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Abstract 
Chapter 1 

General introduction 

 

 

This chapter contains the motivation for the research done during the 
elaboration of this thesis, providing general information to the reader in the 
field of study. Firstly, an introduction on how we generate energy nowadays 
and its consequences for our planet. Then, a discussion on how scientists 
inspired by nature, developed alternatives to produce clean fuels including 
artificial photosynthesis is presented. A description of the historical 
development of the molecular catalysts for proton reduction to generate 
hydrogen gas and water oxidation to generate oxygen gas as well as the basic 
principles on semiconductors and available systems for water splitting will be 
provided. Finally some strategies to anchor molecular catalysts onto diferent 
substrates will be disscused. 
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Chapter 2 
Objectives 

Acording to the state-of-the-art in the field of artificial photosynthesis 
presented in Chapter 1, the main objectives are exposed in the present 
chapter. 

Chapter 3 

Factors influencing hydrogen 
evolution (photo)catalysis in 

macrocyclic cobalt complexes  
 

 

Chapter 3 explores the role of the proton relay in the second coordination 
sphere of cobalt macrocycle complexes that are active for the proton 
reduction reaction. The substitution of the proton in the amine in a 
macrocyclic ligand scaffold changes basicity of the corresponding Co 
hydrides, which are key intermediates in the catalysis thus strongly 
influencing catalytic properties. We found that electrochemical and 
photochemical proton reduction operates via different catalytic pathways, 
whose rate determining steps were identified through complementary 
computational studies. 

 

1
2 3

1
2 3
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Chapter 4 

A molecular cathode for 
hydrogen evolution catalysis  

 

 

A cobalt macrocyclic complex bearing a pyrene moiety in the ligand scaffold 
was developed for proton reduction. Its electrochemical properties have 
been characterized showing important differences in its catalytic properties 
compared to its analogous catalyst without the pyrene group. The catalyst has 
been used to prepare molecular cathodes by anchoring it on graphene powder 
by π-π stacking. A solid state analysis as well as an electrochemical study of 
the complex in solution and on the electrode reveal a strong interaction 
between the dangling pyrene group and the Co metal center which strongly 
affects its catalytic properties. By using different electrochemical techniques 
we were able to determine the onset potential of the electrode as well as the 
faradaic efficiency of the overall catalytic process.  

 

  

Glassy
Carbon

Electrode

2 H+ + 2e- H2
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Chapter 5 

Photocathodes based on 
Cu2ZnSnSe4 for the Hydrogen 

Evolution Reaction 
 

 

A methodology to electrodeposit amorphous MoS2 on ITO electrodes have 
been developed that allows us to fuctionalize p-type semiconductor kesterite 
(CZTSe) very active for proton reduction catalysis. The prepared non-noble 
metal photocathode features an excellent performance in pH 2, able to reach 
-10 mA·cm-2 at 100 mV before the thermodynamic potential. Moreover, the 
photocathode is able to sustain high current densities without any loss in 
activity for at least one hour. 

 

  

hν
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Chapter 6 

A molecular catalyst enhances 
water oxidation of 

heterostructured WO3/BiVO4 
based photoanodes 

 

 

The catalytic activity towards water oxidation of a heterostructured 
WO3/BiVO4 based photoanode has been carried out by the addition of a 
carbon nanotube fiber decorated with the state-of-the-art molecular 
catalysts for water oxidation, increasing the photocurrent at low potentials 
where the bare material can not oxidaze water at all. The 
photoelectrochemical experiment probed that the molecular catalyst is 
producing oxygen from water. A detailed EIS study of the photoanode has 
been done, providing a valuable information to rationalize the electrical 
properties that affect the photoelectrochemical performance. 

Chapter 7 

General conclusions 
 

Chapter 8 

Annexes 
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Chapter 

1 

General Introduction  
 

This chapter contains the motivation for the research that has been done during 
the elaboration of this thesis, providing general information to the reader in the 
field of study. Firstly, an introduction on how we generate energy nowadays and 
its consequences for our planet. Then, a discussion on how scientists inspired by 
nature, developed alternatives to produce clean fuels including artificial 
photosynthesis is presented. A description of the historical development of the 
molecular catalysts for proton reduction to generate hydrogen gas and water 
oxidation to generate oxygen gas as well as the basic principles on semiconductors 
and available systems for water splitting will be provided. Finally , some strategies 
to anchor molecular catalysts onto diferent substrates will be disscused by 
showing some examples from the literature.  
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1.1 Global energy concern 

Since the industrial revolution, humankind mainly uses fossil fuels like coal, 

natural gas and oil as a source of energy to carry on industrial processes, 

mobility and daily life. The exponential growth of world’s population, the fast 

development of the emerging countries as well as the changes in the life style 

of our society is leading to a rapid increase in worldwide energy consumption.1 

Despite the fact that fossil fuels are limited, the most important problems of 

using it is the emission of greenhouse gases and pollutants, the scientific 

worldwide community is concerned about this effect in our atmosphere and 

world warming.2 

In 2018, the world energy consumption was 14301 Mtoe (Millions Tons of Oil 

Equivalence), corresponding to an increase of 2.3% (respect to 2017), almost 

nearly twice the average rate of growth since 2010.3 This increase was mainly 

supplied by fossil fuels (nearly 70%), especially natural gas (43%) (Figure 1). 

Renewable energy was also increasing, but not enough to meet even with only 

the electrical demands around the world.  

 

 

Figure 1. Average annual global primary energy demand growth by fuel, 2010-2018.3 
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In this scenario, under constant increasing energy demand supplied mainly by 

fossil fuels, the amount of atmospheric CO2 is also increasing (Figure 2). The 

global energy-related CO2 emissions rose 1.7%, reaching 33.1 Gt, the highest 

value record until now. In 2018, the averaged CO2 atmospheric concentration 

was 407.4 ppm (pre-industrial levels were ranged about 180-280 ppm).  

 

 

Figure 2. Global energy-related carbon dioxide emissions by source, 1990-2018.3 

 

It is estimated that the human activities are the responsible of approximately 

1.0 ⁰ C of the global world warming from the pre-industrial levels due to 

anthropogenic emissions (CO2, other greenhouse gasses, aerosols, etc.), and 

their effects will persist for centuries.4 According to the predictions based on 

current warming rate, we will reach 1.5 ⁰ C between 2030 and 2052 (Figure 3, 

horizontal orange segment). 

The global world warming very likely will cause long-term changes in climate 

system, such as rise in the sea level, changes in temperatures in land and 

oceans, disappearance of ecosystems and migrations of humans and animals.4 

Moreover, the reserves of fossil fuels known nowadays will run out during this 

century (around 50 years for oil and natural gas, more than 130 for coal),5 thus 

the transition from fossil fuels to new energy production based on renewable 

and sustainable systems is imperative. 
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Figure 3. Global warming relative to1850-1900 (⁰ C).4 

 

Nowadays, there are carbon-free alternatives for energy production, such as 

nuclear, solar, wind, hydroelectric, geothermal and biomass. These more 

sustainable alternatives can produce electric energy efficiently, but the long-

time storage of this is still an unresolved problem.  Electrical energy can be 

stored in different ways, like pumped hydroelectric and compressed air 

systems, flywheels, thermal energy storage and batteries. These systems are 

able to store electrical energy when the production overcome the demand, but 

require expensive facilities and they need an electrical connection to the 

general electric power grid to supply the stored energy.6,7 There are other 

options to store the electrical energy such as batteries. Inside the batteries, 

lithium batteries is the most used in our daily life and have been improving in 

the last decade, but still being expensive, heavy and suffer undesired discharge 

over the time.8  

Solar energy has been in the spotlight of scientific community as sustainable 

and clean energy source due the energy of the sunlight that reach the surface 

of our planet in one hour is 3 orders of magnitude bigger than humankind 

energy consumption in one year.9 Solar energy that reaches the Earth’s surface 

is sensitive to various factors such as; location (altitude and latitude), time of 

day/year, orientation of the surface and weather conditions. This however, can 

be harvested in practically any part of the world, and is more equally 

distributed natural resource than fossil fuels (oil, coal, natural gas, uranium, 

etc.). On the other hand, nowadays the solar energy is mainly used to generate 
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electrical power or heating water and both energies cannot be stored 

efficiently. 

In 2018, renewable energies covered close to 45% of the electricity energy 

growth, suppling over 25% of the world electric energy consumption.3 Inside 

this group, Photovoltaic (PV) electricity generation is one of the most used, 

growing 31% last year.3  

To meet the objective to reduce the global world warming, decrease the 

anthropogenic green house emissions and develop an efficient, renewable and 

environmentally friendly new energy system, humankind needs to find a way 

to store energy efficiently. 
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1.2 Natural and artificial photosynthesis 

Nature has been storing energy of the sunlight in chemical bonds for billions of 

years, using a process known as natural photosynthesis (eq. 1). This 

sophisticated process done by green plants and algae, consists in the formation 

of sugars and starches from water and atmospheric CO2 using the energy of the 

sunlight, releasing O2 as a side product. These carbohydrates will fuel other 

biological process when the organism needs the energy.10–13 

From the electrochemical point of view, the general reaction for the specific 

case of formation of glucose (eq. 1) can be divided in two half-reactions, water 

oxidation and CO2 reduction (eq. 2 and 3 respectively): 

6    6    
ℎ𝜈
→   6 1  6  6   (eq. 1) 

 

          4 
  4𝑒− (eq. 2) 

 

6     4 
   4𝑒−    6 1  6   6    (eq. 3) 

 

 

 

Figure 4. Schematic representation of PSII and PSI and the electron transport along the 

thylakoid membrane. 

 

The photosynthesis process starts with the absorption of the photons by 

proteins called chlorophyll P700 and P680 in photosystems I and II 

respectively (PSI and PSII) located in the thylakoid membrane in higher green 

plants (Figure 4). The excited P680* transfers an electron to pheophytin, the 

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR PHOCATODES AND PHOTOANODES FOR LIGHT DRIVEN WATER SPLITTING 
Sergi Grau Abarca 
 



Chapter 1 
 

27 

first member of the electron transport chain, that carries electrons from PSII 

to PSI. The high oxidizing P680·+ subtract one electron from the Oxygen-

Evolving center (OEC, Figure 5), which is the responsible for the oxygen 

evolution reaction (OER). This process is mediated by tyrosine residue and is 

repeated four times to oxidize a water molecule (eq. 2) and release molecular 

oxygen and four protons. In PSI, the excited P700* is oxidized to reduce NADP+ 

to NADPH (Nicotinamide Adenine Dinucleotide Phosphate) that lately will 

reduce CO2 into carbohydrates. Finally, the electrons carried from PSII to PSI 

are used to reduce P700·+. At the same time, the protons (H+) generated from 

OER creates a H+ concentration gradient across the thylakoid membrane that 

is used by ATP synthase to produce ATP (Adenosine Triphosphate) from ADP 

(Adenosine Diphosphate) and phosphates. 

 

 

 

Figure 5. Structure of the Mn4CaO5 cluster of the OEC from PSII. (Left) Distances (Å) 

between metal atoms and oxo bridges or water molecules. Colour code: Mn, grey; Ca, blue; 

O bridge, red and yellow; O (H2O), orange. (Right) Representation of the environment 

around tyrosine residue involved in the oxidation of the Mn4CaO5 cluster.14,15  

Colour code : Mn, grey; Ca, blue; O bridge, red; O (H2O),orange.  
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The core of the OEC comprises a Mn4CaO5 cluster where three Mn atoms and 

one Ca atom are linked by oxo groups forming a cubane like structure, whereas 

the fourth Mn atom is outside of  the cubane structure.14,15 Mn4A (Figure 5, 

left) is linked to other two Mn atoms inside the cubane through di-μ-oxo bridge. 

The OEC core is surrounded by a framework of amino acids residues and water 

molecules.16,17 

Inspired by nature, artificial photosynthesis has emerged as a promising 

technology that mimics the natural photosynthesis, harvesting the solar 

energy into chemical bonds. The process generally involves the oxidation of the 

water (eq. 2) to obtain electrons and protons that are used to reduce other 

small molecules obtaining the so called solar fuel. The most common reductive 

reactions carried on by artificial photosynthesis are hydrogen evolution 

reaction (eq. 4, HER) to generate molecular hydrogen, CO2 reduction (eq. 5)18 

to obtain CO (or other carbohydrates such as methanol, formaldehyde, etc.) 

and N2 reduction to obtain ammonia (eq. 6).19 

 

     𝑒−     (eq. 4) 

 

 

      
   𝑒−          (eq. 5) 

 

 

𝑁  6 
  6𝑒−   𝑁 3 (eq. 6) 
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1.3 Water splitting devices 

1.3.1 Thermodynamics and kinetics requirements 

The water splitting overall reaction is a non-spontaneous and endergonic 

reaction (so thermodynamically uphill). The free energy associated to this 

reaction can be easily calculated by using the following formula: 

∆𝐺0 =  𝑛𝐹∆𝐸0                              (eq. 7) 

 

Where ∆𝐺0 is the free energy of the process, n the number of electrons 

involved in the process, F is faraday constant (96485 C·mol-1) and ∆𝐸0 is the 

difference between two half reactions’ standard potentials of i) proton 

reduction (eq. 4)  and ii) water oxidation (eq. 2). This allows us to calculate the 

energy required to split water into molecular oxygen and hydrogen:        

              ∆𝐺0 = 113.5 𝑘𝑐𝑎𝑙 𝑚 𝑙−1 (eq. 8) 

The previous equation regards only to the thermodynamics of the reaction and 

doesn’t take into account the extra energy required to overcome the kinetic 

barrier of both half reactions (usually between 0.3 and 0.6 V).20,21 Thus, the 

final energy input required to split one mole of water is increased up to 

168.71 kcal mol-1 (assuming an overpotential of 0.6 V). 

 

1.3.2 Technical requirements 

From the technical point of view, there are some requirements that any device 

designed for light driven water splitting need to fulfill: 

 An external energy input, since the water splitting is a thermodynamic 

demanding reaction (eq. 7). To keep the process with zero emissions, 

this input must come from sunlight. 

 A strategy to minimize the energy required to carry out the two half 

reactions (water oxidation and proton reduction) as well as to speed it 

up as much as possible. 

 Separation of the products obtained from the overall process. 
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The first requirement can be accomplished using light absorbers, which can be 

a semiconductor (SC), an organic dye or a transition metal complex. When the 

light interact with the light absorber, the valence electrons are excited to the 

conduction band of the SC or to the lowest unoccupied molecular orbital 

(LUMO) of the molecule and eventually they are transferred to promote the 

necessary chemical transformations.  

For the second requirement it is necessary to use robust and fast catalysts that 

are specifically active for the water oxidation or proton reduction reactions. 

They are responsible for the reduction of the kinetic barrier associated with 

the chemical process. Many catalysts in the form of nanoparticles, films or 

molecular entities have been reported for both half-reactions and this field is 

still being widely investigated by the scientific community.22–24  

Finally, the third requirement can be accomplished by separating physically 

each half-reaction in two compartments by a semipermeable membrane, 

obtaining the products separately. 

 

1.3.3 Designs for water splitting devices 

There are several strategies to build light driven water splitting devices that 

can be divided into three different groups, as shown in the Figure 6: 

photovoltaic(PV)-assisted electrolysis systems (also called PV-electrolyzers), 

photoelectrochemical cell (PEC) systems and mixed colloid photocatalytic 

systems.25 

 

Figure 6. Designs of artificial photosynthetic devices. 
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PV-assisted electrolysis systems are based on mature technologies and consist 

in a PV cell connected to an electrolyzer composed by an anode and a cathode 

functionalized with heterogeneous catalysts that are immersed in the 

electrolyte solution. In this system, the light absorption and the redox 

reactions are separated and completely independent. One of the advantages 

of this system is that their components can be optimized separately but for 

efficient performance, the materials required are too expensive to be cost-

competitive. Only systems with Solar-to-Hydrogen (STH) efficiencies close to 

the theoretical limit (>25%) could be economically competitive.26,27 

In the other extreme, we find the mixed colloid photocatalytic systems, where 

the light absorption and the redox reactions are integrated. The 

semiconductor particles are modified with catalysts for both redox reactions, 

so following the photoexcitation, OER and HER happens simultaneously in the 

same semiconductor particle. To be economically competitive, this system 

requires small STH (5-10%) although they are still in a proof-of-concept stage 

with a reported STH between 1-3%.25,28 

Finally, the PEC systems consist of at least one photoelectrode made of 

suitable semiconductor functionalized with heterogeneous catalysts for the 

desired reaction.  In PEC the photoelectrode/electrolyte junction is the key for 

efficient coordination of the different processes, which are: 

i) light absorption 

ii) charge separation 

iii) chemical reactions 

 

In theses processes good alignment of the energies of conduction and valence 

bands with working potentials of the catalysts are critical as described later in 

this chapter. There are several configurations for PEC water splitting systems 

and the most common ones consist of using either i) one photoelectrode and 

one dark counter electrode (see Figure 8) or ii) two photoelectrodes in 

tandem.29–31 One of the advantages of this kind of systems is that the 

photoelectrodes can be optimized separately and require intermediate STH 

efficiencies of 10-15% to be economically competitive. 
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1.3.4 Harvesting the light 

Light can interact with matter in three different ways: reflection, refraction 

and absorption. The first two interactions are phenomena where the light 

change its wavefront direction when it founds an interface media (two 

different mediums with different refractive index). If the wavefront goes back 

to the medium where it comes we talk about reflection, but if the wavefront 

pass to the other medium then we talk about refraction. In both cases, the light 

conserves its energy. Materials or molecules that absorb light do so because 

the energy associated to the photon is enough to promote one electron from 

its ground state to an exited state (from one molecular orbital to another with 

higher in energy). In this kind of interactions, matter absorbs the energy of the 

photons. 

Usually, the materials/molecules that absorb the light, release the absorbed 

energy in form of heat (non-radiative decay) or light (radiative decay) to 

recover its ground state. However, some materials such as semiconductors, 

can produce work with light’s absorbed energy. According to its electrical 

conductivity, the materials can be divided in conductors, insulators and 

semiconductors. Conductor materials are usually made of metallic atoms (or 

alloys). In a conductive metallic crystal, the orbitals of each atom are 

overlapped with its neighbors. Since the Pauli exclusion principle dictates that 

no more than one electron can have the same quantum numbers inside the 

crystal, the orbitals are split resulting in a “continuum” in energy (actually is 

formed by discrete values very close to each other) of the molecular orbitals. 

The electrons with higher energy are “delocalized” inside the crystal and can 

move “freely” when they are excited from one atom to another because they 

have access to other orbitals. On the other hand, insulators have a huge 

difference in energy from the ground state and the excited state (>9 eV), 

making impossible in practice to promote one electron to another orbital 

higher in energy. In solid-state physics, the set of occupied molecular orbitals 

created by valence atomic orbitals is called Valance Band (VB) and the mostly 

empty molecular orbitals create the Conduction Band (CB). The energy 

difference between highest part of the VB and the lowest of the CB is called 

Band Gap (Eg).32 The energy where you have 50% of chances to find a populated 

state is called Fermi level (EF).33 In conductors, this Fermi level lays inside one 

of the bands, while in insulators lays inside the band gap. The electronic 
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structure of semiconductors is in between conductors and isolators. They have 

a band gap, but its energy is much smaller than insulators and the electrons 

from VB can be promoted to CB in some conditions. In metals, the electrons are 

the charge carriers responsible for the electric conductivity. In comparison, 

semiconductors utilise the vacancy that is left from the one electron 

promotion, called the “hole”. This can move in the lattice of the semiconductor 

as this hole can be occupied by another electron from neighbouring bands, 

leaving another hole in a different position of the crystallographic lattice. 

Ideally, a crystalline semiconductor without any defect has the same numbers 

of electrons in the CB than holes in the VB (called intrinsic semiconductors), 

and usually have a low conductivity.32 To increase its conductivity, these 

materials can be doped by introducing atoms into the lattice with elements 

with differing valance electrons. Adding atoms with more valance electrons 

results in a n-type semiconductor (more electrons in the CB than holes in the 

VB) while adding atoms with less valence electrons result in a p-type 

semiconductor (more holes in VB than electrons in the CB). Hence, in a n-type 

semiconductor, the major charge carriers are electrons, and the minor charge 

carriers are holes while in a p-type semiconductor is the opposite. 

When one semiconductor is under light, the photons with higher energy than 

the band gap (hν  > Eg) are absorbed by the semiconductor, promoting one 

electron from the VB to the CB and leaving one hole in the VB (Figure 7, top, 

red arrow). In photovoltaics cells, the energy of the promoted electrons are 

used to create electrical power but this energy can also be used to promote 

chemical reactions. To use efficiently the electron-hole pair created by the 

absorption of a photon, it is necessary to separate them since the electron 

tends to decay returning to the VB in a process called recombination (Figure 7, 

top, black arrow).32 There are many approaches for charge separation, the 

most common is the use of p-n junctions. As described above, the n-type 

semiconductors have partially occupied states in the CB, thus its EF lays near 

to the CB. On the other hand, p-type has a lack of electrons, and the CB is empty 

with the EF close to the VB. When (electron rich) n-type and (hole rich) p-type 

are in contact in absence of light or external bias, their EF reach an equilibrium 

by filling the holes of the p-type semiconductor with the free electrons from 

the n-type semiconductor, creating a depletion layer or space charge region. 

This new distribution of the charges creates an electric field through the 
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junction as depicted in the Figure 7 (bottom). The potential difference across 

the junction actually helps to separate physically the created electron-hole 

pairs since they feel an opposite force inside the same electric field (they have 

opposite charge), minimizing the recombination. With the proper architecture, 

the minor carriers will move to the interface photoelectrode-electrolyte to 

meet with the heterogeneous catalysts to promote the electrochemical 

reaction, while the major carriers will move to the back-contact of the 

photoelectrode (i.e. electrical connection of the photoelectrode with the rest 

of the system). 

 

 

Figure 7. Top) Diagram of the movement of the minor and major carriers in a 

semiconductor under illumination. Bottom) Representation of a p-n junction before the 

union (top), during the charge equilibration (middle) and in equilibrium (bottom). 
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1.3.5 Storing energy of light into chemical bonds 

In photoelectrochemical water splitting systems, the electron-hole pairs are 

used in the proton reduction and water oxidation reactions in the interface 

electrolyte-photoelectrode. P-type semiconductors are used to build 

photocathodes and the exited electrons from the CB are used in proton 

reduction, while the n-type semiconductors are used for photanodes, and their 

holes in the valence band are used in water oxidation (Figure 8). 

There are a wide number of suitable semiconductors that can be implemented 

in a photoelectrochemical cell for the two water-splitting half-reactions, 

however in the last decade the researchers have focused on the development 

of earth abundant and non-toxic materials to prepare photoelectrodes. 

Despite the fact that composition and technology used to prepare 

photoelectrodes has an impact on the price of the device, the first imperative 

requirement for choosing a semiconductor is to fulfill the thermodynamic 

principle, thus there should be a suitable alignment between the 

semiconductor bands and the electrochemical potential of the desired 

reaction. Selected p-type material as a photocathode for HER, should have the 

CB above the electrochemical potential of the proton reduction, while a n-type 

semiconductor for OER should have the VB below the water oxidation 

potential. When catalysts are used to accelerate the chemical reaction, the 

redox potentials of the specific catalysts also need to align to the band position 

and thermodynamic potential of the reaction (Figure 8). This requirement is 

necessary to ensure that once the electron-hole pair are generated and 

separated, they have enough driving force to reduce the heterogeneous 

hydrogen evolving catalyst (HEC) in photocathode’s surface and/or oxidize the 

heterogeneous water oxidation catalys (WOC) in the photoanode’s surface. 
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Figure 8. Schematics of PEC water splitting systems under illumination using a 

photocathode for proton reduction and counter electrode (left) and photoanode for water 

oxidation to dioxygen and counter electrode (right). Black dashed lines indicate the EF. The 

electrocatalyst on the counter electrode was omitted for clarity. In the y axis, the potential 

of the two half reaction involved are indicated. 

 

1.3.6 n-type and p-type semiconductors for light driven water splitting  

There are several SC available to be used as photoelectrodes for light driven 

water splitting. Nevertheless, some consideration have to be taken into 

account for fabricating practical photoelectrodes: 

 Position of the CB and VB: as previously discussed, CB should be more 

negative that H+/H2 couple while the VB should be more positive than 

H2O/O2 couple. 

 The SC should be able to absorb most of the solar spectrum in order to 

increase as much as possible the solar to fuel conversion efficiency. For this 

propose Eg higher than 3 eV are considered not useful for this application. 

 The material must be stable in the electrolyte (aqueous solution) to ensure 

the long term stability of the device. 

 The material have to be composed of earth-abundant, cheap and non-toxic 

materials. 

It is important to highlight, that up to date, there is no semiconductor material 

that can fulfills all the requirements mentioned above. 

Figure 9 contains the energetic diagram of selected semiconductor materials 

that have been used in water splitting photoelectrochemical cells. Among all 

the suitable materials to prepare photocathodes (p-type semiconductors), 

metal oxides semiconductors usually feature the advantage of easy 

preparation. Binary metal oxides present metal vacancy defects, resulting in a 
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p-type conductivity and although can be made by earth-abundant and low-cost 

elements, usually show a low absorption coefficients and poor charge-carrier 

mobility. One example of p-type metal oxide is Cu2O, with a Eg = 1.9-2.2 eV, a 

theoretical 18% solar-to-fuel conversion efficiency, easy electrochemical 

preparation34 and the CB 0.7 eV more negative than proton reduction 

potential, this material is being widely studied (Figure 9). One of the main 

problems of this SC is that its self-oxidation (to form CuO) and self-reduction 

(to form metallic Cu) potentials are within the band gap. Thus, in order to avoid 

the degradation, the material is usually protected by heterojuctions. 

