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The artificial leaf; 

a potential route towards 

sustainable energy applications. 
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1.1 A sustainable society 

 

The use of energy has played a central part in the advancement of mankind. The term itself is 

hard to define but for the purpose of this chapter it is described as the ability to perform work. 

Since the industrial revolution the demand for energy to perform work has increased rapidly, 

mostly due to the development of new technologies accompanied with an increase in the global 

population and increased living standards. Up to now the majority of this demand has been 

supplied by the combustion of fossil fuels. However, fossil fuels are limited sources of energy. 

In addition, CO2 is released upon combustion of fossil fuels, which is undesirable as it is a 

significant contributor to the greenhouse effect. Of primary concern is that the use of fossil fuels 

as an energy resource and a chemical feedstock to drive the growing modern economy is by 

definition unsustainable (vide infra). A sustainable, carbon neutral and cost effective route for 

the production of fuels to drive the modern economy is one of the biggest endeavors of 

mankind. To realize this, technologies have been developed for the sustainable production of 

hydrogen by the conversion of solar light. This chapter treats the development of a relatively 

new technology for the production of such solar fuels based on the concepts of artificial 

photosynthesis. In this strategy, molecular components are used to capture and store solar 

energy in the form of hydrogen. Central to this topic is the need and integration of catalytic 

systems able to operate in an artificial photosynthetic device. The chapter ends with an outline 

of this thesis discussing novel approaches towards artificial leaf configurations. 

 

1.1.1 The biosphere. 

 

Sustainability is best explained when the biosphere of the earth is treated as a thermodynamic 

system. The biosphere is defined as the volume of space that exists between the inaccessible part 

of the surface of earth towards the beginning of the vacuum of the universe. Life is maintained 

within this biosphere including all actions performed by mankind. In thermodynamic terms the 

biosphere can be defined as a closed system in which matter is conserved and energy is 

exchanged from within the biosphere towards its surroundings. 

 

 
 

Figure 1.1 (left) Visualisation of the global economy as an open subsystem enclosed by the biosphere. 

(right) An unsustainable economic system based on the extraction of energy out of non-renewable mineral 

resources existent within the biosphere coupled to an increase in entropy within the system.1 
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Our global economy is present as an open subsystem within this biosphere, where energy 

sources and raw materials are converted into consumer goods and energy services (figure 1.1).1 

It can thus be said that the only product caused by human activities, being a part of the 

economic system, is a net increase in entropy within the biosphere. If the extraction of energy 

and the mining of resources is achieved within the borders of the biosphere, by definition the 

system becomes unsustainable if the resources cannot be renewed within an appropriate human 

timescale. In other words, the usefulness and functionality of available environmental functions 

will decline. If the environmental functions cannot be restored, eventually damage to the 

system (planet earth) will arise.1 In order for an economic system to be considered sustainable 

in terms of energy consumption, it has to be directly coupled to an inexhaustible source of 

energy which is readily converted into a useful form of energy. The energy source should have a 

capacity large enough to provide the required global energy needs including potential future 

economic growth. In addition, the entropy gain coupled to the generation of the required 

energy should remain outside of the defined borders of the biosphere. 

 

Our present economic system relies mostly on the extraction of energy out of non-renewable 

mineral energy carriers which are located within the biosphere. This includes uranium ores for 

the conversion of nuclear energy to electrical energy (17.1%) and gas (15.6%), oil (42.6%), 

coal/peat (8.8%) used as fossil fuels, based on a total global energy consumption of 11 TW 

year-1* in 2007.2 The entropy increase coupled with the process of energy extraction is always 

greater than the entropy decrease coupled to the manufacturing of consumer goods and so 

according to the right panel in figure 1.1, our present economy, based on non-renewable 

resources, is unsustainable. In combination with the expected exponential growth of the global 

population and an increase in living standards this will induce more pressure on the 

environment. The ecological footprint of human activities will exceed the capacity of the 

biosphere. This is currently reflected in the so called Earth Overshoot Day which has been 

calculated to have happened on the 19th of August in the year 2014 and which is expected to 

occur earlier every new year.3 

When solar light is considered as the primary energy source, a sustainable economic system can 

potentially be realized. On a human timescale, the energy emitted by the sun can be considered 

inexhaustible as it will continue to radiate for an indefinite amount of time. It has been 

estimated that globally 174 PW of energy in the form of electromagnetic radiation enters the 

earth’s atmosphere (1368 W m-2). This so called extraterrestrial flux, defined as AM 0.0 (AM = 

Air Mass) is diminished to 180 W m-2 before it reaches the earth’s surface due to absorption or 

reflection of the incoming energy by the atmosphere (figure 1.2, left).2 This is approximately 

30000 TW year-1 (on land) which vastly exceeds the current estimated global energy 

consumption as well as the predicted increase in energy consumption of 43 TW year-1 in 2100.4 

Direct use of solar energy to create consumer goods and energy services could result in a net 

decrease of the total entropy within the biosphere. This is because the entropy coupled to the 

                                                           
*TW year-1 = 1 Terajoule s-1 of power expended for one year of time = 3.15 • 1019 J. 
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generation of solar energy (as the results of nuclear fusion) remains outside of the biosphere 

(figure 1.2, right). According to this model, in contrast to the model shown in the right panel of 

figure 1.1, the direct continuous harvest of the electromagnetic flux from the sun to drive the 

economy, meets all the criteria required for an economic system to be considered sustainable.1 

 

  
Figure 1.2 (left) The incoming radiative flux of the Sun before entering the atmosphere (AM 0.0) and 

after reaching the earth’s surface (AM 1.5). (right) A sustainable economic system based on the direct 

conversion of the solar radiative flux to usefull work.1,5 

 

The direct transformation of electromagnetic energy to a usable form of energy can be realized 

in several ways. The conversion to electrical energy by means of photovoltaic (PV) applications 

is one approach that has received the most attention. This technique is already well established 

in Europe with Germany generating 5% of its electricity by means of PV.6 However, solar 

radiation is diffuse and the intensity fluctuates depending on the geographical location on earth 

and seasonal change. More importantly, due to the diurnal cycle of Earth, solar radiation is only 

accessible for a specific period of the day. It would be convenient to store the captured energy 

from solar radiation directly in the form of chemical bonds to produce a solar fuel, in a similar 

manner how nature converts solar radiation into sugars via the process of photosynthesis.  

 

Hydrogen gas is an ideal candidate to serve as a solar fuel due the high energy density of 

hydrogen with a measured higher heating value of 142 MJ/kg.7 If produced from renewable 

feedstocks the use of hydrogen is considered to be sustainable as it is itself non-polluting† and 

the combustion product of hydrogen is exclusively water. In a broader context the transition 

from a fossil-fuel based economy to a hydrogen based economy could potentially lead to a 

decentralization of the existing energy industry and a release of geopolitical tensions. Tensions 

arise due to the limited availability of fossil-fuels which are located in concentrated regions in 

the world and is reflected in the rising price of oil. In principle, the manufacturing of hydrogen 

could resolve these tensions as it will be accessible to both energy-poor and energy rich 

countries.8,9 The key concept remains that the source from where hydrogen is produced should 

                                                           
† Although non-polluting, in large quantities hydrogen is considered to act as an indirect greenhouse gas. 
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be renewable, however, 95% of hydrogen is currently produced from non-renewable fossil 

fuels by means of steam reforming.6 As the combustion product of hydrogen is only water, it 

seems that water itself is the ideal source from where hydrogen can be produced, forming an 

environmentally friendly carbon neutral cycle. 

