,113,114 For catalytic turnover, a sacrificial electron acceptor,
commonly sodium persulfate (Na2S2O8), has to be utilized.115 Notable is that
sodium persulfate is not always innocent after accepting one electron, as
this generates the strongly oxidizing intermediate SO4*-.116,117
Photochemical water oxidation studies can reveal the stability of the
complex under high intensity light conditions, and indicate which class of
photosensitizers might be successful in PEC setups.86 This technique also
employs the bulk of the solution, allowing for determination of TONs, TOFs,
and kinetic experiments. An important consideration in these studies is the
stability of the photosensitizer, which can be TON limiting.115
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Figure 1.15. Photochemical water oxidation.

1.2.4 Electrochemical water oxidation by a water oxidation catalyst in
solution
Electrochemical experiments can reveal different oxidation states of a metal
complex and the overpotential for water oxidation at a certain current
density (Figure 1.16).118 For electrochemistry, a working electrode (WE), a
counter electrode (CE) and a reference electrode (RE) are required. Typical
working electrodes involve glassy carbon (GC), gold, platinum, and fluorine
doped tin oxide (FTO). The material of a working electrode is not always
innocent, as for example reported by the group of Hetterscheid, thus care
has to be taken.119 Platinum is generally employed as counter electrode, as
it is inert and has a low overpotential for proton reduction. As reference
electrode, a (leak free) Ag/Ag+ electrode or a RHE electrode can, for
instance, be used. A great advantage of electrochemistry is that the driving
force for oxidation (i.e. the potential applied) can be accurately controlled.
For chemical and photochemical oxidation experiments on the other hand,
this is fixed depending on the oxidant used. Electrochemistry offers both
thermodynamic data, the potential at which water is oxidized, and kinetic
data, the current density at the potential applied. The metal complex can
also be studied at potentials below the onset of water oxidation. Such an
experiment provides information on the oxidation states of the metal
complex before catalysis.120 The study of metal complexes before catalysis
can be especially valuable when coupled with spectroscopic techniques
(spectroelectrochemistry).119,121-123 The overpotential at which a catalyst
performs water oxidation is an important parameter, as it determines the
required energy input for the system. Unfortunately, overpotential is illdefined in literature, as it there is no good guideline to adhere to and
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depends on the current density at which the value is taken. In
heterogeneous catalysis, overpotential is used to benchmark catalysts at a
certain current density, e.g. 0.5 mA cm-2, 10 mA cm-2 or 1 A cm-2, which
alleviates part of the problem.40 However, the current density is, next to
catalytic activity, influenced by other factors, such as the specific surface
area of the electrode and mass transport limitations. Thus the intrinsic
activity of the catalyst will be hard to extract from the overpotential alone.
For molecular catalysts, electrochemical studies are generally performed
with low surface area electrodes, to have better defined responses in
voltammetry. When using the same electrodes for a bulk electrochemistry
experiment, high overpotentials will be found at any current density, which
will not necessarily be due to intrinsic low catalytic activity, but due to low
electrode surface area. Thus when reporting the overpotential at a certain
current density, detailed experimental conditions have to be reported to
enable proper comparison of data.

Figure 1.16. Schematic set-up for electrochemical water oxidation (top) and example cyclic
voltammogram of a WOC with a well-defined redox event and a catalytic wave for water
oxidation (bottom).