Paracchino et al. covered Cu2O with Al:ZnO/TiO2 by Atomic Layer Deposition 

(ALD) with Pt nanoparticles as HEC, reaching -7.6 mA·cm-2 at the 

thermodynamic potential in pH 7.35 Morales-Guio et al. reported the same 

material using MoS2 as HEC in pH 14, reaching -6.3 mA·cm-2 at 0 V vs RHE. In 

these conditions the photocathode was able to sustain HER for 10 hours 

proving the robustness of the protective heterojuction.36 

Another family of p-type SC is the copper-based chalcogenides such as 

CuInxGa1-xSe2 (CIGSe) and kesterites Cu2ZnSn(S/Se)4 (CZTS/Se), with a high 

absorption coefficients (∼105 cm-1) and narrow band gap (1.0-1.68 eV and 

1.0-1.5 eV, respectively) have been widely investigated in solid state PV 

field.37–40 Their p-type conduction is due to the vacancies of Cu in the 

crystalline structure and are usually obtained by sulfuration/selenation of the 

sputtered or electroplated stacked metals (Cu/In/Ga for CIGS and Cu/Zn/Sn 

for CZT(S/Se)). The best performance either in photovoltaic or in PEC 

applications, are always combined with n-type SC to create p-n heterojunction 

(usually CdS, but more recently In2S3 or ZnS are also used). Due to the poor 

stability of CdS during HER, the photocathode is protected by metal oxide 

layers such as ZnO, Al2O3 or TiO2. Yokoyama et al. prepared a CIGS/CdS/Pt 

photocathode able to reach -12.0 mA·cm-2 at 0 V vs RHE.41 The same group also 

reported a CZTS/CdS/ TiO2/Pt photocathode able to reach -9.0 mA·cm-2 at 0 V 

vs RHE in pH 9.5.42 Although the kesterites are not so good as the well 

developed CIGS (much more mature technology) they are made by earth-

abundant materials (In and Ga are not earth-abundant), and in the last years 

their performances have been improving. 

Some examples of n-type SC suitable to prepare photoanodes are WO3 and 

BiVO4. BiVO4 started to attract great interest since Kudo and coworker 
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reported its activity towards OER under visible light.43 With a Eg = 2.4 eV and 

VB 1.2 eV more positive than the water oxidation potential this material is a 

good candidate for preparing photoanodes for OER. The main drawback of this 

material is its low carrier mobility (∼4.4·10-2 cm2V-1s-1), 1-2 orders of 

magnitude lower than other metal oxide SC. Its CB mainly consist in the V 3d 

orbitals. Vanadium ions are located in the non-interconnected VO4 

tetrahedrons, thus the electrons have to jump these tetrahedrons to be 

transferred.44 Due to the low mobility of the carriers, the recombination of the 

photogenerated electron-hole pair is high. To reduce it, a common strategy is 

the use of dopants and co-catalysts. Luo and Zou reported that Mo6+ and W6+ 

as the most effective dopants.45 Krol et al. prepared a multilayered BiVO4/WO3 

and after the annealing process, a  W6+ doped BiVO4 with a gradient dopant 

concentration were obtained, resulting in a better conductivity and charge 

separation and thus, a better photoelectrochemical performance towards 

OER.31 WO3/BiVO4 composites have been also reported, with enhanced 

performance compared to bare BiVO4 due to their good band alignment 

(Figure 9) and the good electrical properties of WO3 and the better light 

absorbance of BiVO4.46 As co-catalysts, the most common used are Co oxides47 

and NiOOH/FeOOH. Park et al. prepared a nanostructured WO3/BiVO4 with 

NiOOH/FeOOH as water oxidation co-catalyst, reaching 5.35 mA·cm-2 at 

1.23V vs RHE in pH 7 under 1 sun illumination.48  
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Figure 9. Energy diagram with the relative positions of CB and VB of selected p-type and 

n-type semiconductors. 
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1.4 Catalysts for water splitting 

1.4.1 Evaluating Molecular catalysts 

A good catalyst for HER or OER should be robust and work with a high activity 

under low overpotential. To evaluate these properties we need to define 

turnover number (TON), turnover frequency (TOF) and electrochemical 

overpotenial (η): 

 TON is a dimensionless parameter that evaluates the robustness of a 

molecular catalyst, defined by the number of catalytic cycles that one 

molecule of catalyst can perform before it deactivates. The bigger the 

value, the more robust and stable the catalyst is. To calculate it is 

necessary to know accurately the amount of catalyst and product, 

using the following formula: 

 

𝑇 𝑁 =
𝑛𝑃𝑟𝑜𝑑𝑢𝑐𝑡
𝑛𝐶𝐴𝑇

 

 

Where nProduct and nCAT are the number of mols of product and catalyst 

respectively. 

 

 TOF is a parameter that evaluates how fast a catalyst is. More 

specificaly, it gives the number of catalytic cycles per catalytic center 

per unit of time. Its units are time-1 (usually s-1) and is calculated with 

the following formula: 

 

𝑇 𝐹 =
𝑇 𝑁

∆𝑡
 

 

Where Δt is the lapse of time considered. It is important to notice that TOF 

depends on kobs of the reaction and its value changes with the concentration of 

the substrate, thus usually the TOF is reported at the early stages of the 

catalysis. Sometimes initial TOF (TOFi) or maximum TOF (TOFmax) are 

reported.  
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 The electrochemical overpotential (𝜂) as used in this thesis is the 

difference between the thermodynamic potential and the actual 

potential at which the desired reaction takes place, defined by: 

𝜂 = 𝐸  𝐸0 
Where E is the applied potential and E0 is the thermodynamic potential of the 

reaction. 

 

1.4.2 Hydrogen Evolution Reaction 

The formation of one molecule of H2 from water (or protons) is a relatively 

simple reaction where only two protons and two electrons are necessary (eq. 

4), and its associated kinetic barrier is small compared to that of OER. Since it’s 

impossible to unlink any redox half reaction from its counterpart, the 

electrochemical potential for HE in standard conditions (i.e. pH=0, 1 

atmosphere and 298.15 K) was used to reference all the electrochemical 

reactions. Thus, its electrochemical potential was set (for convention) as 0 V. 

Among all kind of catalysts for HER, metallic platinum is the best. It operates in 

high catalytic rate with almost no overvoltage but it is scarce and expensive, 

making its application in a large-scale industrial application non-viable 

economically.49 

The general mechanism for proton reduction on heterogeneous bulk catalysts 

is depicted in Figure 10.50 In-depth mechanistic studies have correlated the 

tafel slope (η vs log|j|) with the rate determining step in the electrocatalytic 

proton reduction,51 assuming constant coverage of adsorbed H atoms over the 

range of potentials. 

     𝑒−     (eq. 4) 

   𝑒−   ∗   𝑎𝑑𝑠  (eq. 4.1) 

 𝑎𝑑𝑠   𝑎𝑑𝑠       ∗ (eq. 4.2) 

 𝑎𝑑𝑠   
  𝑒−      ∗ (eq. 4.3) 

The process starts with the adsorption of a free proton from the media to an 

active site (*) coupled to a one electron reduction, called Volmer step or 
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discharge step (eq. 4.1). To evolve molecular hydrogen two possible 

mechanistic pathways can happen. The first one is known as the Tafel 

recombination step (eq. 4.2), where two adsorbed H atoms combine to form H2 

while the second one is called Heyrovsky step and involves another free proton 

that is reduced and simultaneously reacts with Hads to release H2 (eq. 4.3). A 

Tafel plot with ca. 120 mV·decade-1 slope indicates that the rate determining 

step is Volmer while a Tafel slope of 40 and 30 mV·decade-1 suggests that the 

rate determining step are Heyrovsky and Tafel steps, respectively.50,52,53 

 

 

Figure 10. Schematic representation of the Volmer-Tafel and Volmer-Heyrovsky 

mechanisms for heterogeneous catalytic HER. 

 

Catalysts based on earth abundant transition metals for HER have been widely 

investigated in order to find a substitute for Pt.54 Nature brings us excellent 

examples to mimic: hydrogenases. Hydrogenases are enzymes based on iron 

and/or nickel that can reduce protons to H2 with rates up to 10000 moles  of 

hydrogen per mol of catalysts per second with negligible overpotential. They 

are classified according to the active-site metals and two prominent examples 

are [FeFe]-hydrogenases and [NiFe]-hydrogenases.55–57 The structure of these 

two hydrogenase’s cofactors were solved during 1990s58–60, revealing that for 

[FeFe]-hydrogenase, the active center was a dinuclear Fe-Fe complex 

coordinated to CN-, CO and azadithiolate ligands (Figure 11, left). The latter is 

key for the H-H bond formation step because it has been proposed to act as 

proton relay bringing an incoming proton close to the Fe-hydride intermediate 
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species (Figure 11, middle). One Fe ion is hexa-coordinated showing an ideal 

octahedral configuration and the other has only penta-coordination, leaving 

one vacancy used as active site. The active center of [NiFe]-hydrogenase was 

identified as an asymmetric Ni-Fe complex, where CN- and CO ligands 

coordinate with Fe ion and Ni ion is in a high distorted square-planar 

configuration, coordinated by four cysteinate ligands, two of which link both 

ions together. Both Fe and Ni sites leave one vacant position as active site 

(Figure 11, right).  

 

 

Figure 11. Structural representation of the active sites of [FeFe]-Hydrogenase (left), 

intermediate species derived from [FeFe]-Hydrogenase that leads to H-H bond formation 

(middle) and [NiFe]-Hydrogenase (right). Cys is cysteinate. 

 

Hydrogenases and their artificial derivatives have been extensively 

investigated revealing the structure and the catalytic mechanism of the active 

sites. A general catalytic mechanism for the hydrogen evolution at a metallic 

center Mn+ is given in Figure 12.61–64 The active metal center undergoes two 

consecutive or coupled electron and proton transfers to form a metal-hydride 

intermediate (H-Mn+ in Figure 12).24 From this point, there are three possible 

pathways for the subsequent H2 formation. The first one is an homolytic 

pathway, where two metal-hydrides react to generate molecular hydrogen via 

reductive elimination. The second is the heterolytic pathway where the metal-

hydride is protonated to form H2. Alternatively, the metal-hydride can be 

further reduced and react with another reduced metal-hydride (homolytic) or 

be protonated to form H2 (heterolytic). Determining the mechanism is often 

challenging due to the fact that several pathways can happen at the same time, 

or they can interconvert depending on the conditions of a given system, like 

pH.65 Metal-hydride formation and H2 generation can be facilitated by the 
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backbone of the ligands, placing proton relays in the first or second sphere 

coordination of the metal center, such as in the natural system.66,67 

 

Figure 12. Proposed mechanistic pathways for hydrogen evolution catalysis at a metallic 

center Mn+.24 

 

This mechanistic information gives us some criteria for the rational design of 

new and better catalysts active for HER. Transition metal complexes are good 

candidates to act as hydrogen evolution catalysts because they can store 

electrons via multiple redox processes in the metal center and also because 

they contain ligands that can be specifically designed according to the reaction 

and mechanism requirements. One of the most important characteristic is that 

the metal complex should have available coordination positions and 

appropriate electronic structure to obtain a basic metal-hydride. The ligand 

should also stabilize low oxidation states of the metal center in order to 

minimize the overpotential needed for HER. Other strategies include redox 

tuning by using non-innocent redox ligands or including protonation sites 

integrated in the catalyst secondary sphere of the metal that could facilitate 

the H-H bond formation as it happens with the [FeFe]-hydrogenase cofactor 

(Figure 11, middle). Indeed, second coordination effects and the tertiary 

structure of proteins plays a crucial role controlling the availability of protons 

and electrons to the active center in natural hydrogenases. 
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Over the last decade, many studies have focused on the development of earth-

abundant metal-based and cost-effective catalysts for HER, like Ni, Co, Fe and 

Mo.25,68,69 One example of heterogeneous HEC is Molybdenum disulfide 

(MoS2, Figure 13), a transition metal dichalcogenide that can be found naturally 

in molybdenite (mineral). It’s a layered solid widely used in the industry as a 

solid lubricant.70 Like graphene layers in graphite, Mo-S-Mo stacked layers are 

assembled together by weak Van der Waals interactions in hexagonally packed 

structures, making the movement between layers relatively easy. Bulk MoS2 

has a indirect Eg = 1.2 eV71 while monolayer feature a direct band gap of 1.8 

eV72 and presents four poly-types: 1T MoS2, 1H MoS2, 2H MoS2 and 3R MoS2. 

Its catalytic properties are widely studied for two reactions: 

hydrodesulfurization (HDS) and HER. There are many experimental and 

theoretical studies about the electrochemical properties of MoS2 towards 

HER, and the results confirm that the catalytic active sites are the 

crystallographic edges while the basal planes are catalytically inert.73–75 The 

catalytic properties of the active site in MoS2 are comparable to the noble 

metals, for this reason this material has been drawn great attentions due to 

their low cost and high chemical stability. One of the focus of this research is to 

try to synthesize a “rich in active sites” MoS2. There are several synthetic 

approaches to obtain nanostructured MoS2, divided in physical and chemical 

methods. Inside the physical methods we found techniques such as microwave 

plasma, laser ablation, arc discharge, sputtering and pulsed-laser vaporization. 

The most used chemical methods are chemical vapor deposition, solvothermal 

process and sonochemical synthesis.70 There are two ways to improve the 

catalytic activity of the MoS2: i) increase the intrinsic activity of the actives 

sites by optimizing the binding energy of hydrogen (Hads) and improve the 

electronic conductivity, or ii) increasing the density of the active sites. 

One approach used to enhance the intrinsic catalytic activity of MoS2 is the 

doping of the material by some promoters, such as Ni, Co, Au, Zn, Pt and C in 

order to modify the free energy of the proton absorption (being ∆𝐺𝐻 = 0 𝑒𝑉 the 

optimal value), as well as to improve the electrical conductivity with 

appropriate materials as catalyst supports.74,76–78 Another approach is to 

synthesize MoS2 nanostructures with different architectures (nanoparticles, 

flakes, open flowers, nanotubes, mesoporous films, etc.) in order to increase (or 

expose to the electrolyte) more catalytic sites (i.e more edges per mol).73,74,79–
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86 Until now, only crystalline structures were considered in the discussion but 

it is worth mentioning that in late 90’s, amorphous MoS2 started to be in the 

scientific community spot since its electrochemical performance towards HER 

was much higher than bulk crystalline MoS2 and its easy preparation by 

electrodeposition.87–93 The reason for the enhanced activity of amorphous 

MoS2 is still nowadays not clear, the most plausible hypothesis is that the 

amorphous MoS2 has many defect sites, where there are coordinately and 

structurally unsaturated sulfur atoms, where hydrogen atoms can be 

absorbed.91 New investigations suggest that active sites of amorphous MoS2 

could differ from the crystalline MoS2 edges.94  

 

A B C 

 
 

 

 

Figure 13. A) Three-dimensional representation of the structure of MoS2.95 B) Top view of 

the 2D MoS2 sheet. The two horizontal dashed lines indicate terminations along the (1010) 

Mo-edge and (1010) S-edge. The two triangles represent the terminations for Mo-edge and 

S-edge clusters. C) Schematic representation of the 50% S coverage Mo-edge cluster.96 

 

In the family of molecular catalysts,  DuBois and co-workers developed  Ni-

complex  with two 1,3-diethylphosphapropane (DEPP) ligands [Ni(DEPP)2]2+ 

capable of reversible cleave H2 in the presence of 2,3-dichloroaniline to form a 

nickel hydrate and the protonated dichloroaniline. Inspired by natural 

hydrogenases, an amine base was incorporated in the backbone structure to 

facilitate the proton transfer rate97 resulting in a negative shift of 650 mV for 

the hydrogen oxidation but with a low reaction rate. In order to place the N-

pendant base near to the Ni metal center, the 1,5-diaza-3,7-

diphosphacyclooctanes ligands were synthetized (Figure 14).98–100 Further 

studies on the mechanism of catalytic H2 generation revealed that three 
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different isomers were formed after two electron reduction and double 

protonation of the intermediates (A, B and C from Figure 14) and only A was 

active for HER.101  To avoid the formation of isomers B and C, the new ligand 1-

aza-3,6-diphosphacycloheptane was synthesized with only one pendant N-

base and forming a 7 member ring around the metal center (DuBois catalyst, 

Figure 14).102 The new complex showed a significant enhancement of the 

electrocatalytic performance with TOF values of 33000 s-1 at 0.63 V of 

overpotential using [(DMF)H](OTf)] = 0.43 M in acetonitrile. This value 

increases until 106000 s-1 with the addition of the optimal amount of water. 

DuBois’ nickel catalysts are the perfect example of how a deep insight into the 

mechanism of the catalytic cycle can provide information to correlate the 

structure and the activity of a given catalyst, obtaining valuable information to 

design rationally better molecular catalysts. DuBois catalysts featured a high 

activity and stability in organic solvents in the presence of strong acids, but on 

the other hand they only operate with such high rate under large overpotential 

(η > 0.6 V) in non-aqueous medium.  

 

 
 

Figure 14. Left) Dubois catalyst. Right) Double protonated Ni0 intermediates involved in HER 

(isomers A, B and C). Only isomer A is active for proton reduction. 

 

1.4.1 Cobalt-based catalysts for HER 

Even though there are no biological system that uses cobalt in the active center 

for HER, most of the reported small-molecule HEC stable in aqueous media 

employ this element. Cobalt complexes as HEC in electro and photochemical 

hydrogen generation have been in the spot of the researchers due to its rich 

redox chemistry and catalytic power. According to the ligands, Co-based 

catalysts for HER can be divided in eight groups: i) N4-macrocyclic complexes, 

ii) hexaamino complexes, iii) porphyrin complexes, iv) phthalocyanine 

complexes, v) cyclopentadienyl complexes, vi) cobalt glyoxime (also known as 
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cobaloximes) vii) polypyridine complexes and viii) cyclopentadienyl 

complexes.68 Here, only groups i) macrocycles, vi) cobaloximes and vii) 

polypyridine complexes will be briefly commented due to their good 

performance for the HER in aqueous solutions.103–106 

The first  molecular HEC based on cobalt was reported by Fisher and Eisenberg 

in 1980 and was able to produce H2 from protons with 80% of Faradaic 

efficiency in 2:1 water:acetonitrile mixture and pure water at -1.26 V 

and -1.36 V vs NHE on a Hg pool electrode (HEC 1, Figure 15).105 

Cobaloximes-type of complexes have been extensively studied as proton 

reduction catalyst in electro- and photochemical systems due its easy 

preparation, good catalytic activities in organic solvents and relatively low 

overpotential. One of the first examples is HEC 2 in Figure 15,  reported of 

Connolly and Espenson in 1986.107 Since then, the study of this family of 

compounds has brought to the field important insights to understand the HER 

mechanism in aprotic organic media in the presence of strong to moderate 

acids as a proton source but their lack of stability in neutral and acidic aqueous 

solutions has limited their use. Improvement of the stability of cobaloximes in 

water have been achieved by Peters and coworkers, who reported the 

electrocatalytic behavior of a family of complexes with modified ligand 

frameworks  (HEC 2-5 in Figure 15).108 In pH 2.2, HEC 3 and HEC 4 featured a 

catalytic current corresponding to the catalytic proton reduction while HEC 2 

showed a wave before the catalytic current, assigned to CoII/I couple. This fact 

suggested that HEC 2 operates via protonation of “Co0” species instead of 

protonation of CoI species like HEC 3 and 4. Controlled potential experiments 

at -0.69 V vs NHE for two hours revealed that the HEC 3 was the most active 

catalyst, with 28 TON and a Faradaic efficiency of 81%. On the other hand, 

HEC 5 only reached 2 TON and a Faradaic efficiency of 30% in the same 

experimental conditions, suggesting that the complex decomposes to inactive 

species. 
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Figure 15. Structures of selected cobalt macrocycles and cobaloxime complexes actives for 

HER. 

 

Complex HEC 6 in Figure 15 is another kind of molecular cobalt complexes 

containing a tetraazamacrocycle made of a pyridine and two imine groups.  It 

was first used as HEC in 2011 by Lau and coworkers although the synthesis of 

the complex was reported by Brush and Long in 1970109,110. Its electrocatalytic 

activity for proton reduction was tested in acetonitrile and aqueous solutions 

using p-cyanoanilinium and acetic acid as a proton source, respectively, with 

high Faradaic efficiency (>90%) and >50 TON in both media. Photochemical H2 

production was also carried out in a mixture of acetonitrile:water with 

[IrIII(ppy)2(bpy)]+ (where ppy is 2-phenylpyridine and bpy is 2,2’-bipyridine) as a 

photosensitizer, acetic acid as proton source and triethanolamine as a 

sacrificial electron donor, reaching 180 TON under visible light.111 Peters et al. 

also studied the same cobalt complex electrochemically reaching 17 TON with 

92% of faradaic yield.108 Compared to cobaloximes derivates, HEC 6 with a 

ligand scaffold containing a pyridine and two imine groups shows slightly more 

negative redox potential but higher Faradaic efficiencies suggesting better 

stability in aqueous solutions.  

Later on, HEC 6 and 7 (which give the same active species after the substitution 

of the chlorido by aqua ligands) have been used by Collomb and coworkers as 

well as by our group in photochemical systems. In these systems 

ascorbic/ascorbate was used as both sacrificial electron donor and buffer and 

a plethora of different photosensitizers including [Ru(bpy)3]2+,112,113 CdTe114 or 

CuInS2 quantum dots115 as well as purely organic dyes.116  A breakthrough in 

elucidating the mechanism of the reaction for the HER by HEC 6 was reported 

in 2016 using state of the art x-ray transient absorption spectroscopy 

techniques (X-TAS). In this work, it was possible to trap intermediate species in 

the nano to micro-second time scale and to determine the rate-limiting step of 

the process for the system HEC 6/[Ru(bpy)3]2+/ascorbate, which consists in the 
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protonation of the CoI species to form the CoIII-H species (Figure 12 and Figure 

16), the latter is so reactive that remain elusive in the experimental time-scale 

resolution.117  

 

Figure 16. HER mechanism followed by catalyst HEC 6 under photochemical conditions 

using [Ru(bpy)3]2+ as photosensitizer and ascorbic/ascorbate as both sacrificial electron 

donor and buffer.117 

 

Polypyridine cobalt complexes are another important family of cobalt HEC, 

some of them able to reduce protons in neutral water media. For instance, HEC 

11 in Figure 17 was reported to reduce protons from trifluoroacetic acid (TFA) 

in acetonitrile and 1:1 acetonitrile-water solutions at ca. -0.76 V vs NHE.106 

Chang and coworkers also reported a series of cobalt pentapyridine complexes 

capable to reduce protons in neutral pH (HEC 8-10).118 Electrochemical studies 

showed that all three catalysts featured a wave before the electrocatalytic 

wave assigned to the CoII/I couple. In controlled potential electrolysis 

experiments at -1.30 V vs NHE in pH 7 phosphate buffer, HEC 8 catalyzes 

proton reduction with 99% of Faradaic efficiency and reaching 5.5·104 TON in 

a lapse of 60 hours. The redox potential of these complexes can be tuned by 

changing the para-substituent on the axial pyridine ligand. For instance, the 
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CoII/I couple is at -1.0 V vs NHE when R=H (HEC 8). When the para-substituent 

is replaced by an electro-withdrawing group, like –CF3 (HEC17), the potential 

is shifted to -0.84 V. On the other hand, the potential is shifted to -1.12 V when 

is substituted by an electron-donor such as -NMe2. Zhao and coworkers 

reported a similar penta-coodinated pyridyl-amine cobalt complex (HEC 

13),119 able to reduce protons in neutral pH. Cyclic voltammetry experiments 

of HEC 13 in pH 7 phosphate buffer showed two waves assigned to the CoIII/II 

and CoII/I couples before the onset of the catalysis at -1.2 V vs NHE. HEC 13 is 

reported to catalyze proton reduction with a 99% Faradaic efficiency and more 

than 300 TON in 1 hour of controlled potential electrolysis at -1.4 V vs NHE in 

pH 7 on a Hg pool electrode. 

 

 

Figure 17: Structures of selected cobalt polypyridine complexes actives for HER. 

 

1.5 Oxygen Evolution Reaction 

The formation of one molecule of O2 from water (eq. 2) requires the transfer of 

four electrons, the breakage of four O-H bonds and the formation of the double 

O=O bond. Due to its complexity, water oxidation half reaction is nowadays, 

the bottleneck process for developing artificial photosynthesis devices. OER is 

a thermodynamically demanding reaction (E0 = 1.23 V vs NHE at pH = 0) with a 

high associated kinetic barrier. Thus, a catalyst that can carry out the OER must 

be able to accumulate four oxidative charges and be stable in water at high 

oxidation states.120 

As already pointed out before for the HER, in order to design better catalyst 

it’s very important to understand the mechanism of the reaction during the 

formation of O2. Indeed, the OER mechanism has been studied extensively 
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using kinetic studies, spectroscopic techniques, labeling experiments and DFT 

calculations in order to understand every step involved in the process. Two 

different mechanisms have been proposed for the O-O bond formation: 

interaction between two metal oxo M-O groups (I2M) and water nucleophilic 

attack (WNA) (Figure 18).121,122 In WNA, one water molecule acts as a 

nucleophile and attacks the electrophilic M-O species, facilitating the breakage 

of the M-O bond and the formation of M-O-OH (hydroperoxido species) and 

releasing O2 after a posterior oxidation. In the I2M mechanism, two M-O units 

interact to form the O-O bond. In both cases, the formation of the O-O bond is 

the rate-determining step. 