 

1.1.2 Water as the chemical substrate for the conversion of solar energy to chemical energy. 

 

In economic terms the use of water to produce hydrogen is very attractive as it is globally 

abundant and inexpensive. In physical terms, however, the conversion of water into oxygen and 

hydrogen (equation 1) is not straightforward. The reaction has a large accompanying 

endothermic change of 571.6 kJ and 474.2 kJ of respectively the standard enthalpy and the 

Gibbs free energy per mole O2 formed.10 This translates to an average of ∆G˚ = 118.55 kJ mol-

1 or 1.23 electronvolt (eV) of energy per transferred electron. 

 

     ( )     ( )    ( )                       [1]

                          

 

The economic viability of water as a source for the production of hydrogen is essentially limited 

by the thermodynamic constraints that go along with the reaction as described in equation 1. In 

order to understand how to drive this reaction in an economically efficient manner, a few basic 

physical concepts need to be taken into consideration. First, it is best to describe the multi-

electron reaction in equation 1 as the combination of two half reactions. In the first half reaction 

(equation 2) water is oxidized to O2 and in the second half reaction (equation 3) the liberated 

protons are reduced to H2. Both reactions occur simultaneously under electrolytic conditions 

where according to equation 4 the amount of minimum work (∆G˚) needed to drive the 

reaction is translated to a theoretical minimum standard cell potential (E˚) of 1.23 V vs SHE. 

 

     
                                       [2] 

 

                                          [3] 

 

                       [4] 
 

                                 [5] 

 
The change in the standard reduction potential for both half reactions is a function of the pH 

according to the Nernst equation (equation 5), graphically depicted in figure 1.3. For instance 

at pH 6.0 the oxidation of H2O according to equation 2 requires a total change in energy of 

3.50 eV (0.88 eV per transferred electron) while for the reduction of protons in the successive 

step, 1.42 eV (0.35 eV per transferred electron) is needed with respect to the standard 

hydrogen electrode (SHE). 
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Figure 1.3 Variation of the standard reduction potential for both half reactions according to the 

Nernst equation (equation 5). 

 

The right panel in figure 1.4 shows a modified Frost diagram for the proton reduction reaction 

(equation 3) and schematically depicts the difference in the thermodynamic most favored route 

of 0.35 eV per transferred electron (at pH 6.0) in comparison to other pathways, dependent 

on the reaction coordinate. The energies of the intermediate redox species are different 

depending if the formation of hydrogen is realized through either a homolytic hydrogen radical 

(H•) pathway or a heterolytic hydride (H-) pathway.11 Catalysts such as platinum can stabilize 

high energy intermediate hydrogen radical species which demonstrates the beneficial use of 

catalysis in the electrolytic formation of hydrogen in terms of energy efficiency. 

 

  

Figure 1.4 Modified Frost diagrams for the redox couples depicted in equation 2 and 3 at pH 6.0.11–13 

 

For the oxidation of H2O (equation 2), the energetically most favorable pathway of 0.88 eV per 

transferred electron (at pH 6.0) requires the concerted four electron oxidation of two water 

molecules. Although energetically this is the least demanding pathway, mechanistically the 

reaction is very difficult as it requires the simultaneous abstraction of four protons and the 

formation of an oxygen-oxygen bond. Alternatively, a sequential one electron pathway would 

result in the formation of unwanted intermediate products like hydroxyl radicals or hydrogen 

peroxides. In addition, the first oxidation step of H2O to OH• would require a significant high 
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amount of energy of 2.4 eV at pH 6.0 (left panel in figure 1.4). This means that catalysis is also 

required for the energy efficient oxidation of H2O. Ideally, a hypothetical catalyst would 

gradually build up oxidizing equivalents along the slope which connects the O2/H2O couple in 

the left panel of figure 1.4. In a concerted four electron oxidation step the catalyst would then 

be thermodynamically able to oxidize H2O with a minimum loss of energy. If, under non-ideal 

conditions, a catalytic species would attain oxidizing equivalents that are too high before a 

concerted four electron oxidation mechanistically can take place, the oxidation of H2O to OH• 

or H2O2 would become thermodynamically favorable, potentially resulting in the inefficient 

oxidation of H2O. 

 

In nature, the oxygen evolving complex (OEC) in photosystem II (PS II), consists of a CaMn4O5 

cluster and is a good example of a catalytic center with redox properties well adjusted for the 

efficient oxidation of H2O (right panel in figure 1.5).14,15 The reaction proceeds in four steps 

(termed S-states) in the so-called Kok cycle.16 At each step, the OEC is oxidized to a higher 

oxidation state via an interplay of the photoinduced oxidation of chlorophyl P680 and a redox 

active intermediate amino acid Tyrosine (Yz). After the fourth step, molecular O2 is released and 

overall two H2O molecules are consumed accompanied with the release of four protons in 

agreement with equation 2 (left panel in figure 1.5). Although the exact mechanism of water 

oxidation by the OEC complex is not precisely known, on the basis of the thermodynamic 

potentials of the intermediate S-states it can be concluded that a concerted four electron 

oxidation is feasible. The potential of the P680
+/ P680 couple is estimated to lie around 1.25 V 

with the Yz
+/Yz couple lying around ~1.0 V.17,18 This means that overall water oxidation by the 

OEC occurs close to the thermodynamic equilibrium potential and the overpotential is low (vide 

infra). Mechanistically the subsequent oxidation of the OEC is believed to occur via proton 

coupled electron transfers (PCET).19 The implications of this mechanism on the thermodynamic 

potentials of the Sn+1/Sn couples is demonstrated by Brudvig in a comparison of the OEC with a 

hypothetical manganese tetrameter summarized in figure 1.6. 

 

 
 

Figure 1.5 (left) The Kok cycle showing the successive photoinduced oxidation of the CaMn4O5 cluster 

from the S0 state to the S4 state. (right) Example of the CaMn4O5 cluster at 3.0 Å resolution.14,20 

 

Brudvig demonstrates that the redox potentials of the S-states as part of the Kok-cycle are 

significantly lower than the subsequent one electron oxidations of a hypothetical manganese 
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tetramer which lacks the concerted release of an additional proton. In the absence of PCET this 

would imply that the OEC would reach early S-state transitions too high in potential with the 

risk of oxidizing H2O too soon or accompanied with the formation of unwanted H2O2 species.18 

On the basis of the thermodynamic arguments shown in figure 1.4 and 1.6 the importance of 

the use and proper design of catalysts become clear to drive the overall splitting of H2O as 

efficient as possible in terms of energy requirements. 

 

 
Figure 1.6 Comparison of OEC with and without PCET. Graph is reconstructed using available data 

in the reported literature.18,21 

 

When considering the electrolytic oxidation of H2O, the need for electrode surface-

immobilized catalysts also becomes clear. On a platinum surface working electrode, the 

mechanistically demanding oxidation of H2O in contrast to the relative facile reduction of 

protons is reflected by the exchange current density.‡ For the oxidation of H2O (equation 2), 

this value is around 1·10-6 mA cm-2 in contrast to 235 – 600 mA cm-2 for the reduction of 

protons (equation 3). On an electrode surface, the oxidation of H2O can be described as four 

elemental steps including the presence of several surface adsorbed species (OH(ad), O(ad) and 

OOH(ad)) depicted in equations 6-9.22,23 

 

    
   
→   (  )   

                [6] 

 

  (  )   
        

   
→  (  )    

                [7] 
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            [8] 
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           [9] 

 

                                                           
‡ The exchange current density (j0) is a measure for the rate of electron transfer between a redox couple and the electrode 
surface at equilibrium potential. 
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In terms of free energy, all elementary steps described by equation 6-9 should be downhill in 

order for the reaction to proceed at a reasonable rate at an electrode surface. Rossmeisl has 

calculated that in order for electrocatalytic water oxidation to occur at a (clean) platinum 

surface a potential (U) of 2.55 V vs SHE is required.24 This means an additional potential of 

1.32 V vs SHE on top of the thermodynamic equilibrium potential of 1.23 V vs SHE. The cause 

for the additional potential is that the formation of the intermediate OOH(ad) species in the third 

step, is kinetically rate limiting as the accompanied change in free energy is higher than 1.23 eV 

(figure 1.7). 