25

Chapter 1

1.2.5 Anchoring catalysts
As both an electrolysis cell and a photoelectrochemical cell use electrodes,
catalysis will have to take place close to the electrode surface (electron
transfer takes place within a couple nm of the electrode).118 Thus, if the
catalyst is in solution the majority will not be active. Therefore,
immobilization of a molecular catalyst can be an effective strategy to
increase the percentage of active material. Various anchoring strategies are
utilized in current literature. To anchor a catalyst on metal oxide surfaces,
acid groups (carboxylic, phosphoric, hydroxamic, etc.) or silane groups can
be employed (Figure 1.17).124-127 Covalent immobilization via carboncarbon bonds on carbon electrodes results in a relatively robust bond and
can be achieved by activation of an aromatic-N2+ moiety.128 Immobilization
on graphene, graphite, or carbon nanotube surfaces via π-π stacking of large
aromatic groups is also useful (Figure 1.17).129,131 Generally, this type of
anchoring works typically well with a pyrene moiety, which is attached to
the WOC. Another method of immobilization is the encapsulation in metalorganic frameworks.132 For more information on anchoring groups, selected
reviews by the groups of Zhang and Cole, and the group of Brudvig can be
consulted.133,134 Anchoring a catalyst reduces its degrees of freedom.
Therefore, before attempting to anchor a catalyst, it is important to consider
which mechanism the catalyst follows and whether this is disturbed by the
reduced degrees of freedom. Such a lack of freedom can particularly
influence a catalyst which follows a dinuclear water oxidation mechanism.
Water oxidation requires highly oxidative potentials, and, as water is
thermodynamically harder to oxidize than a C-H bond, water oxidation
catalysts with carbon-based ligands tend to be self-destructive. Often, if a
catalyst is present at a higher concentration the turnover numbers will be
lower. Here, the reduced degrees of freedom of anchoring can be beneficial,
as this pseudo-dilutes the catalyst and can result in a more stable catalyst.
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Figure 1.17. Anchoring methods for molecular catalysts.128,135,136

1.2.6 Electrochemical water oxidation with anchored catalysts
Anchoring or immobilizing a water oxidation catalyst can be the next step
towards a functional electrolysis cell (Figure 1.18). Electrochemical water
oxidation on a surface requires an electrode with an immobilized catalyst
as a working electrode (Section 1.2.5), a counter electrode, and, for
experimental evaluation, a reference electrode.137 In addition, a conductive
medium is required, generally an aqueous buffer at a selected pH. An
advantage of an immobilized molecular catalyst is that all the metal centers
are used for water oxidation, if we assume a monolayer of catalyst and no
transport limitations. If the amount of active catalyst is known, we can more
accurately determine the TON and TOF per active metal center.126,127 Data
on catalyst stability is also more reliable in comparison to electrochemistry
of a catalyst in solution, as no fresh catalyst diffuses into the electrochemical
double layer. Important characteristics of anodes with an immobilized WOC
are the current density at which the electrode performs water oxidation, the
(over)potential that is required for this current density, and the long term
stability of the electrode.
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Figure 1.18. Electrochemical water oxidation on a surface.

1.2.7 Photoelectrochemical water oxidation
Photoelectrochemical water oxidation is the next step towards a PEC cell. It
requires a working electrode with both a light harvesting and WOC
functionality (either in a single molecule or two separate moieties, Figure
1.19).86,138-140 Next to that a counter and reference electrode are required,
as well as a suitable buffer system. As in photochemical water oxidation
(Section 1.2.3) the stability of the photosensitizer is also important. The
light harvesting moiety absorbs a photon, which results in an excited state.
The excited electron can inject in the conduction band of a semiconductor.
The hole created on the light harvesting moiety can be filled by oxidation of
a WOC. Four of these electron transfer steps can drive the catalyst through
its catalytic cycle to oxidize water and produce oxygen. An important
difference with photochemical water oxidation in solution, is that the role
of the sacrificial electron acceptor is fulfilled by a semiconductor. The
semiconductor transfers the electrons to the counter electrode, where they
are utilized for a reduction reaction. As discussed in Section 1.1.4, the main
challenges for photoelectrochemical cells is to minimize recombination
pathways. A caveat of WOC design for PECs is that the photon flux is often
rate determining for the overall water oxidation reaction and not the
intrinsic activity of the catalyst.113 Therefore, focusing on the stability of the
catalyst and of the corresponding intermediates of the catalytic cycle will be
(even) more important than focus on intrinsic rate.
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Figure 1.19. Schematic set-up for photoelectrochemical water oxidation on a surface (top)
and example of a chopped light experiment (bottom).

