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Abstract 
The production of hydrogen gas, through the process of water splitting, 

is one of the most promising concepts for the production of clean and 
renewable fuel.  

The introduction of this thesis provides a brief overview of fossil fuels 
and the need for an energy transition towards clean and renewable energy. 
Hydrogen gas is presented as a possible candidate fuel with its production 
through artificial photosynthesis, being described. However, the highly 
kinetically demanding key reaction of the process – the water oxidation 
reaction – requires the use of a catalyst. Hence, a short presentation of different 
molecular water oxidation catalysts previously synthesized is also provided. 

The second part of the thesis focuses on ruthenium-based molecular 
catalysis for water oxidation. Firstly, the design and the catalytic performance 
for a new series of catalysts are presented. Secondly, a further study on 
electron paramagnetic resonance of a catalyst shows the coordination of a 
water molecule to a ruthenium centre to generate a 7-coordinated complex at 
RuIII  state. Finally, in an electrochemical study, coupled with nuclear magnetic 
resonance analysis, mass spectrometry and X-ray diffraction spectroscopy, we 
demonstrate the ability of a complex to perform an in situ dimerization of two 
units in order to generate an active catalyst. 

The final part of this thesis focuses on immobilisation of first row 
transition metal catalysts on the surface of electrodes for electrochemical water 
oxidation. Initially, a copper complex was designed and anchored on a gold 
surface electrode. Water oxidation performance was studied by 
electrochemistry, while deactivation of the electrode was investigated through 
X-ray photoelectron spectroscopy, revealing the loss of the copper complex 
from the electrode during the reaction. Finally, we re-investigated cobalt 
porphyrin complexes on the surface of the electrode. Against the background 
of previous report, we show that the decomposition of cobalt porphyrin into 
cobalt oxide adsorbed on the surface is responsible for the catalytic activity. 
This result is discussed with regard to the detection limit of various 
spectroscopic methods. 

In general, this thesis follows the transition of the molecular water 
oxidation catalyst field from ruthenium-based catalysts to device fabrication 
with first row transition metal catalysts. 
 
Keywords: Water oxidation, Electrochemistry, Ruthenium complex, Electron 
paramagnetic resonance, surface characterisation.  
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Sammanfattning på svenska 
Produktion av vätgas genom vattenklyvning är ett av de mest lovande 

koncepten för att producera rent och förnyelsebart bränsle. Denna kinetiskt och 
termodynamiskt krävande process behöver generellt en katalysator för att 
minska energiåtgången för reaktionen och därigenom ge rent bränsle till låg 
kostnad. 

I avhandlingens introduktion presenteras en kort sammanfattning av olika 
fossila bränslen och behovet av en energiövergång till ren och förnyelsebar 
energi diskuteras vidare. Vätgas introduceras därefter som ett potentiellt 
effektivt förnyelsebart bränsle, särskilt genom produktion från vatten via 
artificiell fotosyntes. Den termodynamiskt mest krävande reaktionen i 
processen – vattenoxidationen – behöver metallkatalysatorer för att fungera 
effektivt och en kort sammanfattning av olika molekylära 
vattenoxidationskatalysatorer i litteraturen presenteras här.  

Den andra delen av avhandlingen fokuserar på mekanistiska studier av 
vattenoxidation med hjälp av två molekylära ruteniumbaserade katalysatorer. 
Den ena ruteniumbaserade katalysatorn studerades med hjälp av 
elektronparamagnetisk resonans (EPR) och indikerade den potentiella 
förekomsten av ett heptakoordinerat RuIII -komplex under den katalytiska 
cykeln. Vidare undersöktes den andra ruteniumbaserade katalysatorn med 
hjälp av elektrokemi, kärnmagnetisk resonans-spektroskopi, masspektrometri 
och Röntgendiffraktionsanalys i en studie som visade att två ruteniumkomplex 
dimeriserar in situ för att generera den aktiva formen av katalysatorn.  

Den tredje delen av avhandlingen koncentrerar sig på tillverkningen av 
elektroder från molekylära övergångsmetallkomplex innehållande koppar och 
kobolt. Inledningsvis designades och syntetiserades ett kopparkomplex som 
förankrades på ytan av en guldelektrod. Vattenklyvning med detta komplex 
studerades med elektrokemi, medan deaktivering av elektroden undersöktes 
med fotoelektronspektroskopi, vilket visade att kopparkomplexes dissocierar 
från elektroden under reaktionsförloppet. Avslutningsvis undersökte vi 
beteendet hos kobolt-porfyrin-komplex vid ytan på elektroder. I motsats till 
tidigare rapporter visar vi att det är ytadsorberat koboltoxid som bildas vid 
nedbrytning av kobolt-porfyrinkomplexet som bidrar till den katalytiska 
aktiviteten. Detta resultat diskuteras sedan med detektionsgränser för olika 
spektroskopiska metoder i åtanke.  

Översiktligt behandlar denna avhandling övergången från 
ruteniumbaserade molekylära vattenoxidationskatalysator till produktion av 
mer avancerade system innehållandes första radens 
övergångsmetallkatalysatorer. 

Nyckelord:Vattenoxidation, elektrokemi, ruteniumkomplex, ytkaraktärisering 
elektronparamagnetisk resonans.  
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1.  
Introduction 

“The future is green energy, sustainability, renewable energy.” 

-Arnold Schwarzenegger, former governor of California, U.S.A. 

Major developments in human society are correlated with the discovery 
and control of new energy sources. The domestication of fire 400,000 years 
ago provided our ancestor, Homo erectus, with a disposable source of heat. 
This greatly improved daily life by affording protection for people, heat as 
well as the possibility to cook meals.1 Development of early furnaces enabled 
increases in heating temperature, which advanced society to the Bronze Age 
around 3500 BC. This revolution, thanks to the energy produced from burning 
wood, allowed the production of metallic agricultural tools necessary for a 
sedentary society. The industrial revolution, during the 19th century, 
transitioned the world into a new era of steam-powered machines, which could 
be used to perform tasks in fields and factories. These machines required an 
unprecedented amount of energy and hence were powered by a new type of 
energy produced from burning coal. This revolution also saw the discovery of 
new sources of energy, which would significantly modify our civilization and 
are greatly relied upon today: natural gas and petroleum.  

 

1.1 World Energy Consumption: Present and Prospective 

Energy production and its demand are associated with trends in three 
major factors of our society: population growth, technological development 
and the economic expansion. World population has more than doubled since 
1970, now reaching 7.5 billion inhabitants. Meanwhile, in the same period, the 
primary energy consumption has increased from 4910 Mtoe (tonne of oil 
equivalent) to 13147 Mtoe.I This rise in energy consumption is assumed to be 
correlated not only with population growth, but also with the development of 
emerging market countries. Indeed, in 1975, 66% of worldwide energy was 
consumed by countries within the Organisation for Economic Co-operation 
and Development (OECD)II, whereas today, this ratio has decreased to 41%. 

                                                           
I  According to BP Statistical Review of World Energy 2016. 
II OECD member in 1975: Austria, Australia, Belgium, Canada, Denmark, 
France, Finland, West Germany, Greece, Iceland, Ireland, Italy, Japan, 
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The energy consumption by developing countries has quadrupled during the 
same period (from 1946 to 7644 Mtoe), mainly due to the growth of the 
BRICS countriesIII . During the same period, the consumption in the OECD 
countries increased by only 45% (from 3790 to 5503 Mtoe). According to the 
United Nation, the Earth´s total population is expected to reach 10 billion 
inhabitants by 2050.2 This growth in the world’s population as well as the 
development of emerging market countries (mainly located in South and 
Central Asia) will increase our total primary consumption, to a maximum of 
21000 Mtoe, in a worst-case scenarioIV according to the World Energy 
Council.3 This increase of 61% in primary energy consumption, compared to 
present levels, needs to be analysed by examining the actual energy supply mix 
(Figure 1). 

 

Figure 1. Total primary energy supply by fuel type in 2010 and expected in a worst 
case for the year 2050 according to the World Energy Council.V 

As observed in Figure 1, the proportion of renewable energy in the total mix 
will increase from 15 to 19%, the proportion of nuclear energy will remain 
constant around 5% while fossil fuel energy will still remain the main 
                                                                                                                               
Luxembourg, Netherlands, New Zealand, Norway, Portugal, Spain, Sweden, 
Switzerland, Turkey, United Kingdom, United States. 
III  BRICS countries; Brazil, Russia, India, China, South Africa. 
IV Named as Jazz scenario by the World Energy Council. 
V Renewable fuel type includes Biomass, Hydro and Renewable energy. 
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component in our energetic mix in 2050 (around 77% in a worst case, 59% in a 
best case scenario). 

The increase in primary energy supply is expected to be heavily 
dependent on limited fossil fuel sources in the future as well. Quantification of 
exploitable fossil fuel reserves is generally complicated.4 Extraction of 
resources, from a proven reserve, is constrained by economic and technical 
factors. The recent development of shale gas extraction in the U.S. is an 
example of the above-mentioned. Figure 2 presents the number of proven 
reserves of fossil fuels and the production of fossil fuels by type for the year 
2015. 

 

Figure 2. Worldwide proved reserves of fossil fuels and their production in 2015 
(Thousand Mtoe) according to BP Statistical Review of World Energy June 2016. 

It is of great concern that, with the current rate of annual consumption 
of petroleum and natural gas, total depletion of proven fossil fuel resources 
will be achieved within 60 years (it will take approximately 150 years to 
completely deplete coal resources). According to the U.S. Energy Information 
Administration (EIA), 92% of the transportation sector is powered by 
petroleum, and represents 71% of total petroleum consumption.VI This sector is 
therefore the most sensitive one in regard to incoming petroleum shortage. 

 

                                                           
VI These values apply to the US market within the first eleven months of 2016. 
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1.2 Environmental issues of fossil fuels 

The scarcity of fossil fuels is a major concern for mankind’s future 
when considering our dependence on them. Furthermore, the environmental 
issues induced by the use of fossil fuels are also now a preeminent problem. 
Greenhouse gases on Earth (water vapor and clouds, carbon dioxide (CO2), 
methane, ozone, etc.) have been in equilibrium for million years, promoting 
the development of life. However, since the industrial revolution, heavy usage 
of fossil fuel coupled with deforestation has unbalanced this remarkable 
system by producing excess greenhouse gases (Figure 3).5  

 

Figure 3. Pre-1750 and recent tropospheric concentration of common greenhouse 
gases. 

The modification of the composition of the Earth’s atmosphere, 
especially due to large CO2 emissions, has contributed to a phenomenon called 
global warming. Since 1900, the global land and ocean temperature has 
increased by 1°C and could further increase by 4°C in a worst-case scenario 
according to the Intergovernmental Panel on Climate Change (IPCC) (Figure 
4). This rise in temperature has had a significant effect, resulting in the Arctic 
ice melting, rising sea levels, changes in animal migration patterns and 
increases in precipitation across the globe. 
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Figure 4. Global mean temperature changes for high and low anthropogenic 
greenhouse gases scenario. Reprinted with the permission of IPCC from “Climate 

Change 2013: The Physical Science Basis, (FAQ 12.1-1)”. 

 

1.3 Prospective use and remark on renewable energy 

The imminent lack of fossil fuel resources and ongoing environmental 
issues require the rapid development of renewable energy technologies (a brief 
introduction to these technologies in presented in Appendix II Towards 
renewable energies.). However, most of these technologies convert renewable 
resources (solar, wind etc.) into electricity, which could compensate for the 
lack of coal and partially the lack of natural gas. However, substitution of 
petroleum as a fuel within in the transportation sector would still remain a 
challenge. To solve this latest problem, two different technologies are 
currently emerging;VII  on one hand, there has been the recent development of 
large battery capacity as well as the development of cheap electricity and 
reliable grids in developed countries. This has allowed the emergence of 
electric cars on the market, spear-headed by the brand Tesla. On the other 
hand, hydrogen batteries, containing hydrogen which can be converted into 
electricity, are also gathering much attention. Recently, the first commercial 
car, utilising hydrogen fuel cells, has been released worldwide by Toyota. This 
car is labelled “clean” as the conversion of hydrogen into electricity only 
produces water. It is, however, important to note that nowadays 95% of the 
production of hydrogen on the market comes from natural gas reforming, 
generating carbon dioxide.6 Thus, so far, the renewability and sustainability of 

                                                           
VII  Biofuels are omitted due to the drawbacks mentioned in Appendix II. 
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hydrogen fuel can be debated. The development of water splitting as a clean 
source of hydrogen is presented later in this thesis. 