 

 
Figure 1.7 Uncatalyzed free energies for water oxidation on a clean platinum surface at different 

electrode potentials (U) revealing the formation of OOH* as the kinetically limiting step. Image 

reproduced from reference [24]. 

 

This example demonstrates the need for electrode surface-immobilized catalysts. For the 

electrolytic oxidation of water a maximum thermodynamic efficiency is achieved if in the 

presence of an ideal surface-immobilized catalyst the free energies for water oxidation (∆G1-

∆G4) are equally distributed among the four elementary steps (equations 6 – 9). Via this way 

the same potential of 1.23 V vs SHE at pH 0 is sufficient for every elementary step to occur.25  

 

The additional potential required on top of the thermodynamic equilibrium potential is called 

the reaction overpotential (ηrxn). In addition to the reaction overpotential, other factors can 

contribute to a total overpotential (ηtot), including mass-transfer overpotentials (ηmt) and charge-

transfer overpotentials (ηct) according to equation 10.26 Where Eap is the experimentally applied 

potential until the passage of Faradaic current, and Eo the theoretical minimum standard cell 

potential when considering the electrolytic oxidation of H2O. The overpotential is a 

determining factor in the efficiency of overall water splitting. Catalysts play an important role in 

the reduction of overpotentials and hence are essential key components in applications, build to 

realize a cost effective method for the sustainable production of hydrogen by converting solar 

energy, using water as the proton source. 

 

              (                  )     [10] 



   

 
10 

Progress in the development of  such technologies for the production of solar fuels is hampered 

by the H2O oxidation half-reaction (equation 2). It is considered to be the bottleneck in terms 

of efficient water splitting. Therefore the focus will be on the development of water oxidation 

catalysts (WOCs). As the strategy discussed in this thesis involves the use of molecular 

components, only molecular water oxidation catalysts will be treated. 

 

1.1.3 Single site water oxidation catalysis and proposed mechanistic pathways. 
 

A first example of a molecular precursor active in the catalytic oxidation of water was the µ-

oxo-bridged ruthenium “blue dimer” published by Meyer et al. in 1982 (figure 1.9).27,28 At first, 

the necessity of a bimetallic system was believed to be essential for the catalytic oxidation of 

water to be feasible. Later it was found that also mononuclear catalysts can perform this 

reaction. Two generalized mechanistic pathways for the catalytic oxidation of water can be 

distinguished where the initial formation of a metal-oxo (M=O) intermediate is critical.29 In the 

WNA (Water Nucleophilic Attack) pathway, nucleophilic attack of H2O to a M=O intermediate 

species is responsible for the O-O bond formation. In the ROC (Radical Oxo Coupling) pathway 

the O-O bond is formed after interaction of two M-O• radical species (figure 1.8). It has been 

shown that the ligand around the metal center has an influence on the mechanistic pathway of 

O2 formation.30,31 

 
Figure 1.8 WNA and ROC mechanistic pathways for catalytic H2O oxidation. 

 

A vast number of ruthenium based molecular systems with either neutral or anionic bound 

ligands has been reported. A prominent finding is the single site water oxidation catalysis by 

monometallic ruthenium complexes.31–38 Initial mechanistic studies by Meyer revealed that 

single site water oxidation catalysis proceeds via the WNA pathway were the key intermediate is 

a Ru5+=O intermediate species. O2 release from Ru4+-OO in the final step is considered to be 

rate limiting in this reaction (figure 1.10).39 

   
Figure 1.9 First examples of bimetallic ([(bpy)2(H2O)RuORu(H2O)(bpy)2(ClO4)4 blue dimer 1) and 

monometallic ruthenium based WOCs.27,40 
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The first two oxidation steps from [Ru2+-OH2]
2+ occur via proton coupled electron transfer 

processes in analogy to the OEC in PS II, as it provides energetically reasonable reaction 

pathways that avoid high-energy intermediates.41 
 

 
Figure 1.10 Proposed mechanism for the Ce4+ driven single-site ruthenium water oxidation catalysis 

starting from [Ru2+-OH2]
2+.39,42 

 

1.1.4 The artificial leaf and the key elements needed for its construction. 

 

 
Figure 1.11 The fundamental components for the construction of an artificial leaf.2,20,43 

 

By combining photovoltaic (PV) devices with the electrolysis of H2O, hydrogen can be 

produced in a more sustainable way in comparison to hydrogen that is produced by steam 

reforming. In a report by Blankenship, it was estimated that based on (multiple) single-junction 

silicon solar cells, used in combination with a commercial electrolyzer a solar to hydrogen 

efficiency of ~10% can be reached measured under AM 1.5 conditions.44 This value sets a 

benchmark for the comparison of new emerging technologies for the sustainable production of 

hydrogen using the electromagnetic flux from the sun. An alternative approach to the 

combination of PV technology with electrolysis technology, is to directly mimic natural 

photosynthesis, inspired by the interplay of the OEC and P680 present within the light absorbing 

antenna systems of plants and trees. In this so called artificial photosynthetic approach, the key 

concepts of natural photosynthesis are used to construct a device capable to drive both half-
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reactions depicted in equation 2 and 3 under the influence of solar light. These key concepts 

include the efficient harvesting of the solar radiative flux by either semiconducting materials or 

chromophoric molecular components (with high molar extinction coefficients) followed by 

long-lived charge separating events. The separated oxidizing and reducing equivalents should 

then be transferred via free-energy gradients to thermodynamically well-aligned water 

oxidation and proton reduction catalysts with compatible redox properties for the overall light 

induced splitting of H2O (figure 1.11). The benefits for artificial photosynthesis compared to 

alternative ways for the sustainable production of hydrogen, will be reflected in the overall 

device design costs and the attainable efficiencies for solar to hydrogen conversion. 

 

Efficiencies are dependent and limited by many factors so strategic choices need to be made for 

the configuration of the artificial leaf. Figure 1.12 shows two typical strategic approaches to 

artificial leaf design. In the first (type I) configuration, incident photons excite electrons from 

the valence band to the conduction band of a large band-gap n-type semiconductor. Charge 

separation, promoted via band bending drives negative charge carriers towards the bulk of the 

material. When connected to a platinum cathode the reducing equivalents can be used to reduce 

protons. Holes (h+) transfer to the surface of the semiconductor, where oxidation of H2O is 

thermodynamically feasible. First examples of a type I configuration were reported in 1972 by 

Fujishima and Honda. They described a first example of the photoelectrochemical 

decomposition of H2O. Irradiation of a n-type TiO2 photoanode connected to a platinum 

cathode resulted in the formation of O2 and H2. The unsensitized TiO2 surface required the use 

of UV illumination to drive the overall reaction.45 Functionalization of the TiO2 surface with a 

molecular sensitizer extends the range of the solar radiative flux that can be transferred to 

usefull work. This approach resembles a type II configuration where the absorption of light is 

done by the molecular sensitizers and charge separation is caused by injection of electrons from 

the excited state of the sensitizer (D*/D+) into the conduction band of the semiconductor. The 

approach resembles that of Grätzel-type46 dye sensitized solar cell (DSSC), however, oxidizing 

equivalents from the oxidized dye (D+) are transferred to a co-immobilized water oxidation 

catalyst instead of a iodide/triiodide redox couples (I-/I3
-) present in solution. 