1.2.8 A full electrolysis cell or PEC cell
To arrive at a practical application, the cathodic half reaction will also have
to be integrated and optimized. Therefore, a full electrolysis cell or PEC cell
will have a couple of distinct changes with respect to studying the water
oxidation half reaction separately (Figure 1.4, Figure 1.6). First, the
efficiency and stability of the counter electrode are also important.
Secondly, no reference electrode is required, as only the potential between
the two electrodes is important. The absence of a reference electrode makes
it difficult to compare the individual performance of the anode and cathode.
For an electrolysis cell the potential required to achieve a certain current
density originates from the overpotential of both electrodes. Any current
density losses over time could originate from either electrode. For
photoelectrochemical cells, in addition to the previous two changes, there
are multiple possible options for the counter electrode. If the light
harvesting moiety at the anode generates a high enough potential (and the
conduction band of the semiconductor also has a high potential), a ‘simple’
counter electrode could be employed, with catalytic activity a reduction
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reaction (Section 1.1.6). If the light harvesting moiety does not generate
enough potential, a bias potential could be applied or a second light
harvesting moiety should be used at the cathode to generate enough energy
to drive proton reduction or CO2 reduction.141,142 There are a few full
electrolysis and PEC cells reported based fully on molecular
components.143,144
1.3.0 Overview of molecular water oxidation catalysts
There have been a vast number publications in the field of water oxidation,
and many reviews have been published on the subject.26,34,41,80-82,85,98,145-148
This section will cover some of the highlights in the development of water
oxidation catalysts based on metals covered in this thesis. The reader will
be directed to selected reviews for more extensive coverage. We will start
with WOCs based on ruthenium149 and iridium,150 then we will discuss some
of the fundamental reasons why these noble metals generally outperform
the first-row transition metals. We will end with a short overview of
progress in the field of iron-151 and nickel-based152 WOCs.
1.3.1 Ruthenium-based water oxidation catalysts
In 1982 Meyer reported the first example of a molecular water oxidation
catalyst, a ruthenium dimer with bipyridine ligands (Figure 1.20). 153 The
dimeric structure was suggested to play a key role. Both ruthenium atoms
are first being oxidized to a ruthenium(V)-oxo species, after which an O-O
bond forming reaction takes place between the oxo-moieties, releasing
dioxygen. This first paper inspired many others, with many publications on
related ruthenium complexes mainly improving the ligand framework.154,155

Figure 1.20. The first molecular water oxidation catalyst, a ruthenium dimer published by
Meyer and coworkers.153
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In 2009 the group of Sun reported on a ruthenium WOC with a bda
ligand (2,2'-bipyridine-6,6'-dicarboxylate) and two axial ligands, which
follows the dinuclear radical oxo coupling (ROC) mechanism (Figure 1.13,
Figure 1.21).156 In 2012 they realized that π-π interactions are responsible
for bringing two catalysts together in a favorable orientation, and using
isoquinoline ligands enhanced rates greatly, leading to a TOF of >300 s-1 and
TON above 8000 (Figure 1.21).157 Richmond et al. also exploited the π-π
stacking of the Ru(bda) type catalysts, showing that the use of methoxy
substituted isoquinolines lead to better stacking and even faster catalysis.158
Interestingly, they also showed a negative example, showing that cationic
axial ligands, which cause repulsion of two complexes, lead to an order of
magnitude slower catalysis. Many iterations later, the group of Concepcion
reported on systematic variations of the axial ligand to enhance the π-π
interaction, which resulted in even higher TOFs and TONs of up to 1270 s1
(X = OMe, Figure 1.21) and 27000 (X = Cl, Figure 1.21) respectively.159

Figure 1.21. Ruthenium-based water oxidation catalysts with various axial ligands. The
equatorial ligand dictates if the catalyst follows either the dinuclear radical-oxo coupling
(ROC) or the mono nuclear water nucleophilic attack (WNA) mechanism.157,160-163

Interestingly, the mechanism of this catalyst is sensitive to minute
changes in the ligand structure. For example, a phenantroline instead of a
bipyridine backbone leads to the mononuclear water nucleophilic attack
(WNA) mechanism (phenantroline dicarboxylic acid (pda) ligand Figure