It is also important to emphasize a further aspect which is unrelated to 
science but which is perhaps of greater importance: the political decision 
regarding these new technologies. It is noteworthy to highlight that according 
to Fortune in its Global 500,7 of the world´s ten largest companies by revenue, 
five are petroleum industries. For example, the revenue of Royal Dutch Shell 
is around half the GDP of Sweden. Therefore, these enterprises with large 
lobbying capacity and also political influence power will, consequently, play a 
major role in the transition towards renewable energy.VIII   

 

1.4 The discovery of hydrogen as a renewable and green fuel 

“Yes, my friends, I believe that water will one day be employed as fuel, 
that hydrogen and oxygen which constitute it, used singly or together, 
will furnish an inexhaustible source of heat and light, of an intensity of 
which coal is not capable. Someday the coalrooms of steamers and the 
tenders of locomotives will, instead of coal, be stored with these two 
condensed gases, which will burn in the furnaces with enormous 
calorific power… Water will be the coal of the future.” 
  (Abridged from The Mysterious Island by Jules Verne, 1874) 

The scientific discovery of hydrogen as a potential fuel can be dated 
back to 1766.IX Henry Cavendish, a former British scientist, reported in his 
Experiments on Factitious Air, the discovery of a substance that he named 
“inflammable air”. His experiments, inspired by the early work of Théodore de 
Mayerne and Robert Boyle in the mid-17th century, were about mixing vitriol 
(now known as sulfuric acid) with different metal powders such as iron. From 
the reaction that resulted, a gas was generated that could ignite. In 1783, 
Cavendish reported the production of water, after burning the “inflammable 
air”, but misinterpreted the results.X,8 However, later on the same year, Antoine 
                                                           
VIII  To demonstrate the power of lobbying, some important relevant cases such 
as “The ExxonMobil climate change controversy” or the “General Motors EV1 
death” are highlighted as examples of issues which renewable energy may face 
in the future. 
IX Early works of Paracelsus in the 16th century and Johann Baptista van 
Helmont in early 17th century have been crucial for the discovery of hydrogen. 
Despites this, its energetic capacity was not observed/reported. (see Hydrogen 
as a future energy carrier from Andreas Züttel (2008) ed Wiley-VCH) 
X At that time water was considered an element. 
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Lavoisier managed to produce an explanation for this reaction and thus named 
the “inflammable air”, hydrogen (from the Greek ὑδρο- hydro meaning 
"water" and -γενής genes meaning "creator"). The discovery of a precursor for 
water that could have fuel-like properties grasped the interest of scientists of 
this period. To name but a few: Paets van Troostwijk and Deiman, who first 
performed electrochemical water splitting “by passing electric discharges 
through water”, and Nicholson, who first succeeded in long term- electrolysis 
of water thanks to a Volta´s battery.9 

 

1.5 Natural photosynthesis 

Nature has always been a source of inspiration, a muse for scientists. 
To develop a sustainable society, specially based on hydrogen extract from 
water, one should first glance at how nature has managed to develop 
sustainable flora for millions of years.10,11 Plants and other organisms, such as 
cyanobacteria and algae, are capable of harvesting  sunlight and transforming 
it into energy in the form of chemical bonds.12 This natural process is 
commonly known as photosynthesis. To succeed in this process, several key 
components are required and are part of the so called “Z-scheme” (Figure 5). 
First, a light absorber harvests the photons coming from sunlight. This step is 
performed by a chlorophyll pair (P680) (the pigment responsible for the green 
color of many plants and algae), constituent of the protein complex 
Photosystem II (PSII). During light absorption, a light-induced charge 
separation occurs and an electron is transferred from PSII to Photosystem I 
(PSI) over an electron transfer chain. The electron is thus excited to a higher 
energy level by P700 (PSI constituent) and then used to reduce NADP+ into 
NADPH, through the ferredoxin-NADP+ reductase (FNR), required to perform 
the CO2 fixation within the Calvin cycle. To regenerate the “Z-scheme” 
process, it can be noted that a source of electrons and protons is required. The 
high oxidizing potential of P680+, after the injection of the electron into the 
transfer chain,13 is then used to extract electrons and protons from water by a 
water oxidation process, catalyzed by the oxygen-evolving complex (OEC).  
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Figure 5. Simplified Z-scheme diagram of Photosynthesis.XI 

In 2011, Umena et al. managed to obtain a crystal structure of the OEC 
with a resolution of 1.9 Å, sufficient to describe the geometry and the 
composition of the complex (Figure 6a).14 The OEC is based on a Mn4CaO5 
cluster, in which three atoms of manganese and one atom of calcium are linked 
to each other by four atoms of oxygen to form a cubane-like structure. The 
remaining atom of manganese hangs out of the structure, linked by two atoms 
of oxygen (one being an atom of the cubane, the other being linked to a 
manganese atom of the cubane). The mechanism for water oxidation has been 
widely studied, yet some questions still remain. The observation of Bessel Kok 
and co-workers in 1970, which introduced the five S-states (redox 
intermediates) cycle, also known as the Kok cycle, which has been further 
improved and is used today as a reference (Figure 6b).15,16 

 

Figure 6. a) Structure of the Mn4CaO5 cluster. Adapted with permission from 
reference 19. b) The Kok cycle of S states, indicating the oxidation and proton release 

events at each transition. Adapted with permission from reference 21. 

                                                           
XI Details of the electron transports chains, tyrosine and ATP formation has 
been voluntary omitted for the sake of clarity. 
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Regarding the mechanism, recent work suggests that a radical coupling 
of two MnV=O (at S4 states) might be responsible for the O-O bond formation 
(a key step in the water oxidation reaction) although the real reaction 
mechanism is still in debates.17,18 These observations provide a great insight 
for scientists, enabling them to develop efficient catalysts to perform water 
splitting. 

 

1.6 Artificial photosynthesis - Water splitting process 

As previously mentioned, natural photosynthesis converts sunlight, 
water and CO2 into energy rich sunstances in the form of chemical bonds. 
However, scientists are interested in converting sunlight and water into 
hydrogen gas, a renewable and carbon free fuel. To achieve this, a dye and/or a 
semiconductor are used as a light absorber to perform a light-induced charge 
separation. From this, a series of catalytic reactions arise, giving the so-called 
water splitting process, in which two half reactions occur. The water oxidation 
reaction is the first step, where water is transformed into oxygen molecules, 
protons and electrons (Equation 1). The second step, the hydrogen evolution 
reaction, is the combination of these protons and electrons to form hydrogen 
gas (Equation 2) 

 

 Equation 1: 2H2O � 4H+ + O2 + 4e- 

 Equation 2: 2H+ + 2e- � H2 

 

As can be seen, the first part of the water splitting process requires 
multiple electrons and proton transfers and is considered the bottleneck of the 
overall reaction.19 To tackle this issue, it is important to understand the 
mechanism of this reaction as well as the requirement a catalyst needs to fulfill 
to perform the water oxidation reaction. 

 

1.7 Water oxidation 

The water oxidation reaction is a thermodynamically demanding 
reaction with a standard potential E0 = 1.23 V vs. NHE (normal hydrogen 
electrode) at 25 oC at pH 0. Moreover, due to the proton-coupled processes, the 
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potential E of the reaction is pH dependent and can be expressed according to 
the Nernst equation (Equation 3):  

 Equation 3:  E = E0 -0.059pH V vs. NHE 

 

In other terms, the higher the pH of the solution, the lower the potential 
required for performing water oxidation. Furthermore, the complexity of this 
reaction implies the presence of an overpotential (η) to overcome the 
activation energy. Thus, it is extremely important to apply a catalyst for this 
reaction in order to oxidize water with the minimum energy input. 

Over the years, two main types of catalysts for this reaction have 
emerged. On one hand, heterogeneous catalysts, principally metal oxides, are 
known to exhibit good stability for the reaction and a feasible scalability of its 
synthesis. Recent work on first row transition metal oxides aimed at 
substituting the classic RuO2-IrOx couple as catalysts, paved the way to 
efficient and cheap systems, thereby tremendously decreasing the cost of the 
catalyst. To name a few; Fe-Ni layered double hydroxides (LDH) and Ni-V 
LDH have shown promising results for the incorporation in water splitting 
devices.20,21 However, most of these catalysts suffer a common issue. Due to 
their metal oxide characteristics, they can only be used under basic conditions, 
which limits their scope of application (such as in acidic PEM cells).22 Usually, 
the catalytic activity of heterogeneous catalysts is tested by electrochemistry. 
Further information regarding metal oxide catalysts for water oxidation is 
beyond the scope of this thesis and will not be discussed. 

On the other hand, homogeneous catalysts –molecular metal complexes 
– have gathered significant attention. From a synthetic point of view, metal 
complexes can easily be tuned both structurally and electronically through 
ligand modification. They can also be designed to comply with a wide pH 
range and their solubility in aqueous media allows in situ mechanistic studies 
of the catalytic reaction via spectroscopic methods. However, these catalysts 
suffer from limited stability during catalysis that prevent there use for 
industrial development. 

The important features regarding the activity of a molecular metal 
complex are the turnover number (TON) that corresponds to the number of 
times the molecule can perform the reaction before 
deactivation/decomposition, and the turnover frequency (TOF) which 
corresponds to how fast the catalyst will perform the water oxidation reaction. 
The overpotential of the catalyst is also a critical factor. 
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While the catalytic activity evaluation is mainly performed by 
electrochemistry for the heterogeneous catalyst, three main methods of driving 
water oxidation can be applied for the molecular complex: 

1/Chemically-driven water oxidation. A chemical oxidant with a 
sufficient driving force can be employed to provide the energy required for the 
reaction. The most commonly known is cerium ammonium nitrate 
Ce(NH4)2(NO3)6, also called CAN, which has been widely used as a result of 
its high oxidation potential (around 1.7 V vs NHE) and the relatively ease of 
interpreting its associated single electron chemistry. These features allow 
kinetic studies with different methods such as stop-flow spectroscopy. 
However, a main drawback with this oxidant is its stability, which is 
guaranteed only at a pH < 3. At higher pH, CAN decomposes spontaneously 
into cerium oxide.23 Another candidate for a chemical oxidant is sodium 
periodate NaIO4, which has the additional advantage of a larger pH range (2 to 
8). Despite this, the presence of an oxygen atom on the oxidant imposes an 
isotope labelling 18 O to certify that the oxygen produced during the water 
oxidation reaction comes from water and not from the decomposition of the 
oxidant itself. 

2/Light-driven water oxidation. Similar to the photosystem process, 
light-driven water oxidation requires three different components: a light 
absorber (photosensitizer), a catalyst and a sacrificial electron acceptor. The 
most commonly used light absorbers are based on [Ru(bpy)3]

2+ (bpy = 2,2´-
bipyridine) and its derivatives, due to the high oxidation potential of their 
oxidized form (in a range of 1.23 V till 1.6 V vs NHE) and large pH range 
stability. A sacrificial electron acceptor, commonly S2O8

2- and [Co(NH3)5Cl]2+, 
is required during the light-induced charge separation to generate the oxidized 
form of the photosensitizer that is used to oxidize the catalyst. 

3/Electrochemically-driven water oxidation. The catalyst is oxidized at 
the surface of an electrode and the value of oxidizing potential can easily be 
set, as required, while the current response is monitored. An advantage, when 
compared to the previous mentioned methods, is the absence of a second 
chemical component in the solution (except for the presence of an inert 
electrolyte), which greatly simplifies the system for mechanism interpretation. 
Mechanistic studies can be performed by the realisation of a Pourbaix diagram, 
providing insight over a large pH range while the kinetics can be studied 
through kinetic isotope effects (KIE). 

 

 



  12

These three different methods provide different values in terms of 
activity and stability of water oxidation. It is thus important to compare TOF 
and TON values for different catalysts, which have been obtained under the 
same conditions and methodology. 

A final important aspect to be discussed is the different mechanisms for 
performing water oxidation reaction. Two main pathways have been used to 
describe the key step in water oxidation - the O-O bond formation. The water 
nucleophilic attack (WNA), whereby a molecule of water attacks, through a 
nucleophile pathway, an oxo unit of a metal complex, and the interaction of 
two mono radical M-O units (I2M) forming a peroxo intermediate. (Figure 
7).24 

 

Figure 7. Representation of WNA and I2M mechanisms. 

The remainder of this chapter will provide a general overview of the 
discovery and design of molecular water oxidation catalysts. For further 
information, the author recommends the two reviews by the groups of 
Åkermark and Bruvig, which provide a comprehensive survey of the 
development of molecular catalysts for water oxidation.25,26 
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1.7.1 Ruthenium based molecular water oxidation catalysts 
The research on molecular water oxidation catalyst (WOC) started in 

1982, when Meyer group reported the first catalyst, cis,cis- [(bpy)2(H2O)RuIII -
O-RuIII(H2O)(bpy)2]

4+, the so-called “blue dimer” (1, Figure 8).27 Based on a 
µ-oxo-bridged dinuclear ruthenium complex, this catalyst performs water 
oxidation at pH 1, with CAN as oxidant. Its activity was estimated to be 0.004 
s-1 for the TOF and 13 for the TON. Several mechanistic studies have been 
carried out on this complex and to date, the WNA for the formation of the O-O 
bond is suggested.28 This breakthrough has paved the way to design more 
active and robust catalysts. Indeed, the low TON of the complex might be the 
result of the reductive cleavage of the µ-oxo-bridge, leading to the 
decomposition of the catalyst. In order to solve this issue, the design of a 
catalyst with a ligand, which could act as a solid backbone to link the two 
ruthenium cores, has been considered. Llobet group developed a rigid ligand, 
bis(2-pyridyl)-3, 5 pyrazole (Hbpp) where two ruthenium atoms are 
coordinated to this ligand to form the so-called Ru-Hbpp complex (in, 
in{[Ru II(trpy)(H2O)]2(µ-bpp)}3+ with trpy: 2,2’:6’,2’’- terpyridine) (2, Figure 
8). 29 An interesting feature of this catalyst is its I2M mechanism pathway 
induced by the in, in configuration.30 Several other complexes based on the 
rigid backbone are worth mentioning, such as complex 3 from Llobet group 
and complex 4 from Thummel group (Figure 8).31,32  

As can be noted, these complexes are based on N-aromatic ligands 
(mainly pyridine-based). However, inspired by the OEC, our group designed a 
ligand backbone containing carboxylates as donor sites, in order to enrich the 
electron density of the ruthenium core and thus to decrease the overpotential 
required for water oxidation when compared to the conventional N-aromatic 
ligands based complex (5, Figure 8).33 This dinuclear complex presents a lower 
overpotential but also much higher activity with a TOF of 0.28 s-1. Further 
work of our group aiming at positioning the two ruthenium atoms in cis 
position resulted in the complex 6 with both high stability (TON of 10400) and 
high activity (TOF of 1.2 s-1).34 
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Figure 8. Selected dinuclear Ru catalysts for water oxidation. TOF and TON values 
are indicated in brackets as (TOF; TON) and are reported from CAN-driven water 

oxidation experiments. 
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Notwithstanding, in 2005 the first monomeric ruthenium complex 
able to catalyze the water oxidation reaction was reported (7, Figure 9).35 This 
has led to various monomeric ruthenium complexes with the N-aromatic based 
ligand developed by Thummel group (8) and Meyer group (9, 10).36–38 An 
extended work performed by Berlinguette and Yagi groups on 
[Ru(trpy)(bpy)OH2)]

2+ by adding extra moieties to the back of the trpy and bpy 
ligands, shows the enhancement of the TOF and the TON by fine ligand tuning 
(11).39–41 A final interesting feature to take into account of all the above 
mentioned mononuclear ruthenium complexes is their WNA pathway for 
generating the O-O bond formation. 