 

The difficulty in both configurations lies in matching the photoinduced one-electron injection 

with the concerted four electron transfer needed to oxidize water efficiently. In addition, the 

redox levels of all participating key elements need to be well aligned in order to prevent 

efficiency losses due to energetic mismatching without sacrificing the required thermodynamic 

driving force. Another important role is to prevent electron-hole recombination pathways after 

charge separation has occurred as it is a significant factor in the reduction of the overall quantum 

yield efficiency of photon to hydrogen conversion (a central topic discussed in the introduction 

of chapter 5). The configuration in the right panel of figure 1.12 is used particularly to study 

efficiencies regarding the photoinduced water oxidation half-reaction using molecular species as 

the key components. 
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Figure 1.12 (left) Type I configuration based on light absorption via a large band gap semiconductor. 

(right) Type II configuration where light absorption is executed by a (molecular) dye.26 M = platinum. 

 

In comparison to inorganic approaches, strategies that involve molecular species have the 

advantage to be synthetically tailored to optimally match required thermodynamic energy 

potentials. In addition, the interplay between molecular catalysts and photo activated sensitizers 

can be studied independently using sacrificial electron acceptors to elucidate important 

intermediate structures and the nature of the catalytically active species. In more advanced 

configurations, the (expensive) platinum electrode in the right panel of figure 1.12 can be 

replaced by similar MxOy/sensitizer/catalyst assemblies in a tandem configuration fully 

optimized for the photocatalytic reduction of protons to realize a commercially attractive stand-

alone artificial leaf based on molecular components.47,48 This chapter will focus on the 

construction of type II molecular composed, sensitized MxOy photoanodes for the photodriven 

H2O oxidation half-reaction (equation 2). The role of the water oxidation catalyst is quantified 

by comparing current densities that can be passed at a given anodic overpotential under either 

dark or illuminated conditions (figure 1.13).49 

 

 
 

Figure 1.13 Effects of the photocurrent in the presence of bad catalysts () compared to good 

catalysts () under illuminated (left part of figure 1.13) and dark (right part of figure 1.13) conditions 

using photoanodes as a working electrode within a three electrode configuration.49 
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1.2 Strategies in artificial leaf design 

 

Two notable examples of type I stand-alone artificial leaf designs are depicted in figure 1.14 and 

1.15. These systems display relatively high efficiencies in the solar to hydrogen conversion, 

based on low-cost materials in a relatively simple configuration. Both systems make use of an 

heterogeneous cobalt based water oxidation catalyst that is (photo)electrodeposited on the 

photoactive surface.50–52 In the system reported by Nocera, light is absorbed by a triple junction 

amorphous silicon solar cell (3jn-a-Si). Upon illumination of the unmodified solar cell, 

configured as the working electrode in a three-electrode set up, no significant current density 

was observed. Upon deposition of the cobalt catalyst, the system showed a 10-fold increase in 

current density determined at 0.55 V vs SHE and attributed to the catalytic oxidation of water 

(figure 1.14).52 A stand alone device was constructed by deposition of NiMoZn as the proton 

reduction catalyst onto the steel-backing substrate of the 3jn-a-Si device (figure 1.14, right). In 

this particular configuration, a solar to hydrogen conversion efficiency of 2.5% was achieved. In 

general, both catalysts operated at modest overpotentials of ~35 mV and 300 mV for the 

proton reduction and water oxidation catalysts respectively.53 

 

  
Figure 1.14 (left) Increase in photocurrent density before () and after () photoelectrodeposition 

of the cobalt catalyst. (right) Wireless configuration of the device.52 

 

Krol et al. made use of the same cobalt based water oxidation catalyst, electrodeposited on a 

low cost photoactive tungsten-doped BiVO3 metal oxide semiconductor (figure 1.15, left). The 

photoanodic performance of BiVO3 is known to be limited by poor charge carrier transport, 

however, this problem was overcome by implementing a multi-step gradient in the tungsten 

dopant concentration. This resulted in the formation of a series of homojunctions in the bulk of 

the material.51 Applying a layer of gradient-doped BiVO3 on top of a single- or double junction 

amorphous silicon solar cell in a tandem or triple junction configuration, a solar to hydrogen 

conversion efficiency of 5% was achieved.51,54 Both systems demonstrate the importance of 

using catalysts. 
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Figure 1.15 (left) Gradient-doped BiVO3 used as a working electrode in a three electrode 

configuration before before () and after () application of the cobalt catalyst. (right) Wireless 

configuration of the device.51 

 

1.2.1 Photo-induced catalytic water oxidation in homogeneous systems using molecular components. 
 
Devices based on a type II configuration are preceded by earlier studies, reporting the 

photodriven catalytic oxidation of H2O, using molecular sensitizer/WOC assemblies under 

homogeneous conditions. The goal involves the integration of the molecular sensitizer/WOC 

assemblies into photoanode or artificial leaf configurations. 

 

In 1975 a report by Carol Creutz and Norman Sutin described the formation of O2, when 

Ru(bpy)3
3+ (bpy = 2,2’-bipyridine) was reacted with H2O under acidic and alkaline 

conditions.55 In combination with the reduced equivalent Ru(bpy)2
2+ (RuP), both compounds 

were readily recognized as molecular components in a proposed two electrode cell design.55,56 

This design was an early strategy for the conversion of solar energy into hydrogen. Under 

homogeneous aqueous conditions it was found that addition of RuO2 accelerates the formation 

of O2. Alternative effective redox catalysts like IrO2, PtO2, Co3O4, Rh2O3 and Mn2O3 were also 

reported.57,58 A regenerative light-driven system was demonstrated by irradiation of an aqueous 

solution containing Ru(bpy)3
2+ (RuP), sodium persulfate (Na2S2O8) and RuO2, where the 

continuous formation of O2 was observed.57,59–62 The role of sodium persulfate in this system, is 

to act as a sacrificial electron acceptor, able to oxidatively quench the photo-induced excited 

state of Ru(bpy)3
2+. This results in the formation of Ru(bpy)3

3+ and a SO4
-• radical (equation 

11). The highly oxidizing SO4
-• radical in turn accepts an electron from another Ru(bpy)3

2+ 

molecule to form additional Ru(bpy)3
3+ (equation 12).63 RuP should be present in excess to 

prevent the direct oxidation of the catalyst by SO4
-•. The generated oxidizing equivalents are 

then used to oxidize H2O to O2 and 4H+ accelerated by the presence of a catalyst in a three-

component system (equation 13): 
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Molecular binuclear and mononuclear ruthenium species were later also recognized to operate 

effectively as catalysts within the presented three-component system and have since been a focus 

of attention for an extended period of time.64–69 Only recently a new class of all inorganic 

tetraruthenium polyoxometalate complexes were reported as efficient water oxidation catalysts 

in three-component systems.70,71 One example, [{Ru4O4(OH)2(H2O)4}-(-SiW10O36)2]
10- 

shown in figure 1.16, operated at physiological conditions with a determined quantum 

efficiency (ϕ)§ of 0.045. Later this was improved to a quantum efficiency of 0.30 upon 

substituting the RuP sensitizer.70,72 An all inorganic cobalt based polyoxometalate [Co4(H2O)2 

(PW9O34)2]
10- has also been reported by the same authors and outperformed the ruthenium 

polyoxometalate in terms of turn over frequency (TOF) under similar conditions with a 

reported quantum efficiency of 0.15.73–76 
 

  
Figure 1.16 (left) structure of [{Ru4O4(OH)2 (H2O)4}-(-SiW10O36)2]

10-. (right) Photocatalytic three-

component system according to equations 11-13.70,77–79 
 

It was the group of Sun in 2010 that reestablished the use of molecular compounds as catalysts 

in the photodriven catalytic oxidation of H2O.80–86 By subjecting a previously reported 

Ru(II)L(pic)2 (L = 2,2’-bipyridine-6,6’-dicarboxylate)38 water oxidation catalyst in a three-

component system, a maximum TOF of >1250 h-1 was reported.87 The strong electron 

donating biscarboxylate ligand proved to be beneficial in lowering the oxidation potential of the 

ruthenium center, compared to related systems lacking coordinating carboxylate groups. The 

onset for electrocatalytic water oxidation for Ru(II)L(pic)2 shifts by 0.5 V from 1.48 V vs SHE 

at pH 1 to 0.98 V vs SHE at pH 7. Therefore, RuP (E1/2 = 1.26 V vs SHE) as the molecular 

sensitizer in a three-component system is thermodynamically not feasible to activate the water 

oxidation catalyst in strongly acidic environments.87 Hence, photodriven catalytic oxidation of 

H2O does not occur. This is reflected in the three-component system experiment, when the 

formation of O2 under irradiation of light, suddenly halts after the solution becomes too acidic 

due to the generation of H+. Alkalization of the solution back to neutral pH resulted in the 

continuation of O2 production upon irradiation of the solution (figure 1.17). This system 

reflects the importance of the correct thermodynamic alignment of redox levels of all 

participating components. 