 

 
Figure 18: Proposed mechanistic pathways for O-O bond formation in oxygen evolution 

catalysis through metal-oxo M=O group. WNA: Water nucleofilic attack. I2M: interaction 

between two metal-oxo groups. 

  

There’s a plethora of heterogeneous and homogeneous catalysts that have 

been reported in the literature that can perform OER in many different forms: 

metal oxides films and nanoparticles,23,54,123–125 POMs,126 MOFs127–130 and 

molecular catalysts.24,121,122,131–134 However, only a brief description of a 

ruthenium-based molecular catalyst will be discussed in this section. 
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Figure 19. Evolution of the TOF of molecular Ru WOC in the last 40 years. The green line 

indicates the TOF of the oxygen evolution center present in the photosystem II. Color code: 

C, grey; Ru, pink; N, blue; O, red, Ir, orange.  

 

Ruthenium is a second raw transition metal with electronic configuration [Kr] 

4d7 5s1, having access to a widely range of oxidation states, from +8 in RuO4 to 

-2 in [Ru(CO)4]2- corresponding to d0 and d10 electronic configuration. High 

oxidation states can be stabilized by using polypyridyl ligands, making 

molecular ruthenium complexes a good candidate as catalysts for oxygen 

evolution reaction. Figure 19 shows the evolution of ruthenium-based water 

oxidation catalysts, where the log(TOF) of these catalysts is plotted versus 

year of it publication. The first example in the literature was a dinuclear Ru-

complex WOC1 , known as blue dimer, published by Meyer et al. in 

1980’s.135,136 In the last 10 years chemists achieved great improvements in the 

field, increasing more than 4 orders of magnitude the rate for water oxidation 

reaction (TOF) beating OEC from the natural photosystem II. The best WOC 

reported to date is the complex [Ru(tda)(py)2] (where tda is [2,2’:6’,2’’-

terpyridine]-6,6’’-dicarboxylato and py is pyridine), WOC11 in Figure 19) that 

was published by our group in 2015.134 The main characteristic of this catalyst 
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is that the Ru center is seven-coordinated at oxidation state IV, leaving one 

dangling carboxylate grup in the second coordination sphere that assists the 

WNA step, lowering the activation free energy that leads to O-O bond 

formation. This catalyst have the impressive TOF of 8000s-1 calculated by foot 

of the wave analysis, the highest value reported until now. 

 

1.6 Molecular (photo)electrodes  

The study of catalysts in homogenous phase is very convenient due to all the 

available techniques to characterize intermediate species (specially 

spectroscopic techniques) that allow the researchers to study and get insights 

in the reaction mechanisms of a given molecular catalyst. This valuable 

information makes possible to correlate the structure and the catalytic activity 

and thus design new molecular catalysts more robust, efficient and fast. 

However, the applicability of homogeneous catalysts in photoelectrochemical 

cell for water splitting is null. For a solid state device is necessary to immobilize 

the molecular catalysts on the surface of the (photo)electrode by modifying the 

ligand scaffolds  with appropriate functional groups that allow to attach the 

catalyst on the surface without changing its intrinsic activity. Several 

functional groups have been used to follow this strategy depending on the 

nature of the (photo)electrode material (metal, metal oxides, graphitic 

structures, etc.). In Figure 20 the most common functional groups used for this 

propose are shown.137 Among them, phosphonates (a) and carboxylates (b) are 

the most extensively used linkages, although their stability in aqueous 

conditions is very poor. That is why the use of pyrene groups (e) has been 

recently taken as a good alternative to anchor molecular catalysts on graphitic 

type of substrates via π-stacking interactions. Another strategy is using 

diazonium salts (f) to make new C-C bonds on carbon surfaces.  
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Figure 20. Different binding moieties to link catalyst on electrodes surfaces: a) phosphonic 

acid, b) carboxylic acid, c) thiol, d) silane, e) pyrene, f) diazonium salt. 

 

There are many examples in the literature that use heterogeneous catalysts for 

HER and OER, but only few examples of (photo)electrodes with immobilized 

molecular catalysts while is true that the interest in this field was growing 

during the last decade.138   

Reisner and coworkers reported a modified HEC 3 that features a doubly 

phosphonated propanediyl bridgehead in the equatorial diimine–dioxime 

ligand and immobilized it onto meso-ITO and meso-FTO electrodes.139 The 

double linkage guarantee a strong attachment of the catalyst on the metal 

oxide surface. The meso-FTO electrode showed a 10-14 TON (based on suface 

coverage of the molecular catalysts, that was estimated ca. 

Γ  = 1.50·10-7 mol·cm-2) under controlled potential electrolysis at -0.7 V vs NHE 

during 12 hours in pH 7. Later, the same group reported a p-type silicon 

protected by mesoporous TiO2. The protective layer also increase the surface 

area allowing to load more catalyst, which was functionalized by modified 

DuBois catalysts with phosphonate moieties. The resulting photocathode was 

able to perform 1000 TON in 24 hours in pH 4.5 acetate buffer at 0 V vs RHE 

under 1 sun illumination.140 Moore and Sharp also immobilize Dubois catalysts 

onto p-type Si and GaP wafers.141 Another molecular photocathode electrode 

reported by Moore et at. consisted in inducing the photopolymerization of 

4-vinylpyridine with UV light on GaP wafers.142 Covering the semiconductor 

surface with this approach provides a polymer chain with multiple pyridine 

moieties that later on were used to link the molecular HEC (in this case of the 

family  of cobaloximes). Under 1 sun illumination, this photocathode reached 

2.4 mA·cm-2 at +310 mV before the thermodynamic H+/H2 potential. One 

withdrawal of this anchoring system is that the molecular catalysts releases its 
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axial ligands (pyridine) during the catalytic cycle (CoI species tend to show a 

square planar geometry), resulting in a decrease in the catalytic current.    

Artero et al. reported a molecular electrode  by decorating Multi-Wall Carbon 

Nanotubes (MWCNT) with poly-4-(2-aminoethyl)phenylene by 

electroreduction of its aryldiazonium salt precursor, and later  a modified 

cobaloxime was attached covalently to the MWCNT through amide linkages 

generated with the reaction of the immobilized amines in MWCNT and the 

activated esters in the Co complex (Figure 21, top).61 With a surface coverage 

of the molecular catalyst of ca. 4.5×10-9 mol·cm-2 these electrodes featured 

55000 TON at pH 4.5 acetate buffer for 7 hours at -0.59V vs RHE. Using the 

similar anchoring approach, the same group linked successfully the Ni DuBois 

catalyst on MWCNT capable to reduce protons to molecular hydrogen with 

very low overpotencial (20mV) in pH 0 (Figure 21, middle).143 The prepared 

electrode was able to held controlled potential electrolysis at -0.3 V vs NHE for 

10 hours without degradation, reaching 100000 TON (according to the 

catalyst surface coverage of ca. 1.5·10-9 mols·cm-2).  

Our group also reported a molecular electrode by dropcasting a dispersion of 

carbon nanotubes (CNT) decorated with [Ru(tda)(L)2] complex (where L is 4-

(pyren-1-yl)pyridine), a derivative of WOC11 in Figure 19.144 The catalyst was 

anchored onto the CNT surface by π-stacking due to the pyrene moiety of the 

axial ligand (L). The electrodes prepared with these catalysts exhibit the 

stunning TON of 106 in pH 7 at 1.45 V vs NHE without any sign of degradation. 

The same catalyst attached to CNT was used as WOC in a n-type Si 

photoanode protected by TiO2 and sputtered carbon, reaching 1 mA·cm-2 in pH 

7 at 1.07 V vs NHE (Figure 21, bottom).145 Another molecular photoanode was 

reported by Wu and coworkers, where they use a n-type BiVO4 photoanode 

functionalized with a CoIII-porphyrin.146 The molecular catalyst was attached 

by a covalent bond between the -COOH moieties and the Al2O3 protective 

layer. This modification enhanced the photocurrent at the thermodynamic 

potential, reaching almost 2 mA·cm-2 in pH 6.8 phosphate buffer under 1 sun 

illumination. Controlled potencial electrolysis for 4 hours at 1.4 V vs RHE 

revealed a Faradaic yield of 80%. However, the true molecular nature of the 

real catalyst was never proven. 
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Figure 21. Architecture of relevant molecular (photo)electrodes reported in the literature. 

Top: Covalently attached cobaloxime HEC derivative on MWCNT.61 Middle: Covalently 

attached Ni DuBois HEC derivative on MWCNT.143 Bottom: Molecular catalyst derived 

from WOC11 attached by π-π stacking to a MWCNT on a n-Si/TiO2/C photoanode.145   
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Chapter 

2 

Objectives 
 

Acording to the state-of-the-art in the field of artificial photosynthesis 
presented in Chapter 1, the main objectives are exposed in the present 
chapter. 
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In the last decades, the interest in developing technologies to achieve the 

production of clean fuels, that are economically competitive to substitute the 

traditional fossil fuels have been increasing. Among all the possible options, 

technologies that takes the advantage of the free solar energy are the most 

promising choices. As already mentioned in the general introduction, artificial 

photosynthesis seems to be a good candidate to produce clean solar fuels from 

water and sunlight in large scale in the not so distant future. To make this 

possible it is mandatory to reduce the expenses of the material production by 

means of using cheap and abundant elements of the absorbers as well as to 

develop powerful and robust catalysts to carry out the oxygen evolution (OER) 

and hydrogen evolution (HER) half reactions. For these reasons, the general 

goal of the present thesis is to develop efficient and stable electrodes and 

photoelectrodes capable of performing water splitting with low overpotential. 

The main goal mentioned above can be divided into the following specific 

objectives:  

 Objective 1: 

Develop homogeneous catalysts for the hydrogen evolution reaction made of 

materials that are more readily available than platinum, the best catalyst for 

HER known to date.  The performance and mechanism of the reaction under 

electrochemical and photochemical conditions will be studied in detail with the 

aim of correlating their catalytic activity with their structure.  

In particular, cobalt complexes containing the macrocyclic ligands shown in 

Chart 1 will be prepared. The role of   proton relay groups in the second 

coordination sphere of the metal center (highlighted in red) will be the main 

focus of the mechanistic studies.  

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR PHOCATODES AND PHOTOANODES FOR LIGHT DRIVEN WATER SPLITTING 
Sergi Grau Abarca 
 



Chapter 2 
 

75 

 Objective 2: 

Synthesis and characterization of a hydrogen evolution catalyst based on a 

cobalt complex, that contains a pyrene moiety  in order to decorate conductive 

graphitic materials via π-π stacking. The resulting hybrid electrode will be 

tested as an inexpensive molecular cathode for the HER.. 

The functionalized ligand is inspired by the active catalysts developed in the 

previous objective, as shown in Chart 2. 

 

 
 

 

 Objective 3: 

Preparation of a multilayered photocathode for HER based on p-type 

Cu2ZnSnSe4 semiconductor material with inexpensive non-noble based 

electrocatalysts for HER. In particular, the electrodeposition of MoS2 on top of 

the photoabsorber will be explored and the activity and stability of the 

resulting photoelectrodes thoroughly tested. 

 Objective 4: 

Preparation of a molecular photoanode for OER based on n-type WO3/BiVO4 

semiconductor materials, enhancing its catalytic activity by introducing  a 

state-of-the-art molecular catalyst properly functionalized with a pyrene 

group. The use of an interlayer of carbon nanotube fiber between 

photoabsorber and catalytic centers will be explored.
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Chapter 

3 

Factors influencing 

hydrogen evolution 

(photo)catalysis in 

macrocyclic cobalt 

complexes 

Chapter 3 explores the role of proton relays in the second coordination sphere of 
cobalt macrocyclic complexes that are active for the proton reduction reaction. 
The substitution of the proton in the amine in a macrocyclic ligand scaffold 
changes basicity of the corresponding Co hydrides, which are key intermediates in 
the catalysis thus strongly influencing catalytic properties. We found that 
electrochemical and photochemical proton reduction operates via different 
catalytic pathways, whose rate determining steps were identified through 
complementary computational studies. 
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Abstract 

In this work, two new cobalt macrocyclic complexes active for HER were 

synthetized in order to study the role of proton relays by modifying the 

secondary amine for the methyl and the hydroxymethyl of one existing proton 

reduction catalyst. Electrochemical and photochemical experiments show that 

the modifications of the ligands affects the geometry and electron density of 

the metal center. These changes influence the calculated pKa of the cobalt 

hydride species that are found to be the key intermediates towards the 

hydrogen evolution reaction. Here we propose two different catalytic 

pathways that explain the different behavior of these catalysts in 

electrochemical and photochemical hydrogen generation. The proposed 

mechanisms were calculated by density functional theory (DFT), finding that 

the rate determining step is the formation of CoIII-H from CoI in 

electrochemical experiments, while the rate determining step in 

photochemical experiments is the H-H bond formation. 

 

  

1
2 3

1
2 3
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Contributions: 

Sergi Grau Abarca synthesized and characterized all the compounds, as well as 

carried out all the photochemical, electrochemical and spectroscopic 

experiments. 

3.1 Introduction 

The generation of hydrogen gas from light induced water splitting is a highly 

pursued process for its sustainable nature and high-energy storage capabilities 

of the hydrogen molecule.1,2  The development of catalysts based on transition 

metal complexes to perform the water reduction half-reaction is an active field 

that has given rise to a plethora of new compounds exploiting the tunable 

electronic effect of the ligands and their capacity to store multiple electrons on 

the metal site, the ligand or both.3–7 Another useful feature of molecular based 

hydrogen evolution catalysts (HEC) is the possibility to includuce proton relay 

groups in the second coordination sphere of the metal, thus facilitating the H-

H bond formation step.8  

 
 
Figure 1. Cobalt hydrogen evolution catalysts studied in this work. 

 

A prominent example of molecular hydrogen evolution catalyst is the cobalt 

macrocyclic complex 1 in Figure 1. It has shown extraordinary stability under 

catalytic turnover in acidic water, and has been successfully used in both 

electrocatalytic9,10 as well as photocatalytic systems in combination with metal 
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based photosensitizers,10–12  quantum dots13,14 and organic dyes.15 We have 

recently studied the mechanism followed by this catalyst under photocatalytic 

conditions with [Ru(bpy)3]2+ photosensitizer and were able to determine the 

rate determining step of the process, which involved the formation of a key 

CoIII hydride (CoIII-H) intermediate.12 One of the interesting features of 1 is the 

secondary amine group of the macrocyclic ligand that could be involved in the 

H-H bond formation step, as proposed for many other molecular hydrogen 

evolution catalyst, including the naturally occurring hydrogenases.8 In this 

work, we examine the role of proton relay groups in cobalt macrocyclic ligands 

derived from 1 by blocking the site with a methyl group or by positioning the 

proton relay further away from the metal center (2 and 3 in Figure 1, 

respectively). 
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3.2 Results and Disscusion 

3.2.1 Synthesis, spectroscopic and structural characterization of 2-5 

 

 
Figure 2. X-ray diffraction structures. ORTEP plots at 50% probability of cationic species 2, 

3, 4 and neutral dinuclear complex. Only the H atom connected to hydroxomethyl group in 

2 is shown. The rest of H atoms as well as couter ions and solvent molecules have been 

omitted for clarity. 

 

Compounds 2 and 3 were prepared using a modified reported procedure.16 It 

consists of a one-step template synthesis starting from 2,6-diacetylpyridine 

and N,N-bis-(3-aminopropyl)-methylamine under nitrogen atmosphere 

(Scheme 1). Detailed synthetic procedures, spectroscopic and analytical 

characterization are described in the supporting information. Single crystals 

suitable for x-ray diffraction (XRD) studies were obtained and their ORTEP 

plots are shown in Figure 2. Compound 2 is a CoII five-coordinated complex 

with distorted square-based pyramid geometry with an acetonitrile molecule 

occupying the axial position. This structure is analogous to that of the CoII 

compound derived from 1, with similar bond distances and angles.17 On the 

other hand, complex 3 is a CoIII six-coordinated compound with two chlorido 
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ligands in the axial positions, which has very similar bond distances to those of 

1, with the same coordination sphere.10,12 The main difference between 

compounds 1 and 3 is the highly distorted octahedral geometry of 3 due to the 

repulsion between the chlorido and hydroxomethyl groups in cis relative 

position (α1(Clcis-Co-NH) = 87.64⁰  vs α3(Clcis-Co-NCH2OH) = 94.31⁰ ). The 

dangling alcohol in the amino group of the macrocyclic ligand in 3 is prone to 

coordination, generating compound 4 in Figure 2. In the presence of excess 

cobalt chloride, precursor in the synthetic mixture, compound 4 evolves to the 

dicobalt complex 5 in Figure 2. In the presence of hydrochloric acid, derivatives 

4 evolves to catalyst 3 (Scheme 1). 

 

 

Scheme 1. Synthetic scheme for the synthesis of compounds 2-5. 
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3.2.2 Electrochemistry of 1-3 in organic media 

The electrochemical properties of 2 and 3 were analyzed by cyclic 

voltammetry and spectroelectrochemical experiments in dimethylformamide 

(DMF) or acetonitrile (MeCN) (Figure 3, S1-S4 and Table S1). All complexes 

feature two chemically reversible metal centered one-electron waves which 

were assigned to the CoIII/II and CoII/I couples. Compounds 1 and 3 show the 

same reduction potential values at E1/2 = -0.37 V vs Fc+/Fc (ΔE = 69-80 mV) and 

E1/2 = -0.88 V vs Fc+/Fc (ΔE = 57-79 mV), respectively. In contrast, both 

electrochemical events show a significant anodic shift for compound 2, 

suggesting that the penta-coordinated structure, with a neutral acetonitrile 

ligand in the axial position, observed in the solid state is also maintained in 

solution (𝐸𝑎
1

 = 0.71 V and 𝐸𝑐
1

 = -0.04 V vs Fc+/Fc (ΔE = 752 mV) for CoIII/II and 

E1/2 = -0.71 V vs Fc+/Fc (ΔE = 58 mV) for CoII/I). The high peak to peak separation 

for the CoIII/II couple, particularly for complex 2, is associated with a square 

mechanism involving ligand coordination, from square-based pyramid to 

octahedral geometry upon oxidation (Scheme S1). Finally, a third ligand based 

redox wave at E1/2 ≈ -1.65 V vs Fc+/Fc (ΔE = 70-110 mV) is observed for all the 

complexes, regardless of the substitution of the ligand on the amine group of 

the macrocyclic ligand. 
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Figure 3. Cyclic voltammetry of compounds 1 (black), 2 (red) and 3 (blue) in DMF (0.1 M 

[Bu4N]PF6). [Complex] = 1 mM; WE = Glassy Carbon disk; CE = Platinum disk; RE = 

AgNO3/Ag (converted to Fc+/Fc by adding +0.096 V as determined experimentally); 

scan rate = 100 mV/s. Blue asterisks (*) indicate species derived from compound 3, likely 

related to the coordination abilities of the hydroxymethyl group (see compounds 4 and 5 in 

Scheme 1). 

 

3.2.3 Electrochemistry and electrocatalysis of 1-3 in aqueous media 

The axial acetonitrilo and chlorido ligands of 2 and 3 are exchanged by water 

in their aqueous solutions as demonstrated by UV-Vis spectroscopy 

experiments (Figure S5 and S6). The same substitution reaction was also 

observed in case of 1.12 Interestingly, the derivative compound 4 with the 

coordinated alcoxido group evolves to the same aqua complex derived for 3 as 

demonstrated by UV-Vis spectra in water. This is most likely due to the 

protonation of the alkoxido ligand in aqueous conditions (Figures S5 and S6).  
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Figure 4. Cyclic voltammetry experiments in pH 7, pH 4.1 and pH 2 of 1 (black), 2 (red) and 

3 (blue). [Complex] = 1 mM; WE = glassy carbon disk; CE = Pt disk; RE = SCE (+0.241V vs 

NHE); scan rate = 100 mV/s.  

 

Cyclic voltammetry experiments of 2 and 3 in pH 7 show a reversible CoII/I 

redox couple at the same potential, i.e., E1/2 = -0.51 V vs NHE (ΔE = 65-71 mV), 

which is 100 mV anodically shifted to that of 1 (E1/2 = - 0.61 V vs NHE 

(ΔE = 81 mV) (Figure 4 and Table 1). These results suggest that in aqueous 

solutions, 2 and 3 have the same coordination sphere at oxidation state +2, 
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most likely a square-based pyramid with an aqua ligand in the axial position. A 

very broad, pH dependent wave associated with the CoIII/II redox couple is also 

observed for compounds 1-3, which is associated with a slow process involving 

significant changes in geometry upon changing the oxidation state of the Co 

center (Scheme S1, Figure S7 and Table S2). Upon lowering the pH to 4.1, the 

CoII/I of 1 becomes irreversible due to the proton reduction catalysis, which is 

already described in detail in the literature.11,13 In sharp contrast, the CoII/I 

couples of 2 and 3 are almost fully reversible at this pH, indicative of the low 

reactivity of their CoI derivatives towards the formation of the CoIII-H active 

species that are the gate to the hydrogen evolution catalytic cycle. The 

reactivity of these CoI species increases at pH 2, when all complexes show 

catalytic waves with similar shape (Figure 4). Cyclic voltammetry experiments 

at variable scan rates show that catalyst 1 features a catalytic wave regardless 

of the scan rate (Figure S8). On the other hand, catalysts 2 and 3 show 

significant differences in the profile of the electrocatalytic wave upon changing 

the scan rate of the sweep (Figures S9-S10). If the experiment is performed at 

sufficiently slow scan rate (5 mV/s) it is possible to observe a catalytic wave at 

pH 4.5 for both catalysts. In addition, when performing the experiment at a 

sufficiently fast scan rate (500 mV/s) at pH 2, it is possible to avoid the catalytic 

behavior and recover the reversibility of the CoII/I redox couple. These results 

suggest that this protonation step is determining the catalytic performance of 

this type of catalysts. Indeed, calculated pKa values of such species are in the 

range of -7.5 to -1.5, a measure of the high thermodynamic demand of this 

process (Table 1 and Table S3).18  
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Table 1. Reduction potentials for the CoII/I (E1) and CoIII/II-H (E2) couples and pKa values of the 

cobalt hydride species. See supporting information for the DFT calculation details of the 

presented values. 

a Potentials reported versus NHE. b Values correspond to the E1/2 values obtained from cyclic 

voltammetry experiments at pH 7 where no catalysis is observed, in parenthesis ΔE indicates 

the peak to peak separation between Ec and Ea waves. c DFT calculated values for the 

reduction of the penta-coordinated cobalt species with an aqua ligand in the axial position in 

cis orientation relative to the N-R group (R = H, 1; R = CH3, 2; R = CH2OH, 3). d DFT calculated 

values for the penta-coordinated cobalt species with an hydrido ligand in the axial position in 

trans orientation relative to the N-R group (R = H, 1; R = CH3, 2; R = CH2OH, 3). e DFT 

calculated values for the penta-coordinated cobalt species with an hydrido ligand in the axial 

position in trans orientation relative to the N-R group (R = H, 1; R = CH3, 2; R = CH2OH, 3) to 

give a square planar cobalt species upon proton loss. See supporting information for details 

and complementary data (section 3.5.4). 

 

3.2.4 Photocatalysis of 1-3 

The photochemical water reduction activity of catalysts 2 and 3 were assessed 

in a thermostated 4 mL photoreactor at 25°C using [Ru(bpy)3][ClO4]2 as 

photosensitizer and a 1:1 mixture of ascorbic acid/sodium ascorbate as 

sacrificial electron donor and buffer at pH 4.1. A Xe lamp equipped with a UV 

light filter provided the light source calibrated to 1 sun intensity. The hydrogen 

gas evolution was then monitored with a Clark electrode. The profiles are 

shown in Figure 4, as well as the profile of reported catalyst 1 measured under 

the same experimental conditions for comparison purposes.  

 E1(CoII/I)a E2(CoIII/II-H)a 
pKa

18
 

(𝑪𝒐𝒏+  𝑯 ⇌ 𝑪𝒐𝒏 𝟐 +𝑯+) 
Catalyst Experimentalb Calculatedc Calculatedd CoIII-He CoII-He 

1 -0.61 (ΔE = 71 mV) -0.61 -0.06 -7.5 12.0 

2 -0.51 (ΔE = 65 mV) -0.61 -0.11 -6.7 12.5f 

3 -0.51 (ΔE = 71 mV) -0.55 -0.01 -6.6 11.8f 
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Under photochemical conditions, the three catalysts show similar rates as 

deduced from the slopes of the hydrogen evolution profiles. Compound 2 is the 

fastest catalyst with a slightly steeper slope (Figure 5, red trace). Catalyst 3 has 

a similar catalytic rate but deactivates in less than 1h of reaction (Figure 5, blue 

trace). We attribute the fast deactivation of 3 to the reactivity of the dangling 

hidroxymethyl group that can coordinate the cobalt center, as proven by 

species 4 and 5 in Figure 2, which were isolated in reaction mixtures during the 

synthesis of 3. Interestingly, catalyst 1 is the slowest but most stable catalyst 

(Figure 5, black trace), in contrast to the results observed under 

electrochemical conditions in Figure 3, which clearly show that the rate 

determining step of the reaction, that is, the protonation step of the CoI, is 

faster for 1. 