 

Figure 9. Selected mononuclear Ru catalysts for water oxidation.TOF and TON values 
are indicated in brackets as (TOF; TON) and are reported from CAN-driven water 

oxidation experiments. 

In parallel, our group developed further the concept of anionic 
carboxylate donor ligands and applied it to mononuclear ruthenium complexes. 
The first mononuclear complex made with this approach was the 
[Ru(pdc)(pic)3] (with H2pdc: 2,6-pyridinedicarboxylic acid and pic: 4-picoline) 
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(12, Figure 10).42 Impressive activity with a TOF of 0.23 s-1 was recorded for 
this complex, and the kinetics of the CAN-driven water oxidation suggested a 
WNA pathway (further details and a mechanism study on this type of complex 
are presented in chapter 4).  

 

Figure 10. TOF and TON values are indicated in brackets as (TOF; TON) and are 
reported from CAN-driven water oxidation experiments. 

Later, our group substituted the H2pdc ligand for the H2bda ligand 
(2,2′-bipyridine-6,6′-dicarboxylic acid) and synthesized the complex 
[Ru(bda)(pic)2] (13, Figure 10).43 Unprecedented high activity with a TOF of 
41 s-1, and a high stability of a monomeric complex with a TON around 2000, 
were recorded under CAN-driven water oxidation. This big leap in the 
research of the ruthenium catalyst was accompanied by an unusual mechanism 
for the O-O bond formation. According to kinetic studies, [Ru(bda)(pic)2] 
performs water oxidation through an I2M pathway. Profitably, X-ray single 
crystals have been obtained at RuIV  state, showing the interaction of two 
monomeric ruthenium complexes (Figure 11).  
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Figure 11. X-ray single crystal structure of two RuIVbda (Copyright 2009 American 
Chemical Society). 

Notably, at this state, the complex obtains a 7-coordinated structure, 
due to the large bite angle induced by the bda ligand (Obda-Ru-Obda angle is 
around 123o) that opens a coordination site for a water molecule (further 
investigations of this 7th coordinated feature are presented in chapter 3). 
Moreover, a complete mechanism cycle for water oxidation by of the Ru(bda) 
type complexes has been proposed after CAN-driven kinetics and 
electrochemical studies (Figure 12).44 
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Figure 12. Proposed mechanism pathway for water oxidation by Ru-bda catalyst with 
CAN as chemical oxidant in pH 1 aqueous solution. 
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The subsequent synthetic work on Ru(bda) type catalysts has focused 
on the modification of the axial pyridine based ligand (Figure 13).44–48 To date, 
the most active Ru(bda)-based catalyst has reached a TOF around 1000 s-1 and 
the most stable one has reached a TON of 101 000. 

 

Figure 13. Selected axial ligands employed for Ru(bda) complexes. TOF and TON 
values are indicated in brackets as (TOF; TON) and are reported from CAN-driven 

water oxidation experiments. 

 

1.7.2 Iridium based molecular water oxidation catalysts 

Similar to ruthenium, the wide knowledge of iridium chemistry has 
led to research of iridium complexes as water oxidation catalysts. In 2008, 
Bernhard group reported the first series of molecular iridium WOC based on 
[Ir(ppy)2(OH2)2]

+ (15, Figure 14) and its analogues.49 Despite low activities, 
these complexes present reasonable TONs, for instance the complex 15 
reached a TON of 2490. Further developments from Crabtree and Brudvig 
group, substitutes ppy based ligand by Cp* (C5Me5) ligand to synthetize the 
complex 16.50,51 As a result, the TOF greatly increased at the expense of its 
decreasing stability. Further work using Cp* ligand from Bernhard group 
resulted in an impressive increase in the stability of the catalyst during water 
oxidation (17).52,53 Recently, however, several controversies emerged within 
the field of iridium-based molecular WOCs. Indeed, the IrOx is a well-known 
inorganic WOC and several molecular iridium complexes are now suspected to 
be only a precursor to IrOx.54–56 
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Figure 14. Selected Ir catalysts for water oxidation. TOF and TON values are 
indicated in brackets as (TOF; TON) and are reported from CAN-driven water 

oxidation experiments. 

1.7.3 First row transition metal molecular water oxidation catalysts 

In the search for an affordable and scalable catalyst, research on first 
row transition metal molecular WOC has been carried out. Despite some 
interesting results, poor activity and stability are still major drawbacks for 
these catalysts. The following paragraphs contain a brief presentation of 
various catalysts based on first raw transition metal.  

Despite the inspiration of OEC composition found within nature, 
research on Mn WOCs have led to only a small number of Mn complexes 
capable of water oxidation. In 1994, Naruta group reported the first series of 
catalyst based on dimeric face-to-face manganese porphyrin complexes (18).57 
This complex was reported to perform the O-O bond formation through an 
I2M pathway. Later, Crabtree and Brudvig group reported further dimeric Mn 
complexes, based on the trpy ligand, opening the way to the synthesis of 
various analogues (19).58 Recently, Brudvig group reported a monomeric Mn 
WOCs performing chemically-driven water oxidation with ozone and H2O2 as 
oxidants (20).59 

 

Figure 15. Selected Mn catalysts for water oxidation. 
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Over the past decade, iron-based WOCs have become popular due to 
their low cost, low toxicity and the natural high abundance of iron. This trend 
began in 2010, when Collins group reported the first iron-based WOC series 
using tetraamido macrocyclic ligands (TAMLs) (21).60 The authors reported a 
remarkable TOF of > 1.3 s-1 for their best catalyst, but the stability of this 
complex was relatively low. Following this work, Fillol and Costas group 
presented several complexes with an impressive TON (22 and 23).61 Their 
work inspired many groups, which focused on increasing the activity of the 
catalyst by ligand fine-tuning. 

 

Figure 16. Selected Fe catalysts for water oxidation. TOF and TON values are 
indicated in brackets as (TOF; TON) and are reported from CAN-driven water 

oxidation experiments. 

The capability of Co salts to perform water oxidation has been known 
for more than 30 years. Despite this, the development of molecular based 
cobalt WOCs has been fairly recent. The Berlinguette group reported the first 
molecular catalyst in 2011 (24) based on Py5 ligand.62 Electrochemically-
driven water oxidation revealed the large pH range operation for this catalyst. 
However, despite tremendous efforts, activity contribution from CoOx as 
inorganic catalysts could not be completely excluded. In fact, it has been 
reported that only 1-2% of free CoII dissociated complexes could have non-
negligible activity. Similarly, Co-porphyrin type complexes (25) have been 
reported as capable of performing photochemical water oxidation and 
electrochemical water oxidation.63 Nonetheless, in chapter 6, these results are 
scrutinized for Co-porphyrin and presence of CoOx on the surface of the 
electrode as active species is stated. 
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Figure 17. Selected Co catalysts for water oxidation. 

Finally, the potential of copper, the oldest metal worked by man, has 
in the last five years, been vigorously investigated as a molecular WOC. In 
2012, Mayer group, inspired by previous work by Elizarova in the early 
1980´s, showed the ability of Cu(bpy)(OH)2 to perform electrochemical water 
oxidation under basic conditions (pH 12-13) (26).64 Following this work, in 
order to decrease the pH required, Meyer group used polypyptide copper 
complexes [(TGG4−)CuII−OH2]

2− (with TGG: triglycylglycine) to perform 
water oxidation in pH 11 (27).65 The use of the polypeptide ligand is 
particularly interesting since it can stabilize the CuIII  state and even allow 
further oxidation to CuIV state. Indeed, copper complexes are known to have 
relatively low stability at higher oxidation states than II. Further research on 
polypeptide copper complexes for water oxidation can be found in the chapter 
5. 

 

 

Figure 18. Selected Cu catalysts for water oxidation. 
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1.8 The aim of this thesis 

This thesis focuses on understanding and studying different significant 
features of WOCs regarding their catalytic cycle for water oxidation, their 
stability and their characterization. 

In the first set of studies, in-situ characterizations of different Ru-based 
WOCs were performed to understand the coordination of a water molecule on 
the metal centre and the evolution of the catalyst during the water oxidation 
reaction. 

In the second set of studies, first row transition metal WOCs were 
employed to craft an anode for electrochemical water oxidation. Careful 
characterisations of the electrodes, before and after water oxidation reaction, 
were performed in order to analyse their stability and to investigate the 
possible formation of new active species on the surface of the electrode.  

In general, this thesis aims to identify what happens immediately 
preceding the water oxidation reaction and how the catalyst/electrode is 
modified after this reaction. 
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2.  
Modification of axial ligand on Ru(bda) 

WOCs  

Will it increase the activity? 
(Paper I) 

2.1 Introduction 

Previously, our group has developed ligands with carboxylate moieties 
as coordinating sites in order to enrich the electron density of the ruthenium 
core and thus facilitate the oxidation of the catalyst aiming to decrease the 
overpotential for water oxidation reaction. This work led to the efficient 
Ru(bda) design with the special feature to perform O-O bond formation 
through the I2M pathway presented in part I of this thesis. Tremendous work 
has been focused on the modification of the axial ligand to increase the 
efficiency of the catalysts. Recently, our group has used imidazole-based axial 
ligands and imidazole/DMSO pair axial ligands that promoted the activity of 
the catalyst.45 To further extend this concept, pyrazole-based ligands could 
enhance the water oxidation reaction through hydrogen bonding due to their 
similarity to the imidazole based one and the presence of a second nitrogen 
atom in 2 position. To perform this study, four different pairs of axial ligands 
were investigated: pyrazole/DMSO (28), pyrazole/pyrazole (29), 4-Br-3-
methyl pyrazole (Brpyr)/DMSO (30) and Brpyr/Brpyr (31) (Figure 19). 

 

 

Figure 19. Structure of target Ru-bda complexes based on pyrazole and DMSO axial 
ligand. 
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2.2 Synthesis and structural characterization 

To synthesize the target complexes, a procedure similar to that used for 
the synthesis of catalyst 13 was employed. Starting from the commercially 
available cis-[Ru(DMSO)4Cl2] and H2bda, the complexation reaction was 
performed in methanol at reflux in the presence of triethylamine (Et3N). The 
resulting precipitate [RuII(bda)(DMSO)2] was filtered off and added to a 
methanol solution containing an excess of the desired pyrazole-based ligand. 
The reaction mixture was then heated to reflux and the final product was 
purified by column chromatography. However, we did not directly obtain the 
target complexes but their precursors. As an example, for the complex 
[RuII(bda)(Brpyr)/DMSO] 30, we obtained the precursor [RuII(κ3

O,N,N−bda)( 
Brpyr)2/DMSO] (30*) (Scheme 1). 

 

Scheme 1. Synthetic pathway for 30* and 31*. 

Nevertheless, an 1H-NMR study revealed that when dissolved in d2-
DCM the complexes maintained their configuration to RuII(κ3

O,N,N−bda)(L)3. 
However, once dissolved in a solution at pH 1 (conditions for water oxidation 
evaluation test in this chapter), these precursors provided the target complexes 
RuII(bda)(L)2 by the loss of the extra pyrazole based ligand in equatorial 
position (Scheme 2).  
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Scheme 2. Example of formation of the complex 29 from its precursor 29*. 

The coordination of DMSO to the ruthenium core at low oxidation 
potential is favoured by the S-atom due to the HSAB (Hard and Soft Acids and 
Bases) theory and has already been studied earlier for Ru(bda)-imidazole 
analogue.45 

 

2.3 Electrochemical properties 

In order to test the different catalyst, it is important to state that due to 
the low solubility of complexes 30 and 31, a co-solvent, 2,2,2-trifluoroethanol 
(TFE), was added to the aqueous solution for all complexes studied in this 
chapter (20% volume ratio). 

The cyclic voltammograms (CVs) of the complexes display catalytic 
activity towards water oxidation as well as multi-step oxidation of the catalysts 
(Figure 20). It is interesting to compare the effect of pyrazole/DMSO pair axial 
ligand (28) and pyrazole/pyrazole pair axial ligand (29). It can be noted that 
the oxidation potential for RuII/III  in the case of 28 is around 0.93 V vs. NHE 
while in the case of 29, is around 0.65 V vs. NHE.  

 

Figure 20. CVs of 28 and 29 in a pH 1 solution with 20% volume of TFE. 
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This shift in redox potential for RuII/IIII  can be interpreted by the 
different electronic properties of pyrazole and DMSO. The pyrazole ligand, 
being more electron rich than DMSO, will allow the ruthenium core to be 
enriched in electron and thus to be oxidized at lower potential. 