                                                           
§ Defined as moles of O2 formed per mole of absorbed photons. 
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Figure 1.17 (left) Ru(II)L(pic)2 subjected to photodriven catalytic water oxidation in the presence of 

RuP and Na2S2O8. (right) Visualization of the effect of pH on the formation of O2.
87 

 

The advantage of using molecular water oxidation catalysts is reflected in the possibility to 

carefully fine-tune their required redox potentials by selecting the correct ligand environment. 

A report by Fujita adds to the advantages of molecular water oxidation catalysts, by showing 

that in some cases the catalytic pathway can be tuned, for instance by a change in proton 

concentration. Via this way, catalytic pathways with lower activation energies can be induced.88 

In general it can be said for molecular photodriven catalytic oxidation of H2O, that tuning of the 

experimental conditions such as, pH, buffer solution, stirring rate and light intensity are all of 

great influence on the overall efficiency of the system.88 In addition, the molecular nature and 

concentration of the photosensitizer and the sacrificial electron acceptor do play a role. 

 

A natural follow-up experiment would be to covalently link both the properties of the RuP 

sensitizer and the WOC in a single molecular dyad. This is to explore any beneficial gain by a 

change in the electron transfer kinetics. This two-component approach, in the presence of 

S2O8
2-, has been reported for the Ru(II)L(pic)2 catalyst of Sun89,90 and a similar approach has 

been reported for a di-µ-oxo bridged manganese dimer, reported in 1999 by the group of 

Crabtree (figure 1.18).91,92 Sun reported a catalytic turn over number (TON) of 38 in a two 

component system, in comparison with a catalytic turn over number of 8 in a related three-

component system tested under similar conditions. In addition, an observed decrease in the 

photodriven catalytic water oxidation activity was associated with decomposition or detachment 

of the RuP sensitizer from the parent molecule. This points to an initial advantage in the 

approach to attach the RuP sensitizer in a covalent manner.89 Interestingly, with a similar 

manganese complex no photodriven catalytic water oxidation is reported, yet a photoinduced 

charge transfer is assumed to take place upon illumination of the assembly. In this case, the 

Mn(III)-(µ-oxo)2-Mn(IV) catalytic center is oxidized to Mn(IV)-(µ-oxo)2-Mn(IV) by the 

covalently attached RuP sensitizer.92–95 For various other configurations of ruthenium or 

manganese based molecular dyad assemblies, the photo induced electron transfer from the 

sensitizer to the catalytic core has been reported.96–102 In the case for ruthenium, the dyads are 

active to some extent to the photodriven oxidation of H2O or alternatively the photodriven 

oxidation of sulfides or alcoholic substrates.103–108 
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Figure 1.18 Configurations of (top) Ru-(RuP)2 and (bottom) Mn-(RuP)2 molecular dyads.89,90,92 

 

Another example of the benefits of covalently attaching the molecular sensitizer to the water 

oxidation catalyst was reported by Thummel. A 2,5-di(1',8'-naphthyrid-2’-yl)pyrazine was 

employed as a direct bridging ligand coordinating both RuP and a terpyridine ligated ruthenium 

catalyst forming a [Ru(tpy)(RuP)X]3+ molecular dyad (figure 1.19, left).109,110 Turn over 

numbers of 134 were reported for the [Ru(tpy)(RuP)X]3+ molecular dyad in comparison to 

turn over numbers of 6 when a mixture of RuP and [Ru(tpy)(L2)X]+ were measured under 

identical conditions in a three-component system.  

 

Various combinations of bridging ligands connecting the terpyridine ligated ruthenium catalyst 

where synthesized with derivatives of the RuP sensitizer employing the same strategy, 

however, only modest turn over numbers were reported for the photodriven catalytic oxidation 

of H2O. The authors conclude that such intimate molecular dyad configurations might suffer 

from reverse charge transfer processes hampering the overall efficiency of the target process.111 

The group of Meyer reported a different linking strategy by simply assembling a ruthenium 

based molecular dyad via an amide linker.112 No photocatalytic data was reported for this system 

however the authors do state that in their proposed configuration the molecular properties of 

both components are retained (figure 1.19, right). 

 

In general it can be said for related molecular dyad systems that the electronic nature of the 

bridging ligand is of importance and should be taken into consideration in the overall molecular 

dyad design. In addition, Rocha stated that the bridging ligand has an impact on the energy and 

spatial localization of the photo-excited metal to ligand charge-transfer state. The excited-state 

configuration of a molecular dyad is critical in determining the energetics and kinetics of the 

multi-electron transfers that are needed for photodriven catalytic oxidation reactions.104 
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Figure 1.19 Reported molecular dyad configurations by the groups of (left) Thummel and (right) 

Meyer.110,112 

 

In 2012 the groups of Scandola and Dismukes simultaneously and independently reported 

another catalyst, based on earth abundant cobalt, that is active in the photodriven catalytic 

oxidation of H2O.113,114 [Co4O4(O2CMe)4(py)4], depicted in figure 1.20, has a tetrametalic oxo 

cubical core which is structurally analogous to the CaMn4Ox OEC in PS II (right panel in figure 

1.5). It is believed that the advantage of the presence of such a multimetallic core lies in the 

possibility to distribute the required oxidation equivalents among the metal centers, thereby 

reducing the overall energy barrier for the catalytic oxidation of H2O.115–118 Scandola reported a 

quantum efficiency of 0.30 when [Co4O4(O2CMe)4(py)4] was used as a WOC in a three-

component system, thereby outperforming the previously discussed [Co4(H2O)2(PW9O34)2]
10- 

by a factor two. The measured quantum efficiency was dependent on the catalyst concentration, 

the ratio of the catalyst with respect to RuP and the pH of the solution.113 

 

 
Figure 1.20 Reported [Co4O4 (O2CMe)4(py)4] catalyst enclosing a tetrametalic oxo cubical core active 

in the photodriven catalytic oxidation of H2O in the presence of RuP and Na2S2O8.
114,119 

 

A couple of important features were highlighted regarding the mechanism of the system. Hole 

scavenging of RuP+ by the cobalt catalyst occurs at a much faster rate than decomposition of the 

RuP+ state. This excludes that the variability in the observed quantum yields at different pH 

levels is due to differences in the stability of the RuP+. In addition, direct oxidation of the 

catalyst by the photo generated SO4
-• radical anion (equation 11) might be involved. Quantum 

yields were not reported by the group of Dismukes but a complex kinetic behavior of the 
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catalyst concentration was observed and attributed to increasing unfavourable side reactions at 

higher catalyst concentrations.113,114 Dismukes did show however that the observed kinetics are 

different from those obtained in similar experiments performed using Co2+ ions, indicating that 

a different active species is involved when [Co4O4(O2CMe)4(py)4] is employed.120  

A powerful example of the advantage of using molecular water oxidation catalysts was 

demonstrated when [Co4O4(O2CMe)4(py)4] was used in a three-component system of which the 

pyridine ligands were structurally modified. A trend in the photoinduced electron transfer was 

observed, following a Hammett linear free energy relationship with a maximum reported 

quantum yield of 0.40 when 4-methoxypyridine was employed. These results highlight the 

advantage in tuning molecular based compounds and in the presented system the observed 

results indicate a true molecular nature of the active catalytic species involved in the process of 

photodriven catalytic oxidation of H2O.121 

 