31

Chapter 1

1.21).162 Exchanging either one or two of the carboxylate donor groups by
phosphoric acid donor groups results in a catalyst that also follows the WNA
mechanism, and in the case of the former results in a high rate (bipyridine
phosphonate carboxylate (bpc) ligand and bipyridine diphosphonate (bpa)
ligand Figure 1.21).160,161 The group of Llobet published a catalyst with a
relatively similar structure, but with a terpyridine backbone instead of a
bipyridine backbone (tris-pyridyl dicarboxylate (tda) ligand Figure 1.21).163
This catalyst performs water oxidation at high rates, via the mononuclear
WNA mechanism. The high rate likely originates from a labile carboxylic
acid donor group, which functions as internal base.164 Immobilization of this
catalyst results in a highly stable anode, reaching millions of turnovers.131
In 2018, our group incorporated various equivalents of ruthenium
catalysts in a M12L24 supramolecular cage (Figure 1.22).165 Interestingly, the
rate of a catalyst following the dinuclear ROC mechanism was enhanced by
a factor of up to 130 by encapsulation, while the rate of a Ru-WOC following
the mononuclear WNA mechanism was unchanged. This example shows
that great rate enhancements can be achieved by spatial organization of
catalytically active species following a dinuclear mechanism.
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Figure 1.22. Enhanced water oxidation by preorganization of ruthenium WOCs in a
supramolecular cage (top).165 The supramolecular cage consists of 24 guanidiniumfunctionalized bidentate ligands and 12 paladium or platinum corners (bottom). The
guanidinium groups pre-organize the catalyst by binding to the sulfate moieties of a
ruthenium WOC.

There are several important lessons from ruthenium WOCs that
might be applied to other transition metals. The first generation of
ruthenium complexes used neutral nitrogen donor ligands. Anionic ligands,
used to stabilize high oxidation states, resulted in higher rates in water
oxidation.157 Catalysts following the dinuclear ROC mechanism can be vastly
improved by tuning the intermolecular interactions of the catalyst, this was
successful in the case of π-π stacking, as seen for the series of bda
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complexes.159 The use of internal bases leads to high rates for catalysts
operating via the mononuclear WNA mechanism, as demonstrated by the
bda-phosphine and tda complexes.161,163 This trend of an internal proton
source/base is also represented the active site of FeFe-hydrogenase
enzymes (Section 1.1.6), and thus could be more widely applicable. In
addition, a supramolecular approach also greatly enhanced the ROC rate by
preorganization of catalysts in a confined space.165
1.3.2 Iridium-based water oxidation catalysts
The first molecular iridium-based water oxidation catalyst was published in
2008 by the group of Bernhard (Figure 1.23).166 Their cyclometalated
iridium complexes oxidize water at a TOF of 16 hr-1 and a TON of up to 2760
using CAN as chemical oxidant. After the publication by Bernhard, nearly all
complexes published in the field of iridium WOCs are based on a Cp*-ligand
(Figure 1.23).167-169 However, it was quickly discovered that the Cp*-ligand
is prone to oxidation itself and that the complexes function as precatalysts.170,171 Generally catalysts with bidentate chelate ligands form a
multimeric iridium species bridged by µ-oxo groups after the addition of
chemical oxidants.150 In recent literature there has been debate on the exact
nature of this species. First two µ-oxo bridges were suggested,136,172 but in
2016 the same authors proposed that the species contains a single µ-oxo
bridge.173 A recent publication by the group of Hintermair suggests that not
a dimeric but a tetrameric species forms upon activation by with NaIO4.174
A trend in chelate groups can be observed. Strong donor groups tend to lead
to the most efficient water oxidation catalysts, while catalysts with weaker
donating ligands perform less.96 A complex with a pyridine alkoxide donor,
for instance, performs better than a bipyridine donor, while a carbene
donor leads to even faster rates (Figure 1.23).96,167,170,175 Cp*-species with
monodentate ligands are claimed to form small nanoparticle structures,
which are also highly active in water oxidation.150
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Figure 1.23. Iridium-based water oxidation catalysts.