However, as can be seen in Table I, the difference in oxidation potential 
for RuIII/IV is negligible. Two different aspects can explain this phenomenon:      
(1) At that oxidation step, the DMSO ligand is expected to switch from a S-
coordinated to a O-coordinated, thus becoming a better donating group.45      
(2) The oxidation from RuIII  to RuIV  state is performed through a PCET 
process (Figure 12), thus the limiting step of the reaction can be induced by the 
departure of the proton regardless of the oxidation potential.   

Table I. Redox potentials, TON and TOF values of complexes 28, 29, 30 and 31. 

E1/2
ox (V vs NHE2) 

Complex RuII/III  RuIII/IV  RuIV/V   TON TOF (s-1)3 
28 0,93 1,14 1,40  2300 127±7 
29 0,65 1,12 --  1300 20±3 
30 0,90 1,11 1,39  2100 105±7 
31 0,73 1,12 1,29  6200 506±15 

1. Measured in pH 1.0 solution (HNO3) containing 20% in volume TFE Scan rate = 
0.1 V/s. 

2. [Ru(bpy)3]
2+ was used as a reference with E1/2 = 1.26 V vs NHE. 

3. Conditions: catalyst (2 mM, 4.10x10-7 mol); CAN: 1.21x10-3 mol in 3 mL HNO3 
aqueous solutions (pH 1.0).  
 

Further work to compare the influence of the pyrazole/DMSO pair 
ligand and the pyrazole/pyrazole pair ligand has been carried out by the 
realization of Pourbaix diagrams over a large pH range (Figure 21). 

 

Figure 21. Pourbaix diagrams of complexes 28 (Left) and 29 (Right) in phosphate 
buffer solution, without addition of organic medium, on glassy carbon electrode. 
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The above diagrams show that at pH below 4.5, both complexes present 
a similar oxidation pathway. First, the oxidation from RuII to RuIII-OH2 is 
performed by a single electron oxidation. The second oxidation from RuIII -OH2 
to RuIV-OH is assigned to a PCET process due to the characteristic -59 mV/ 
pH slope obtained. Another PCET process then occurs to generate the 
RuV=O/RuIV-O● species. In the case of complex 28, the pKa of RuIII -OH2 
species was determined around 4.6. At pH higher than 4.6, the mechanism of 
complex 28 presents a 2e-/2H+ process (two PCET processes simultaneously) 
to oxidize RuII to RuIV=O●. Then, a single-electron oxidation step generates the 
final RuV=O/RuIV-O●. The mechanism for the reaction catalyzed by complex 
29 differs from that by complex 28 under these pH conditions, however. The 
pKa of RuIII-OH2 species was determined around 5.2. At higher pH values, the 
oxidation of RuII to RuIII -OH is performed by a PCET process. The oxidation 
to RuIV  was unfortunately not observable, however, we assigned the reaction to 
a simple electron transfer process due to the presence of another PCET process 
for the generation of RuV=O/RuIV-O●.  

 

2.4 Oxygen evolution characteristics 

Firstly, a 2nd order reaction kinetics with respect to the catalyst was 
confirmed, with CAN-driven water oxidation. This supports the I2M pathway 
mechanism and thus assures that the axial ligand modification did not change 
the mechanism for the O-O bond formation (Figure 22 left).  

 

Figure 22. (Left) The initial rates of water oxidation kO2 against the [29] 2. (Right) 
Kinetic curves of O2 formation by complexes 28, 29, 30 and 31 vs time under the same 

conditions driven by Ce(IV) at pH 1. Numbers besides the curves show the TOFs. 

The evaluation of the oxygen evolution performance for each catalyst 
was performed as well by CAN-driven water oxidation (Figure 22 right) and 
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quantified by gas-chromatography (GC). The collected values are summarized 
in Table I.  

Interestingly, complexes 28 and 30, bearing one DMSO ligand, behave 
similarly in terms of activity (TOF28 = 127 s-1 and TOF30 = 105 s-1) and 
stability (TON28 = 2300 and TOF30 = 2100). Their TOF and TON values are 
also similar to those of other Ru(bda) complexes bearing DMSO as axial 
ligand, thus confirming the viability of this axial ligand for the activity.45 
However, the difference between complexes 29 and 31, in terms of activity, is 
tremendous (TOF29= 20 s-1 and TOF31= 506 s-1). An improvement by a factor 
of 2 to 3 was expected due to the presence of the halogen substituent on the 
Brpyr ligand of 31, but in the present case, the TOF value had increased by a 
factor of 20. Although the explanation of this enhancement is complicated, we 
have seen that the electrochemical properties of those complexes are similar. 
We can thus suppose that the high hydrophobicity of complex 31 might be a 
key contributing factor here favouring the dimerization of two RuV=O/RuIV-O● 
unit to perform the I2M pathway and thereby significantly increasing the rate 
of the reaction. 

 

2.5 Conclusions 

We designed a new series of Ru(bda) catalysts bearing DMSO and 
pyrazole based axial ligands. From the electrochemical studies, the difference 
between the DMSO/pyrazole and the pyrazole/pyrazole pair axial ligands is 
mainly the oxidation of RuII to RuIII  under acidic conditions. Regarding the 
oxygen evolution rates, we can confirm that the influence of DMSO as axial 
ligand provides roughly the same TOF and TON values regardless of the other 
axial ligands. Moreover, the tremendous activity of complex 31 appears to 
highlight the importance of the hydrophobicity over the electronic effect to 
enhance the O-O bond formation that could be the key for more efficient 
Ru(bda) complexes. 
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3.  
EPR investigation on RuIII(bda) WOCs. 

Is it 6- or 7- coordinated? 
(Paper II) 

3.1 Introduction 

We previously mentioned in chapter 1 the 7-coordination configuration 
at RuIV state for the Ru(bda) catalyst. However, as synthetized, RuII(bda) is a 
6-coordinated complex and does not have a coordinated water molecule at the 
7th position. Therefore, the question regarding to the coordination of the 
substrate water molecule remains. Incorporation of a water molecule into the 
ligand sphere is a crucial step as it will involve a ligand reorganisation. In 
previous studies, it has been proposed that at RuIII  state the water was already 
coordinated. However such proposal violates the 18e- rule (Figure 23). 

 

Figure 23. Two different proposed pathway for the generation of RuIII (bda). 

The electronic configuration of a RuIII is d5 and thus a RuIIIbda complex 
would be a paramagnetic species. In order to investigate the coordination 
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sphere of the catalyst at this oxidation state, electron paramagnetic resonance 
(EPR) spectroscopy represents the correct method to tackle the water 
coordination question. 

 

3.2 Selection of the complex and electrochemical properties 

To perform the EPR study, the complex [RuII(bda)(pySO3)2]
2- (pySO3 = 

triethylammonium 3-pyridine sulfonate) (32), was selected due to its high 
solubility in water without the addition of co-solvent that could induce 
misleading information.66,67 The synthesis of 32 was performed as presented in 
chapter 2, but the final purification step was performed by crystallization 
which led to red needle-like crystals.46 

Prior to EPR investigation, CVs were performed to determine the 
oxidation potential of the couples RuII/III and RuIII/IV  followed by electrolysis of 
the complex in a pH 1 solution to generate RuIII  (Figure 24). 

 

Figure 24. (Left) CV of complex 32 in a pH 1 solution, the red dashed lines indicate the 
distinct oxidative electrolysis potentials for used for RuII/III  and RuIII/IV  conversions. The 
green dashed line indicates the reductive electrolysis potential that convert the RuIV to 
RuIII  state. (Right) Bulk electrolysis of 32 at 0.86 V (vs. Ag/AgCl) to carry 32 from RuII 

to RuIII . 

 

3.3 EPR properties 

A Sample of 32 after full conversion to RuIII  was then tested by EPR 
(X-band) spectroscopy at 10°K. 
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Figure 25. Experimentally recorded and simulated EPR spectra of complex 32 at RuIII  
state, generated electrochemically at 0.86 V vs Ag/AgCl in aqueous solution a pH 1 (A) 
Experimentally recorded EPR spectrum of 32. (B) Simulated spectrum of 32 (C) Two 

decomposed spectra originated from the simulated spectrum of 32. 

An unexpected feature appears from the spectrum, the EPR pattern 
shows a superposition of two spectra arisen from different species (Figure 25 
A). The simulated spectrum (Figure 25 B) shows a good correlation with 
experimental data. Moreover, the decomposition of the simulated spectrum 
reveals the presence of two separated spectra (Figure 25, C) deriving from two 
different species. The g-factors for the narrow spectrum, (ns) gx = 2.314; gy = 
2.187; gz = 1.853, agree with other 6-coordinated pseudo-octahedral RuIII  

center.68–72 The wide spectrum (ws) presents a larger g-anisotropy 
characteristic with g-factors gx = 2.58; gy = 2.30; gz = 1.675. This difference in 
g-anisotropy can be interpreted by the ws species having a lower symmetry 
than the ns species.  

In order to identify the two different species, bulk electrolysis followed 
by EPR analysis of the complex 32 has been carried out in the dry organic 
solvent, TFE. This solvent has been selected due to its poor coordination 
ability when compared to the commonly used acetonitrile.66 The new spectrum 
(Figure 26 A) displayed only one signal set with g-factors gx = 2.31; gy = 2.19; 



  32

gz = 1.85, and is in a good concordance with the ns. Thus, we assigned the ns 
species to the 6 coordinated complex [RuIII(bda)(pySO3)2]

-. Another EPR 
spectra has been recording after addition of a small amount of water (pH = 1.0) 
(~10% in volume) into the previous sample. (Figure 26 B). As can be seen, the 
main components remained the [RuIII(bda)(pySO3)2]

- species (ns species). 
However, we can see a new species emerging with g-factors gx = 2.58; gz = 
1.68, similar to the ones of the ws. We thus concluded that the ws species can 
be generated only in the presence of water and the larger g-anisotropy 
observed is due to the interaction/coordination of a water molecule with the 
ruthenium center. In other term, a ligand reorganisation occurs in the case of 
the ws species. 

 

 

Figure 26. EPR spectra of 32 at RuIII  state in the absence (A) and in the presence of 
water (B). (A) EPR spectrum of 32 at RuIII  state generated in anhydrous TFE. (B) EPR 
spectrum recorded after addition of 10% volume of aqueous HNO3 solution (pH = 1.0) 

to the above solution. 

The coexistence of the two species was then investigated. Firstly, the 
generation of the two species was investigated by probing samples from the 
bulk electrolysis at different time (30 s, 180 s and 680 s) in aqueous solution 
(pH = 1) to generate RuIII  and then analyzed by EPR spectroscopy (Figure 27 
left). It can be observed that both species seem to be generated simultaneously. 
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Moreover, it can also be noticed that the ws species is generated faster. Thus 
the ws species seems to be kinetically favoured, but after longer time an 
equilibrium is then obtained between the two different species. 

 

Figure 27. (Left) EPR spectra of electrolyzed solution of 32 probed at distinct elapsed 
time (30, 180 and 680 s respectively) of electrolysis. (Right) The EPR spectra show the 

reversibility of the two RuIII  species after reduction from RuIV. 

The stability of the two species was then investigated by further 
oxidizing 32 to RuIV state at 1.08 v vs Ag/AgCl and then performing a 
reduction at 0.84 V vs Ag/AgCl to re-obtain a RuIII  state. EPR spectra of the 
different oxidation states are presented in Figure 27 (Right). As expected, once 
oxidized to RuIV state, the sample becomes EPR-silent (a minor RuIII  trace can 
be observed) since at this oxidation state, the ruthenium core configuration will 
be d4 and thus diamagnetic. After reduction, both species are regenerated in 
roughly the same ratio, showing once again the coexistence of two RuIII  
species. 

From previous EPR observations, several hypotheses were formulated in 
relation to the ws species.  

(1) The ws species is a 7th coordinated ruthenium species with water as 
axial ligand [RuIII(bda)(pySO3)2(H2O)]3-. 

(2) An axial ligand of the complex is replaced by water to generate the 
ws species. [RuIII(bda)(pySO3)(H2O)]2-. 

(3) A carboxylate of the bda ligand is replaced by water to generate 
[RuIII(κ3O,N,N−bda)(pySO3)2(H2O)]3-. 
 

The hypothesis 2 was excluded by successfully obtaining a similar 1H-
NMR for complex 32 prior to bulk electrolysis and after bulk electrolysis at 
RuIII  state (to reduce RuIII  to RuII state, ascorbic acid as a chemical reductant 
was added inside the NMR tube). 
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3.4 DFT characterizations 

To distinguish between hypotheses 1 and 3, DFT (density function 
theory) calculations were performed to determine the different possible 
configurations and their Gibbs free energies (Figure 28). 

 

Figure 28. Overall energy profile of different possible configurations of 32 at RuIII  state 
in presence of water (5 water molecules in total have been used for the purpose of 

calculations) (Distance values in Ångström). 