 

 

 
 

 

Figure 5. Hydrogen evolution photocatalysis in acidic water. [Complex] = 0.05 mM; 

[Ru(bpy)3][ClO4]2= 0.5 mM; [ascorbic acid] = [sodium ascorbate] = 0.55 M; pH = 4.1. Light 

intensity calibrated to 1 sun illumination, 100mW/cm2. TONCo = turnover number = mols 

of H2/mols of cobalt catalyst. 
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3.2.5 Mechanistic insights from experimental and computational studies 

While electrocatalysis unambiguously determines the protonation of the CoI 

intermediate as the rate determining step (rds) of the process, it is not obvious 

in the case of the photochemical reaction at pH 4.1, in which the relative 

kinetics of catalysts 1-3 follow a different trend (Figure 5). Thus, a different 

mechanistic pathway must be responsible for the hydrogen evolution reaction 

under these conditions. Over the time of the bulk photochemical experiments, 

reductive equivalents provided by photogenerated [Ru(bpy)3]+ are available in 

excess. Therefore, a second reduction of the initial complex to generate a 

formal “Co0” species could take place. “Co0” species refers to a reduced species 

where the additional electron is shared between ligand and metal center 

(based on Mulliken charge population analysis, the additional electron is 

delocalized between the cobalt center and the coordinating nitrogen atoms, in 

particular with the pyridine (75-80% vs 10-15%, for Co and N respectively). 

Indeed, the reduction potential of the [Ru(bpy)3]2+/[Ru(bpy)3]+ couple is about 

80 mV lower than the second reduction of complexes 1-3 as indicated by their 

respective cyclic voltammetry experiments in organic solvents (E1/2 = -1.73 V 

and E1/2 ≈ -1.65 V vs Fc+/Fc respectively, see Figures 3 and S11). The basicity of 

the doubly reduced species “Co0” is much higher and should react with protons 

to generate a CoII-H much faster than the monoreduced CoI derivative to 

generate the CoIII-H counterpart. Indeed, as shown in Table 1, calculated pKa 

values of the CoII hydride species are in the range of 11.8 to 12.5. In this 

scenario, the H-H bond formation must be the slowest step determining the 

rate of the catalytic cycle. 
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Figure 6. Intermolecular vs intramolecular H-H bond formation. Transition states relevant 

to the hydrogen evolution reaction by catalysts 1-3. The kinetic barriers (∆G≠) are indicated 

for each catalyst in kcal/mol and representative drawings of each TS is given for 1. Note: it 

is important to highlight here that the relative energies of the starting compounds are not 

comparable and out of scale. 

 

DFT calculations were carried out by Mr. Mauro Schilling and Professor Sandra 

Luber from University of Zurich (Institut für Physikalische Chemie). The 

methods and basis used to calculate redox potentials of key intermediates as 

well as transitions states (TS) involved in the intermolecular H-H bond 

formation from CoII-H are described in SI. In addition, an intramolecular 

pathway involving the N-H group was also calculated for catalyst 1, which is 

the only compound with an available proton appended group in close proximity 

to the cobalt hydride. Finally, a third family of TS was considered where a 

putative protonated amine group H-N+-R is involved in the hydrogen 

formation step (R = H, CH3 or CH2OH for 1, 2 and 3 respectively).  

Table 1 collects the theoretical reduction potentials of the CoII/I couple in the 

range of E1
calc = -0.61 to -0.55 V that match well with the experimental values 

(E1
exp = -0.61 to -0.51). We find that the reduction potential of the CoIII-H 

intermediate to give a reduced CoII-H is more positive than the CoII/I couple for 

the three catalysts, suggesting that once the CoIII-H is generated, it is 

immediately reduced (E2
calc = -0.11 to -0.01 V, Table 1 and Table S3). The HER 

ΔG≠(1) = 18
ΔG≠(2) = 17
ΔG≠(3) = 19

ΔG≠(1) = 25

ΔG≠(1) = 4
ΔG≠(2) = 5
ΔG≠(3) = 4ΔG≠

ΔG≠

ΔG≠

R(1) = H
R(2) = CH3

R(3) = CH2OH
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mechanism via CoII-H has already been previously proposed for catalyst 1 

under electrochemical conditions.11  

A model system using four hydrogen bonded water molecules were used to 

calculate the transition states for the intermolecular H-H bond formation with 

catalysts 1-3 from CoII-H (Figure 6, left). Two cobalt species were considered, 

one with square based pyramid and one with octahedral geometry containing 

an additional aqua ligand. Similar trends were observed for the two family of 

compounds and thus we will restrict our discussion to the penta-coordinated 

species, which are the most favorable ones according to previous structural 

data. As depicted in the left of Figure 6, the kinetic barriers to form hydrogen 

from the CoII-H with this model are around ∆G≠ = 18 kcal/mol. These values 

cannot distinguish catalytic rates between the three catalysts as they are 

essentially the same if one considers the inherent error of the calculations. 

However, these results are consistent with the similar slopes of the hydrogen 

evolution profiles obtained in the photochemical reactions of Figure 5 if we 

consider the H-H bond formation is considered as the rds. Interestingly, the 

proton source of the final hydrogen molecule is not coming from the water 

directly interacting with the hydride but from the furthest water molecule.  

On the other hand, the intramolecular pathway involving the N-H group of 1 

requires a much higher energy in the range of 24.8 to 30.0 kcal/mol, ruling out 

this catalytic pathway (Figure 6, center). In addition, we should emphasize here 

that the isomers with a relative cis configuration of the N-H group in regards 

to the CoII-H are higher in energy that the trans counterparts, used for the 

intermolecular mechanism, making this particular intramolecular pathway 

even less likely. 

Interestingly, an intramolecular pathway involving a protonation of the 

macrocyclic amine (in the macrocyclic ligand) resulted in lower kinetic barriers 

for the three catalysts (∆G≠ = 4-5 kcal/mol, Figure 6 right). This catalytic route 

involves an intermediate CoII-H species, where the amino group of the 

macrocyclic framework is decoordinated from the metal upon protonation. 
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Although there are currently no experimental evidences supporting the 

formation of such an intermediate, this is certainly a possible catalytic route 

that should be taken into account for this family of compounds.  

3.3 Conclusions 

A thorough analysis of the hydrogen evolution catalytic behavior of 1, 2 and 3 

shows the intricate role of the macrocyclic ligand that occupies the equatorial 

position of our family of catalysts. First of all, the bulkiness and electronic 

properties of the substituent on the amine group of the macrocyclic frame 

determines the geometry and electronic density on the metal center as 

demonstrated by XRD studies summarized in Figure 2 and electrochemical 

properties in Figure 3. These changes have consequences in the pKa of the 

cobalt hydride species that are key intermediates towards the hydrogen 

evolution reaction (Figure 7). In those catalytic systems where the CoIII-H is 

involved, the protonation step from CoI to CoIII-H is the rds of the overall 

process, dictated by the low calculated pKa of the hydrides (-7.5 to -1.5). This is 

the case of cyclic voltammetry experiments at pH higher than 2 where the 

concentration of protons is limited. In sharp contrast, this is not the case in 

photo induced catalysis using [Ru(bpy)3][ClO4]2 as photosensitizer, which after 

photoactivation and reductive quenching by the ascorbate, has enough 

reducing power to generate a doubly reduced “Co(0)” species (Figure 7, right). 

The latter can be quickly protonated to form the corresponding CoII-H with a 

much higher calculated pKa (11.8 to 12.5). In this scenario, the H-H bond 

formation is the rds.  
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Figure 7. Catalytic pathways towards hydrogen evolution by catalysts 1-3. 

 

A series of plausible transition states involving intermolecular as well as 

intramolecular pathways have been assessed. The flexibility and different 

relative positions (cis or trans) of the substituent in the amine group of the 

macrocyclic ligand offers a high degree of complexity to the studied system. 

After analysis of all the possibilities, two different mechanisms with CoII-H key 

intermediate are proposed to contribute in the hydrogen evolution catalysis by 

1, 2 and 3. The first one involves intermolecular H-H bond formation between 

the cobalt hydride and one proton of an incoming water molecule (Figure 6, 

left). The second one consists in the intramolecular interaction between an 

ammonium proton in the macrocyclic ligand and the cobalt hydride (Figure 5, 

right). The activation energies in both catalytic pathways do not differ 

significantly within the three complexes. These calculations are in full 

agreement with the experimental photocatalytic results in Figure 4 that show 

similar slopes for the hydrogen evolution profiles.   
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3.5 Supporting Information 

3.5.1. Materials and Methods 

Reagents 

All organic reagents, salts for buffers and metal precursors were purchased 

from Sigma-Aldrich and used without further purification, unless otherwise 

stated. Anhydrous solvents were taken from a solvent purification system 

(SPS®). 

Electrochemistry methods and equipment 

Glassy Carbon Disk electrodes, Platinum Disk Electrodes and reference 

electrodes (SCE and AgNO3/Ag) were purchased from IJ-Cambria Ldt. Pads 

and alumina for polishing were also purchased from the same company. 

Buffer solutions at pH 7 and pH 2 were prepared with Na2HPO4, NaH2PO4 and 

adjusted to 0.1 M ionic strength. Buffer solutions at pH 4.1 were prepared with 

ascorbic acid:sodium ascorbate mixtures 1:1 (0.55 M).  

Cyclic voltammetry experiments were performed with a CHI660D 

potentiostat in a one-compartment cell, three electrode system using glassy 

carbon (GC) disk as working electrode, platinum disk as counter electrode and 

standard calomel electrode (SCE) or AgNO3/Ag reference electrodes.  

Spectroelectrochemistry 

Spectroelectrochemistry experiments were performed in a custom-made 

Optically Transparent Thin Layer Electrochemical (OTTLE) cell (University of 

Reading) with platinum mesh working electrode, platinum wire counter 

electrode and silver wire pseudo-reference electrode. 

UV-vis equipment 

UV-Vis measurements were carried out on a Lambda 1050 PerkinElmer 

spectrophotometer equipped with a PMT, InGaAs and PbS detectors system, 

double beam optics, double monochromator and D2 and W light sources. 
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General Procedure for photochemical experiments 

In a 20mL glass vial, a mixture of solid acorbic acid (284.0 mg, 1.6 x 10-3 mol) 

and sodium ascorbate (326.9 mg, 1.6 x 10-3 mol) was added to a 2.9 mL aqueous 

solution containing [Ru(bpy)3](ClO4)2 (1.034 x 10-3 M). The mixture was 

sonicated and protected from the light until all the salts are dissolved. The 

solution was transferred in a water-jacketed 4 mL flask and 0.1mL of cobalt 

catalyst (1, 2 or 3) were added (3 x 10-3 M) reaching a final composition of 

0.55M of ascorbic acid and sodium ascorbate, 0.1mM of cobalt catalyst and 

1mM of ruthenium photosensitizer. The flask was sealed with a septum and the 

mixture degased for 1 hour by bubbling nitrogen. A Clark hydrogen sensor was 

inserted in the cell and the mixture irradiated using a 150 W Xe Arc Lamp with 

a cut off filter (> 400 nm, 25 mm). The light intensity was calibrated to “1 sun” 

previous to the experiment and the temperature was maintained constant at 

25 ºC. At the end of the experiment, the cell was degased with nitrogen and 

calibrated adding known amounts of hydrogen. 
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3.5.2 Synthetic procedures, electrochemical methods and additional 

characterization  

Compound 1  

2,6-diacetyl-pyridine (686 mg, 4.2 mmol) and CoCl2·6H2O (1 g, 4.2 mmol) were 

dissolved in degassed ethanol (6.3mL) and heated to 75 °C under N2 (deep blue 

solution). Degassed water (4.2 mL) were added and the mixture was stirred 

until everything were dissolved, giving a purple solution. 3,3’-

diaminodipropylamine (0.59 mL, 4.2 mmol) was added dropwise. The colour 

turned to dark blue and the solution became cloudy upon addition of the amine. 

Glacial acetic acid (0.17 mL) was added to catalyze the condensation, giving a 

clear solution, which was kept at 75°C for 5 hours stirring under N2. At this 

time, the condensation was judged to be complete and mixture was cooled 

down to room temperature. A concentrated HCl aqueous solution (0.39 mL, 37 

%, 4.62 mmol) was added, after which the solution turned to an orange/brown 

color. The mixture was aerated overnight affording a green solution. The 

volume was reduced on the rotary evaporator until 1 mL of water was left. Cold 

ethanol (7 mL) at -8 °C was added slowly and product 1 precipitated as green 

microcrystals. The green crystals were filtered off and washed with cold 

ethanol (565 mg, 1.33 mmols, 35%). Spectroscopic and electrochemistry 

measurements matched the data reported in the literature.1  

 

Compound 2 

2,6-diacetyl-pyridine (326.4 mg, 2 mmol) and Co(NO3)2·6H2O (582.06 mg, 2 

mmol) were dissolved in degassed anhydrous methanol (10mL) and heated to 

75°C under N2  and the reaction mixture stirred until everything was dissolved, 

giving a pink-red solution. 3,3-Diamino-N-methyldipropylamine (0.32 mL, 2 

mmol) was added dropwise. The solution turned dark and cloudy upon addition 

of the amine. Glacial acetic acid (0.1 mL) was added to catalyze the imine 

condensation, forming a clear solution. The reaction mixture (dark red) was 

stirred and kept at 75°C for 5 hours under N2. After 5 hours, the condensation 

was complete. The reaction mixture was cooled down to room temperature, 

filtered under N2 and transferred into a Schlenk flask containing a degassed 

methanolic solution of NaClO4 (561.8 mg, 4 mmol). After a second filtration to 

remove a white solid, the filtered solution was dried under reduced pressure 
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and redissolved in degassed anhydrous acetonitrile. An orange powder 

precipitated by adding degassed diethylether to the acetonitrile solution 

(729 mg). The product was recrystallized dissolving the powder in acetonitrile 

(40 mL) and adding toluene (40 mL) very slowly (forming a layer). After 2-4 

hours, dark orange crystals of compound 2 were obtained. The crystals were 

filtered under air and washed with toluene (522.3 mg, 0.914 mmol, 46%). Single 

crystals were obtained by slow diffusion of diethylether into an acetonitrile 

solution of 2.  

Anal. Calcd for C18H27Cl2CoN5O8: C, 37.84; H, 4.76; N, 12.26. Found: C, 37.80; 

H, 4.36; N, 12.30. ESI+-HRMS m/z: calcd for [M-CH3CN]+ (C16H24CoN4
+): m/z: 

331.1333, found m/z: 331.1332. 

 

Compound 3, 4 and 5 

2,6-Diacetyl-pyridine (686 mg, 4.2 mmol) and CoCl2·6H2O (1 g, 4.2 mmol) were 

dissolved in degassed ethanol (6.3mL) and heated to 75°C under N2 (deep blue 

solution). Degassed water (4.2 mL) was added and the mixture was stirred until 

everything was dissolved, giving a purple solution. 3,3-Diamino-N-

methyldipropylamine (0.7 mL, 4.2 mmol) was added dropwise. The solution 

turned to dark blue and cloudy on addition of the amine. Glacial acetic acid (0.2 

mL) was added to catalyze the condensation giving a clear solution, which was 

stirred and kept at 75°C for 5 hours under N2. At this point, the reaction 

mixture became dark red. After 5h, the condensation was judged to be 

complete and the mixture was cooled down to room temperature. A 

concentrated HCl aqueous solution (0.39 mL, 37 %, 4.62 mmol,) was added. The 

mixture was aerated overnight. The reaction mixture was dried under reduced 

pressure and the resulting solid is dissolved in the minimum volume of 

methanol (brown solution). Green solid precipitates when isopropanol is added 

dropwise. The solid was filtered and washed with isopropanol. The green 

powder was dissolved in water and acetone was added until the solution 

started to become cloudy. Then the solution was kept in the fridge overnight. 

The green solid was filtered and identified as compound 4 containing traces of 

compound 3 (572 mg, ca. 1.2 mmol, ca. 30%). Single crystals of 4 were obtained 

by slow diffusion of diethylether in a solution of 4 in methanol. 
1H NMR (500 MHz, D2O-d2) δ = 8.53 (dd, J = 8.4 and 7.3 Hz, 1H), 8.46 (d, J = 7.9 

Hz, 2H), 5.27 (s, 2H), 4.21 (dt, J = 15 and 3.2 Hz, 2H), 3.81 (t, J = 13.7 Hz, 2H), 
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3.51 (td, J = 12.85 and 2.6 Hz, 2H), 2.9 (s, 6H), 2.76 (dt, J= 12.9 and 3.1 Hz, 2H), 

2.55-2.37 (m, 4H). 
13C NMR (126 MHz, D2O-d2) δ =178.8, 157.7, 142.6, 127.8, 90.8, 56.1, 49.5, 

24.9, 16.9. 

ESI+-HRMS m/z: calcd for [M]+ (C16H23ClCoN4O+): m/z: 381.0892. Found m/z: 

381.0887. 

 

Compound 3 was prepared by adding 10 equivalents of hydrochloric acid to an 

aqueous solution of 4. Dark green microcrystals can be obtained by adding 

acetone to the acidic mixture and cooling it down to -20ºC overnight. Single 

crystals were obtained by slow diffusion of diethylether in a solution of 3 in 

methanol. 
1H NMR (400 MHz, MeOD-d4) δ = 8.49 (t, J = 8.0 Hz, 1H), 8.40 (d, J = 8.0 Hz, 

2H), 4.60 (s, 2H), 3.96 (m, 2H), 3.64 (m, 2H), 3.54 (t, J=12.5 Hz, 2H), 3.14 (dq, 

J=3.5, 1.5 Hz 2H), 2.81 (s, 6H), 2.35 (m, 2H), 2.10 (m, 2H). 
13C NMR (101 MHz, MeOD-d4) δ = 179.6, 157.2, 141.5, 127.6, 82.5, 51.3, 50.4, 

22.0, 16.7. 

Anal. Calcd for C16H24Cl3CoN4O: C, 42.36; H, 5.33; N, 12.35. Found: C, 41.19; 

H, 5.51; N, 12.14. 

ESI+-HRMS m/z: calcd for [M-H,Cl]+ (C16H23ClCoN4O+): m/z: 381.0892, found 

m/z: 381.0887 (3 converts into 4 in the MS chamber). 

 

Single crystals of Compound 5 were isolated from the methanolic solution of 

the first filtration during the synthesis of 4 described above. We attribute the 

formation of 5 to the presence of excess of CoCl2.  
1H NMR (400 MHz, MeOD-d4) δ = 8.53 (t, J = 7.8 Hz, 1H), 8.45 (d, J = 7.8 Hz, 

2H), 5.30 (s, 2H), 4.20 (m, 2H), 3.81 (m, 2H), 3.52 (m, 2H), 2.89 (s, 6H), 2.75 (m, 

2H), 2.56-2.36 (m, 4H). We attribute the broad bands observed in the 1H NMR 

spectrum to the CoII atom (particularly for the -CH2- group, the closest to the 

paramagnetic center). 

Anal. Calcd for C16H23Cl4Co2N4O: C, 35.13; H, 4.24; N, 10.24. Found: C, 35.18; 

H, 3.98; N, 10.14. 
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3.5.3. Figures Supporting Information 

 

Table S1. Summary of electrochemistry data of compounds 1, 2 and 3 in DMF 

(from Figure S1). 

 
aPotentials reported versus Fc+/Fc. bΔE indicates the peak to peak separation between Ec and 

Ea waves. cNot possible to calculate E1/2 due to high peak to peak separation (square 

mechanism indicated in Scheme S2), instead the values of the Ec and Ea waves are given. 

 

 

Scheme S1. Square mechanism associated with the high peak to peak separation between 

Ec and Ea of the CoIII/II couple in the cyclic voltammetry experiments of Figure 1. R = H, CH3 

or CH2OH; L = MeCN, DMF or H2O. 

 

 

  

 

 E1(CoIII/II)a E2(CoII/I)a E3(L/L-)a 
E1/2 (V) ΔE (V)b E1/2 (V) ΔE (V) E1/2 (V) ΔE (V) 

1 -0.37 0.069 -0.88  0.057 -1.64 0.07 
2 E1

a = 0.799; E1’
c = 0.052c 0.747c -0.71 0.058 -1.66 0.07 

3 -0.37 0.080 -0.88 0.079 -1.65 0.11 
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Figure S1. Left) UV-Vis spectra of 2 in acetonitrile at oxidation state CoIII (dark red), CoII 

(blue) and CoI (light red) generated electrochemically. Right) Molecular structure of 2 and 

its cyclic voltammetry experiment in the OTTLE cell (WE = Platinum mesh; CE = Platinum 

wire; RE: Silver pseudo-reference electrode; solvent = acetonitrile 0.1 M [Bu4N]PF6; 

[Co] = 2 mM; scan rate = 2 mV/s. Dark red, blue and light red arrows show the 

starting/ending of the UV-vis spectra acquisition. Grey arrows indicate the polarity of the 

scan. 
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Figure S2. Spectroelectrochemistry of 2 in acetonitrile, associated with Figure S1. 
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Figure S3. Left) UV-Vis spectra of 3 in dimethylformamide at oxidation state CoIII (dark 

red), CoII (blue) and CoI (light red) generated electrochemically. Right) Molecular structure 

of 3 and its cyclic voltammetry experiment in the OTTLE cell (WE = Platinum mesh; CE = 

Platinum wire; RE: Silver pseudo-reference electrode; solvent = DMF-0.1 M [Bu4N]PF6; [Co] 

= 2 mM; scan rate = 2 mV/s. Red, blue and purple arrows show the starting/ending of the 

UV-vis spectra acquisition. Grey arrows indicate the polarity of the scan. 
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Figure S4. Spectroelectrochemistry of 3 in dimethylformamide, associated with Figure S3. 
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Figure S5. Top) UV-Vis spectra of 0.1 mM solutions of 2 in acetonitrile (pink), 

acetonitrile:H2O 1:1 (orange) and water (green). Middle) UV-Vis spectra of 0.1 mM 

solutions of 3 in DMF (pink), DMF:H2O 1:1 (orange) and water (green). Bottom) UV-Vis 

spectra of 0.1 mM solutions of 4 in DMF (pink), DMF:H2O 1:1 (orange) and water (green). 
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Figure S6. Overlapping of UV-Vis spectra of 0.1 mM solutions of 3 (blue) and 4 (orange) in 

DMF (Top) and water (Bottom). 
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Figure S7. Cyclic voltammetry of compounds 1 (top), 2 (middle) and 3 (bottom) in aqueous 

conditions at different pHs. [Co] = 1 mM; WE = Glassy Carbon disk; CE = Platinum disk; 

RE = SCE; scan rate = 100 mV/s.  
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Table S2. Summary of electrochemistry data of compounds 1, 2 and 3 in 

aqueous conditions. 

 

 

 

 

 

aCatalytic wave with Ecat = -0.617 V for 1. bThe two waves Ec1  and Ec1 observed in the cathodic 

scan for catalysts 2 and 3 in pH 2 are attributed to derivatives with different coordination 

sphere (coordinated/decoordinated amine).  

  

pH7 E1(CoIII/II)a E2(CoII/I)a 

CAT E1/2 (V) ΔE (mV) Ec (V) Ea (V) ΔE (mV) 

1 -0.609 71 0.133 0.446 313 

2 -0.509 65 -0.050 0.773 823 

3 -0.512 71 -0.023 0.393 416 

 

pH4 E1(CoIII/II)a E2(CoII/I)a 

CAT E1/2 (V) ΔE (mV) Ec (V) Ea (V) ΔE (mV) 

1 a -- 0.406 0.576 170 

2 -0.484 67 0.105 0.654 549 

3 -0.490 77 0.004 0.413 409 

 

pH2 E1(CoIII/II)a E2(CoII/I)a 

CAT Ecat (V) ΔE (mV) Ec1 (V) Ec2 (V) Ea (V) ΔE (mV) 

1 -0.543 -- 0.386 -- 0.566 180 

2 -0.546 -- 0.513b 0.300b 0.732 219-432 

3 -0.555 -- 0.461b 0.241b 0.644 183-403 
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Figure S8. Plot of the i/ν1/2 vs E of 1 in pH 2 (left, phosphate buffer I = 0.1M) and pH 4.1 

(right, [NaHAsc/H2Asc] = 1.1 M water solution). Scan rate from 5 to 2000 mV/s. WE: GC. 

CE: Pt disk. RE: SCE (converted to NHE by adding +0.241 V); WE: Glassy Carbon disk; CE: 

Platinum disk. 

 

Figure S9. Plot of the i/ν1/2 vs E of 2 in pH 2 (left) (phostate buffer I=0.1M) and pH 4.1 

(right)([NaHAsc/H2Asc]=1.1M water solution). Scan rate from 5 to 2000mV/s. RE: SCE 

(converted to NHE by adding +0.241V); WE: Glassy Carbon disk; CE: Platinum disk. 