The Cp*-complexes are initially inactive in electrocatalytic water
oxidation, but form an active species upon bulk oxidation.176 This indicates
that the Cp*-moiety first has to be (partly) oxidized before activity is
observed. If the complexes are activated beforehand by chemical oxidants,
they show immediate activity in electrocatalysis. Interestingly, if either the
monodentate or chelate complexes are activated by chemical oxidants or
electrochemistry, they deposit readily on any metal oxide surfaces.136,177,178
The resulting ‘blue layer’ is electrochromic and highly active in water
oxidation. If the blue layer is formed from [Cp*Ir(H2O)3]2+, small iridium-oxo
domains of >7.1 Å are detected.179 If a chelate complex is deposited, a
dimeric structure is proposed (Figure 1.24).136

Figure 1.24. Anchored iridium dimer.136

The group of Wang recently prepared well defined heterogeneous
catalysts, by using photolysis to remove any remaining organic ligands from
a deposited molecular catalyst.180 This resulted in a highly active material in
water oxidation catalysis. Critical to their work was the dimeric nature of
the iridium species on the surface, as it proved to have a higher activity than
a single atom catalyst. This approach combines the stability of
heterogeneous catalysts with the activity and structural knowledge of
molecular catalysts. Yan et al. recently also prepared single-atom iridium
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species on a MnOx/N-C composite material, which showed excellent activity
in water oxidation.181 The single atom Ir-species was prepared from a
molecular precursor, in contrast a sample prepared from an iridium salt
was less stable and less efficient.
1.3.3 The transfer to first-row transition metals
In the previous two sections we discussed two of the most commonly
employed noble metals for water oxidation catalysis. Ruthenium and
iridium catalysts are generally both faster and more stable than their firstrow transition metal counterparts and also perform water oxidation at
lower overpotentials.85,146 Still there are arguments to develop water
oxidation catalysts based on these first-row transition metals. The cost of
the second- and third-row noble metal catalysts is orders of magnitude
higher than their first-row counter parts. The price of ruthenium and
iridium is roughly 10000 and 40000 $ kg-1, while iron and nickel are priced
around 0.05 and 40 $ kg-1, respectively.182 Iron is thus almost a million times
cheaper than iridium. The high prices are caused by the low natural
abundance and of noble metals compared to first-row transition metals and
the difficulty of obtaining them (Figure 1.25).183 Note that the prices of these
elements will likely increase if demand becomes higher. If the production of
renewable fuels has to make an impact on the global energy system, it will
have to be applied at terawatt scale. Therefore, next to the price component,
there is also an abundancy problem. For these reasons, there are strong
economical and research interests to develop first-row transition metal
WOCs that are fast, stable and perform water oxidation at low overpotential.
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Figure 1.25. Elemental abundances.183

There are some fundamental reasons why first-row transition
metals perform worse than their noble metal counter parts. All of these
reasons originate from the core orbital structure. Two thermodynamic
arguments are the lower association constant of first-row transition metals
with ligands and the stable metal-oxo species (M=O). A kinetic argument is
that the bond distances of first-row transition metals change more when
adapting different oxidation states and a larger conformational change
results
in
slower
electron
transfer.
First-row transition metals bond with 3 d orbitals, as opposed to the
4 or 5 d orbitals of second- and third-row transition metals.184 As 3 d orbitals
are smaller there is less overlap with donor atoms, which in turn causes the
association constants of first-row metals to ligands to be substantially lower
than those of noble metals (Figure 1.26). This causes ligand dissociation of
first-row transition metal complexes to occur more frequent. Once the
ligand is dissociated from the metal, the ligand is more prone to oxidative
degradation. In addition, the dissociated metal ion could form metal
nanoparticles, which would prevent further association to an intact ligand
structure (Section 1.2.1). Both of these pathways will lead to a faster
deactivation of first-row transition metal WOCs. To slow these processes,
multidentate ligands can be employed. To the best of our knowledge, all
(relatively) successful first-row transition metal WOCs employ either tetraor pentadentate ligands.147,148,185 While for iridium and ruthenium bidentate
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and even monodentate ligands are often employed.149,150 Next to putting
more severe synthetic limitations on ligand design for the first-row metals,
multidentate ligands also hamper the degrees of freedom of the complex
and reduce flexibility. As water oxidation requires four electron and proton
transfers and two water molecules, the ligand generally has to encompass
the metal in various oxidation states and various geometries. Thus, a more
rigid ligand environment will likely cause higher energy differences. For
example, donor flexible ligands are used to great success in rutheniumbased WOCs. The tda-ligand published by the group of Llobet reaches high
TOFs at relatively low overpotential (Figure 1.21).131