To simulate the water effect, the different configurations were 
calculated with 5 molecules of water in order to realize a hydrogen bonding 
network around the carboxylates moieties and the coordinated water molecule. 
From this calculation, it can be noticed that [RuIII(bda)(pySO3)2(H2O)]3- and 
[RuIII(bda)(pySO3)2]

- have lower Gibb free energy than the other 
configurations. Moreover, their difference in energy in extremely small and 
can be considered within the DFT error margin. The calculations for all the 
other configurations revealed a much higher energy and they were therefore 
discarded. This result suggests that the ws species is 
[RuIII(bda)(pySO3)2(H2O)]3-. It was also interesting to see the low energy 
barrier for the conversion between the two species (2.8 kcal/mol) which can 
suggest an easy interconversion between them. However, the question that 
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comes to mind is in relation to the definition of the 7-coordination. Indeed the 
incorporation of a water molecule inside the ligand sphere and its coordination 
to the ruthenium center is accomplished at the expense of an elongation of the 
Nbda-Ru bond (from 2.05 and 2.07 Å for [RuIII(bda)(pySO3)2]

- to 2.38 and 
2.43Å for [RuIII(bda)(pySO3)2(H2O)]3-). To gain more insight into this Nbda-Ru 
bond, electron density optimisation was performed in the case of a long water 
distance to the ruthenium (similar to [RuIII(bda)(pySO3)2]

-) and in the case of a 
coordinated water molecule ([RuIII(bda)(pySO3)2(H2O)]3-) (Figure 29) 

 

Figure 29. DFT calculation upon geometry optimization (A) and electron density 
optimization (B) for [RuIII ]---OH2

+ (left) and [RuIII ]-OH2
+ (right) respectively show the 

Gibbs free energy for the structural conversion.(6 water molecules in total have been 
used for these calculations). 

Figure 29 A represents the difference in terms of distance between the 
ruthenium atom and the water molecule. The long distance ([RuIII ]---OH2

+ 

(left)) represent a simple interaction of the water molecule with the ruthenium 
atom but not as a bond. The shorter distance ([RuIII ]-OH2

+ (right)) is assigned 
as a bond. The electron density optimization for those two cases is shown in 
Figure 29 B. In the case of ([RuIII ]---OH2

+ (left) the electron density of the two 
Nbda is completely delocalized on the ruthenium center while the electron 
density of the water remains localized on the water molecule. It can therefore 
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be assumed that Nbda participate in stabilizing the overall complex through 
Nbda-Ru bond. However, in the case of [RuIII ]-OH2

+ the electron densities of 
the two Nbda remain located on themselves, indicating their poor to non-
participation for Nbda-Ru bonds while the coordinated water molecule has 
delocalized its electron density on the ruthenium. It can be then debated if 
[RuIII(bda)(pySO3)2(H2O)]3- is a real 7-coordinated species or an equilibrium of 
a “pseudo” 7-coordinated. 

 

3.5 Conclusion 

In this part, we have presented the finding on the investigation by EPR 
on RuIIIbda. The co-existence in water (pH = 1.0) of two species have been 
observed and the low energy barrier required for the conversion into each other 
suggests an equilibrium between them. The incorporation of water as a 7th 
ligand into the ligand sphere has been demonstrated. This incorporation is 
performed at the expense of an elongation of the Nbda-Ru bonds. Thus, this 
study provides, convincing experimental evidence of the presence of a 7-
coordination configuration species at the RuIII  state whether it is a real 7-
coordinated or a “pseudo” 7-coordinated species. 
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4.  
Mechanistic study of water oxidation by 

Ru(pdc) type catalysts 

What is really happening? 
(Paper III) 

4.1 Introduction 

In the previous chapters, I have described our work on Ru(bda) type 
catalysts and their high catalytic activity, stability and feasible characterization 
at different oxidation states. Here, we decided to study the formerly designed 
Ru(pdc) type catalysts, which have recently regained some attentions. Indeed, 
while the modification of the H2bda ligand is tedious and can result in large 
loss of activity, the modification of the H2pdc is relatively simple, expending 
the application range of the Ru(pdc) type catalyst.73,74 Previous studies 
involving complex 12 under homogeneous condition revealed that the loss of a 
pyridine ligand triggers the catalytic cycle for water oxidation.42 A CAN-
driven water oxidation kinetics study also suggest a WNA pathway to generate 
the O-O bond, but very little other information on the mechanistic cycle were 
obtained. Therefore, we attempted to obtain more insights into the catalytic 
cycle by performing an electrochemical study at pH 1 and using NMR, MS 
and X-ray crystallography to identify the different intermediates. For the 
realization of this study [RuII(pdc)(py)3] (33) (Figure 30) was selected instead 
of complex 12 due to its higher solubility in aqueous media as well as to avoid 
oxidation of the methyl group, present on the 4-picoline of the complex 12, 
during water oxidation reaction. 

  

 

 

Figure 30. Structure of  
      the complex 33. 
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4.2 Synthesis and characterization 

The complex was synthesized by a two-step microwave reaction. First, 
H2pdc and dicholoro(p-cymene)ruthenium(II)dimer were mixed in dry ethanol 
containing trimethylamine, purged under argon and heated at 140°C for 40 
min. To the resulting dark solution, an excess of pyridine was added and the 
solution was then heated at 140°C for 30 min. The selected product 33 was 
then purified by silica gel column chromatography. (Scheme 3) 

 

Scheme 3: Synthetic pathway for complex 33. 

1H-NMR characterisation of 33 has been thoroughly performed and some 
interesting features have been observed (Figure 31). 

 

Figure 31. 1H-NMR spectrum of 33 in CDCl3. 

Eighteen proton resonances are present in the aromatic region. We can 
identify the pdc ligand by the doublet at δ=7.97 ppm and the triplet at δ=7.60 
ppm. We can also observe two different set of signals for the pyridine ligand 
signals, i.e. all the pyridine ligands of 33 are not NMR equivalent. The two 
axial pyridines are identified by the doublet at δ=8.31 ppm, the triplet at 
δ=7.50 ppm and the triplet at δ=7.07 ppm. The remaining equatorial ligand is 
then identified by the doublet at δ=8.91 ppm, the triplet at δ=7.73 ppm and the 
doublet at δ=7.25 ppm (partially overlapped with the CDCl3 signal). The non-
equivalence of the equatorial pyridine ligand with the axial ones is due to the 
high electron deficiency on the pyridine part of the pdc ligand (induced by the 
presence of the carboxylic acid substituents in the 2 and 6 positions). Thus, the 
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back-donating effect on the pdc ligand will be increased, unfavouring the back 
donating effect in the anti-position affecting directly the equatorial pyridine. 
Hence, this pyridine is less rich in electrons when compared to axial ones and 
its proton less shield will move towards lower field.75  

 

4.3 Electrochemical generation of RuIII and its characterization 

CVs from 0.2 V to 1.0 V in pH 1 condition were performed to 
determine the redox potential for RuII/III  couple. However, as presented in 
Figure 32, after successive scans a new species arises while the redox peak 
current of the couple [RuII(pdc)(py)3]/ [RuIII(pdc)(py)3] decreases. 

 

Figure 32. Successive CVs of the catalyst 33 in a pH 1 solution, inset: CV after 
electrolysis at 0.9V. 

To further investigate the new species formed, a bulk electrolysis at   
0.9 V was performed which corresponds to a potential higher than 
[RuIII(pdc)(py)3] formation. CVs performed after this bulk electrolysis 
presented only one redox couple, the one of the new species, while the redox 
couple [RuII(pdc)(py)3]/ [RuIII (pdc)(py)3] completely disappeared (Figure 32, 
insert). 

The characterization of this new species was primarily performed by 
MS. The spectrum displays a typical ruthenium monomer isotope distribution, 
with a difference of 61 m/z when compared to 33 MS spectrum (Figure 33). 
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We thus hypothesized that a pyridine ligand was replaced by a water molecule 
to form [RuIII(pdc)(py)2OH2]

+ (34).  

 

Figure 33. Mass spectra of: Left, [RuIII (pdc)py3]
+, (Upper) generated by bulk 

electrolysis at 0.9 V in a pH 1 solution before the ligand exchange occurred, (Lower), 
calculated mass spectrum. Right, complex (34) (Upper) generated by bulk electrolysis 

at 0.9 V in a pH 1 solution after the ligand exchange occurred, (Lower), calculated 
mass spectra. 

To determine which pyridine ligand was replaced, a sample of the solution 
after bulk electrolysis was reduced and tested by 1H-NMR (Figure 34 top). 

7.37.47.57.67.77.87.98.08.18.28.38.48.58.68.7
δ (ppm)

Free Pyridine

[RuII(pdc)(py)2(H2O)x]

 

Figure 34. 1H-NMR spectra of: Top, [RuII(pdc)(py)2(H2O)x] in a pD1 solution with 
ascorbic acid with 0 ≤ x ≤1. Bottom, free pyridine in pD1 solution with ascorbic acid. 

Comparison of the spectra obtained confirmed the de-coordination of 
the pyridine ligand from the complex 33 after oxidation to RuIII  state. 
Furthermore, we were able to identify the equatorial pyridine ligand in 33 as 
that which underwent de-coordination (Scheme 4). 
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Figure 35. Electrochemical oxidation of the complex 33 in pH 1 solution to generate 
the complex 34. 

 

4.4 Electrochemically-driven water oxidation and 
characterization of the active species 

The obtained solution of complex 34 was further analysed by cyclic 
voltammetry to determine the water oxidation onset potential as well as 
obtaining information regarding the mechanism (Figure 36). 

 

Figure 36. Successive CVs of complex 34 in a pH 1 solution. 

The oxidation of 34 appears around 1.3 V (Eox1) followed by a second 
oxidation around 1.49 V (Eox2) prior to the onset potential of water oxidation 
(Eonset = 1.56 V). In the reduction direction, three different reduction processes 
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could be identified (EredA= 0.98 V, EredB= 0.42 V and EredC= 0.32 V). 
Interestingly, the oxidation peak Eox1 does not seem reversible (∆Eox1/redA: 
0.32V is too large for the expected system where the oxidation should involve 
only an electron transfer coupled with one or two protons). Moreover, 
successive CVs show a decay in the current peak of Eox1 as well as in the 
oxidation to generate 34. It was then hypothesised that, once reached Eox1 
potential, a new species is generated which could be regenerated into 34, only 
after reaching the reduction potential of EredC. Similar to the previous method, 
we investigated the species generated at Eox1 by performing bulk electrolysis at 
1.25 V and then analyzing the resulting solution by MS and 1H-NMR (Figure 
37, Left). 

 

Figure 37. (Left) Mass spectrum of: [RuIII (pdc)(py)2-O-RuIV(pdc)(py)2]
+ (35) (Upper) 

generated by bulk electrolysis at 1.25 V in pH1 solution, (Lower), calculated mass 
spectra. (Right) Structure of the dimer 35. 

The spectrum obtained displays an isotopic pattern typical of a 
ruthenium dimer species at 864.99 m/z. The 1H-NMR spectra before and after 
electrolysis did not show any modification, indicating that no additional 
ligands were de-coordinated from the ruthenium complex. Based on this 
analysis, the proposed structure [RuIII(pdc)(py)2-O-RuIV(pdc)(py)2]

+ (35) 
(Figure 37, Right) was used to assign the MS signal. Confirmation of this 
structure has been obtained by successful crystallization of the dimer 35 from 
the bulk electrolyzed solution leading to brown needle-like crystals (Figure 
38). 
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Figure 38. Crystal structure of the dimer 35 (ellipsoid at 50% probability). 

The success of this crystallization confirms the stability of the dimer 35 
in solution over a certain period of time. Interestingly, in contrary to the 
complex 34, which owns a site for water coordination, the dimer 35 does not. 
This could suppose the deactivation of the catalyst for the water oxidation 
reaction. However, further CVs performed on the bulk solution, after 
electrolysis, revealed the presence of an active catalyst as well as the complete 
disappearance of 34 (Figure 39). 

 

Figure 39. Successive CVs of the electrolyzed solution at 1.25V. 

This unexpected result can then only be interpreted as the dimer 35 
being, itself, as another intermediate/precursor towards the real active 
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complex. After carrying out water oxidation electrolysis for a short period of 
time, another set of crystals was successfully obtained (Figure 40).  

 

Figure 40. Crystal structure of the obtained crystals after water oxidation bulk 
electrolysis (ellipsoid at 50% probability). 

At first sight, the obtained structure is similar to that previously 
obtained for the dimer 35. However, a larger anisotropic temperature factor, 
compared to those of other carbon atoms in the same molecule, have been 
observed on ten carbon atoms (C13 to C22). Interestingly, this phenomenon is 
absent for the two nitrogen atoms N3 and N4. This indicates that these carbon 
atom positions are not fully occupied by carbon atoms and some vacancies 
may be present here, however, the nitrogen atoms positions are fully occupied. 
Regarding to the study system, the substitution of a pyridine by a water 
molecule could be feasible. Another refinement was performed to provide a 
final occupancy result of 0.879 for pyridine and 0.121 for water. Thus, the co-
crystallisation of [RuIII(pdc)(py)2-O-RuIV(pdc)(py)(H2O)]+ (36) with the dimer 
35 was supposed. This hypothesis was further supported by the DFT 
calculations, which show that both dimer 35 and 36 have extremely similar 
geometry (Figure 41).  

 

Figure 41. Optimized geometries of (Left) 35 and (Right) 36. 
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The dimer 36 displays an active site for water oxidation. We can 
conclude that this species is part of the mechanistic cycle for the water 
oxidation reaction that could be observed by electrochemistry (Figure 39). 
Finally, we attempt to draw a mechanistic cycle in Figure 42 gathering all the 
information we obtained in this work and from previous works on Ru(pdc) 
catalyst for water oxidation reactions. Although we cannot completely exclude 
that under certain oxidative conditions the monomeric complex 33 can be part 
of another mechanistic cycle, our work indicates that the dimer 36 is 
responsible for the water oxidation reaction. 

 

Figure 42. Proposed mechanisms for water oxidation reaction by complex 33 
(with x and y ≥ 4). 