  
Figure S10. Plot of the i/ν1/2 vs E of 3 in pH 2 (left) (phostate buffer I=0.1M) and pH 4.1 

(right)([NaHAsc/H2Asc]=1.1M water solution). Scan rate from 5 to 2000mV/s. RE: SCE 

(converted to NHE by adding +0.241V); WE: Glassy Carbon disk; CE: Platinum disk. 
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Figure S11. Cyclic Voltammetry of [Ru(bypy)3](ClO4)2 in DMF-0.1 M [Bu4N]PF6. Scan rate 

100mV/s. RE: Ag/AgNO3 (converted to Fc+/Fc by adding +0.096 V as determined 

experimentally). WE: Glassy Carbon disk; CE: Platinum disk. 
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3.5.4. Density Functional Theory methods and additional data 

 

Table S3. Reduction potentials for the CoII/I (E1) and CoIII/II-H (E2) couples and 

pKa values of the cobalt hydride species. 

aPotentials reported versus NHE. bValues correspond to the E1/2 values obtained from 

cyclic voltammetry experiments at pH 7 where no catalysis is observed, in 

parenthesis ΔE indicates the peak to peak separation between Ec and Ea waves. cDFT 

calculated values for the reduction of the penta-coordinated cobalt species with an 

aqua ligand in the axial position in cis orientation relative to the N-R group (R = H, 

1; R = CH3, 2; R = CH2OH, 3). dDFT calculated values for the penta-coordinated 

cobalt species with an hydrido ligand in the axial position in trans orientation relative 

to the N-R group (R = H, 1; R = CH3, 2; R = CH2OH, 3). eDFT calculated values for 

the octahedral cobalt species with aqua and hydrido ligands in the axial positions, the 

latter in trans orientation relative to the N-R group (R = H, 1; R = CH3, 2; R = CH2OH, 

3). fDFT calculated values for the penta-coordinated cobalt species with an hydrido 

ligand in the axial position in trans orientation relative to the N-R group (R = H, 1; R 

= CH3, 2; R = CH2OH, 3) to give a square planar cobalt species upon proton loss. 

gDFT calculated values for the octahedral cobalt species with aqua and hydrido 

ligands in the axial positions, the latter in trans orientation relative to the N-R group 

(R = H, 1; R = CH3, 2; R = CH2OH, 3) to give a penta-coordinated cobalt species 

upon proton loss. 

 

 

  

 E1(CoII/I)a E2(CoIII/II-H)a pKa
 

Catalyst Experimentalb Theoreticalc Theoretical CoIII-H CoII-H 

1 -0.61 (ΔE = 71 mV) -0.61 
-0.06d  -7.5f 

12.0f 
-0.49e -1.5g 

2 -0.51 (ΔE = 65 mV) -0.61 -0.11d  -6.7f 
12.5f 

-0.46e -2.7g 
3 -0.51 (ΔE = 71 mV) -0.55 -0.01d -6.6f 

11.8f 
-0.38e -3.6g 
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Methods 

All calculations were carried out by Mr Mauro Schilling in the S. Luber group in 

the University of Zürich, using the Turbomole software package (version 7.1)2. 

Geometry optimizations and frequency analyses were performed employing 

unrestricted Kohn-Sham density functional theory by means of the BP86 

exchange-correlation functional3,4, the def2-TZVP basis set5, Grimme’s D3 

dispersion correction6 and the COSMO solvation model7 (dielectric constant ε  

= 80 for water, default radii) (BP86-D3/def2-TZVP(COSMO)). Single-point 

energies were obtained at the B3LYP-D3/def2-TZVP(COSMO) level of 

theory8,9. 

All calculations were sped-up by means of the Resolution-of-the-Identity 

approach (RI-J, with its corresponding auxiliary basis sets10–12) and Multipole-

Assisted-RI-J13 (MARIJ). The Gibbs free energy correction terms were at a 

pressure of 1~bar and a temperature of 298.15~K, without any scaling of the 

normal modes. Those terms are based on the description of a rigid-rotator 

within the harmonic approximation. Furthermore, Gibbs free energies were 

corrected for the change in standard state from 1~bar to 1~M by adding 

1.9~kcal/mol (rsp. 1~bar to 55.6~M for water, i.e. 4.28~kcal/mol). 

As the spin state of most intermediates and transitions states remain unknown, 

calculations were performed for a low-spin (lowest possible spin-state at a 

given charge) and high-spins state (two more unpaired electrons compared to 

the low-spin state). All reported free energies, reduction potentials or pKa 

values were obtained for the lowest energy structures and sometimes contain 

a spin-flip. In cases where we found a spin-contamination of more than 10% 

(calculated vs theoretically expected), electronic energies were corrected 

according to: 

𝐸𝑠𝑝𝑖𝑛−𝑐𝑜𝑟𝑟 = 
𝐸𝑆  𝑎𝐸(𝑆 1)

1  𝑎
 

𝑎 =  
〈𝑆𝑆
 〉  𝑆(𝑆  1)

〈𝑆(𝑆 1)
 〉  𝑆(𝑆  1)

 

Where S is the spin angular momentum, 𝐸𝑆  and 𝐸(𝑆 1) are the electronic 

energies (B3LYP-D3//def2-TZVP(COSMO)) obtained for their respective spin 
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state. 〈𝑆𝑆
 〉 and 〈𝑆(𝑆 1)

 〉 are the squares of the total angular momentum 

calculated at the indicated level of theory14,15.  

 

Initial guesses for the transition state search were obtained from minimum 

energy pathways obtained by the Turbomole module woelfling using chain-of-

states method16. Those guesses were further refined using the transition state 

optimization procedures implemented in Turbomole. Normal mode analysis 

was used to check that each transition state possesses exactly one imaginary 

mode, which represents the chemical reaction of interest. Further the 

transition mode was used to locate the associated reactant and product states. 

It is worth mentioning, that coordinated hydrogen (H2) is often found to 

dissociate rather than to form a stable intermediate. 

The standard reduction potentials were calculated according to:  

𝛥𝐸𝑟𝑒𝑑
° =

𝛥𝐺𝑟𝑒𝑑
°

𝑛𝐹
 𝐸𝑆𝐻𝐸

𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒  

Where 𝛥𝐺𝑟𝑒𝑑
°  is the free energy of the reduction, n is the number of electrons, 

F the Faraday constant, and 𝐸𝑆𝐻𝐸
𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒  the potential of the standard hydrogen 

electrode (SHE) taken as 4.28~V17. 

Acidity constants were calculation according to: 

𝑝𝐾𝐴 =
𝛥𝐺𝑑𝑖𝑠𝑠

°

ln(10) 𝑅𝑇
 

𝛥𝐺𝑑𝑖𝑠𝑠
° = 𝐺(𝐴𝑠𝑜𝑙𝑣

− )  𝐺( 𝑠𝑜𝑙𝑣
 )  𝐺(𝐴 𝑠𝑜𝑙𝑣) 

Where  𝛥𝐺𝑑𝑖𝑠𝑠
°  is the standard free energy of the deprotonation, R the universal 

gas constant and T the temperature (298.15~K). 𝛥𝐺𝑠𝑜𝑙𝑣
𝐻  is taken from the 

experimental solvation free energy of a proton in water (265.9~kcal/mol)18. 

𝐺𝑔𝑎𝑠
𝐻  is computed from the translational partition function (-6.3~kcal/mol)17,19, 

the sum of the latter is equal to 𝐺( 𝑠𝑜𝑙𝑣
 ). 

There are more advanced protocols to determine pKa values and reduction 

potentials in the literature18,20–23.  
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As we are not primarily interested in the absolute values but rather in the 

relative differences between structural isomers (penta or hexa-coordinated) 

as well as the difference between the three catalysts (CAT1, CAT2, and CAT3) 

we decided that a protocol analogously to one used by Call et al. would be 

sufficient17. Further, transition states for the intermolecular pathway could 

only be obtained when the geometries were optimized employing the COSMO 

solvation model. For the sake of consistency, we therefore refrained to 

optimize the structures of all the intermediates in the gas phase, as it would be 

required for some other protocols for the calculation of pKA values and 

reduction potentials. 

The relevant results of these calculations are given in Table S3 and in the main 

manuscript. The details are going to be publish in a separate thesis and in the 

form of a scientific paper in due course. 
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3.5.5. X-ray diffraction (XRD) methods and additional data  

Crystal preparation: Crystals of 2, 3, 4 and 5 were grown by slow diffusion of 

antisolvent into cataluyst solution (see synthetic procedures). The measured 

crystals were prepared under inert conditions immersed in perfluoropolyether 

as protecting oil for manipulation. 

 

Data collection: Crystal structure determinations of 2, 4 and 5 were carried 

out using a Apex DUO Kappa 4-axis goniometer equipped with an APPEX 2 4K 

CCD area detector, a Microfocus Source E025 IuS using MoK radiation 

(0.71073 Å), Quazar MX multilayer Optics as monochromator and a Oxford 

Cryosystems low temperature device Cryostream 700 plus (T = -173 °C). Full-

sphere data collection was used with  and  scans. Programs used: Data 

collection APEX-21, data reduction Bruker Saint2 V/.60A and absorption 

correction SADABS3. 

Crystal structure determination for compound 3 was carried out using a 

Rigaku diffractometer equipped with a Pilatus 200K area detector, a Rigaku 

MicroMax-007HF microfocus rotating anode with MoK radiation, Confocal 

Max Flux optics and an Oxford Cryosystems low temperature device 

Cryostream 700 plus (T = -173 °C). Full-sphere data collection was used with  

and  scans. Programs used: Data collection and reduction with CrysAlisPro4 

V/.60A and absorption correction with Scale3 Abspack scaling algorithm5. 

 

 

                                                                            

1 Data collection with APEX II v2014.9-0. Bruker (2014). Bruker AXS Inc., Madison, 

Wisconsin, USA. 

2 Data reduction with Bruker SAINT+ version V8.35A. Bruker (2013). Bruker AXS Inc., 

Madison, Wisconsin, USA. 
3 SADABS: V2014/5  Bruker (2001). Bruker AXS Inc., Madison, Wisconsin, USA. 

Blessing, Acta Cryst. (1995) A51 33-38. 
4 Data collection and reduction with CrysAlisPro 1.171.39.12b (Rigaku OD, 2015). 
5 Empirical absorption corrrection using spherical harmonics implemented in Scale3 

Abspack scaling algorithm, CrysAlisPro 1.171.39.12b (Rigaku OD, 2015). 
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Structure Solution and Refinement: 

Crystal structure solution was achieved using the computer program SHELXT6 

. Visualization was performed with the program SHELXle7. Missing atoms were 

subsequently located from difference Fourier synthesis and added to the atom 

list. Least-squares refinement on F2 using all measured intensities was carried 

out using the program SHELXL 20158. All non-hydrogen atoms were refined 

including anisotropic displacement parameters.  

 

Comments to the structures: 

5: The asymmetric unit contains one molecule of the metal complex. The 

Cobalt atom is not coordinated as expected with two Chlorine atoms, it is 

coordinated to a Chlorine atom and to cobalt trichloride. In the structure one 

of the alkane chains is disordered in two orientations (ratio: 55:45). Compound 

3: The asymmetric unit contains one molecule of the metal complex and a 

Chlorine/Bromine-anion in a shared position with a relative occupancy of 

respectively 92:08. The structure contains two additional independent water 

molecules. 2: The asymmetric unit contains one molecule of the metal complex 

coordinated to an acetonitrile molecule and two ClO4-anions. 4: The 

asymmetric unit contains one molecule of the metal complex and a ClO4-anion. 

The ClO4-anion is disordered in two orientations with a ratio of 59:41. The 

oxygen in the metal complex is coordinated to the Cobalt atom. It is not clear if 

this oxygen has a hydrogen atom bonded; but it could not be localized 

experimentally from the electron densities.  

                                                                            

6 SHELXT; Sheldrick, G.M. Acta Cryst. 2015 A71, 3-8. 
7 SHELXle; C.B. Huebschle, G.M. Sheldrick & B. Dittrich; J.Appl.Cryst. (2011) 44, 1281-

1284. 
8 SHELXL; Sheldrick, G.M. Acta Cryst. 2015 C71, 3-8. SHELXT. 
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3.5.6. NMR characterization of 3, 4 and 5 

NMR spectra of 3 

 
1H NMR (400MHz, MeOD-d4) spectrum of 3. 

 
13C NMR (101MHz, MeOD-d4) spectrum of 3.  
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HSQC (400MHz, MeOD-d4) spectrum of 3.  

 

HMBC (400MHz, MeOD-d4) spectrum of 3.  
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COSY (400MHz, MeOD-d4) spectrum of 3.   
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NMR spectra of 4 

 

1H NMR (500MHz, D2O-d2) spectrum of 4 in D2O. 

 

13C NMR (400MHz, D2O-d2) spectrum of 4.  
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HSQC (400MHz, D2O-d2) spectrum of 4. 

 

HMBC (400MHz, D2O-d2) spectrum of 4.  

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR PHOCATODES AND PHOTOANODES FOR LIGHT DRIVEN WATER SPLITTING 
Sergi Grau Abarca 
 



Chapter 3 
 

123 

 

COSY (400MHz, D2O-d2) spectrum of 4.   

 

NMR spectra of 5 

 

1H NMR (400MHz, MeOD-d4) spectrum of 5. 
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Overlapping of 1H NMR spectra of 3, 4 and 5 

 

1H NMR (400MHz, MeOD-d4) spectra of 3, 4 and 5. 
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Chapter 

4 
A molecular cathode for 

hydrogen evolution 

catalysis 

A cobalt macrocyclic complex bearing a pyrene moiety in the ligand scaffold was 
developed for proton reduction. Its electrochemical properties have been 
characterized showing important differences in its catalytic properties compared 
to its analogous catalyst without the pyrene group. The catalyst has been used to 
prepare molecular cathodes by anchoring it on graphene powder by π-π stacking. 
A solid state analysis as well as an electrochemical study of the complex in  solution 
and on the electrode reveal a strong interaction between the dangling pyrene 
group and the Co metal center which strongly affects its catalytic properties. By 
using different electrochemical techniques we were able to determine the onset 
potential of the electrode as well as the faradaic efficiency of the overall catalytic 
process.  
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Abstract 

A cobalt based macrocyclic complex active for the hydrogen evolution 

catalysis, bearing a pyrene moiety in the ligand backbone (Co-pyr) has been 

synthesized and thoroughly characterized in the solid state by single crystal x-

ray diffraction analysis and x-ray absorption spectroscopy and in solution 

through spectroscopic and electrochemical techniques. The pyrene group 

allows to use this catalyst in heterogeneous phase by allowing π-π stacking with 

graphene powder that is later dropcasted on conductive electrodes to form the 

molecular cathode GC@G-Co-Pyr. Electrochemical characterization of this 

hybrid electrode reveals that the pyrene moiety is not only giving the ability to 

anchor the catalyst on graphitic surfaces but also has a strong influence on the 

conformation of the complex and electronic effects on the cobalt metal center 

modifying its catalytic activity compared to its analogous homogeneous 

catalyst. 

Contributions: 

Sergi Grau Abarca synthesized and characterized all the compounds, carried 

out the photochemical, electrochemical and UV-vis spectroscopic 

experiments. 

Glassy
Carbon

Electrode

2 H+ + 2e- H2
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 4.1 Introduction 

In the field of light induced water splitting (eq. 1), the development of 

electrodes and photoelectrodes for the hydrogen evolution (HER) (eq. 2) and 

oxygen evolution reaction (OER) (eq. 3) is a topic of extensive research (Figure 

6, Chapter 1).1 A recent strategy in this line is the use of molecular catalysts (i.e. 

hydrogen evolution catalysts (HEC) and water oxidation catalysts (WOC)) that 

have shown high activity in homogeneous conditions.1–5  

    
ℎ𝜈
→          (𝑒𝑞. 1) 

     𝑒−
𝐻𝐸𝐶
→       (𝑒𝑞.  ) 

    
𝑊𝑂𝐶
→     4 

  4𝑒−   (𝑒𝑞. 3) 

In order to use such catalysts in the required heterogeneous phase, they need 

to be functionalized with an appropriate functional group that will be the link 

between the catalyst and the conductive or semiconductor support (Figure 1).6 

The type of linkage will determine the nature of the support, for instance, 

carboxylate and phosphonate groups have been shown to attach on metal 

oxide conductors and semiconductors such as fluorine doped tin oxide (FTO) 

or titanium dioxide (TiO2) via M-O covalent bond, a common strategy in dye-

sensitized solar cell’s field.7–13 Another strategy is to cover the 

(photo)electrode with polymers, where the catalyst can directly be  linked.14–17 

Alternatively, C-C bonds or π-π stacking interactions are used to attach 

molecular catalyst on carbon-based electrodes such as glassy carbon18–22 

 

 
Figure 1. Binding moieties to anchor molecular catalyst to metal oxides via covalent bonds 

(a and b) and graphitic materials via π-π stacking interactions (c): a) Carboxylic Acid, b) 

Phosphonic Acid and c) Pyrene. 
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In this work, we synthesize, characterize and study the electrochemical and 

photochemical activity towards HER of a cobalt macrocycle with a pyrene 

moiety that has been incorporated in the ligand scaffold with the aim of 

attaching the catalyst on carbon-based electrodes (Co-Pyr, Figure 2). The 

catalytic center of Co-Pyr is inspired by a previously reported highly active 

molecular catalyst (Co-NH, Figure 2 and Chapter 3).23–26 Thus, this catalyst is 

used to functionalize graphitic materials in order to prepare molecular 

electrodes active for HER in water. To compare and evaluate the structure, 

chemical and electrochemical properties in homogeneous phase, the 

analogous catalyst without pyrene moiety was used in this work (Co-Me, 

Figure 2).  

 

 
Figure 2. Stucture of the hydrogen evolution catalyst Co-Pyr studied in this work and 

selected macrocyclic complexes. 
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4.2 Results and discussion 

4.2.1 Synthesis, spectroscopic and structural characterization. 

To anchor our catalyst on graphitic materials, two ligand precursors containing 

a pyrene group where synthesized (1 and 5 in Scheme 1). The first one was 

prepared in one-step reaction from 4-bromo-2,6-diacetylpyridine and pyrene-

1-boronic acid via Suzuki cross-coupling conditions in 75% yield. The second 

one, is based on a bis-(3-aminopropyl)amine scaffold functionalized with a 

methylenepyrene group (5, Scheme 1). The precursor 1-bromomethylpyrene 2 

reacted with the protected bis-(3-aminopropyl)amine 3 via nucleophilic 

substitution obtaining compound 4 in 34% yield. The final ligand precursor 5 

was isolated after deprotection using hydrazine in ethanol: CHCl3 (9:2) mixture 

for 24h at room temperature with high yield (94%). 

 

Scheme 1. Summary of the synthetic pathway followed in this work for the synthesis of 

ligand precursors 1 and 5. 

 

The synthesis of the cobalt complexes derived from ligand precursors 1 and 5 

were attempted  using a modified reported procedure 27–29, which consists of a 

one-step template synthesis starting from 2,6-diacetylpyridine and the 

corresponding bis-(3-aminopropyl)amine derivative 5 to obtain Co-Pyr and 4-

pyrene-2,6-diacetylpyridine 1 and bis-(3-aminopropyl)amine to obtain 

Co-Pyr2 (Scheme 2).  
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Scheme 2. Synthetic pathways followed to obtain HEC with a pyrene moiety. 

 

Several attempts of preparing Co-Pyr2 were carried out on without fruitful 

results. Due to the low solubility of 1 in EtOH/H2O mixure, some modifications 

in the reaction conditions such as mixture of solvents, temperature and 

reaction time were done without getting the desired Co-Pyr2. We concluded 

that the addition of the pyrene moiety in the 2,6-diacetylpyridine ligand 

precursor hinders the condensation/template reaction due to the electron 

withdrawing character of the pyrene moiety.  

On the other hand, complex Co-Pyr was successfully prepared in moderate 

yields (15-25%) when the reaction was performed in anhydrous MeOH 

conditions and under nitrogen atmosphere (Scheme 2). Single crystals of Co-

Pyr suitable for x-ray diffraction (XRD) studies were obtained and two 

different views of the ORTEP plots are shown in Figure 3. 
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Figure 3. ORTEP plot at 50% probability of the cationic part of Co-Pyr with two different 

orientations. The H atoms as well as counter ions (ClO4
-) have been omitted for clarity. 

 

Co-Pyr is a CoII penta-coordinated complex with a highly distorted square-

based pyramidal geometry with an acetonitrilo ligand occupying the axial 

position. An intramolecular π-π interaction between the pyridine ring of the 

equatorial ligand and the pyrene moiety distorts the geometry, forcing a more 

opened NMeCN-Co-Namine angle for the Co-Pyr catalyst as compared to the 

analogous Co-Me (100.62(14)⁰ and 95.56(6)⁰ respectively, Figure S2). On the 

other hand, bond distances Co-NMeCN and Co-Namine don’t exhibit any 

remarkable differences between the two complexes. Besides the 

intramolecular π-π interaction with a distance of ca. 3.31 Å, two intermolecular 

interactions between two pyrene groups and two pyridine groups of two 

different molecules are found in the crystal structure (ca. 3.34 and 3.37 Å 

respectively, Figure S3). Interestingly, due to the intramolecular π-π 

interaction, the distance between the cobalt and the nearest carbon of the 

pyrene ring is only 2.80 Å (Figure 3), a contact that has a strong electronic 

effect on the metal center that is manifested in the electrochemical properties 

and x-ray absorption spectroscopic energies of the complex as described and 

discussed in detail later on in this chapter.  

The UV-Vis spectrum of Co-Pyr is presented in Figure S1. The CoII species 

exhibits intense absorption bands between 250-400  nm, corresponding to 

π-π* transitions of the ligands. In particular, Co-Pyr presents two strong peaks 

at 278 and 345 nm related to the pyrene moiety, which are not present for the 

Co-Me analog (compare blue and red traces in Figure S1, right). In the visible 

region, the two complexes show less intense absorptions with maxima at 449, 

545 and 596 nm for Co-Pyr and 438 and 537 nm for Co-Me, corresponding to 

metal to ligand charge transfer (MLCT) bands and d-d transition bands. 

100.62⁰

3.31 Å 2.80 Å
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Interestingly, the UV-Vis spectrum of Co-Pyr is significantly different in pure 

water, pure MeCN and in a mixture water:MeCN (1:1), suggesting exchange of 

the acetonitrilo axial ligand by an aqua group upon dissolution in aqueous 

solutions (Figure S1, left). The same phenomenon has been observed for 

Co-Me (see Figure S6, Chapter 3). 

 

4.2.2 Electrochemical characterization in organic media 

The electrochemical properties of Co-Pyr were studied in MeCN-0.1M 

[(Bu)4N]PF6 by cyclic voltammetry (CV) and compared with those of Co-Me. 

The catalyst presents two chemically reversible metal centered one-electron 

waves belonging to CoIII/II and CoII/I couples and one reversible wave assigned 

to reduction of the equatorial macrocyclic ligand L/L- (see Figure 4 and Table 

S1 in the SI).  

Co-Pyr shows a quasireversible wave associated to the CoII/I couple with redox 

potential very close to the Co-Me wave (E1/2=-0.577V vs Fc+/Fc (ΔE = 105mV) 

and E1/2=-0.555V vs Fc+/Fc (ΔE = 55mV) respectively). The electrochemically 

irreversible but chemically reversible process belonging to CoIII/II couple 

features a large peak-to-peak separation. This process is most likely ruled by 

the same squared mechanism involving significant changes of geometry. The 

same mechanism was already proposed for Co-Me in Chapter 3 (Ea = 0.986V 

and Ec = 0.319V vs Fc+/Fc  (ΔE = 647 mV)) (see Figure S2, Chapter 3). Finally, the 

wave associated to the quasireversible redox process of the equatorial ligand 

is only slightly shifted anodically compared to Co-Me ((E1/2=-1.754V vs Fc+/Fc 

(ΔE = 106mV) and E1/2=-1.776V vs Fc+/Fc (ΔE = 73mV) respectively). 
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Figure 4. Cyclic Voltammetry experiments of 1mM Co-Pyr (red) and Co-Me (blue) in 

MeCN-0.1M [(Bu)4N]PF6. WE: GC Disk. CE: Pt Disk. Scan rate: 100mV/s. All potentials are 

referred versus ferrocene. 

 

4.2.3 Electrochemical characterization in aqueous media 

The electrochemical properties of Co-Pyr were tested in diferent pHs in order 

to evaluate its activity towards the proton reduction. It’s known that the family 

of macrocyclic complexes shown in Figure 2 and discussed in Chapter 3 are 

active only in acidic pHs due to slow protonation of the active CoI intermediate 

species (usually lower than 4.1)23,24,30. Thus, the cyclic voltammetry 

experiments were recorded in the pH range between 2-7 (Figure 5). All redox 

potentials for experiments done in aqueous solutions are reported versus the 

normal hydrogen electrode (NHE). 
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Figure 5. Cyclic Voltammetry experiments of 1mM Co-Pyr in pH 2 (phosphate buffer), pH 

4 (Acetate buffer) and pH 7 (phosphate buffer). WE: GC Disk. RE: SCE. CE: Pt Disk. 

Scan rate 100 mV/s. 

 

Using Glassy Carbon Electrode (GCE) as working electrode and a 1mM of 

Co-Pyr in aqueous solution, two redox waves associated to the one-electron-

metal-centered processes can be observed (Figure 5). The CoII/I redox couple is 

pH independent (Table S2). The sharp peaks observed for this process are 

typical of adsorption phenomenon,31 suggesting that complex Co-Pyr attaches 

to the surface upon reduction, a process induced by the presence of the pyrene 

moiety in the ligand that can form π-π stacking interactions with the glassy 

carbon structure of the electrode. These results are in sharp contrast to the 

behavior of Co-Pyr in MeCN, where this adsorption process is not observed 

after several CV scans. Analysis of the ip vs squared root of the scan rate plot 

reveals a linear behavior, suggesting that despite the adsorption process, it is 

still controlled by diffusion (Figure S4, bottom). The fact that the peaks do not 

increase along several scans indicates that all the absorbed catalyst during the 

cathodic scan are desorbed from the surface along the subsequent anodic scan. 