Figure 1.26. Thermodynamic arguments against first-row transition metal as water
oxidation catalysts.

Based on thermodynamics, water splitting requires 1.23 eV. Thus if
each of the four electron transfers require exactly 1.23 eV, then there will
be no overpotential required for the reaction.186 However if one step costs
less than 1.23 eV, another electron transfer step will have to cost more. If a
step costs more than 1.23 eV, a higher potential will have to be applied
resulting in an overpotential for the reaction (see Chapter 2 for more
details). In first-row transition metals, the metal-oxo species (M=O) is
relatively stable. The strong M=O bond originates from high π-orbital
overlap of first-row transition metals with donor atoms. In the most
commonly proposed water oxidation mechanisms, this metal-oxo species is
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a part of the catalytic cycle, and can be formed by oxidizing water by two
electrons.97,99,187 Thus if this species is relatively stable, the first two
electron transfers may be easy to perform (<< 1.23 eV), which has as a
consequence that thermodynamics dictates that the next steps in the
mechanism will require more energy (>> 1.23 eV). Therefore, first-row
transition metals will have a relatively high overpotential for water
oxidation compared to second- and third-row metals (Figure 1.26). It might
be beneficial to use strong π-accepting ligands, to weaken the backbonding
to the oxygen atom and thus increase the energy of the M=O bond. This
might lead to lower overpotentials in first-row transition metal mediated
water oxidation.
A change in oxidation state of a metal will change the bonding
distances to any surrounding ligands.188 As first-row transition metals have
less electrons than second- and third-row transition metals, their net
number of electrons changes relatively more upon oxidation and reduction.
This has as a consequence that the ionic radii of a complex of a metal in two
different oxidation states will change more drastically for first-row
transition metals (Figure 1.27). In electrochemistry the rate of electron
transfer is strongly influenced by the reorganization energy of the redox
active species upon reduction or oxidation.189-191 Thus, as first-row
transition metals will change their geometry more upon oxidation and
reduction than second- and third-row metals, the electron transfer rates
associated with them will be slower. As water oxidation catalysts need to
transfer four electrons, they generally need to accommodate several redox
states. This means that, for first-row transition metals performing water
oxidation, the accompanying oxidation reactions will generally have a lower
rates than for their second- and third-row transition metal counterparts
(Figure 1.27). Importantly, if an oxidation step is rate limiting in the
catalytic cycle for a certain system, this will lead to lower rates. Thus there
is also a kinetic argument why second- and third-row metals perform better
than their first-row counter parts. Redox active ligands could restrict the
oxidation changes to the ligand, which might lead to less geometrical
changes, faster electron transfer and thus faster catalysis.192
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Figure 1.27. Kinetic arguments against first-row transition metal as water oxidation
catalysts.