 

4.5 Conclusion 

In this work, we attempted to provide a mechanism for water oxidation 
reaction by complex 33. After the substitution of the equatorial pyridine by 
water to generate 34, electrochemical study on water oxidation was conducted. 
Unexpectedly, we obtained the formation of a dimer 35 with no open site for 
water oxidation. However, we managed to co-crystalize with the dimer 35 the 
intermediate 36 after bulk electrolysis at water oxidation potential. This new 
intermediate, owning an active site for water oxidation after the substitution of 
an axial pyridine by water, was assumed to be part of a catalytic cycle 
involving dimeric species. Although some intermediates within the 
mechanistic cycle remain to be discovered, we showed that the in-situ 
dimerization of two monomers can lead to the formation of an active catalyst 
for water oxidation. 
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5.  
Immobilization of a copper peptide 

catalyst on gold surface for efficient water 
oxidation anode 

Will it work? 
(Paper IV) 

 

5.1 Introduction 

We have seen in chapter 1 that due to economic reasons, molecular 
catalysts from first row transition metals are gathering significant attention 
today. Moreover, the industrial development of the water oxidation reaction 
requires catalysts to be anchored on a surface to form water oxidation anodes. 
Therefore, we here present our work on the selection of copper peptide 
complexes for the water oxidation reaction. Furthermore, a copper peptide 
complex was successfully anchored on the surface of a gold electrode to form 
a water oxidation anode. Previous work on copper peptides has shown that 
complex 27 is an efficient catalyst for water oxidation reaction under basic 
conditions (pH = 11).65 Inspired by 27 and in order to realize this project, 
different peptides based on glycine (Gly), L-alanine (Ala), L-valine (Val) and 
histidine (His) blocks (Figure 43) were employed to screen various potential 
candidates. 

 

Figure 43. Peptide building blocks selected. 
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5.2 Preparation of the different copper peptides and their 
electrochemical behavior 

Six different copper peptide complexes based on previous building 
blocks were prepared (Figure 44). 

 

 

Figure 44. Structure of target copper(II) peptide complexes. 

The complex 27 was used as a reference for comparison. Complexes 37 
and 38 were chosen in regard to their similarity with 27. However the presence 
of methyl groups for 37 and isopropyl groups for 38 can potentially enrich the 
electron density of the copper centre and thus facilitates its oxidation. 
Complexes 39, 40 and 41 were selected due to the presence of an imidazole 
group that could serve as ligand for coordinating Cu(II). 

The synthesis of the different complexes was achieved by mixing 
equimolar amounts of the corresponding ligand with CuII(SO4) salt in a 
phosphate buffer solution to obtain a final concentration of 0.1 M towards the 
complex. The solution was then analyzed by UV-Vis spectroscopy to confirm 
the formation of the complexes. CVs for each complex were performed in a 
pH 10 phosphate buffer solution in order to quantify their electrochemical 
performances towards water oxidation reaction (Figure 45 left). 
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Figure 45. (Left) CVs of the different selected copper peptides in a pH 10 phosphate 
buffer solution. (Right) Successive CVs of 39 in a pH 10 solution. 

The oxidation to CuIII  state for complexes 38 and 37 occurs at lower 
potential than that of the reference complex 27. This decrease in potential was 
expected due to the presence of the methyl group and the isopropyl group 
which enriched the electron density of the copper centre. However, the 
overpotential required for the water oxidation reaction remained similar with 
this approach. The addition of an imidazole in the peptide chain shows a 
decrease in the overpotential required by the catalytic reaction as well as a 
higher catalytic current when compared to the reference complex 27. These 
features are particularly noticeable for the complex 39 probably due to the 
presence of the His fragment on the C-terminus, favouring the coordination of 
imidazole in the same plane as the rest of the peptide and thus increasing the 
stability. Therefore, copper peptide 39 was selected for further investigation. 
The stability of 39 was observed after successive CVs (Figure 45 Right). 
Moreover, CVs at higher scan rate (2000 mV/s) show the reversibility of the 
redox couple CuII/III  which is absent at a lower scan rate (100 mV/s). This 
indicates a modification in the ligand sphere of the complex which is however 
reversible since the oxidation peak of CuII/III  is constant after multiple CVs. 

 

5.3 Formation of 39@Au and its electrochemical characteristic 

The discovery of this new catalyst for water oxidation creates the 
possibility of crafting an electrode with the copper peptide 39 on the surface. 
For this purpose, an anchoring group needs to be used to link the peptide and 
the surface of the electrode. We decided to use a gold substrate as an electrode 
to perform S-Au type bonding due to its known stability. The following 
scheme shows the overall crafting of the electrode (Scheme 4). 
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Scheme 4. Crafting of 39 on the surface of FTO glass electrode. 

Firstly, fluorine-doped tin oxide (FTO) glass was used as a substrate 
and covered by gold through physical vapour deposition (PVD). The resulting 
gold electrode was then introduced in an ethanolic solution of 3-
mercaptopropionic acid to realise the S-Au bond. The electrode was then 
dipped in (N-morpholino)ethanesulfonic acid (MES) buffer which contained 
N-hydroxysuccinimide (NHS) and N-(3-dimethylaminopropyl)-N′-
ethylcarbodiimide hydrochloride (EDC). The electrode was rinsed and then 
introduced in a MES buffer containing the peptide Gly-Gly-His. Finally the 
electrode was soaked in an aqueous solution of Cu(SO4) and the resulted anode 
(39@Au) was stored at -20°C prior testing.  

The amount of complex anchored on the surface of the electrode was 
determined with the scan rate dependence peak of the redox couple CuI/II  in an 
aqueous solution under neutral pH in order to avoid gold oxide formation in 
the potential range which could affect the final result (Figure 46).  
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Figure 46. (Left) CVs at different scan rates of 39@Au in a pH 7 solution focusing on 
CuI/II  redox peak (Right) Plot of the oxidation current peak and reduction current peak 

for CuI/II at various scan rates. 

The following equation was then applied (Equation 4): 

Equation	4.										�������� �
�� ∗ �� ∗ � ∗ �

4 ∗ � ∗ �
 

Where the Slope (RS) represents the dependence of the peak current at 
different scan rate; n, the number of electrons: 1; F, Faraday´s constant: 96485 
C/mol, A; the electrode surface area: 1 cm2, C; the surface concentration 
(mol/cm2), R; the ideal gas constant: 8.314 J.K-1.mol-1, T; temperature: 
293.15°K. peak current (A), scan rate (V/s). 

Finally, the amount of anchored complex on the surface was determined 
around 5.5x10-10 mol/cm2, which corresponds to a monolayer on the surface of 
the electrode.76 

The electrochemical properties of 39@Au were investigated in a 
solution at pH 10. Successive CVs displayed catalytic activity for water 
oxidation as well as a decent stability (Figure 47 Left). 

 

Figure 47. (Left) Successive CVs of 39@Au in a pH 10 solution. (Right) Electrolysis of 
39@Au in a pH 10 solution at 1.1 V vs Ag/AgCl. 
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Therefore, bulk electrolysis at 1.1 V vs Ag/AgCl was performed 
(Figure 47 Right). Fast decay of the catalytic current density can be observed 
within the first 10 min, followed by a relatively stable current density until 50 
min. The presence of oxygen evolution during the bulk electrolysis was 
confirmed by GC. However, the current decay could suggest the 
decomposition of the catalyst on the surface of the electrode. To obtain more 
information regarding the deactivation of the electrode, X-ray photoelectron 
spectroscopy (XPS) was performed of 39@Au on the as prepared sample and 
after electrolysis. Characteristic core level peaks of the 39@Au, i.e. Cu2p, S2p 
and N1s, could be detected and are presented in Figure 48. 

 

Figure 48. XPS spectra of 39@Au for Cu2p, S2p and N1s. 

The spectra show that 39@Au does not remain stable after electrolysis. 
The amount of copper as well as the amount of nitrogen decreases 
significantly. Nevertheless, the sulfur signal remains relatively constant 
suggesting that the anchor link remains. This result indicates the separation of 
the copper peptide 39 from the anchoring group on the gold surface. Further 
investigation are now on going to determine whether the remaining activity 
during electrolysis was provided by the molecular 39 complex or by its 
decomposition in metal oxide through analyzing the buffer solution and 
checking the faradaic efficiency of the anode during bulk electrolysis. 

 

5.4 Conclusion 

We successfully designed a new copper peptide catalyst 39 for water 
oxidation that could perform at relatively lower pH when compared to the 
previously reported 27. This complex was successfully anchored on the surface 
of a gold electrode to form an active anode towards water oxidation. However, 
despite interesting activity, concerns regarding stability during bulk 
electrolysis have been raised and confirmed by XPS. 
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6.  
Re-investigation of cobalt porphyrin as 

catalyst on FTO surfaces 

Is it really molecular? 
(Paper V) 

6.1 Introduction 

In chapter 5, I have presented an attempt to produce a functionalized 
electrode for water oxidation by anchoring a copper peptide through a sulfur 
bond on a gold surface. Another method to produce functionalized electrodes 
consists of using solubility properties of complexes. Indeed, complexes 
insoluble in water will tend to remain on the surface of the electrode by 
hydrophobic repulsion with the solvent molecule and can thus functionalize an 
electrode. Previously, several reports on the potential of cobalt porphyrins as 
WOCs have appeared.63,77  Moreover, a successful attempt from Pingwu Du´s 
group to use the hydrophobicity of a molecular porphyrin complex on the 
surface of a FTO glass resulted in an efficient water oxidation electrode.78 In 
order to further improve this concept, we decided to reproduce the electrode 
with different type of cobalt porphyrins. However, our conclusion about the 
active species towards water oxidation in the surface of the electrode differs 
from that of Pingwu Du´s group due to the detection of cobalt oxide. 

 

6.2 Selection of the different cobalt porphyrin complexes and 
crafting of the electrode 

To perform this study, we selected three different cobalt porphyrin 
complexes. 5,10,15,20-tetraphenyl-21H,23H-porphine cobalt(II) (42), similar 
as the one used by Pingwu Du´s group in order to obtain a fair comparison. 
5,10,15,20-tetraphenyl-21-oxaporphyrin cobalt chloride (43) to benefit from 
the oxygen coordination that could decrease the overpotential,48,79,80 and 
2,3,7,8,12,13,17,18-octaethyl-21H, 23H-porphine cobalt (44) that is known to 
have lower oxidation potential compare to complex (42) (Figure 49). The 
cobalt porphyrin 42 was purchased (purity min 98%) and was crystallized to 
obtain needle-like crystals. The cobalt porphyrin 44 was purchased as needle-
like crystals and complex 43 was synthesized following a reported procedure 
and carefully characterised. These extra precautions regarding purity have 
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been taken to guarantee as much as possible that neither free cobalt ions nor 
cobalt oxides were present in our starting materials. 

N N

N N
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N N
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CoTPP CoOEPCoN3O

Cl

42 43 44

 

Figure 49. Selected cobalt porphyrin complexes. 

The preparation of the electrodes was performed by spin coating a THF 
solution of the desired cobalt porphyrin on the surface of a FTO glass. The 
electrodes were then allowed to dry in air for a couple of hours to insure the 
complete evaporation of THF. The spin coating method allows the film to be 
more uniform and smoother as compared to the classic drop casting (Figure 
50). In the following text we will denote a film of complex 42 on the FTO 
glass as 42@FTO for clarity (43 will be 43@FTO and 44 will be 44@FTO). 

 

Figure 50. Spin coated cobalt porphyrin complexes on FTO glasses. 

 

6.3 Electrochemical study 

The performance of the prepared electrodes was investigated by CVs in 
borate buffer (pH = 9.2) (Figure 51, left for 42). Three interesting similar 
features can been observed for each different cobalt porphyrin complexes on 
FTO glasses: (1) after multiple scans, the catalytic current density was greatly 
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improved, (2) after multiple CVs, an identical new redox peak for all the three 
different cobalt porphyrins tested appeared at E1/2 ca. 0.6 V vs Ag/AgCl 
indicating the formation of a new species, (3) all the three electrodes displayed 
a similar onset potential regardless of which cobalt porphyrin complexes used 
(Figure 51, right) . 

 

Figure 51. (Left) The first 10 CVs of 42@FTO in borate buffer (pH 9.2). (Right) CVs of 
the spin coated cobalt porphyrins on FTO glasses in borate buffer pH 9.2. 

This unexpected result led us to perform the following experiment: after 
20 CVs, the electrode was thoroughly washed with acetone to remove 
completely the cobalt porphyrin on the surface (sample c Figure 52).  

 

Figure 52. Electrodes tested. (a) 42@FTO as prepared; (b) similar to (a) but after 20 
CVs; (c) similar to (b) but after being washed with acetone (sample c). 

Once dried, the electrode was re-tested electrochemically under the 
same previous conditions (Figure 53). 
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Figure 53. CVs of 42@FTO after 20 previous CVs and the sample c. 

Surprisingly, the new redox peak remained exactly the same, while the 
catalytic current slightly improved. Those observations point out that during 
the CVs of the different cobalt porphyrin on FTO glasses, the new species that 
was generated is responsible for the catalytic activity and not the cobalt 
porphyrin complexes themselves.  

 

6.4 Physical characterization of the new species 

The new species formed on the surface of the electrode was primarily 
observed just after washing the electrode with acetone (Figure 52). No obvious 
coloration of the surface could be observed by the naked eye. To further study 
the deposited species, the transmittance of the electrode was compare with a 
pristine FTO glasses by UV-Vis (Figure 54)  
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Figure 54. Transmittance measurements of a blank FTO glass and the sample c. 