Sun integrated the [Co4O4(O2CMe)4(py)4] catalyst into a molecular assembly by replacing the 

acetate ligands by acetate-modified RuP sensitizers. A molecular assembly comprised of two 

RuP sensitizers and two cobalt catalysts was constructed were the spectral and redox properties 

of the individual components were retained (figure 1.21). The system outperformed the system 

composed of the individual components in terms of maximum O2 production but the turn over 

frequency is similar as the system reported by the group of Dismukes.114,122 

 

  
Figure 1.21 (left) Molecular dyad composed of RuP and [Co4O4(O2CMe)4(py)4] illuminated using 

visible light in the presence of 35 mM Na2S2O8 and (right) 7.5E-06 M of the molecular dyad () 

compared to 1.5E-05 M cobalt and 1.5E-05 M RuP present as individual components ().122 

 

The necessity of a multimetallic cobalt core was disputed by Sakai. Higher quantum yields were 

reported using molybdenum based polyoxometalates having one or two Co3+ cores in 

comparison with the tetrametallic [Co4(H2O)2(PW9O34)2]
10- catalyst under their experimental 

conditions.123 In addition, the same group reported that a single metallic cobalt porphyrin can 

act as a homogeneous catalyst for photocatalytic water oxidation.124,125 Reported turn over 

frequencies of 0.17 s-1 (612 h-1) are in the same order of activity compared to the ruthenium 

based system reported by Sun (figure 1.17). Rapid decrease in activity is observed upon 

addition of fresh Na2S2O8 and is attributed to the formation of decomposition products, 
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although the molecular identity of the porphyrin ligated to the cobalt center is retained. The 

formation of CoOx nanoparticles is excluded, proven by dynamic light scattering experiments. 

This is in contrast to other reported examples of cobalt based systems active in the photodriven 

catalytic oxidation of H2O.125–127 

 

The identity of the active catalytic species is a central point in the discussion of the tailored 

design of molecular components operating in artificial photosynthetic devices. This is largely 

influenced by the ligand structure surrounding the active metal center (a central topic discussed 

in chapter 2). For example, it has been reported that a single-site salophen-ligated cobalt 

complex (Sartorel et al.) retains its molecular structure under photocatalytic conditions while an 

analogous salen-ligated cobalt complex (Baochun Ma et al.) has been observed to decompose.128–

130 The salophen-ligated cobalt complex of Sarotel did show a faster electron transfer rate to the 

RuP photosensitizer under illuminated conditions as compared to the [Co4(H2O)2(PW9O34)2]
10- 

catalyst of Scandola, but with a lower quantum yield of 0.079.113,128 

 
 

Figure 1.22 Reported systems of moleculary dyad Sarotel and molecular/heterogeneous hybrid dyad 

of Thapper.131,132 

 

In 2014 an attempt was made by the same group to construct a molecular dyad composed of 

RuP and the cobalt active center using a modified salophen directly as the bridging ligand 

(figure 1.22, left).132 The dyad turned out to be active under illumination, however, a direct 

comparison with the individual components in terms of improved activity was not reported. 

Also, leaching of Co(II) ions during the experiment could not be ruled out.  

 

The molecular approach in cobalt based systems so far shows no direct advantage when 

compared to systems composed of a more molecular/heterogeneous hybrid nature (figure 1.22, 

right). Indeed Thapper et al. reported in the same year that RuP directly anchored to 

heterogeneous cobalt oxide yields a hybrid material that is also active in the photocatalytic 

oxidation of H2O in the presence of Na2S2O8 as the electron acceptor.131 Direct comparison of 

the efficiency of these systems is difficult as experimental conditions vary. Other examples of 

first row transition metals active in the photodriven catalytic oxidation of water are limited. In 

one report Lau et al. describes various molecular iron complexes which all prove to be pre-

catalysts and decompose to Fe2O3 by the (in most cases) conversion of leached Fe(III) ions at 

high pH values. Dependent on the particle size, Fe2O3 was proven to be the active catalytic 

species.133–135 Interestingly, a similar observation was made by the same author for molecular 
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nickel complexes that were also proven to decompose to form NiOx particles acting as the 

active catalytic species.136 Even simple nickel salts turned out to be more efficient (pre)catalyst 

in terms of turn over number, outperforming the more well defined systems based on stable 

nickel polyoxometalates.137,138 

 

In terms of advantageous molecular engineering it seems that systems based on ruthenium, and 

in particular the earlier described Ru(II)L(pic)2 system of Sun (figure 1.17) are still the most 

prominent examples of tunable molecular systems. In 2015, another report by Sun supports the 

advantageous use of molecular systems where RuP was modified with a ß-cyclodextrin 

functional group able to interact with the bis-axial phenyl pyridine moieties of Ru(II)L(ppy)2 

(ppy = phenyl pyridine) creating a supramolecular host-guest sensitizer-WOC assembly (figure 

1.23).139 Via this supramolecular approach, the problems with detachment of the RuP 

sensitizer from the catalytic center under photocatalytic conditions as described for their 

covalently bound trimolecular ruthenium dyad (figure 1.18) were solved leading to a record 

quantum yield ϕ of 0.42. Together with the value of 0.40 reported by Bonchio for the [Co4O4 

(O2CMe)4(py)4] system this represents the highest reported quantum yields for photodriven 

catalytic water splitting using systems based on molecular components.121,139 

 
 

 

Figure 1.23 (left) Supramolecular host-guest sensitizer-catalyst assembly described by Sun. (right) 

Photoinduced oxygen evolution in a pH 7.0 phosphate buffer solution containing 1.5E-03 M host, 

1.0E-04 M guest and 6.67E-02 M Na2S2O8 (). 

 

Despite the growing amount of active water oxidation catalysts based on iridium (see the 

introductory part of chapter 2 for a thorough description) hardly any examples exist that 

describe the photo catalytic oxidation of H2O in three-component systems similar to the 

previously discussed examples. One potential reason being an unfavorable thermodynamic 

leveling of the RuP sensitizer. In 2015 the group of Brouwer reported an alternative water 

soluble Pt(II)-porphyrin sensitizer with a determined oxidation potential of 1.42 V vs NHE in a 

phosphate buffer solution at pH 7.0 (figure 1.24).140 The relatively high oxidation potential 

proved to be suitable to drive the photocatalytic water oxidation under neutral conditions in the 

presence of NHC IrCp*Cl2 as the catalyst and Na2S2O8 as the electron acceptor.141 Under the 

same experimental conditions RuP proved not to be suitable as the sensitizer component 



 



   

 
23 

(figure 1.24, right) and the Pt(II)-porphyrin sensitizer proved to be more photostable with a 

preferred significant longer triplet state lifetime than RuP.140 

 

     

 
Figure 1.24 Three-component system containing NHC IrCp*Cl2, Pt(II)-porphyrin and Na2S2O8 active 

in the photodriven catalytic oxidation of H2O.140,141 

 
1.2.2 Artificial leaf configurations using molecular components. 
 

 
 

Figure 1.25 Illumination of FTO/TiO2/RuP/Ir serving as a photoanode in a three-electrode 

configuration in 30 mM Na2SiF6 and 500 mM Na2SO4 at pH 5.75.142,143 

 

The group of Mallouk reported one of the first examples of a molecular based photoanode for 

the overall splitting of H2O in 2009 (figure 1.25).142 In the reported system, RuP was modified 

with phosphonate and malonate functional groups and functioned as a sensitizer as well as a 

solubilizer for IrO2•nH2O (Ir) nanoparticles. Upon pulsed laser excitation of the colloid 

assembly in a Na2S2O8 solution, electron transfer from the excited state of the RuP sensitizer to 

S2O8
2- (according to equation 11) is followed by electron transfer from the IrO2•nH2O 

nanoparticles to the photo-oxidized dye. The authors note that once the assembly is adsorbed 

onto TiO2, rapid electron injection from the RuP sensitizer into the metal oxide conduction 

band is accompanied by back electron transfer from the conduction band to the oxidized dye. 