Moreover, the relatively large peak-to-peak separation of the oxidation and 

reduction process (ΔE = 150 mV) suggests a strong interaction between 

electrode and the absorbed catalyst, requiring higher potentials to oxidize and 

desorb the Co-Pyr. The nature of this interaction is further analyzed by x-ray 

absorption spectroscopy studies in the next section. 
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The CoII/I redox potentials of Co-Pyr and Co-Me show a difference of 180 mV 

(-0.301 V and -0.482 V respectively, Figure 6). This anodic shift is attributed to 

the electron-withdrawing character of the pyrene moiety, which is prone to 

interact with the cobalt center as shown by the solid state structure of Co-Pyr 

(Figure 3). This electronic effect is not observed in MeCN, where the redox 

potentials of the CoII/I couple have essentially the same value for both catalysts 

(Figure 4). These results highlight the strong influence of the nature of the 

solvent, which can induce different solvation environments and make the 

complex adopt different conformations with or without the contact of the 

cobalt center with the pyrene moiety. 

 

 

Figure 6. Cyclic Voltammetry experiments of 1mM Co-Pyr (red line) and 1mM Co-Me (blue 
line) in pH 7 (phosphate buffer). WE: GC Disk. RE: SCE.  CE: Pt Disk. Scan rate 100 mV/s. 

 

On the other hand, the CoIII/II couple is pH dependent, controlled by diffusion 

and also shows the same square mechanism observed in MeCN (ΔE = 320-

575mV, Table S2). This pH dependency supports the hypothesis that the 

MeCN initially coordinated to the metal center is substituted by an aqua ligand 

as soon as it dissolves in aqueous media, as was also discussed above for the 

UV-Vis spectra of this compound in pure water, pure MeCN and mixture 1:1 
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(water:MeCN) (Figure S1). Such a Co-OH2 group could be involved in proton 

coupled electron transfer (PCET) process inducing changes in redox potential 

at different levels of protonation.32 

It is important to notice that no apparent catalytic wave was observed in 

neither pH 2 nor 4. In our previous work, we demonstrate that the rate-

determining step for the hydrogen evolution reaction of this family of cobalt 

complexes is the protonation of the CoI species (see Chapter 3). If the rate 

constant of this reaction is low, the timescale of the measurement doesn’t give 

enough time to form the CoIII-H species and the following H2 formation is 

hindered. Thus, cyclic voltammetry experiments with different scan rates 

(from 5 to 2000 mV/s) were recorded in order to check the activity of the 

catalyst at different time scales (Figure S4). Even at very low scan rates 

(5 mV/s) no apparent catalytic wave was observed at any pH as opposed to 

what was observed for the analogous Co-Me (see Figure S10, Chapter 3). Two 

main factors can be responsible for the lower reactivity of the CoI species; i) the 

electron density of the cobalt center in Co-Pyr is significantly poorer as 

compared to the Co-Me in aqueous conditions, due to the cobalt-pyrene 

contact and ii) the adsorption phenomenon taking place on the surface of the 

electrode upon reduction from CoII to CoI, induces further changes in the 

coordination sphere that hinder the protonation step. In order to get more 

insights into the catalytic performance involved in the HER by Co-Pyr, 

homogenous photocatalytic experiments and heterogeneous electrocatalytic 

experiments were performed and are described in the next sections.  

 

4.2.4 Hydrogen Evolution Photocatalysis 

The HER ability of the catalyst was tested in a photochemical system using 

[Ru(bpy)3]2+ as photosensitizer and a mixture 1:1 of ascorbic acid/sodium 

ascorbate (pH = 4.1) as sacrificial reducing agent and proton source that should 

produce hydrogen according to the sequence of reactions indicated in the 

mechanism scheme of Figure 7. The reaction was performed under 1 sun 

irradiation (i.e. 150W xenon lamp, AM 1.5G filter at 100 mW/cm2) and the 

amount of H2 evolved was followed with a hydrogen Clark electrode.  
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As shown in Figure 7, complex Co-Pyr is an active catalyst that produces 

hydrogen for about one hour. However, it shows slower kinetics than its analog 

analogous Co-Me complex and a much lower stability completing 30 turnover 

numbers before deactivation as opposed to the 474 TONs achieved by Co-Me 

(Figure S5, supporting information). These results suggest a detrimental effect 

of the pyrene group in the activity of Co-Pyr in homogeneous photocatalytic 

HER, most likely induced by aggregation of catalytic centers. Indeed, structural 

and electrochemical experiments discussed above support the intermolecular 

affinity between molecules due to the highly conjugated nature of the ligand 

and solvation effects in aqueous solutions.  

 

 

 

Figure 7. Left) Photochemical hydrogen production of Co-Pyr under 1 sun illumination. 

[Co-Pyr]=0.05mM, [[Ru(bpy)3](ClO4)2] = 0.5mM and [sodium ascorbate] = [ascorbic acid] 

= 0.55M. Right) Generic photocatalytic pathways towards hydrogen evolution catalysis by 

molecular cobalt complexes (See Chapter 3). 

 

4.2.5 Hydrogen evolution heterogeneous catalysis: a molecular cathode 

The complex Co-Pyr was used to functionalize graphitic materials via π-π 

interactions with the pyrene group with the aim of generating cathodes active 

for the HER. A schematic representation of the electrode preparation process 

is given in Figure 8A and the details are given in the SI. Briefly, it consists of 

preparing a suspension of commercially available graphene powder in a 1mM 

methanolic solution of Co-Pyr. After stirring the mixture overnight, the 

supernatant solution is separated by centrifugation and analyzed by UV-Vis 

spectroscopy. As shown in Figure  8B, the concentration of the Co-Pyr in 

methanol, decreased significantly, more than 80%, supporting the successful 
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attachment of the complex on the graphene powder. The functionalized 

graphene (G-Co-Pyr) was cleaned with more methanol, dried, and re-dispersed 

in THF containing 10% (w/w) Nafion® with a final concentration of 1mg/mL. 

Next, this suspension was used to cover GCE of a Rotating Ring-Disk Electrode 

(RRDE) by dropcasting to produce cobalt functionalized glassy carbon 

electrodes (GC@G-Co-Pyr). Analogous electrodes were prepared using the 

graphene powder without the cobalt complex (GC@G). 

 

A) 

 

B) 

 
Figure 8. A) Steps followed to prepare GC@G-Co-Pyr. B) UV-vis spectra of Co-Pyr 

methanolic solution before the functionalization in graphene (red line) and after (blue line). 
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Figure 9 shows linear sweep voltammetry (LSV) experiments in pH 2 using the 

electrodes functionalized with the cobalt catalyst (GC@G-Co-Pyr). The first 

scan features a reductive peak at Ep,c,het = -0.245 V attributed to the CoII/I redox 

couple. This reductive peak is not reversible and doesn’t appear in subsequent 

scans (Figure 9 and S6). Interestingly, the reduction potential of this peak is 

shifted anodically compared to the potential observed in homogenous phase 

Ep,c,hom = -0.375 V, indicating that once the catalyst is anchored on the 

graphene, the electron density on the metal center decreases (Figure S6). We 

attribute this result to the π-π interaction between the graphene and the 

pyrene moiety, which enhances the electron-withdrawing character of the 

conjugated system on the cobalt center. Upon reduction of the CoII species, it 

is likely that the catalyst releases the acetonitrilo axial ligand to give a square 

pyramidal cobalt center, favored by the d8 electronic configuration of the 

metal. Such process implies significant conformational changes that could 

result into a stronger interaction between the complex and the graphitic 

structure to stabilize the reduced complex, either through the pyrene moiety, 

or even by direct contact of the cobalt center (Figure 9, right). In both cases, 

the resulting structure would lead to enhanced electronic coupling between 

the catalyst and the electrode. In this type of modified electrodes, the 

electronic structure of the catalyst is linked to the electronic structure of the 

graphitic electrode and the redox potential of the catalyst is shifted 

simultaneously with the fermi level of the conductive material when an 

external potential is applied. Thus, the redox features of the isolated molecular 

complex are lost. Such phenomena have recently been extensively studied by 

Prof. Surendranath for cathodes modified with rhodium molecular catalysts 

that are active for the carbon dioxide reduction.33,34 This hypothesis is fully 

consistent with the irreversibility of the CoII/I wave and the absence of the 

CoIII/II wave in the solid state (Figure S6). 
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Figure 9. Top) Consecutive LSV experiments of GC@G-Co-Pyr at 1600 rpm in pH 2 

phosphate buffer. RE: SCE. CE: Pt Disk. Scan rate 50 mV/s. Bottom) Proposed 

conformational changes of Co-Pyr anchored on graphene surface upon reduction. 

 

Following the CoII/I reduction wave, the GC@G-Co-Pyr electrode shows a 

significant amount of current starting around Eonset,het = -0.475 V, that is not 

observed for the unfunctionalized electrode and that we attribute to the 

hydrogen evolution reaction (Figure 10, compare red and grey traces). This 

+ e-
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value is 75 mV lower than that observed for its analogous homogeneous 

catalyst Co-Me, which has an Eonset,hom(Co-Me) = -0.4 V (see Chapter 3), although 

this comparison is not totally correct due to the big changes in conformation of 

the Co-Pyr once it is attached on the surface of the conductive material, as 

discussed above. 

 

Figure 10. LSV of functionalized GC with Graphene (GC@GC, grey), G-Co-Pyr 

(GC@GC-Co-Pyr, red) and bare GC (black) at 1600 rpm in pH 2 phosphate buffer. RE: SCE.  

CE: Pt Disk. Scan rate 50 mV/s. 

  

In order to ascertain if the current observed in electrochemical experiments 

was due to the reduction of water, further hydrogen detection experiments 

were performed. First, rotating ring disk electrode (RRDE) confirmed the 

production of hydrogen gas by the presence of oxidative current at the Pt Ring 

in the range of -0.45 to -0.56 V in pH 1 (Figure S8). From the response of the Pt 

Ring, the onset potential for HER of the molecular cathode GC@G-Co-Pyr is 

Eonset=-0.45V, that corresponds to an overpotential of η = 391 mV in good 

agreement with the LSV of Figure 10. In addition, the Faradaic Efficiency (FE) 

of the HER was determined by using a glassy carbon plate (1 cm2 

approximately) covered with G-Co-Pyr by dropcasting, and submitted to a 

controlled potential electrolysis (CPE) at Eapp = -0.56 V in a gas tight cell with 

two compartments. The evolution of the hydrogen was followed in situ by using 
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a hydrogen Clark sensor electrode yielding a FE 93% for 1h of experiments 

(Figure S9). 

4.2.6 X-ray absorption spectroscopy analysis of Co-Pyr and GC@G-Co-Pyr 

In order to get more insights into the structure of the Co-Pyr on the surface of 

graphitic materials, Co K-edge X-ray absorption spectroscopy experiments of 

Co-Pyr in solid state, in solution and on the surface of a glassy carbon electrode 

plate (GCplate@G-Co-Pyr) were done in CLAESS beamline at ALBA synchrotron 

in collaboration with Dr. D. Moonshiram (IMDEA Materiales, Madrid). 

X-ray absorption near edge structure (XANES) and Extended X-ray absorption 

fine structure (EXAFS) analysis of the measurements are summarized in 

Figures 11-13, together with relevant data for the Co-Me analog that has a 

similar coordination sphere around the metal center. All measurements  were 

obtained at 77 K with a defocused beam to minimize radiation change.  

EXAFS spectra of Co-Pyr and Co-Me solid samples features prominent merged 

peaks corresponding to different Co-N bond distances (Figure 11, left). The 

fitting of the spectra clearly resolved 5 Co-N distances around 1.93-1.94 Å that 

is in good agreement with the distances obtained by single crystal x-ray 

diffraction analysis (see Tables S3-S4). Interestingly, XANES spectra reveled 

small changes in the first coordination sphere manifested in the shifts of the 

peaks in the lower energy region (7711-7717eV), as well as differences in the 

pre-edge features (Figure 11, right). The pre-edge region corresponds to the 

1s →  3d quadrupole transitions and dipole allowed excitations of the Co core 

electrons into the valence 3d states hybridized with nitrogen p orbitals of the 

ligand.35–38 Thus, this changes are attributed to the larger NMeCN-Co-Namine 

angle as well as the more distorted squared base pyramid geometry of Co-Pyr 

compared to Co-Me (Figure 3 and Figure S2), which affect the hybridization of 

the nitrogen p orbitals of the macrocyclic equatorial ligand with the 3d orbitals 

of the cobalt center. 
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Figure 11. Left) Experimental Fourier transforms of k2-weighted Co EXAFS of Co-Me and 

Co-Pyr in solid state. Inset: EXAFS Function Re[χ (k)] of Co-Me and Co-Pyr experimental 

data (in solid lines) with fits (in dashed lines). Experimental spectra were calculated for k 

values of 2-12.6 Å-1. Right) Normalized Co K-edge XANES of Co-Me and Co-Pyr in solid 

state. Inset. Zoom-in of the pre-edge details. 

 

EXAFS fits for the first coordination sphere and the entire spectra are shown 

in Table S3 in the supporting information. The changes detected in the 

experimental XANES and EXAFS spectra for the Co-Pyr and Co-Me complexes 

in solid state correlate very well with data obtained from XRD analysis and 

Free Energy Force Field (FEFF) simulations of density functional theory (DFT) 

optimized structures of the complexes (see Figure S11 and Tables S3-S4), 

showing that our theoretical methods including geometry optimization and 

XAS simulations reproduce the experimental data properly. These techniques 

can therefore be reliably used for analysis of the solution of the complexes and 

derived species of the cobalt catalyst generated both in solution and upon 

deposition on electrode surfaces. 

EXAFS spectra analysis of Co-Me and Co-Pyr solutions in MeCN and water 

supports the substitution of the axial acetonitrilo ligand for aqua already 

suggested by UV-Vis spectroscopy (Figure 12 and Figure S1). The ligand 

exchange induces a decrease in the amplitude of the first coordination sphere 

peak of the EXAFS spectrum and an increase of the peak at around 2.4 Å 

denoted by the black arrows in Figure 12 (right). Further analysis (Fit 8) 

showed an averaged Co-N distance of coordination number 4 at around 1.93 Å 

and a lengthened Co-O distance at 2.45 Å in agreement with DFT optimized 
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structures of the Co-Pyr complex with an aqua ligand in the axial position 

(Figure S11, Table S3-S4).  

 
 

Figure 12. Left) Normalized Co-K edges XANES of Co-Pyr in CH3CN and H2O. Right) 

Experimental Fourier transforms of k2-weighted Co EXAFS of Co-Pyr in CH3CN and H2O.  

 

XAS measurements of a freshly prepared GCplate@G-Co-Pyr sample confirmed 

the presence of the Co-Pyr on the surface of the electrode (Figure 13 A and B). 

Interestingly, the comparison of the XANES spectra of GCplate@G-Co-Pyr with 

Co-Pyr in the solid state or in solution shows an increased energy shift in the 

spectrum of around 1.2 eV, clearly reflecting the higher ionization energy 

required for ejecting a core 1s electron upon anchorage on the graphitic 

material (Figure 13 and Figure S12). This result is in good agreement with the 

anodic shift observed in the electrochemical experiments of Co-Pyr once it is 

absorbed onto graphene surface (Figure S6). Both experimental evidences 

point to an electron-acceptor character of the graphene, which is responsible 

for the decrease of the electron density on the cobalt metal center. Further 

DFT calculations will help to confirm the conformational change of the 

catalysts upon absorption on graphene surface, and how the electron density 

on the metal center is affected. 
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The GCplate@G-Co-Pyr electrodes were analyzed by XANES and EXAFS after 5 

CV cycles with different cathodic limits (E = -0.66 V  and E = -0.96 V vs NHE) at 

pH 1 (Figure 13 C and D). The spectra showed distinct XANES and EXAFS 

characteristics as compared to the initial deposited complex, as expected from 

electrochemical experiments that shows the loss of the CoII/I wave after the 

first scan. In particular, the EXAFS spectrum of the electrodes after catalysis at 

-0.660 V (i.e η = 601 mV) clearly reveals two prominent peaks corresponding 

to two sets of distances in the first coordination sphere of the cobalt as 

opposed to the single set (with a shoulder) of the feshly prepared electrode 

(compare pink and blue lines in Figure 13D). This analysis suggests two things: 

i) the electronic environment around the cobalt center is significantly different 

after reduction and catalysis but at the same time the molecular entity of the 

complex seems to be maintained, and ii) the change in the first coordination 

sphere could be indicative of a close interaction of the Co center with the 

graphene surface (Figure 9, right). Additional experiments as well as DFT 

calculations are necessary to support these two statements. 

The electrodes analyzed after catalysis with lower cathodic limit (E = -0.96 V, η 

= 901 mV) show a prominent peak at around 3 Å in the EXAFS spectrum, likely 

attributable to a photo-electron scattered in a neighbor Co atom outside of the 

first coordination sphere (Figure 13 D, indicated with black arrow). This result 

indicates that the mononuclear structure of the complex is lost and higher 

nuclearity species are formed at such low potential.39 
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Figure 13. A) Normalized Co-K edges XANES and B) Experimental Fourier transforms of k2-

weighted Co EXAFS of CoII-Pyr (powder) and GC@G-Co-Pyr before catalysis. C) Normalized 

Co-K edge XANES and D) Experiment Fourier transforms of k2-weighted Co EXAFS of 

GC@G-Co-Pyr before and after catalysis (long and short range, corresponding to E = -0.66 V 

and E = -0.96 V, respectively). Experimental spectra were calculated for k values of 2-12.6 Å-1. 

A prominent peak is observed on the EXAFS spectrum of the the electrode GC@G-Co-Pyr after 

catalysis at long limit (E = -0.96 V) around 3 Å suggesting the formation of polynuclear Co 

species. 
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4.3 Summary and conclusions 

A molecular cobalt catalyst modified with a pyrene group (Co-Pyr) has been 

successfully been synthesized and used to functionalize graphitic materials. Its 

structural, electrochemical and HER catalytic properties were described and 

compared with its analogous homogenous catalyst without the pyrene moiety 

(Co-Me).  

Single crystal x-ray diffraction analysis of the complex shows that the pyrene 

group has a strong interaction with the cobalt metal center. This interaction 

has a strong effect in the electron density of the cobalt as confirmed by 

electrochemical experiments in aqueous solution, which show that the CoII/I 

reductive wave is anodically shifted as compared to that of the Co-Me. In 

contrast, the electrochemistry in acetonitrile solution show that both 

complexes Co-Pyr and Co-Me have almost identical electrochemistry. This 

result suggest that in organic solvents, the pyrene group is not interacting with 

the cobalt center but conformationally free.  The high affinity of the pyrene 

group to form π-stacking interactions with other pyrene groups and with the 

cobalt have also a strong influence in the HER photocatalytic activity of Co-Pyr 

in the presence of [Ru(bpy)3]2+ as photosensitizer and ascorbate as sacrificial 

agent. The system deactivates much faster than the Co-Me, presumably due to 

the formation of aggregates in aqueous conditions. 

It was possible to fabricate molecular cathodes for the hydrogen evolution 

catalysis by drop-casting graphene functionalized with Co-Pyr on glassy 

carbon electrodes to form the hybrid cathode GC@G-Co-Pyr. Using Clark 

sensor and RRDE techniques, the production of H2 was confirmed and the 

onset potential for HER in pH 1 was found to be Eonset = -0.45 V vs NHE. This 

value is among the lowest overpotentials for molecular HER. The Faradaic 

efficiency of the process at E= -0.56 V was found to be 93%. 

XAS measurements revealed that once the catalyst is anchored on the 

graphene surface, its first coordination sphere changes, as well as its redox 

properties. A higher ionization energy is needed for the GC@G-Co-Pyr as 

compared to that of powder Co-Pyr suggesting that the electron density on the 

cobalt is even lower once deposited on the electrode. After cathodic scans the 

molecular cathode changes completely its nature as proven by electrochemical 
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experiments, which show that the initial CoII/I reductive wave does not appear 

in subsequent scans, while the catalytic activity still remains. EXAFS spectra 

also show different features of the electrode before and after catalysis 

supporting this change in coordination sphere. In order to explain these results 

we propose significant geometry and coordination changes around the cobalt 

center upon reduction of the GC@G-Co-Pyr. The initial penta-coordinated CoII 

complex attached to the electrode by the pyrene group is reduced to CoI. This 

reduction induces the loss of the axial ligand (acetonitril or aqua) to form a 

square planar cobalt complex that can interact with the graphitic surface either 

through the planar pyrene group or through the planar cobalt center. In any 

case, the latter species has such a strong affinity to the graphitic that its redox 

behavior is now shifted simultaneously with the fermi level of the conductive 

material when an external potential is applied. Consequently, the redox 

features of the molecular catalyst as well as its catalytic activity are completely 

different than its homogeneous homolog.  In order to reassert the latter 

hypothesis, further experiments and DFT calculations are necessary.  
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4.5 Supporting Information 

4.5.1. Materials and Methods 

Reagents 

Buffer solutions were prepared with Na2HPO4, NaH2PO4, Acetic acid, 

Potassium Acetate and Trifluoromethanesulfonic Acid provided by Sigma-

Aldrich. Nafion® perfluorinated resin solution (5%w/w) was supplied from 

Sigma-Aldrich. 

X-ray Diffraction (XRD) equipment 

XRD analysis was carried out with an automatic Philips X’pert θ/2θ 

diffractometer using Cu KR radiation (λ  = 1.5416 Å). 

UV-Vis equipment 

UV-Vis measurements were carried out on a Lambda 1050 PerkinElmer 

spectrophotometer equipped with a PMT, InGaAs and PbS detectors system, 

double beam optics, double monochromator and D2 and W light sources. 

Diffuse reflectance measurements were carried out in the same equip using 

150 mm Integrating Sphere with PbS and PMT detectors. 

Electrochemical equipment 

Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and Controlled 

Potential Electrolysis (CPE) were measured using a CHI660D potentiostat or 

CHI730D bipotentiostat. 

The RRDE experiments were done using a CHI730D bipotentiostat and RRDE-

3A from CH Instruments. 

Glassy Carbon Disk electrodes, Platinum Disk Electrodes, RRDE (Pt-Pt and 

GC-Pt) and reference electrodes (SCE and AgCl/Ag) were purchased from IJ-

Cambria Ldt. Pads and alumina for polishing were also purchased from the 

same company. 

Glassy Carbon Plates (Sigradur K films 20mm x 10mm x 180μm) were 

purchased from HTW. 
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Graphene (>98 wt%, D 2-10 μm, 1-3 layers) was purchased from 

Nanostructured & Amorphous Materials, Inc. 

 

4.5.2. Synthesis and characterization of Co-Pyr 

Synthesis of 4-pyren-2,6-diacetylpyridine, 1 

 

4-pyren-2,6-diacetylpyridine was prepared following a similar procedure 

reported in the literature.1 4-bromo-2,6-diacetylpyridine (400 mg, 1.65 mmol), 

pyrene boronic acid (406 mg, 1.65 mmol), and K2CO3 (228 mg, 1.65 mmol) were 

added into a Schlenk flask. Tetrakis(triphenylphosphine)palladium (190 mg, 

0.165 mmol) was added inside a glove box. After that the degased solid mixture 

was dissolved with a mixture of degassed water:THF (1:5, 80 mL). The mixture 

was heated up to 90˚C under nitrogen atmosphere overnight under vigorrous 

stirring. Then 60 mL of water was added and the mixture was extracted with 

THF (3 × 50 mL). The organic phase was dried with anhydrous MgSO4 and 

filtered. The solvent was then evaporated to obtain a dark brown powder. The 

crude mixture was purified by column chromatography (silica gel) using 

dichloromethane:hexane (3:7→1:1→1:0). The target compound was obtained as 

a yellow powder (4.49 mg, 1.24mmols, 75%). 

1H-NMR (400 MHz, CDCl3): δ=2.93 (s, 6H), 8.53 (s, 2H), 7.94-8.29 (m, 9H). 

Mass Spectrometry: ESI+-MS m/z: calcd for [1-H]+ (C25H18NO2
+): m/z: 364.1, 

found m/z: 364.1. 
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Synthesis of 1-bromomethylpyrene, 2 

 

The synthesis was adapted from literature.2 Phosphorus tribromide (1.2 mL, 

12.9 mmol) was added to a solution of 1-pyrenemethanol (2.0 g, 8.6 mmol) in 

10 mL dry THF. The resulting mixture was stirred for 1h at room temperature 

under N2. 50mL of saturated sodium bicarbonate solution was added. The 

compound  was extracted using DCM. The organic layer solution was dried 

using anhydrous magnesium sulfate and the solvent was removed under 

reduced pressure. 1-(bromomethyl)pyrene was obtain as a yellow greenish 

powder. The powder was purified by dissolving it in the minimum amount of 

DCM and precipitated adding hexane (2.29 g, Yield: 90%). 

1H NMR (400 MHz, CDCl3): δ 8.39 (d, J = 9.2 Hz, 1H), 8.27 – 8.20 (m, 3H), 8.12 

(d, J = 7.8 Hz, 1H), 8.09 (d, J = 9.0 Hz, 1H), 8.05 (s, 1H), 8.04 – 8.01 (m, 2H), 5.26 

(s, 2H). 