Once again, no significant difference could be observed between the 
pristine electrode and the sample c. Scanning electron microscopy (SEM) 
pictures (Figure 55) and Energy-dispersive X-ray spectroscopy (EDS) of blank 
FTO glasses and sample c do not indicate a perceivably different feature. 

 

Figure 55. SEM images of (Left) blank FTO and (Right) sample c. 

We concluded at this point that neither UV-Vis, SEM nor EDS 
techniques were sensitive enough to detect our species on the surface. We, 
thus, decided to use photoelectron spectroscopy measurement, which to the 
best of our knowledge, is one of the most surface sensitive techniques. 
Moreover, based on the above characterisations, we supposed the formation of 
a very thin layer of active species. Knowing that in this case the depth 
sensitivity could be an important factor, XPS spectra were recording with two 
different set-ups: (1) a classical in-house monochromatic XPS (probing 9.5 
nm) (2) with synchrotron radiation sources (probing 2.5 nm). The overview 
spectra for the free-base 5,10,15,20-tetraphenyl-21H,23H-porphine (TPP) 
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deposited on FTO, 42@FTO before CVs, 42@FTO after CVs and acetone 
washed and the bare FTO are presented in Figure 56. 

 

Figure 56. N1s and C1s core level spectra recorded with a photon energy of 2100 eV. 
From top to bottom: free base TPP deposited on FTO, 42@FTO, 42@FTO after 

washing with acetone and pure FTO. All the spectra were intensity normalized versus 
the FTO substrate for a better comparison with the exception of the pure TPP sample. 

As can been seen, after washing the electrode, neither the signal of the 
free base porphyrin nor the complexed porphyrin could be detected. We 
concluded that the new species generated no longer have porphyrin as ligand. 
However, the high-resolution spectra of the Co2p core level peak before and 
after washing present several interesting features (Figure 57). At 2100 eV, the 
presence of the cobalt after washing is confirmed, however, due to the small 
mount of the new species, conclusion at this photon energy is complicated to 
provide. To enhance the detection of the new cobalt species, a photon energy 
of 1000 eV has been used. A noticeable shake up satellite at about 5.8 eV from 
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the main peak is observed, we concluded that the new species was probably 
cobalt oxide with an oxidation state of Co2+. 

 

Figure 57. Co2p core level spectra recorded with a photon energy of 2100 eV (top 
panel) and 1000 eV (bottom panel) of the 42@FTO on FTO, before electrolysis (top), 
after electrolysis (middle) and after electrolysis and washing with acetone (bottom). 

6.5 Electrochemical characteristic of the thin CoOx layer. 

Prior to catalytic characterisation, the amount of cobalt oxide present on 
the surface of the electrode was determined. In order to apply the same method 
as chapter 4, we assumed that every cobalt atom was accessible to the 
electrolyte (assuming a mono atomic layer of cobalt oxide rather than several 
cobalt cluster on the surface). The scan-rate dependence of the redox peak E1/2 
ca. 0.6 V vs Ag/AgCl assigned to CoII/CoIII  (Figure 58) provides a total 
amount of metal oxides on the surface through Equation 4 (Chapter 4) of 5x10-

11 mol/cm2. This low amount coincides with a mono-layer of cobalt atoms on 
the surface of the electrode.78,81 
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Figure 58. CVs at different scan rates of the deposited thin CoOx film on a FTO glass 
in pH 9.2 borate buffer (0.1 M), 

Furthermore, we determined the TOF value from CV at various 
overpotential of the cobalt film for water oxidation with Equation 5.
  

Equation 5.          ��� =
� ∗ �

4 ∗ � ∗ �
 

Where, J is the current density at a given potential (in A/cm2); A is the surface 
area of the electrode: 1 cm2; n is the number of mole of the metal oxides on the 
surface of the electrode; F is the Faraday constant: 96485 C/mol. 

Figure 59 represents the TOF values as a function of the overpotential 
applied for water oxidation. The high overpotential of the film agrees with the 
CoOx species, however the TOF value obtained are extremely high with 
several orders magnitude higher compared to 10-4-10-3 s-1 which is, on average, 
normally obtained per transition metal center.82  
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Figure 59. Plot of the TOF (s-1) in function of the overpotential. 

Finally, we tried to understand the importance of the electrode surface 
for the growth of cobalt oxide. We noticed that increasing the hydroxyl group 
on the surface of FTO also increased the amount cobalt oxide deposited. On 
the contrary drying the FTO surface prior to usage, greatly decreased the 
deposited amount and therefore the activity of the electrode (Figure 60). 

 

Figure 60.CVs of the thin CoOx film deposited on hydroxyl doped FTO glasses and 
pre-dried FTO glasses in pH 9.2 borate buffer (0.1 M). 

We thus concluded that the formation of the cobalt oxide on the surface 
is directly correlated with the presence of hydroxyl groups on the surface of 
the FTO electrode (Figure 61) 
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Figure 61. Preparation of the CoOx thin film and the importance of the hydroxyl 
groups. 

 

6.6 Conclusion 

In this study, we have re-investigated cobalt porphyrin type complexes 
on FTO surface for electrochemical water oxidation. Compared to previous 
reports, we identified the formation of a very thin layer of cobalt oxide on the 
surface during water oxidation. We noticed that this layer was the real active 
catalyst and not a cobalt porphyrin. However, as we presented, the detection of 
this layer is extremely complicated and required advanced spectroscopic 
methods and instruments. Therefore, we want to highlight the complexity of 
electrode characterisation and this study paves the way to correctly analyse and 
detect ultrathin active layer on electrode surface. 
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7.  
Concluding remarks 

The development of catalysts for artificial photosynthesis is a major 
challenge for the production of renewable and carbon-neutral hydrogen fuel. 
The need of catalysts is particularly crucial for the water oxidation reaction, 
which is the highly kinetically demanding reaction of the overall process.  

The first part of this thesis focused on different Ru-based WOCs in 
order to understand their behavior during the catalytic cycle of water 
oxidation.  

The second part discussed the formation of active electrodes for water 
oxidation, by immobilizing first row transition metals. Particular attention has 
been paid to the analysis of the active species on the surfaces and the 
modification of the electrodes during water oxidation. 

In general, this thesis provides an overview of the last five years in the 
field of molecular WOCs, with the transition from expensive and rare 
ruthenium metal complexes to abundant first row transition metals. At the 
same time, the homogenous catalysis has been moved onto electrode surface, 
leading to great discoveries and deeper understanding of catalysts for water 
oxidation.  

However, great concerns regarding stability of the molecular system 
have been raised within this thesis and I honestly do not believe that molecular 
WOCs have any future in large scale industrialization due to this issue and the 
strong competition with heterogeneous catalysts. However, I will be extremely 
pleased to be proven wrong in the future. 

Moreover, in critical thinking, academic research from the field lacks a 
standard in terms of activity quantification and rigorous characterization before 
AND after water oxidation. 

Nonetheless, I consider that hydrogen production, through water 
splitting, will be able to provide the clean and renewable fuel of tomorrow. 
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Appendix II 
 

Towards renewable energies 

The need for an energy transition to clean and renewable systems is critical to 
sustain human development as well as limiting human being’s impact on the 
environment. Several technologies have been developed to harvest sustainable 
resources. These technologies, detailed below, have both advantages and 
drawbacks.XII  

Wind Power 

Airflow, harvested by wind turbines, can produce electricity through 
mechanical generators. A great advantage of this technology is that 
wind is ever-present around the world and thus can be harvested 
anywhere. However, the main drawback is the great variation in energy 
production across short time scales. Thus, this energy production needs 
to be coupled with a more reliable energy supply. Since 2015, Denmark 
produced 40% of its electricity by wind power (the highest ratio for a 
country in the world). Currently, around 4% of worldwide energy 
produced is obtained from wind power. 

Geothermal Energy 
The Earth´s core-mantle is estimated to reach temperature over 4000°C. 
This heat, by convection, can be partly transferred to higher parts of the 
Earth‘s crust and thus can be harvested as geothermal energy. This 
heating energy has been used for a long time by hot springs, however, 
recently it has been developed to generate electricity and is seen to be a 
reliable source of energy. Iceland produced 30% of its electricity 
through this method considerably limiting its fossil fuel imports. 
However, power stations based on geothermal energy can only be 
located on specific sites, limiting global development. 

Bio Energy 
Bio energy covers energy produced from biomass, biogas and biofuel. 
In principle, biological material (plants, trees, vegetable and animal oil, 
etc.) can produce heat via direct combustion. The aim is to produce 
biological material with the highest energy output, whilst keeping the 

                                                           
XII  The following list mentions only the major type of renewable energy 
technologies already available on the market. 
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energy input for the cultivation as low as possible (land size, amount of 
water, etc.). In 2010, it has been estimated that 2.7% of the world’s 
transportation fuels were sourced from biofuels. However, several 
social, economic and environmental issues arise from large 
development of this energy, such as the “food vs fuel” dilemma, loss of 
biodiversity and the pollution created from the combustion process.  

Hydropower 
Similar to wind power technology, hydropower relies on harnessing the 
energy of water flow (from rivers, falls or dams). Since the early 20th 
century, energy produced from hydropower is predominately under the 
form of electricity (so called hydroelectricity). This electricity is 
generated by a conventional method, through the utilisation of dams. In 
2015, hydroelectricity represented 16.6% of the world’s total energy 
generated and roughly 70% of all renewable electricity.83 An advantage 
of hydropower is its capacity to store energy through pumped-storage 
methods which make it more valuable than intermittent renewable 
sources (i.e. solar energy and wind power). Despite the benefits of 
hydropower, several concerns have been raised regarding the negative 
social and environmental impacts of dams (e.g. the estimated 171,000 
deaths in the Banqiao dam disaster in 1975 or the estimated 1.2 million 
people relocated as a result of the construction of the Three Gorges 
dam)84. 

Solar energy 
Every hour on Earth, the sun provides more energy than the annual 
worldwide comsumption.85,86 Taking into account the increase in 
energy demand expected from EIA by 2030, a surface area with 
approximately the size of Spain, covered with conventional silicon 
panels will be able to produce the same amount of energy as is 
consumed worldwide.87 An advantage of solar energy is that it can be 
harvested by different technologies such as photovoltaic or solar 
heating. Due to the dramatic fall in the cost of solar panels, in recent 
years, and their ease of use, photovoltaic is seen as the most promising 
renewable energy to produce electricity.88 However, the storage of the 
electricity produced remains a challenge that has led to the research on 
artificial photosynthesis. 

 
  



  69

 

References 
(1)  Berna, F.; Goldberg, P.; Horwitz, L. K.; Brink, J.; Holt, S.; Bamford, 

M.; Chazan, M. Proc. Natl. Acad. Sci. 2012, 109 (20), E1215–E1220. 
(2)  United Nations, Department of Economic and Social Affairs, P. D. 

World Population Prospects 
https://esa.un.org/unpd/wpp/Graphs/Probabilistic/POP/TOT/ (accessed 
Mar 14, 2017). 

(3)  World Energy Council. World Energy Scenarios, Composing energy 
futures to 2050; 2013. 

(4)  Kontorovich, A. E. Russ. Geol. Geophys. 2009, 50 (4), 237–242. 
(5)  Blasing, T. .; CDIAC. Recent Greenhouse Gas Concentrations; 2016. 
(6)  Ogden, J. M. Annu. Rev. Energy Environ. 1999, 24 (1), 227–279. 
(7)  Fortune. Global 500 http://beta.fortune.com/global500/ (accessed Mar 

23, 2017). 
(8)  Miller, D. P. Discovering Water: James Watt, Henry Cavendish and 

the Nineteenth-Century “Water Controversy”; Publishing, A., Ed.; 
Ashgate Publishing, 2004. 

(9)  de Levie, R. J. Electroanal. Chem. 1999, 476 (1), 92–93. 
(10)  Blankenship, R. E. Photosynth. Res. 1992, 33 (2), 91–111. 
(11)  Planavsky, N. J.; Asael, D.; Hofmann, A.; Reinhard, C. T.; Lalonde, S. 

V.; Knudsen, A.; Wang, X.; Ossa Ossa, F.; Pecoits, E.; Smith, A. J. B.; 
Beukes, N. J.; Bekker, A.; Johnson, T. M.; Konhauser, K. O.; Lyons, 
T. W.; Rouxel, O. J. Nat. Geosci. 2014, 7 (4), 283–286. 

(12)  Barber, J. Chem. Soc. Rev. 2009, 38 (1), 185–196. 
(13)  Rappaport, F.; Guergova-Kuras, M.; Nixon, P. J.; Diner, B. A.; 

Lavergne, J. Biochemistry 2002, 41 (26), 8518–8527. 
(14)  Umena, Y.; Kawakami, K.; Shen, J.-R.; Kamiya, N. Nature 2011, 473 

(7345), 55–60. 
(15)  Krewald, V.; Retegan, M.; Cox, N.; Messinger, J.; Lubitz, W.; DeBeer, 

S.; Neese, F.; Pantazis, D. A. Chem. Sci. 2015, 6 (3), 1676–1695. 
(16)  Kok, B.; Forbush, B.; Mcgloin, M. Photochem. Photobiol. 1970, 11 

(6), 457–475. 
(17)  Cox, N.; Retegan, M.; Neese, F.; Pantazis, D. A.; Boussac, A.; Lubitz, 

W. Science (80-. ). 2014, 345 (6198), 804–808. 
(18)  Liao, R.-Z.; Siegbahn, P. E. M. J. Photochem. Photobiol. B Biol. 2015, 

152, 162–172. 
(19)  Inoue, H.; Shimada, T.; Kou, Y.; Nabetani, Y.; Masui, D.; Takagi, S.; 

Tachibana, H. ChemSusChem 2011, n/a-n/a. 
(20)  Gong, M.; Li, Y.; Wang, H.; Liang, Y.; Wu, J. Z.; Zhou, J.; Wang, J.; 

Regier, T.; Wei, F.; Dai, H. J. Am. Chem. Soc. 2013, 135 (23), 8452–
8455. 