This section discussed various fundamental reasons of why firstrow transition metal-based water oxidation catalysts generally perform
worse than second- and third-row transition metal WOCs. In addition,
several approaches were discussed to (partly) overcome these limitations.
In the next section we will give a brief overview of the state of the art and
important developments in the field of iron- and nickel-based WOCs.
1.3.4 Iron-based water oxidation catalysts
Iron is the cheapest first-row transition metal and most abundant.
Therefore, the development of iron-based WOCs could be beneficial to
arrive at affordable water oxidation catalysts.193,194 The first reports of a
molecular iron water oxidation catalyst was published in 2010 by the group
of Collins (Figure 1.28).195 They utilized a TAML ligand framework to
support the high oxidation states of iron during water oxidation. This
resulted in a catalytic rate of 78 min-1, but a TON of only ~17, as these
systems decompose within seconds. In 2011, Lloret-Fillol et al. published a
major contribution to the field of iron-based water oxidation.105 They
evaluated multiple non-heme iron catalysts, with CAN and NaIO4 as
chemical oxidants. The best catalyst reached a TON of 1050 and a TOF of 3.7
min-1 (Figure 1.28). As complexes with one vacant site or two trans-vacant
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sites were inactive, the authors postulated a design rule that two cis-vacant
sites are required for highly activity. In the work of Detz et al. it is shown
that catalytic activity is also dependent on the substituents on the nitrogen
atom donor groups (Me>Et>>H).108 An iron WOC with a cross-bridged
cyclam ligand driven by NaIO4 reaches a TON of 1030 (Figure 1.28).196 The
group of Ma published a dimeric FeWOC based on a tripyridyl amine
framework, which appeared efficient in evolving oxygen with a TON of 1190
and a TOF of 66 min -1 (Figure 1.28).107 In their study they used Oxone as
chemical oxidant in an acetate buffer. Most of the reported iron-based
catalysts have oxidation sensitive benzylic CH2 groups.197,198 In 2019, the
groups of Lloret-Fillol and Costas elegantly showed that deuteration of
these sensitive CH2 groups leads to improved stability of the catalyst,
resulting in a TON of up to 3800.199

Figure 1.28. Iron-based water oxidation catalysts.

Several iron-based WOCs also proved active in electrocatalytic
water oxidation, but studies are relatively scarce. In 2014 the group of
Meyer published a pentacoordinate iron catalyst (Figure 1.29).200 This WOC
was capable of oxygen evolution in a propylene carbonate/water mixture at
a potential of 1.58 V vs NHE. A pentanuclear iron catalyst published by
Okamura et al. was published in 2016.201 This catalyst is capable of oxidizing
water at fast rates (~1900 s-1), but at a relatively high overpotential in
acetonitrile/water mixtures. The group of Hetterscheid published a cyclambased and a dinuclear iron catalyst in 2016 and 2018, respectively (Figure
1.29).119,121 In both papers oxygen evolution was carried out in a fully
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aqueous environment. Notable is that the use of a graphitic electrode
resulted in a significantly lower overpotential.119

Figure 1.29. Electrocatalytically active iron-based water oxidation catalysts.