This back electron transfer is an order of magnitude faster than the desired electron transfer 

from the IrO2•nH2O nanoparticles to the oxidized dye and results in a loss in quantum efficiency 

of the total system. In a three electrode set-up measurable photocurrents up to 10-30 µA were 

reported which decreased over 4 hours at bias potentials positive of -325 mV with respect to 
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Ag/AgCl. A low quantum yield of 0.9% and a Faradaic efficiency of 20% were reported. The 

overall low quantum efficiency was attributed to the slow electron transfer from the IrO2•nH2O 

nanoparticles. As discussed before, rapid regeneration of photo-induced electron-holes by 

undesired electron pathways are major contributors to the overal quantum inefficiency in these 

type of systems. 

 

In another example where RuP was used to sensitize FTO/TiO2 photoanodes, Spiccia et. al. 

showed that coating the photoanodes with Nafion and a tetranuclear manganese-oxo cluster 

([Mn4O4L6]
+) yields FTO/TiO2/RuP/nafion-Mn anodes which are photo active. An average 

peak current of 31 µA cm-2 was reported which was a factor 10 larger than the current density 

generated by illuminating either FTO/TiO2/RuP or FTO/TiO2/nafion-Mn based 

photoanodes (figure 1.26).144 Production of O2 gas was confirmed to be 130 nmol in a time 

period of 5 minutes with a Faraday efficiency of 93%. Although significantly higher than the 

Faraday efficiency reported in the previous example, a low quantum yield of 1.7% was still 

found, measured at roughly the same wavelength. 

 

 
Figure 1.26 Illumination of FTO/TiO2/RuP/nafion-Mn serving as a photoanode in a three-electrode 

configuration in 0.1 M Na2SO4 at pH 6.5 ().144 

 

In 2010 Sun et al. reported a similar construction (figure 1.27). A photoanode was prepared by 

dropcasting oxidized Ru(II)L(pic)2 (Ru+) onto the surface of a RuP sensitized FTO/TiO2 

photoanode, coated with a Nafion solution. 

 
 

Figure 1.27 Illumination of FTO/TiO2/RuP/nafion-Ru+ in a two-electrode configuration () in 0.1 

M Na2SO4 at pH 7.0.145 
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A maximum current density of 45 µA cm-2 was achieved under illumination using a two 

electrode configuration at basic pH. O2 was observed experimentally and measured to be 140 

nmol ml-1 after 60 minutes of illumination. 

 

One year later, Crabtree et al. reported a photoanode by co-immobilizing a 1:1 mixture of 

10,20-bis(pentafluorophenyl) functionalized zinc porphyrin and (3-carboxy-2-phenylpyridine) 

IrCp*Cl  onto FTO/TiO2 (figure 1.28). This is the first example of a molecularly based system 

using a sensitizer that is not the typical RuP complex and an iridium based water oxidation 

catalyst. Electron injection into the TiO2 conduction band upon illumination of the photo- 

anode assemblies was confirmed with THz spectroscopy and a maximum current density of 30 

µA cm-2 was achieved using a 300 mV bias potential. However direct O2 observation was not 

reported. 

  
Figure 1.28 Illumination of FTO/TiO2/Zn/Ir () in 0.1 M Na2SO4 using an external bias potential 

of 300 mV.146 

 

An elegant solution to the charge recombination problem discussed in figure 1.25 was reported 

by Malouk in 2012.147 In this case a benzimidazole-phenol electron mediator was covalently 

bound to the IrO2•nH2O nanoparticles. 

 
 

Figure 1.29 (left) Codeposition of a IrOx nanoparticles capped with a benzimidazole-phenol electron 

mediator. (right)  FTO/TiO2/RuP/Ir-med () compared to FTO/TiO2/RuP/Ir () measured at 

0 V vs Ag/AgCl.147 
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In this strategy the photo-oxidized dye (RuP+) is quickly regenerated by accepting an electron 

from the electron mediator, reducing electron-hole recombination pathways via the metal oxide 

conduction band. In turn, the IrOx water oxidation catalyst regenerates the electron mediator. 

Using this approach a significant three-fold increase in the photocurrent density was observed 

(figure 1.29, right). 

 

The use of earth abundant materials creates an advantage in reducing the overall costs of 

artificial leaf design and the potential to scale-up the technology. Iron based molecular catalysts 

were previously discussed to be active in the photodriven catalytic oxidation of H2O. Bartlett 

reported an example of the use of a modified molecular iron catalyst Fe(tebppmcn)Cl2 (figure 

1.30) attached to the surface of a WO3 photoanode. It is needless to say, that this type of 

configuration resembles the type I structure presented in figure 1.12 as photoinduced electron 

holes are generated in the conduction band of the WO3 semiconductor. Yet the importance of 

using molecular catalysts becomes apparent. By simply immersing WO3 electrodes in a 0.50 

mM solution of the Fe catalyst in MeCN for 8 hours at 80 oC an increase of 60% in the 

photocurrent density is observed.148 Control experiments using FeCl2 as the catalyst or only the 

tebppmcn ligand yielded no increase in the photocurrent density. In addition, it was excluded 

that a potential varying thickness in the sol-gel prepared WO3 electrodes was responsible for the 

observed increase. It was mentioned that semiconductors, when operating as unmodified 

photocatalysts, are not always selective towards the oxidation of H2O. Addition of the Fe 

catalyst to the WO3 surface improved the selectivity as improved Faradaic efficiencies were 

reported compared to unmodified WO3 electrodes. In this particular example, catalytic 

selectivity is another argument for the use of molecular catalysts to enhance the properties of 

inorganic materials. 

 
 

Figure 1.30 (left) phosphonate modified Fe catalyst. (right) Before () and after () surface 

anchoring to the WO3 electrode operating in 0.1 M Na2SO4.
148 

 
A new benchmark in photocurrent density, obtained for photoanodes based on molecular 

components was set by the group of Sun in 2013, achieving a record current density of 1.7 mA 

cm-2 (figure 1.31).149 In contrast to the initial approach, where the Ru(II)L(pic)2 (Ru) water 

oxidation catalyst was immobilized to the FTO/TiO2 surface using a Nafion matrix (figure 

1.27), this approach shows a covalent strategy where the Ru catalyst was modified with a 
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triethoxysilane functional group. Simple co-deposition of RuP and the silane modified Ru 

catalyst resulted in a device that upon illumination in a three electrode set-up configuration 

yielded high current densities in various aqueous electrolyte (buffer) solutions. Using a 

phosphate buffer solution at pH 6.8, a current density of 1.7 mA cm-2 was observed at a bias 

potential of 200 mV vs NHE. The incident photon to current efficiency was measured to be 

14% determined at 450 nm. The increase in current density when compared to the preceding 

example, is attributed to the negative contribution of the acidic Nafion matrix. This is assumed 

to increase the thermodynamic potential for the oxidation of H2O. 

 

  
Figure 1.31 Illumination of FTO/TiO2/RuP/Ru () in 0.1 M phosphate buffer at pH 6.8 using an 

external bias potential of 200 mV vs NHE.149 

 

The examples treated in this chapter demonstrate that molecular catalysts are essential 

components in the construction of photoanodes that are active in the photodriven catalytic 

oxidation of H2O. Unfortunately, the actual mechanistic pathways under these operating 

conditions are lacking and a comparative study between the beneficial use of one catalytic 

system compared to another is difficult.  