 

Synthesis of 2,2’-(azanediylbis(propane-3,1-diyl))bis(isoindoline-1,3-dione), 

3 

 

The protection of bis-(3-aminopropyl)amine was performed following a similar 

procedure described in the literature.3,4 A mixture of bis-(3-

aminopropyl)amine (4 mL, 28 mmol) and phthalic anhydride (8.29 g, 56 mmol) 

in 43 mL glacial acetic acid was at refluxed for 1 hour under N2 atmosphere. 
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The solvent was removed under reduced pressure and 56 mL of hot ethanol 

was added to the dry residue and stirred until an appearance of the solid. The 

final product was obtained as a white powder by filtration and washed with 

cold ethanol (8.54 g, Yield: 77%). 

1H NMR (400 MHz, CDCl3): δ 7.86 – 7.80 (m, J = 5.5, 3.0 Hz, 4H), 7.74 – 7.68 

(m, J = 5.5, 3.1 Hz, 4H), 3.77 (t, J = 6.8 Hz, 4H), 2.69 (t, J = 7.0 Hz, 4H), 1.91 (p, J 

= 6.9 Hz, 4H). 

 

Synthesis of 2,2'-(((pyren-1-ylmethyl)azanediyl)bis(propane-3,1-

diyl))bis(isoindoline-1,3-dione), 4  

 

This reaction was performed following a similar procedure previously reported 

in the literature.4 A mixture of 1 (2.95g, 10 mmol), 2 (3.26g, 8.33 mmol), K2CO3 

(2.86 g, 20.7 mmol) and tetrabutylammonium bromide (51 mg, 0.158 mmol) in 

150 mL acetonitrile was refluxed for 24h. The solvent was evaporated under 

reduced pressure. The dry residue was treated with water and extracted with 

DCM (3 x 34 mL). The organic layer was dried using magnesium sulfate 

anhydrous and the solvent removed under reduced pressure. The final product 

was obtained as yellow crystals after recrystallization in 50:50 DCM: 

methanol. (1.70 g, Yield: 34%). 

1H NMR (500 MHz, CDCl3): δ 8.58 (d, J = 9.2 Hz, 1H), 8.17 – 8.12 (m, J = 8.8 Hz, 

3H), 8.02 – 7.94 (m, 5H), 7.86 – 7.64 (m, J = 5.4, 3.0 Hz, 4H), 7.64 – 7.51 (m, 4H), 

4.24 (s, 2H), 3.67 (t, 4H), 2.64 (t, J = 7.0 Hz, 4H), 1.94 (p, 4H). 
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13C NMR (126 MHz, CDCl3): δ 168.65, 133.97, 133.00, 132.39, 131.67, 131.33, 

130.97, 130.08, 128.64, 127.80, 127.64, 127.29, 126.06, 125.35, 125.21, 

125.14, 124.73, 124.42, 123.32, 66.21, 57.54, 51.58, 36.80, 26.32.   

 

Synthesis of N1-(3-aminopropyl)-N1-(pyren-1-ylmethyl)propane-1,3-

diamine, 5 

 

The deprotection of 4 was performed following the typical reaction described 

in the literature.4 A mixture of 4 (2.25 g, 3.71 mmol), and hydrazine 

monohydrate (2.4 mL, 49 mmol) in 90 mL ethanol and 20 mL chloroform was 

stirred at room temperature for 24 hours. The resulting white solid was filtered 

off and the filtrate was evaporated under reduced pressure. 75 mL chloroform 

were added to the dry residue and the suspension stirred for 24 hours. The 

white solid was filtered off and the filtrate was evaporated under reduced 

pressure to leave a yellow oil identified as the desired product 5 (1.20 g, Yield: 

94%). 

1H NMR (500 MHz, CDCl3): δ 8.53 (d, J = 9.2 Hz, 1H), 8.19 – 8.15 (m, 2H), 8.11 

(t, J = 8.5 Hz, 2H), 8.04 (s, 2H), 8.02 – 7.97 (m, 2H), 4.23 (s, 2H), 2.66 (t, J = 6.8 

Hz, 4H), 2.59 (t, 4H), 1.69 (p, 4H). 

13C NMR (126 MHz, CDCl3): δ 133.44, 131.44, 130.99, 130.75, 129.82, 128.21, 

127.57, 127.22, 127.16, 125.97, 125.11, 125.09, 124.92, 124.55, 124.03, 

77.41, 77.16, 76.91, 57.77, 51.80, 40.57, 30.76. 
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Synthesis of complex Co-Pyr 

 

2,6-diacetyl-pyridine (257.3 mg, 1.577 mmol) and Co(NO3)2·6H2O (459.0 mg, 

1.577 mmol) were introduced into a double neck round bottom flask under N2 

and degassed anhydrous methanol (40mL) were added. The reaction mixture 

was heated to 75°C under N2  and stirred until everything was dissolved, giving 

a pink-red solution. N1-(3-aminopropyl)-N1-(pyren-1-ylmethyl)propane-1,3-

diamine (551.3 mg, 1.586 mmol) was dissolved in the minimum amount of dry 

and degassed DCM and added dropwise to the reaction mixture. The reaction 

mixture (dark red) was stirred and kept at 75°C for 5 hours under N2. After 

5hours, the condensation was complete. The solvent was removed under 

reduced pressure resulting in a dark red solid, and redissolved in dry and 

degassed MeCN giving a dark red-orange solution. The dark-red solution was 

filtered under N2 and transferred into Schlenk flask containing NaClO4 

(381.4mg, 3.115mmol) dissolved in the minimum amount of MeCN, a white 

powder precipitates. The supernatant solution was filtered under N2 and 

transferred to another Schlenk flask where the volume of MeCN was reduced 

under reduced pressure. Degassed and dry Et2O was added to induce the 

precipitation of the reddish powder of Co-Pyr. For further purification, this 

powder was dissolved in EtOH, insoluble dark impurities separated from the 

solvent by filtration under air. The solvent of the filtrate was removed under 

reduced pressure and the resulting red solid redissolved in MeCN. Red-purple 

crystalline solid was obtained by precipitation when Et2O was added (40mg, 
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0.514mmol, 25% yield). Single crystals suitable for XRD analysis were obtained 

by slow diffusion of THF in MeCN solution of Co-Pyr.  

Anal. Calcd for C34H35Cl2CoN5O8: C, 52.93; H, 4.57; N, 9.08. Found: C, 52.44; 

H, 4.92; N, 8.93. 

ESI+-HRMS m/z: calcd for [M2+-CH3CN+ClO4
-]+ (C32H32ClCoN4O4

+): m/z: 

630.1450, found m/z: 630.1455. 

 

Figure S1 Left: UV-vis absorption spectra of 0.1mM of Co-Pyr in water, MeCN and mitxure 

1:1 (water. MeCN). Inset: magnification of the highlighted zone. Right: UV-vis spctra of 0.1mM 

of Co-pyr and 0.1mM of Co-Me in pure water.  
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4.5.3. Single crystal x-ray diffraction structure of Co-Pyr 

 

 
Figure S2. Comparison of angles and bond distances of Co-Pyr (left) and Co-Me (right). 

 

Figure S3. Representation of π-π interaction in Co-Pyr catalyst. The dashed red arrow 

represents the distance between the two planes (or atoms) formed by i) the pyridine ring of the 

macrocyclic ligand (green planes) and ii) the pyrene unit (blue plane). 
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4.5.4. Co-Pyr in homogeneous phase 

All the potentials were converted to NHE using the following formula (aqueous 

media): 

𝐸𝑁𝐻𝐸 = 𝐸  𝐸𝑟𝑒𝑓  

Where E is the potential measured and Eref is the equilibrium potential of the 

reference electrode at standard conditions (i.e. ESCE = +0.24 V). 

In organic media (MeCN), the potentials were referred versus the E1/2 of 

ferrocene (Fc+/Fc). This was determined by CV adding a small amount of 

internal standard ferrocene into the electrochemical cell at the end of each 

experiment, and taking that value as zero. The potentials were converted using 

the following formula: 

𝐸𝐹𝑐+/𝐹𝑐 = 𝐸𝑣𝑠 𝐴𝑔𝑁𝑂3(0.01𝑀)/𝐴𝑔  𝐸1/ (𝐹𝑐+/𝐹𝑐) 

Where 𝐸𝑣𝑠 𝐴𝑔𝑁𝑂3(0.01𝑀)/𝐴𝑔  is the potential measured versus non-aqueous 

reference electrode and 𝐸1/ (𝐹𝑐+/𝐹𝑐) is the potential of the ferrocene’s 

reversible wave (experimentally measured at +0.095V).  

 

Solvent: 

MeCN 

L/L- II/I III/II 

E1/2 (V) ΔE (V) E1/2 (V) ΔE (V) E1/2 (V) ΔE (V) 

Co-pyr -1.754 0.106 -0.577 0.105 NAa 0.647 

Co-Me -1.776 0.073 -0.555 0.055 NAa 0.763 

Table S1. Redox potentials of Co-Pyr in MeCN 0.1 M [(Bu)4N]PF6. Potentials referred to 

ferrocene. a Squared mechanism. 

 

pH 

II/I III/II 

Ec Ea E1/2 ΔE Ec Ea E1/2 ΔE 

2 -0.375 -0.206 -0.291 0.169 0.535 1.11 0.823a 0.575 

4 -0.386 -0.174 -0.280 0.212 0.602 0.99 0.796a 0.388 

7 -0.376 -0.226 -0.301 0.15 0.305 0.626 0.466a 0.321 

Table S2. Redox potentials of Co-Pyr in aqueous solution using GCE as WE. All potentials 

referred to NHE. a Squared mechanism. 
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Figure S4. Cyclic Voltammetries of 1mM of Co-Pyr using GCE as WE in pH 2 (top), pH 4 

(middle) and pH 7 (bottom, left) with different scan rates. The intensity was divided by the 

squared root of the scan rate. Bottom right: Plot of ip vs squared root of the scan rate. 
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Figure S5. Left) Comparison of the photocatalytic activity of Co-Pyr and Co-Me under the 

same conditions (see experimental details). Right) Zoom in of the first 25 minutes of 

experiment. 

 

4.5.5. Molecular electrode preparation and characterization 

To prepare G-Co-pyr, 4 mg of commercially available graphene powder were 

dispersed in 4mL of 1mM Co-py methanolic solution and left stirring overnight 

in a 4mL vial. For blank experiments, 4mg of graphene were also dispersed in 

clean MeOH and stirred overnight. The day after, both dispersions were 

centrifuged at 4·104 rpm for 10 minutes. The supernatant solutions were 

separated with a Pasteur pipette and 4mL of clean MeOH was added to the 

vials. The graphitic materials were stirred for 5 minutes and centrifuged again 

in the same conditions described before. The supernatant solution was 

removed and this cleaning process was repeated twice to remove all the Co-

pyr that wasn’t anchored to the graphene via π-π stacking interactions. After 

three cleaning cycles, the graphene and G-Co-pyr were dried using an air flow. 

4mL of clean THF were introduced into each vial containg the powder, 

together with 10μL of Nafion® solution (5 wt%) to improve the post-adhesion 

of the graphene and G-Co-pyr onto GC surfaces. In order to obtain a 

homogeneous dispersion of the graphitic material in THF, the vials were 

soniated for 10 minutes and kept under stirring during the drop casting 

process. 

Before any functionalization, all GC Disks were polished with 0.1 μm alumina 

on a “nylon pad”, rinsed with water, and polished again with 0.05 μm alumina 

on a “velvet pad”. After the polishing procedure, the electrodes were rinsed 
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with water, and sonicated inside MilliQ water for 3 minutes, rinsed with 

methanol, acetone and dried with air flow. 

To get a homogeneous layer of Graphene or G-Co-pyr on GC disk surface, it 

was necessary to use 10 drops of 5μL of the dispersion (it’s necessary to wait 

until THF is completely dry to follow with the next drop). In the case of the GC 

plates used for the bulk electrolysis experiments (1 cm2), 10 drops of 30 μL 

were used to obtain a fully covered surface.  

 

 
 

Figure S 6. Left) CV of GC@G-Co-Pyr in pH 2. No oxidative wave is observed during the anodic 

scan. Scan rate 100 mV/s. Right) Comparison between Co-Pyr CV in homogeneous phase and 

LSV of GC@G-Co-Pyr. Scan rate 50 mV/s. 

 

4.5.6. Rotating Ring Disk Electrode (RRDE) measurements 

RRDE make possible the collection experiments, where the Disk generates 

species that can be observed at the Ring.5 Thus the Disk will reduce protons 

from the media and the Ring will oxidized it. To select the right potential to 

oxidase molecular hydrogen, we use Pt-Pt (Disk-Ring) electrode, since 

platinum is one of the best electrocatalyst to reduce/oxidase H2. From Figure 

S7, we identify at which potentials hydrogen evolution reactions take place 

(near to E = -0.020 V vs NHE). 
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Figure S7. Top) Cyclic Voltammetry of Pt Disk in pH 1. Solid line corresponds to Pt profile 

without reaching catalytic potentials. Dashed line corresponds to the same Pt Disk reaching 

catalytic potentials. Scan rate 50 mV/s. Inset: magnification of the zone inside the dashed 

square. Bottom) LSV of Pt-Pt RRDE. Solid line corresponds to i-V curve of a cathodic 

polarization of Pt Disk. Dashed line corresponds to the i-t of Pt ring at different constant 

potentials. Scan rate 5 mV/s.  
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From Figure S7 we can also observe that Pt can oxidase H2 at potentials higher 

that 0V vs NHE. Multiple Linear Sweep Voltammetry (LSV) with cathodic 

polarization of the Pt Disk where ran, selecting different constant potentials 

for Pt Ring in order to find the best potential to detect the presence of H2. 

 

Figure S8. LSV of functionalized GC with Graphene (GC@GC, black) and G-Co-Pyr (GC@GC-

Co-Pyr, red) at 1600 rpm in pH 1. Solid line corresponds to i-V curve of the LSV. Dashed line 

corresponds to the response of Pt disk at E = +0.341V vs NHE. Inset: i-t curve of Pt disk. 

CE: Pt Disk. Scan rate 50 mV/s. 

 

While the curves corresponding to the Disk were identical, one can observe 

from Figure S7 that the intensities of the Ring increases with the potential 

applied. To detect the onset potential of our G-Co-Pyr, E = +0.341 V (vs NHE) 

were used. 
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4.5.7. Determination of Faradaic Efficiency (FE) 

The FE of the CPE is calculated using the following formula: 

  𝐹𝐸 (%) =
𝑛𝐻2 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑

𝑛𝐻2 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
· 100    (eq. 1) 

Where 𝑛𝐻  𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑  is the number of mols molecular hydrogen that Clark 

Electrode and 𝑛𝐻  𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  is the number of theoretical mols of H2 calculated 

from the charge that pass through the electrode. 

CP experiments were carried out in a gas-tight two-compartment cell with a 

25mL headspace. The GC plate covered with G-Co-Pyr (see section 6) was 

placed in one compartment (WE) with AgCl/Ag (reference electrode). A Pt 

mesh was used as CE in the other compartment. Before any experiment, both 

compartments were degassed with N2 for 30 minutes. The experiment were 

carried under stirring conditions. The Clark Electrode was placed in WE 

compartment after degassing the electrolyte. 

Calibration slope is required to correlate the signal of the Clark Electrode and 

the amount of H2 contained in the headspace. 

 

 

Figure S9. Molecular hydrogen evolved from the electrode measured by Clark at E = -0.559 V 

vs NHE for 1 hour. 
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Figure S10. Experimental values used for calibration slope of Clark electrode. 

 

With the slope of the calibration, we can convert the Clark’s values (mV) in 

volume of H2. Using the perfect gases equation, we can obtain the number of 

moles of hydrogen gas produced by the electrode and measured in the 

headspace: 

𝑃 · 𝑉 = 𝑛 · 𝑅 · 𝑇 

 

 

𝑛 =
𝑃 · 𝑉

𝑅 · 𝑇
 

 

(eq. 2) 

 

Where P is the pressure of the headspace (1 atm), R is the gas constant 

(0.082
𝑎𝑡𝑚·𝐿

𝐾·𝑚𝑜𝑙
) and T the temperature (298.15 K). 
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To calculate the theoretical number of moles from the electrical charge 

transferred to the electrode: 

𝟐𝑯  𝟐𝒆−   𝑯𝟐 

    𝑛𝐻2 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
𝐶

𝐹·𝑛
       (eq. 3) 

Where C is the charge (in C) passed through the electrode, F is the faraday 

constant (96485C) and n the number of electrons involved to form one 

molecule of hydrogen. 
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4.5.8. X-ray Absorption Spectroscopy (XAS) and Methods 

X-ray absorption spectra were collected at the CLAESS beamline at the ALBA 

synchrotron light source. The radiation was monochromatized using a pair of 

Si(111) crystals. The intensity of the X-rays were monitored by three ion 

chambers (I0, I1 and I2 ). I0 placed before the sample was filled with 100% 

nitrogen while I1 and I2 placed after the sample were filled with 77 % N2 and 23 

% Kr. Co metal was placed between ion chambers I1 and I2 and its absorption 

was recorded with each scan for energy calibration. The samples were 

measured in customized PEEK sample holders and measured with a defocused 

beam spot size of 500 x 500 µm using a liquid nitrogen cryostat cooled down to 

77 K. Fluorescence absorption measurements were carried out with an 

Amptek silicon drift solid state detector (XR-100 SDD)6 placed at 90 degrees 

to the incoming beam. The silicon drift detector was placed on a motorized 

stage allowing the sample-detector distance to be easily changed between 30-

110 mm6. Around 20-25 scans were collected on the solution and hybrid 

complexes, and care was taken to measure at different spots on the samples in 

order to minimize radiation damage. No more than 2 scans were taken in this 

instance on each spot on the solution and hybrid complexes. The solid cobalt 

complexes were on the other hand diluted with BN powder, pressed between 

kapton and mylar tape, and measured in the cryostat in transmission mode. All 

samples were also protected from the x-ray beam during spectrometer 

movements by a shutter synchronized with the scan program. Co XAS energy 

was calibrated by the first maxima in the second derivative of the Cobalt metal 

X-ray absorption near edge structure (XANES) spectrum. 

Extended X-ray Absorption Fine Structure (EXAFS) Analysis 

Athena software7 was used for data processing. The energy scale for each scan 

was normalized using copper metal standard. Data in energy space were pre-

edge corrected, normalized, deglitched (if necessary), and background 

corrected. The processed data were next converted to the photoelectron wave 

vector (k) space and weighted by k. The electron wave number is defined as

, E0 is the energy origin or the threshold energy. K-space 

data were truncated near the zero crossings k = 2 to 12.6 Å-1 for the solid, 

solution and hybrid complexes, in Co EXAFS before Fourier transformation. 

2
1

2

0 ]/)(2[ EEmk 
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The k-space data were transferred into the Artemis Software for curve fitting.  

In order to fit the data, the Fourier peaks were isolated separately, grouped 

together, or the entire (unfiltered) spectrum was used. The individual Fourier 

peaks were isolated by applying a Hanning window to the first and last 15% of 

the chosen range, leaving the middle 70% untouched. Curve fitting was 

performed using ab initio-calculated phases and amplitudes from the FEFF88 

program from the University of Washington. Ab initio-calculated phases and 

amplitudes were used in the EXAFS equation

 

 

(S2) 

where Nj is the number of atoms in the jth shell; Rj the mean distance between 

the absorbing atom and the atoms in the jth shell;  (,k, Rj ) is the ab initio 

amplitude function for shell j, and the Debye-Waller term accounts for 

damping due to static and thermal disorder in absorber-backscatterer 

distances. The mean free path term  reflects losses due to inelastic 

scattering, where λ j(k), is the electron mean free path. The oscillations in the 

EXAFS spectrum are reflected in the sinusoidal term , where 

is the ab initio phase function for shell j. This sinusoidal term shows the 

direct relation between the frequency of the EXAFS oscillations in k-space and 

the absorber-backscatterer distance. S0
2 is an amplitude reduction factor. 

The EXAFS equation9 (Eq. S2) was used to fit the experimental Fourier isolated 

data (q-space) as well as unfiltered data (k-space) and Fourier transformed 

data (R-space) using N, S0
2, E0, R, and 2 as variable parameters (Table S1). N 

refers to the number of coordination atoms surrounding Fe for each shell. The 

quality of fit was evaluated by R-factor and the reduced Chi2 value. The 

deviation in E0 ought to be less than or equal to 10 eV. R-factor less than 2% 

denotes that the fit is good enough. R-factor between 2 and 5% denotes that 

the fit is correct within a consistently broad model. The reduced Chi2 value is 

used to compare fits as more absorber-backscatter shells are included to fit the 

data.  A smaller reduced Chi2 value implies a better fit. Similar results were 

obtained from fits done in k, q, and R-spaces. 
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A B 

  

C D 

  

Figure S11. A) Experimental Fourier transforms of k2-weighted Co EXAFS of Co-Me and 

Co-Pyr powder samples. B) DFT calculated Fourier transforms of k2-weighted Co EXAFS of Co-

Me and Co-Pyr powders. C) Experimental Fourier transforms of k2-weighted Co EXAFS of Co-

Pyr in CH3CN and H2O. D) Theoretically calculated Fourier transforms of k2-weighted Co 

EXAFS of Co-Pyr in CH3CN and H2O. 
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Figure S12. Left) Normalized Co-K edges XANES  of Co-Pyr in CH3CN and  H2O with GC@ G-

Co-Pyr. Right) Experimental Fourier transforms of k2-weighted Co EXAFS of Co-Pyr in CH3CN, 

in H2O and on electrode surface before catalysis. Inset: Back Fourier transformed 

experimental (solid lines) and fitted (dashed lines) Re[χ  (k)] of Co-Pyr in CH3CN, in H2O and on 

electrode surface before catalysis .Experimental spectra were calculated for k values of 2-12.6 

Å-1. 

 

 

Table S 3. EXAFS Fits parameters. 

Sample Fit Peak Shell,N R, Å E0 ss.2 

(10-3) 

R-factor Reduced 

Chi-square 

Co-Me 
(solid) 

1 I Co-N,5 1.94 -2.7 11.4 0.0054 81 

 2 All Co-N,5 
Co-C,5 

Co-C,14 

1.94 
2.83 
3.08 

-3.6 12.5 
9.0 

25.5 

0.0084 79 

Co-Pyr (solid) 3 I Co-N,5 1.94 -5.6 11.8 0.0066 2366 
 4 All Co-N,5 

Co-C,6 
Co-C,15 

1.93 
2.83 
3.14 

-6.5 12.7 
11.6 
0.2 

0.0104 1784 

Co-Pyr 
(in CH3CN) 

5 I Co-N,5 1.93 -5.1 10.9 0.0059 434 

 6 All Co-N,5 
Co-C,6 

Co-C,15 

1.94 
2.82 
3.12 

-5.4 11.5 
10.4 
0.4 

0.0100 371 

Co-Pyr 
(in H2O) 

7 1 Co-N,5 1.96 -3.5 11.5 0.070 230 

 8 All Co-N,4 
Co-O,1 
Co-C,6 

Co-C,15 

1.93 
2.45 
2.77 
3.18 

 

-8.1 9.7 
5.4 

13.3 
0.9 

0.0062 223 
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Table S 4. XRD and DFT calculated parameters of all crystallized and calculated cobalt 
complexes. 

 

 

Figure S13. CV of GC@G-Co-Pyr in pH 1 with short cathodic limit (Left) and long cathodic 
limit (right) analyzed by XAS. 