1.3.5 Nickel-based water oxidation catalysts
In relation to the other first-row transition metals, there have been few
papers on molecular nickel complexes for water oxidation.152 In contrast, in
the field heterogeneous WOCs, nickel has been used to great success.
Commercial alkaline electrolyzers generally contain nickel-based active
centers.18,20 The group of Lu reported the first molecular nickel-based
complex active in (electrochemical) water oxidation in 2014 (Ni-mesoMe6,
Figure 1.30).202 This complex, with a meso-type cyclam ligand, has a
relatively low onset potential (~170 mV) in a pH 7 phosphate buffer. In
controlled potential electrolysis (CPE) at 1.55 V vs NHE the complex shows
an increase in current density over time resulting in a current density of
~0.9 mA cm-2. Chapter 5 will go into more detail of the nature of this current
increase. In 2016 two follow-up papers were published by the group of Lu,
in which N2Py2-donor ligands were employed (Ni-mep and Ni-mcp, Figure
1.30).203,204 These complexes perform water oxidation catalysis in either an
acetate or phosphate buffer. Notable is that in acetate buffer at pH 6.5 no
increase in current density was observed, while in a pH 7.0 phosphate buffer
these catalysts also have an increase in current density overtime. In a 2017
paper the meso-type ligand was revisited, here ligands with two methyl
groups less and a ligand with two methyl groups more (Ni-mesoMe4 and NimesoMe8, Figure 1.30).205 They report that the increased steric bulk was
favorable for water oxidation, likely as it suppresses phosphate buffer
coordination. A nickel complex with a cyclam-based ligand was reported to
be active in water oxidation by the group of Dan (Ni-cyclam, Figure 1.30),206
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revealing a strong difference in activity between carbonate and phosphate
buffers, with the former leading to higher activity at buffer concentrations
>0.05 M. In 2019 Zhang et al. reported on the base enhanced water
oxidation activity by a nickel complex with a tetramethylated cyclam ligand
(Ni-TMC, Figure 1.30).207 In a 2015 paper by Cao and co-workers, a water
soluble nickel porphyrin was shown to perform water oxidation in a pH
range of 2.0-8.0.208 This WOC reaches a current density of ~0.1 mM cm-2 at
1.32 V vs NHE at pH 7. A Ni-Py5 complex also performs oxygen evolution at
a pH of 10.8 (Figure 1.30), a current density of ~2 mA cm-2 at 1.5 V vs NHE
(also for this catalyst an increase in current density overtime is reported).209
Interestingly, the rate of water oxidation was increased at higher phosphate
buffer concentrations. In 2019 a second paper examined Ni-Py5 complexes
for water oxidation, using DFT calculations to elucidate the role of
phosphate and demonstrate that the catalyst follows the mononuclear
water nucleophilic attack (WNA) mechanism.210 Wang & Bruner reported
on a nickel complex with an NPy2O-donor ligand, which was inspired by the
active site in galactose oxidase (Figure 1.30).211 The redox active phenolate
donor allowed for water oxidation at modest overpotential at neutral pH.
Ding and co-workers reported on three different nickel complexes with
oxamate type ligands (Ni-oxamate, Figure 1.30).212 Interestingly, the
complex with four amide donors behaves as a molecular water oxidation
catalyst. If either one or two amide donors are replaced by carboxylate
donors, the complexes decompose to NiOx nanoparticles under the same
conditions. The group of Llobet reported another nickel catalyst that
decomposed to NiOx particles under certain conditions and that there is an
interesting interplay between the activity of the molecular complex and the
NiOx layer.213 Najafpour and co-workers reported that a nickel
phthalocyanine complex decomposes during electrochemical experiments,
resulting in nanosized particles.214 Shen et al. showed that N2Py3 ligands
coordinated to nickel also allow for water oxidation at neutral pH (Figure
1.30).215 A ligand with a cyclohexyl backbone results in a higher current
density than a ligand with ethylene backbone instead, with a current density
of 0.7 mA cm-2 and of 0.5 mA cm-2 at 1.62 V vs NHE at pH 7, respectively. A
molecular nickel complex with four selenide-donors was reported in water
oxidation by the group of Nath ([Ni{(SePiPr2)2N}2].216 This complex,
imbedded in a Nafion, performs water oxidation at a current density of 10
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mA cm-2 at only 200 mV overpotential in 1.0 M KOH. A tetranuclear nickel
complex was also reported to be an interesting precatalyst by the group of
Najafpour.217 As discussed, there are some nickel-based water oxidation
catalysts in literature, however, structure-activity relations have barely
been reported. Chapter 4 will focus on establishing these structure-activity
relations and arrive at design rules for nickel-based WOCs.

Figure 1.30. Nickel-based catalysts active in electrochemical water oxidation.

1.4 The contents of this thesis
The following chapters will focus on the design of water oxidation catalysts.
Chapter 2 discusses scaling relations in molecular catalysts for water
oxidation and their influence on the fundamental minimal overpotential
that can be achieved depending on the mechanism the water oxidation
catalyst follows. In Chapter 3 an iridium water oxidation catalyst is
oxidatively anchored to a metal oxide surface, resulting in robust anodes.
Chapter 4 shows that a molecular nickel complex deposits on the electrode
depending on the pH and potential. In Chapter 5 chemical oxidants are used
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to discover trends in molecular nickel complexes for water oxidation. In
Chapter 6 a novel ligand framework results in high turnover numbers and
frequencies in iron catalyzed oxygen evolution.
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