Sun demonstrated the differences when binuclear ruthenium catalysts were compared to 

mononuclear ruthenium catalysts in the construction of photoanodes (figure 1.32). Independent 

catalytic studies in the Ce4+ driven oxidation of water have shown the propensity for binuclear 

ruthenium catalysts to operate via a kinetically faster radical oxo coupling (ROC) pathway in the 

O-O bond formation step (figure 1.8).31,150 Once co-immobilized with RuP onto TiO2 and 

applied in a similar configuration as described in figure 1.31, the binuclear catalyst shows a 

significant higher current density compared to the mononuclear catalysts operating under the 

same conditions at a bias potential of 0.2 V vs NHE at pH 6.4. The higher current densities are 

ascribed to the propensity of the binuclear catalyst to operate via these kinetically faster 

binuclear mechanistic pathways as intramolecular radical coupling becomes feasible.151 The right 

graph in figure 1.32 shows the effect of the molecular design on the photoanode performance. It 

demonstrates again the advantage of using molecular water oxidation catalysts with respect to 

molecular tailoring. In addition, the acquired current densities reported by Sun now have 

reached the milliamp scale, which is a step forward approaching the inorganic systems that 

typically reach current densities in the milliamp range (figure 1.15). 
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Figure 1.32 Illumination of FTO/TiO2/RuP/Ru2 () compared to FTO/TiO2/RuP/Ru () 

under increasing bias potentials vs NHE.151 

 

In section 1.1.4 it was mentioned that in more advanced artificial leaf configurations the 

platinum counter electrode should be replaced by alternative materials, such as functional 

MxOy/sensitizer/catalyst photocathodes (right panel in figure 1.12). To date, only a few 

examples have been reported. In one example a pyridine-2,6-dicarboxylic acid anchoring group 

was used to co-immobilize both a ruthenium water oxidation catalyst with RuP onto TiO2 and 

a cobalt proton reduction catalyst with RuP onto NiO surfaces respectively.152 When the 

electrodes are separately used in a three-electrode configuration, the TiO2/RuP/Ru 

photoanode produced an average current of 100 µA/cm2 in a pH 7.0 phosphate buffer solution 

using a 0 V vs Ag/AgCl bias potential. Under the same conditions, the NiO/RuP/Co 

photocathode produced a 13 µA/cm2 current using a -0.4 V vs Ag/AgCl bias potential. Once 

connected in a tandem device using a 0.4 V bias potential, a stable photocurrent density of 40 

µA/cm2 was observed when the PEC cell was illuminated at both photoelectrode sides.152 The 

overall scheme for electron-hole transfer is depicted in figure 1.33. Excitation of RuP is 

followed by injection into the TiO2 conduction band of the photoanode. The oxidizing 

equivalent of the RuP+ sensitizer is transfered to the water oxidation catalyst. On the other side 

electron holes (h+) flow from the excited state of the RuP sensitizer into the valence band of 

NiO. The authors have proven the necessity of the presence of both catalysts and highlight that 

the complete cell in this particular configuration is limited by the performance of the weakest 

photoelectrode. 

 

 
Figure 1.33 (left) Example of a tandem device fully composed of molecular components. (right) 

Energy diagram with respect to the expected electron-hole transfer upon illumination.152 
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1.3 Aim and outline of this thesis 

 

This thesis will treat a diverse range of topics aimed at the development of novel artificial leaf 

configurations. Central to this development is the use of a simple and fast N-

heterocycliccarbene ligated IrCp*X2 water oxidation catalyst (1) reported by our group in 2011 

(figure 1.34).141 The application of molecular iridium based water oxidation catalysts in 

electrolytic- or photodriven water oxidation is limited and studies are required that determine 

the applicability of this class of catalysts within an artificial photosynthetic context. The benefits 

of using molecular water oxidation catalysts in the construction of photoanodes has been 

demonstrated throughout this introductory chapter, however, knowledge of the true nature of 

the catalytically active species and the mechanism for the oxidation of H2O is limited. The 

stability of the catalyst and the influence of the ligand environment on the formation of the 

active species will eventually determine if synthetic modification of the ligand environment is 

feasible. In chapter 2 NHC IrCp*X2 1 is evaluated in Ce(IV)-driven oxidation of H2O and 

compared to similar piano-stool configured IrCp* WOCs using stopped-flow UV-VIS 

spectrometry. It is demonstrated that the application of Reaction Progress Kinetic Analysis to 

the interpretation of the kinetic data gives additional insight into the effect of the coordinated 

NHC ligand on the formation of the catalytically active species. This analytic methodology has 

not been applied yet in the analysis of kinetic data related to the oxidation of H2O. 

 

  
Figure 1.34 N-heterocyclic IrCp*X2 water oxidation catalyst 1 and 2 (X = OH, Cl). 

 

In chapter 3 the mechanistic implications are discussed when WOC 1 is synthetically modified 

with a trimethoxysilane functional group (2 in figure 1.34). This novel catalyst is used to 

functionalize FTO/TiO2 electrodes and to study the (photo)electrocatalytic oxidation of H2O, 

using porphyrin and bodipy based molecular sensitizers. It is demonstrated that when 2 is co-

deposited with a Pt(II)-porphyrin sensitizer onto FTO/TiO2, a significant increase in current 

density is observed upon illumination of the photoanode. In the absence of one of both 

components the photocurrent is significantly lowered. This provides evidence for the 

photooxidation of the immobilized water oxidation catalyst 2 by the Pt(II)-porphyrin molecular 

sensitizer. In Chapter 4 a novel strategy is introduced for the preparation of anodes used for the 

electrocatalytic oxidation of H2O based on an iridium water oxidation catalyst. The strong 

adhesive property of compound 3 to the sidewalls of multiwalled carbon nanotubes (MWCNTs) 

is combined with the catalytic properties of NHC IrCp*X2 1 by covalently attaching both 

compounds forming the novel pyrene functionalized water oxidation catalyst 4 (figure 1.35). In-
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situ prepared assemblies of WOC 4 with multiwalled carbon nanotubes are prepared and 

dropcasted onto FTO based anodes, which are evaluated in the electrocatalytic oxidation of 

H2O. 

 

  

Figure 1.35 Pyr+-WOC assembly used in the preparation of functional anodes for the electrolytic 

oxidation of H2O. 

 

Undesired recombination pathways of photo-injected electrons from the MxOy conduction band 

to surface-immobilized molecular sensitizers or catalysts is a problem as discussed in this 

chapter. Therefore, in Chapter 5 a method is proposed to increase the transport efficiency of 

photo-generated charge-carriers through semiconducting MxOy materials. A novel procedure is 

demonstrated for the preparation of FTO/MWCNT/MxOy composite electrodes using sodium 

1-pyrenesulphonate as the key component. This method is proposed to serve as an alternative 

strategy for the use of conventional MxOy materials where the embedded MWCNTs could lead 

to the reduction of electron/hole recombination processes (figure 1.36, left). In chapter 6 an 

alternative strategy to the construction of artificial leafs is proposed which is based on the 

immobilization of a water oxidation catalyst onto the surface of porous SiO2. Porous SiO2 is a 

more or less (dis)ordered network of interconnected nano- and microscale crystalline silicon 

particles (figure 1.36, right). It is demonstrated that the porous SiO2 network can be 

functionalized with WOC 2. Analysis of chemically induced catalytic activity of the SiO2/2 

material serves as a direct measure for the surface porosity. The strategy is proposed as a step 

towards the development of artificial leaf configurations based on microfluidic type devices. 

 

  
 

Figure 1.36 (left) Electric co-deposited MWCNT/TiO2 assembly onto FTO anode. (right) Example of 

the porous silica top layer of a Si/SiO2 substrate. 
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