  70

(21)  Fan, K.; Chen, H.; Ji, Y.; Huang, H.; Claesson, P. M.; Daniel, Q.; 
Philippe, B.; Rensmo, H.; Li, F.; Luo, Y.; Sun, L. Nat. Commun. 2016, 
7 (May), 11981. 

(22)  Chen, L.; Dong, X.; Wang, Y.; Xia, Y. Nat. Commun. 2016, 7, 11741. 
(23)  Parent, A. R.; Brewster, T. P.; De Wolf, W.; Crabtree, R. H.; Brudvig, 

G. W. Inorg. Chem. 2012, 51 (11), 6147–6152. 
(24)  Liao, R.-Z.; Kärkäs, M. D.; Laine, T. M.; Åkermark, B.; Siegbahn, P. 

E. M. Catal. Sci. Technol. 2016, 6 (13), 5031–5041. 
(25)  Blakemore, J. D.; Crabtree, R. H.; Brudvig, G. W. Chem. Rev. 2015, 

115 (23), 12974–13005. 
(26)  Kärkäs, M. D.; Verho, O.; Johnston, E. V.; Åkermark, B. Chem. Rev. 

2014, 114 (24), 11863–12001. 
(27)  Gersten, S. W.; Samuels, G. J.; Meyer, T. J. J. Am. Chem. Soc. 1982, 

104 (14), 4029–4030. 
(28)  Concepcion, J. J.; Jurss, J. W.; Templeton, J. L.; Meyer, T. J. Proc. 

Natl. Acad. Sci. 2008, 105 (46), 17632–17635. 
(29)  Bozoglian, F.; Romain, S.; Ertem, M. Z.; Todorova, T. K.; Sens, C.; 

Mola, J.; Rodríguez, M.; Romero, I.; Benet-Buchholz, J.; Fontrodona, 
X.; Cramer, C. J.; Gagliardi, L.; Llobet, A. J. Am. Chem. Soc. 2009, 
131 (42), 15176–15187. 

(30)  Romain, S.; Bozoglian, F.; Sala, X.; Llobet, A. J. Am. Chem. Soc. 
2009, 131 (8), 2768–2769. 

(31)  Neudeck, S.; Maji, S.; López, I.; Meyer, S.; Meyer, F.; Llobet, A. J. 
Am. Chem. Soc. 2014, 136 (1), 24–27. 

(32)  Deng, Z.; Tseng, H.-W.; Zong, R.; Wang, D.; Thummel, R. Inorg. 
Chem. 2008, 47 (6), 1835–1848. 

(33)  Xu, Y.; Åkermark, T.; Gyollai, V.; Zou, D.; Eriksson, L.; Duan, L.; 
Zhang, R.; Åkermark, B.; Sun, L. Inorg. Chem. 2009, 48 (7), 2717–
2719. 

(34)  Xu, Y.; Fischer, A.; Duan, L.; Tong, L.; Gabrielsson, E.; Åkermark, 
B.; Sun, L. Angew. Chemie Int. Ed. 2010, 49 (47), 8934–8937. 

(35)  Zong, R.; Thummel, R. P. J. Am. Chem. Soc. 2005, 127 (37), 12802–
12803. 

(36)  Concepcion, J. J.; Jurss, J. W.; Norris, M. R.; Chen, Z.; Templeton, J. 
L.; Meyer, T. J. Inorg. Chem. 2010, 49 (4), 1277–1279. 

(37)  Concepcion, J. J.; Jurss, J. W.; Templeton, J. L.; Meyer, T. J. J. Am. 
Chem. Soc. 2008, 130 (49), 16462–16463. 

(38)  Tseng, H.-W.; Zong, R.; Muckerman, J. T.; Thummel, R. Inorg. Chem. 
2008, 47 (24), 11763–11773. 

(39)  Wasylenko, D. J.; Ganesamoorthy, C.; Koivisto, B. D.; Henderson, M. 
A.; Berlinguette, C. P. Inorg. Chem. 2010, 49 (5), 2202–2209. 

(40)  Wasylenko, D. J.; Ganesamoorthy, C.; Henderson, M. A.; Koivisto, B. 
D.; Osthoff, H. D.; Berlinguette, C. P. J. Am. Chem. Soc. 2010, 132 
(45), 16094–16106. 



  71

(41)  Yagi, M.; Tajima, S.; Komi, M.; Yamazaki, H. Dalt. Trans. 2011, 40 
(15), 3802. 

(42)  Duan, L.; Xu, Y.; Gorlov, M.; Tong, L.; Andersson, S.; Sun, L. Chem. 
- A Eur. J. 2010, 16 (15), 4659–4668. 

(43)  Duan, L.; Fischer, A.; Xu, Y.; Sun, L. J. Am. Chem. Soc. 2009, 131 
(30), 10397–10399. 

(44)  Daniel, Q.; Wang, L.; Duan, L.; Li, F.; Sun, L. Dalt. Trans. 2016, 45 
(37), 14689–14696. 

(45)  Wang, L.; Duan, L.; Stewart, B.; Pu, M.; Liu, J.; Privalov, T.; Sun, L. 
J. Am. Chem. Soc. 2012, 134 (45), 18868–18880. 

(46)  Duan, L.; Wang, L.; Inge, A. K.; Fischer, A.; Zou, X.; Sun, L. Inorg. 
Chem. 2013, 52 (14), 7844–7852. 

(47)  Wang, L.; Duan, L.; Wang, Y.; Ahlquist, M. S. G.; Sun, L. Chem. 
Commun. 2014, 50 (85), 12947–12950. 

(48)  Duan, L.; Wang, L.; Li, F.; Li, F.; Sun, L. Acc. Chem. Res. 2015, 48 
(7), 2084–2096. 

(49)  McDaniel, N. D.; Coughlin, F. J.; Tinker, L. L.; Bernhard, S. J. Am. 
Chem. Soc. 2008, 130 (1), 210–217. 

(50)  Hull, J. F.; Balcells, D.; Blakemore, J. D.; Incarvito, C. D.; Eisenstein, 
O.; Brudvig, G. W.; Crabtree, R. H. J. Am. Chem. Soc. 2009, 131 (25), 
8730–8731. 

(51)  Blakemore, J. D.; Schley, N. D.; Balcells, D.; Hull, J. F.; Olack, G. W.; 
Incarvito, C. D.; Eisenstein, O.; Brudvig, G. W.; Crabtree, R. H. J. Am. 
Chem. Soc. 2010, 132 (45), 16017–16029. 

(52)  Lalrempuia, R.; McDaniel, N. D.; Müller-Bunz, H.; Bernhard, S.; 
Albrecht, M. Angew. Chemie Int. Ed. 2010, 49 (50), 9765–9768. 

(53)  Petronilho, A.; Rahman, M.; Woods, J. A.; Al-Sayyed, H.; Müller-
Bunz, H.; Don MacElroy, J. M.; Bernhard, S.; Albrecht, M. Dalt. 
Trans. 2012, 41 (42), 13074. 

(54)  Sheehan, S. W.; Thomsen, J. M.; Hintermair, U.; Crabtree, R. H.; 
Brudvig, G. W.; Schmuttenmaer, C. A. Nat. Commun. 2015, 6, 6469. 

(55)  Hong, D.; Murakami, M.; Yamada, Y.; Fukuzumi, S. Energy Environ. 
Sci. 2012, 5 (2), 5708–5716. 

(56)  Lewandowska-Andralojc, A.; Polyansky, D. E.; Wang, C.-H.; Wang, 
W.-H.; Himeda, Y.; Fujita, E. Phys. Chem. Chem. Phys. 2014, 16 (24), 
11976. 

(57)  Naruta, Y.; Sasayama, M.; Sasaki, T. Angew. Chemie Int. Ed. English 
1994, 33 (18), 1839–1841. 

(58)  Limburg, J. Science (80-. ). 1999, 283 (5407), 1524–1527. 
(59)  Young, K. J.; Takase, M. K.; Brudvig, G. W. Inorg. Chem. 2013, 52 

(13), 7615–7622. 
(60)  Ellis, W. C.; McDaniel, N. D.; Bernhard, S.; Collins, T. J. J. Am. 

Chem. Soc. 2010, 132 (32), 10990–10991. 
(61)  Fillol, J. L.; Codolà, Z.; Garcia-Bosch, I.; Gómez, L.; Pla, J. J.; Costas, 



  72

M. Nat. Chem. 2011, 3 (10), 807–813. 
(62)  Wasylenko, D. J.; Ganesamoorthy, C.; Borau-Garcia, J.; Berlinguette, 

C. P. Chem. Commun. 2011, 47 (14), 4249. 
(63)  Nakazono, T.; Parent, A. R.; Sakai, K. Chem. Commun. 2013, 49 (56), 

6325–6327. 
(64)  Barnett, S. M.; Goldberg, K. I.; Mayer, J. M. Nat. Chem. 2012, 4 

(June), 498–502. 
(65)  Zhang, M. T.; Chen, Z.; Kang, P.; Meyer, T. J. J. Am. Chem. Soc. 

2013, 135 (6), 2048–2051. 
(66)  Wang, L.; Duan, L.; Wang, Y.; Ahlquist, M. S. G.; Sun, L. Chem. 

Commun. (Camb). 2014, 50 (85), 12947–12950. 
(67)  Song, N.; Concepcion, J. J.; Binstead, R. a.; Rudd, J. a.; Vannucci, A. 

K.; Dares, C. J.; Coggins, M. K.; Meyer, T. J. Proc. Natl. Acad. Sci. 
2015, 112 (16), 4935–4940. 

(68)  Chatt, J.; Leigh, G. J.; Mingos, D. M. P. J. Chem. Soc. A Inorganic, 
Phys. Theor. 1969, No. 1674, 1674. 

(69)  DeSimone, R. E. J. Am. Chem. Soc. 1973, 95 (19), 6238–6244. 
(70)  Planas, N.; Vigara, L.; Cady, C.; Mir, P.; Huang, P.; Hammarstr, L.; 

Leidel, N.; Dau, H.; Haumann, M.; Gagliardi, L.; Cramer, C. J.; 
Llobet, A. Inorg. Chem. 2011, 2 (21), 11134–11142. 

(71)  Taqui Khan, M. M.; Srinivas, D.; Kureshy, R. I.; Khan, N. H. Inorg. 
Chem. 1990, 29 (12), 2320–2326. 

(72)  Raynor, J. B.; Jeliazkowa, B. G. J. Chem. Soc. Dalt. Trans. 1982, No. 
7, 1185. 

(73)  Fan, K.; Li, F.; Wang, L.; Daniel, Q.; Chen, H.; Gabrielsson, E.; Sun, 
J.; Sun, L. ChemSusChem 2015, 8 (19), 3242–3247. 

(74)  Li, F.; Li, L.; Tong, L.; Daniel, Q.; Göthelid, M.; Sun, L. Chem. 
Commun. 2014, 50 (90), 13948–13951. 

(75)  Friebolin, H. Basic One- and Two-Dimensional NMR Spectroscopy, 
5th, Completely Revised and Updated Edition; WILEY-VCH Verlag, 
2010. 

(76)  Ashford, D. L.; Sherman, B. D.; Binstead, R. A.; Templeton, J. L.; 
Meyer, T. J. Angew. Chemie - Int. Ed. 2015, 54 (16), 4778–4781. 

(77)  Wang, D.; Groves, J. T. Proc. Natl. Acad. Sci. U. S. A. 2013, 110 (39), 
15579–15584. 

(78)  Han, A.; Jia, H.; Ma, H.; Ye, S.; Wu, H.; Lei, H.; Han, Y.; Cao, R.; 
Du, P. Phys. Chem. Chem. Phys. 2014, 16 (23), 11224–11232. 

(79)  Tong, L.; Duan, L.; Xu, Y.; Privalov, T.; Sun, L. Angew. Chemie - Int. 
Ed. 2011, 50 (2), 445–449. 

(80)  An, J.; Duan, L.; Sun, L. Faraday Discuss. 2012, 155, 267–275. 
(81)  Song, F.; Hu, X. J. Am. Chem. Soc. 2014, 136 (47), 16481–16484. 
(82)  Deng, X.; Tüysüz, H. ACS Catal. 2014, 4 (10), 3701–3714. 
(83)  Kristin Seyboth; Sverrisson, F.; Appavou, F.; Brown, A.; Epp, B.; 

Leidreiter, A.; Lins, C.; Musolino, E.; Murdock, H. E.; Petrichenko, 



  73

K.; Farrell, T. C.; Krader, T. T.; Tsakiris, A.; Sawin, J. L.; Skeen, J.; 
Sovacool, B. Renewables 2016 Global Status Report; 2016. 

(84)  Dai, Q. The River Dragon Has Come!: Three Gorges Dam and the 
Fate of China’s Yangtze River and Its People; 1998. 

(85)  Lewis, N. S.; Nocera, D. G. Proc. Natl. Acad. Sci. 2006, 103 (43), 
15729–15735. 

(86)  Morton, O. Nature 2006, 443 (7107), 19–22. 
(87)  Total Surface Area Required to Fuel the World With Solar 

http://landartgenerator.org/blagi/archives/127 (accessed Mar 21, 2017). 
(88)  International Energy Agency IEA. Solar Photovoltaic Energy; 2014. 
 
 

 

 

 



  74

 