  

 Co-N1 Co-N2 Co-N3 Co-N4 Co-N5 Co-O 

Co-Me (XRD) 1.847 1.932 1.950 1.983 2.040  
Co-Pyr (XRD) 1.840 1.924 1.924 1.999 2.077  
Co-Me (DFT) 1.851 1.950 1.952 2.008 2.024  
Co-Pyr (DFT) 1.850 1.949 1.956 2.043 2.051  

Co-Me (in H2O, DFT) 1.847 1.951 1.954 2.008  2.218 

Co-Pyr (in H2O, DFT) 1.846 1.954 1.961 2.029  2.374 
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4.5.9. DFT optimization coordinates of Cobalt Complexes 

The calculations were carried out using ORCA, the hybrid functional BP861,2 

with the def2-TZVP3 triple-zeta basis sets.10–12 

DFT optimization file of Co-Me in MeCN 

  Co  3.32031584905181      4.40560061883731      1.63933481670832 
  N   4.20738987467672      2.79053558481570      1.46760099345352 

  N   5.10499964216420      4.99134947544902      2.17075161533485 

  N   2.63887214816927      6.20269303571653      1.00380619811813 

  N   1.83786537632394      3.32519114931257      0.97837629638096 

  N   2.64422547649185      4.38795735252679      3.53012572622319 

  C   1.11966527270370      1.03630999422422      0.29592438218905 

  H   1.60728221923196      0.09149996915859      0.03703791641880 

  H   0.55098329000335      1.37162948093133     -0.58302869047047 

  H   0.39319601228281      0.82722068700975      1.09698446371658 

  C   2.11456753992304      2.06537819281269      0.73181806983831 

  C   3.53000094670392      1.73108454573879      0.95797554396883 

  C   4.20476866791782      0.53185232997459      0.70579033854119 

  H   3.67828191449103     -0.33208577144034      0.30271046238203 

  C   5.57644976035396      0.46100436398329      0.96967249550294 

  H   6.11820924404523     -0.46549098515180      0.77919459986631 

  C   6.26025177161474      1.57930813180306      1.45753898858553 

  H   7.33260229916260      1.52931033450676      1.64147754228665 

  C   5.54468244370616      2.75834949744253      1.69356086430065 

  C   6.03530774893338      4.06438167424940      2.16229856476575 

  C   7.45139783676312      4.26376583856169      2.60085611090853 

  H   8.06792033632802      3.38909271925175      2.37057087741973 

  H   7.50653270317080      4.43323914129132      3.68765900868408 

  H   7.90763767794496      5.13443014529583      2.10939141947295 

  C   5.36092486982753      6.32428589135227      2.71795202054903 

  H   6.43993530280766      6.51387234295137      2.79878484273310 

  H   4.95456818891482      6.33230342346377      3.74446527585687 

  C   4.70276366279156      7.43734632129924      1.90216983256132 

  H   4.93598134623598      8.38921540488377      2.40292340836554 

  H   5.16946984804053      7.51010412965391      0.90952933902964 

  C   3.18383451595711      7.35534167600457      1.80111102319918 

  H   2.73953879869639      7.28555350779918      2.80430946145514 

  H   2.80476579716295      8.28384232757783      1.34030081306822 

  C   1.13988161009062      6.31582225496018      1.03969511722366 

  H   0.87208802269257      7.29634970308455      0.60897638335823 

  H   0.84874726129728      6.33354010496077      2.09969960588208 

  C   0.37123572467972      5.22372210452553      0.30424918074462 

  H   -0.68954630190791      5.51740346047250      0.32133890579786 

  H   0.64535765993885      5.18177940209487     -0.75957968645937 

  C   0.46577132177477      3.83152344029694      0.93093078676226 

  H   0.10364040007872      3.87331262699136      1.97324119188203 

  H   -0.19132785228605      3.13729928604814      0.39008799425528 

  C   3.11600813321670      6.29725449655651     -0.41103734230324 

  H   2.80547792039883      7.25905907467577     -0.85261851695656 

  H   2.69425913785333      5.48305249430945     -1.00909933092552 

  H   4.20815139560692      6.22629673917165     -0.45273250122940 

  C   2.29179468807100      4.29274452174482      4.63366636784914 

  C   1.85401285387014      4.17339929361674      6.01006372407845 

  H   2.65444022322950      4.49616520967837      6.69116745742542 

  H   1.59816816458384      3.12801406449357      6.23419132670119 

  H   0.96695125421827      4.79978919103096      6.18168471449941 
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DFT optimization file of Co-Me in H2O 

  Co  3.39561237850465      4.41039927141885      1.53635414172081 
  N   4.26810720783006      2.78761358891295      1.40786969179402 

  N   5.17732960959661      4.99696092044701      2.08443776556694 

  N   2.65955895801484      6.20583053927921      1.02090472692568 

  N   1.88252483602525      3.31516561077847      0.97154641966895 

  O   2.70334400403640      4.47413794941021      3.64256111780069 

  C   1.15381713467520      1.01325872574644      0.34505026687954 

  H   1.63414494370493      0.05891211439112      0.10961380628414 

  H   0.57733547818062      1.32533321298993     -0.53822343741929 

  H   0.43220773472703      0.83076858190137      1.15727748828494 

  C   2.15603986527117      2.05042216585898      0.73916186433302 

  C   3.57911747955526      1.71971374895539      0.93425521891210 

  C   4.24737270606752      0.51537171832870      0.68856529872137 

  H   3.71241452223121     -0.35568002376772      0.31324261429931 

  C   5.62466292932229      0.44831654949806      0.92397538675861 

  H   6.16187750118029     -0.48155400285823      0.73764323543051 

  C   6.31877360655382      1.57303597226325      1.38243702577837 

  H   7.39407916254652      1.52346536090736      1.54818739434189 

  C   5.60832825360597      2.75625460961056      1.61354961732275 

  C   6.10657469625468      4.06706762568782      2.06828789771750 

  C   7.52730226275631      4.26662123222449      2.48837070960941 

  H   8.13038608843704      3.37288741558857      2.30100057225827 

  H   7.59497378246429      4.49485718720551      3.56334815298693 

  H   7.99111722302348      5.10458384433227      1.94786892378743 

  C   5.45577536952568      6.33106305964863      2.62709345066606 

  H   6.53620154640584      6.53022758858684      2.63625705021913 

  H   5.12495211579680      6.33084225506224      3.68160657557616 

  C   4.73430847040714      7.44951178943334      1.87634549669701 

  H   4.97104349208755      8.39062765274111      2.39514962772119 

  H   5.15283360096207      7.56461737405513      0.86630604644651 

  C   3.21484247529737      7.33545979533047      1.84587565753731 

  H   2.82077769745623      7.20648905276382      2.86415476272641 

  H   2.79251268950522      8.27298022818217      1.44618836192184 

  C   1.16073409747362      6.29259524956379      1.11343563957603 

  H   0.86327688903018      7.28463016077324      0.73226556773062 

  H   0.90713345771606      6.26755245238365      2.18348911592144 

  C   0.38526468775098      5.21833961957242      0.35962569943405 

  H   -0.67725776855193      5.50180837426438      0.40781265272992 

  H   0.63634161420528      5.21187036181234     -0.71051444987871 

  C   0.50175129659841      3.80783886242702      0.93685390457265 

  H   0.12408715810829      3.80718868405785      1.97601516318492 

  H   -0.14427885681647      3.12287452177798      0.37111374663907 

  C   3.08673738457753      6.35795051723450     -0.40545959896996 

  H   2.74805782754254      7.32897862336154     -0.80290351356319 

  H   2.65639281765251      5.55885495368303     -1.01793304451217 

  H   4.17780970014517      6.30575801375567     -0.48579651762244 

  H   3.36443581793057      4.33705516858115      4.34575489829930 

  H   1.92616405462795      3.95764172183708      3.92427780718295 
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DFT optimization file of Co-Pyr in CH3CN 

  Co  4.33972764596002     14.79563172475207      8.16130485825791 

  N   2.81609321072002     15.44973651424553      9.19701411672891 

  N   5.83788173801308     15.71560118175147      9.21746946768247 

  N   5.45648332893647     13.73487224517862      6.96748911356203 

  N   3.08744070231263     13.52989399096053      7.66038811863079 

  N   4.05954614932481     16.25418242747475      6.75807524214416 

  C   2.82290532311510     16.73570461328731      9.89652492556277 

  H   1.97992279490883     16.79899193903604     10.59908280573942 

  H   2.66484341363150     17.51992992563850      9.13482450748287 

  C   6.77012573604445     14.17851034850058      6.49856968857191 

  H   6.58660534667865     14.89577478134086      5.67850639275837 

  H   7.33159306723759     13.33893044850417      6.06496160904613 

  C   4.88142460474059     12.67733430972602      6.44229418260055 

  C   5.52472272718319     11.75810674989595      5.45145031128462 

  H   5.76285780389561     12.28673006845112      4.51551243577707 

  H   4.87126874504460     10.91713289527978      5.20086538773870 

  H   6.46546430103083     11.34567854105702      5.84383764241673 

  C   3.49019538087637     12.49881557655290      6.87612461694710 

  C   2.59613115637290     11.46527793571305      6.57405482092352 

  H   2.90213447563968     10.63295011278330      5.94260456215093 

  C   1.30283566186945     11.51344155858076      7.10338154600460 

  H   0.59304157797103     10.71810081725320      6.87601103598911 

  C   0.91977877847099     12.57166980693388      7.93394717225398 

  H   -0.08154149543460     12.60178963472282      8.36014950633099 

  C   1.84787303012789     13.58216639163846      8.21119433664977 

  C   1.69947760878687     14.76799260955854      9.06295760853435 

  C   0.38438299931288     15.15085584323390      9.66745522795008 

  H   0.02909657137046     16.11199972058351      9.26589694949795 

  H   0.45979514163018     15.26200551962556     10.75962675844890 

  H   -0.38540187946733     14.40045188093022      9.46089332872875 

  C   4.12671197502196     17.00396229748594     10.64394550443738 

  H   4.03500707092252     17.99502020672020     11.11403475569915 

  H   4.22998823139887     16.29506491024685     11.47896096983520 

  C   5.38136059284209     17.03949286952290      9.77689628540927 

  H   5.21931905950589     17.70964299257102      8.92061096965593 

  H   6.21544015779275     17.45980445519012     10.36464460080717 

  C   6.98153075015790     16.02807885213553      8.29046194604105 

  H   6.60556323077824     16.75171472081935      7.55280633479787 

  H   7.75659534461292     16.54340748804237      8.88444705307190 

  C   7.61903988112460     14.83982759767389      7.58173735373247 

  H   8.52912536240705     15.21660175411424      7.08985071068239 

  H   7.95857705591325     14.08511404240702      8.30132138141397 

  C   6.32746354389714     14.85773060541260     10.38985645058795 

  H   5.72838995546031     15.15312045134356     11.25926317924969 

  H   7.35763070602689     15.17536020354689     10.60053865319406 

  C   6.21432178610939     13.35878204140924     10.23940405939209 

  C   4.92192427959648     12.79801053672598     10.25461946661312 

  H   4.06882821763040     13.45404600627189     10.44660227893889 

  C   4.70505016130245     11.43194424876486     10.11850395537784 

  H   3.69170104542099     11.02795542968105     10.16107439581673 

  C   5.79111303024286     10.54581904986406      9.98968749290756 

  C   7.12358580239158     11.07489223203233     10.05766020395615 

  C   7.34186983140519     12.49034854042634     10.20634790516091 

  C   8.69959653853334     12.94205128085932     10.34397227137447 

  H   8.90735441821842     13.99727723991600     10.52428481556962 

  C   9.75846698916319     12.07562720256609     10.30054718228274 

  H   10.77511858960713     12.45283331891079     10.42688374336359 

  C   9.56860640487109     10.67263580887727     10.11205926142244 

  C   8.23115165657939     10.17824403999246     10.00032784006910 
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  C   8.01419793820345      8.77139017697240      9.84510117304545 

  C   9.12467840494959      7.90941922469220      9.78807018637503 

  H   8.95801691329516      6.83695753914896      9.66881569354403 

  C   10.42666647437139      8.40519554591298      9.89194733846453 

  H   11.27254287475898      7.71847943676487      9.85120636727213 

  C   10.64903680352009      9.77051081978572     10.05705731238382 

  H   11.66662563228522     10.15335966423395     10.15185883457496 

  C   6.66994972152588      8.28235702214646      9.76810203607605 

  H   6.51120409078744      7.20734941267111      9.66096044672272 

  C   5.60302901644652      9.13348026829276      9.84616875047143 

  H   4.58356768108145      8.74440150428548      9.81285174768130 

  C   3.78847713680500     16.98943046433195      5.89909177289749 

  C   3.45428016416687     17.90732570673294      4.82779480082682 

  H   4.12020221130331     17.74488507379710      3.96847522813172 

  H   3.56433545280592     18.94666088055842      5.16964692427259 

  H   2.41535216845471     17.74862672295218      4.50533209000389 

 

DFT optimization file of Co-Pyr in H2O 

  Co  4.47600463064460     14.74106601453045      8.27598196770392 

  N   2.91679252125887     15.47459963457335      9.21157961116049 

  N   5.94287490073118     15.74381327895211      9.25618904561101 

  N   5.58420927713768     13.75277390639018      7.00541823785905 

  N   3.18934841722013     13.58515841201349      7.63116632032550 

  O   4.23098157191584     16.50095617978393      6.70105486926286 

  C   2.91549236437404     16.73308752698165      9.96674339076191 

  H   2.08709987213326     16.74537902587446     10.68981794481736 

  H   2.71853056174577     17.55104932580086      9.25035106926023 

  C   6.92531008348410     14.15963860174021      6.57014762435713 

  H   6.79041436234184     14.82562970232349      5.69728095642597 

  H   7.49411736357867     13.29039548124556      6.20981429483233 

  C   4.98888079409421     12.74024283536329      6.41568851754299 

  C   5.62829269235033     11.85318265468471      5.39526953202116 

  H   5.92236810589258     12.42315830368859      4.50015081559613 

  H   4.95472174973480     11.05315048677646      5.07344842471313 

  H   6.53990427883294     11.38461127177634      5.79525129628326 

  C   3.57859148654676     12.58617173832899      6.80168808858331 

  C   2.65536936396026     11.61174853716554      6.40464517303328 

  H   2.95047489396548     10.80485774867089      5.73583858296390 

  C   1.34370130681611     11.68918462744704      6.88356351424834 

  H   0.61084749431702     10.94033959194935      6.58323787939716 

  C   0.96838870174883     12.72237348889651      7.74856601398250 

  H   -0.05089451681453     12.78007939543338      8.12684240057764 

  C   1.92672516405887     13.67324084910873      8.11858570208197 

  C   1.78329699742180     14.83867703042919      9.00231302260134 

  C   0.45688630083338     15.25342235793928      9.55595792553024 

  H   0.17392885538574     16.25668845713381      9.20276892995734 

  H   0.47762393838791     15.29305548952792     10.65624674043804 

  H   -0.33758191377226     14.56114616349898      9.26101407658291 

  C   4.22778087053084     17.00221364236155     10.69544899399910 

  H   4.13167860636886     17.98378962627698     11.18412026677882 

  H   4.35371397903592     16.28142078748925     11.51729068946957 

  C   5.46455892332360     17.06449983786812      9.80600720254160 

  H   5.27465028045715     17.71939647600372      8.94374831455599 

  H   6.29853093236809     17.50884992341718     10.37532081878452 

  C   7.05965721658875     16.07228212897882      8.30052275042864 

  H   6.64255943322043     16.75137437277508      7.54262566257892 

  H   7.81652725992025     16.64407051306272      8.86475046193811 

  C   7.73878100236248     14.87950195451286      7.64102637854906 
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  H   8.64743938905160     15.25983883886551      7.14982057232271 

  H   8.08496447074450     14.15822777131980      8.39130101953423 

  C   6.47574442349799     14.90396426101131     10.41836993017446 

  H   5.92988572944144     15.22315169712528     11.31439396972423 

  H   7.52281377069108     15.19527778514454     10.57302806135259 

  C   6.30463568125469     13.41107844513148     10.26623971607805 

  C   4.98492416441363     12.91171015152540     10.24205391122431 

  H   4.16105254865268     13.59325721924257     10.47261401334735 

  C   4.71022711444973     11.55523138444052     10.08208688582188 

  H   3.67949667120818     11.19601429705874     10.10125175829038 

  C   5.75743867539234     10.62454840965466      9.96771347921032 

  C   7.11200065407966     11.09287069271454     10.06968349585499 

  C   7.39146764254066     12.49604893885722     10.23942427106557 

  C   8.76510025193695     12.88744938684873     10.40440595261705 

  H   9.01556346256573     13.92982413825283     10.60323533808422 

  C   9.78396865967761     11.97459752698791     10.37063977870875 

  H   10.81425341972571     12.30407936760246     10.51779635465098 

  C   9.53464358522531     10.58249930046342     10.16725131145238 

  C   8.17835341947195     10.14861750317911     10.02590253200924 

  C   7.90141311509369      8.75347333716403      9.85621637142632 

  C   8.97251748673082      7.84321288284047      9.81604678128341 

  H   8.76078062254622      6.78001394982758      9.68669177429429 

  C   10.29297237255241      8.28008878515504      9.94855935187643 

  H   11.10796345142843      7.55627637616479      9.92030605038996 

  C   10.57376680236657      9.63351829747526     10.12661467001305 

  H   11.60576064379757      9.96874098066255     10.24378320773050 

  C   6.53810694115652      8.32535648524410      9.74836373964038 

  H   6.33412209821022      7.25925410647977      9.63119365581405 

  C   5.50919324437164      9.22223565920927      9.80921075202236 

  H   4.47436654598346      8.87960492099885      9.75226827861377 

  H   3.36405539033371     16.93800463434020      6.62040690814408 

  H   4.52446742690475     16.36605508823692      5.78184259909114 
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Chapter 

5 

Photocathodes based on 

Cu2ZnSnSe4 for the 

Hydrogen Evolution 

Reaction 

A methodology to electrodeposit amorphous MoS2 on ITO electrodes have been 
developed that allows us to fuctionalize p-type semiconductor kesterite (CZTSe) 
very active for proton reduction catalysis. The prepared non-noble metal 
photocathode features an excelent performance in pH 2, able to reach -10 mA·cm-2 
at 100 mV before the thermodynamic potential. Moreover, the photocathode is 
able to sustain high current densities without any loss in activity for at least one 
hour.  
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Abstract 

In this work, a multilayered p-type photoabsorber based on kesterite 

Cu2ZnSnSe4 (Mo/CZTSe/CdS/ZnO/ITO) have been functionalized with 

inexpensive and easily scalable amorphous MoS2 electrocatalyst by 

photoelectrodeposition. The resulting photocathodes feature a high catalytic 

current density at 0 V vs RHE (-18 mA/cm2) and have been able to perform HER 

under 1 sun illumination at -10 mA/cm2 above thermodynamic potential of the 

H+/H2 couple for 1 hour without loss in activity. As far as we know, this is the 

first example in the literature of a kesterite based photocathode prepared 

without any precious metal as HER catalyst that reaches high current densities 

with high conversion  efficiencies. The MoS2 layer is key not only to catalyze 

the HER but also to protect the photoabsorber from the corrosive electrolyte 

solution. 

 

  

hν
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Contributions: 

Sergi Grau Abarca functionalized ITO and CZTSe (photo)cathodes, and carried 

out the electrochemical, photoelectrochemical and spectroscopic 

experiments. He also collaborated in the preparation of the CZTSe absorbers 

and the adquisition of SEM images. 

 

5.1 Introduction 

Since 2000, the worldwide energy consumption have been increasing with an 

average rate of 2.3%.1 This increase was mainly supplied by fossil fuels leading 

in a rise of CO2 atmospheric levels, reaching the historical value of 407.4 ppm 

in 2018.2 It is predicted that the energy consumption will continue to increase 

even more in the future and for this reason, it is imperative to find other 

sources of energy, renewable and environmentally friendly to supply 

humankind energy needing.   

Artificial photosynthesis is a general term that includes light induced water 

splitting reactions or light driven CO2 reduction. Both processes are important 

because they store the energy of the sunlight producing clean fuels (e.g. H2) and 

they reduce the CO2 atmospheric levels.3,4 One common strategy for the 

hydrogen production is the use of the photoelectrochemical cell (PEC), where 

the photoelectrodes harvest the light, separate the electron-hole pair and 

perform water oxidation (photoanode) and hydrogen evolution (HE) 

(photocathode) reactions (see example in Scheme 1).5 Thermodynamically, 

water splitting reaction requires 1.23 V (eq. 1) plus the overpotential 

associated to kinetic barrier of each half-reactions (eq. 2 and 3). To minimize 

the overpotential required for Hydrogen Evolution Reaction (HER, eq. 2) and 

Oxygen Evolution Reaction (OER, eq. 3) it’s necessary to use selective and 

efficient catalysts for each reaction. 
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Scheme 1. Diagram of a PEC where the photocathode performs HER and a metalic anode 

performs OER, where HE is Hydrogen Evolution, EF,n
* is quasi-fermi level of holes and EF,n

* is 

quasi-fermi level of electrons. 

 

Platinum (Pt) is the best catalyst for HER known to date, able to reduce protons 

to molecular hydrogen with almost no overpotential, but is scarce and 

expensive.6,7 For these reasons, the scientific community has been 

investigating for a long time cheap and earth abundant materials active for 

HER. Among them a remarkable material is MoS2, which was not investigated 

as a HER catalyst due to his low activity as bulk material until Hinnemann et al. 

reported in 2005 that MoS2 nanoparticles were active HER catalysts.8 Further 

theoretical studies reveled that only the edge sites and sulfur S vacancies were 

the active sites on the crystallographic edges of the MoS2 nanoparticles.8–10 

Later, Jaramillo et al. proved it experimentally showing that the catalytic 

current in HER was proportional to the length of the edges in MoS2 crystalline 

nanoparticles, instead of the geometrical area.11 Since then, several theoretical 

and experimental studies with different synthetic approaches to obtain MoS2 

active for HER with different nanostructures as well as amorphous MoS2 thin 

films have been published.12–17 On the other hand, only a few examples can be 

found in the literature where MoS2 HER electrocatalyst is combined with 

semiconductors to build photocathodes.18–20 

During the last decades, quaternary salts of the family of p-type kesterites with 

stoichiometry Cu2ZnSn(S/Se)4 have been widely used as photocathodes for the 

HER.  They have been explored for their high performance as photoabsorbers 

 

2 2 ⇌ 2 2 +  2 ∆𝐸0 = 1.23 𝑉 (eq.1) 

2 + + 2𝑒 ⇌  2 𝐸0 = 0 𝑉 (eq.2) 

2 2 ⇌  2 + 4 + + 4𝑒  𝐸0 = 1.23 𝑉 (eq.3) 
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in photovoltaic devices with efficiencies in the range up to 12.7% and Voc of 

513.7 mV.21 In addition, they are made from non-critical raw materials (earth 

abundant materials or materials that are not used in large scale in industry to 

produce goods, i.e. inexpensive) and low-toxicity elements. 

Mainly, in the literature one can find sulfur based kesterites as photocathodes 

Cu2ZnSnS4 that are commonly abbreviated as CZTS. In 2008 Scragg et al. 

obtained p-type CZTS annealing Cu/Zn/Sn electroplated stacks on Mo-coated 

glass under sulfur athmosphere.22 Domen et al. prepared in 2010 a CZTS 

photocathode with an additional n-type CdS layer to create a p-n junction and 

a TiO2 top layer to protect the absorbers from the electrolyte and HER 

platinum nanoparticles on the surface. This improved the performance and 

reached an impressive current density of -9.0 mA/cm2 at the thermodynamic 

potential (E0V vs RHE) at pH 9.5.23 Later, in 2015, the same group prepared 

Mo/CZTS/CdS/In2S3/Pt able to reach -9.30 mA/cm2 at the E0V vs RHE at pH 6.5.24 

Two years later, Zhigang et al. used a similar photocathode configuration 

improving the performance with the addition of Ge and reaching -11.1 mA/cm2 

at the E0V vs RHE at pH 6.5.25 A recent paper has used selenium based thin-film 

kesterites as photocathodes containing a top layer of TiO2 and Pt on the 

surface showing current densities of -37 mA/cm2 at E0V vs RHE in pH 0.26 

Despite all these promising advances, there is still a lack of an efficient and 

stable Cu2ZnSn(S/Se)4 photocathode that is made of inexpensive catalysts, as 

they are all based on platinum particles. In addition, the stability of the 

reported examples is most of the time an overlooked parameter that should 

not be ignored in a field where long-term performance is key to bring light-

induced water splitting devices into the market. In this work, CZTSe based p-

type photoabsorbers are combined with MoS2 electrocatalyst layers to build a 

powerful photocathode for the HER. The two key components have been 

selected for i) their high performance as light absorbers (CZTSe) and catalytic 

activity (MoS2) and ii) for the optimum band alignment of the 

semiconductor21,27,28  with the overpotential of the electrocatalyst,8,11,15–17,19 

that should favor charge separation and fast catalysis leading to high 

performance.  
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5.2 Results and Discussion 

5.2.1 Preparation of CZTSe absorber layer 

The preparation of the multilayered photoabsorber based on Cu2ZnSnSe4 

electrodes were performed in collaboration with Dr. Edgardo Saucedo and 

Professor Dr. Alejandro Perez-Rodriguez in the Institut de Recerca en Energia de 

Catalunya (IREC), during a 1 week stay in their laboratories. Additional samples 

were directly provided by the IREC research group following the same 

procedure.29 

The photoabsorber consists of a carefully designed multilayered configuration 

that can be formulated as Mo/MoSe2/Cu2ZnSnSe4/CdS/ZnO/ITO (where ITO 

is indium doped tin oxide). Detailed description of the preparation of the 

samples is given in the supporting information. Additionally, more details on 

the baseline absorber synthesis can be found in references 30,31. Briefly, it 

consists of selenization of Cu/Zn/Sn stacks, that have been previously 

deposited by sputtering on Molybdenum-coated soda-lime glass (also 

prepared by sputtering). The resulting Mo/MoSe2/Cu2ZnSnSe4 samples were 

dipped in a chemical bath for n-type CdS deposition, followed by the sputtering 

deposition of ZnO and ITO in order to complete the devices. Finally, all the 

devices were subjected to a soft post-deposition annealing at 250 °C for 15 

minutes on a hotplate in air atmosphere to improve cathode performance. For 

the sake of simplicity, the full photoabsorber 

Mo/MoSe2/Cu2ZnSnSe4/CdS/ZnO/ITO will be regarded as CZTSe in the rest 

of the chapter. Powder x-ray diffraction, resonance Raman spectroscopy and 

transmission electron microscopy analysis of the prepared samples confirmed 

the crystallinity and purity of the Cu2ZnSnSe4 photoabsorber layer with no 

secondary phases. Composition, morphology and grain size were also as 

previously reported.26,29 

Optical band gap of CZTSe/CdS/ZnO/ITO were measured using UV-vis Diffuse 

Reflectance Spectroscopy (DRS) and External Quantum Efficiency (EQE) 

experiments obtaining the results summarized in Table 1 (see Figures S1 and 

S11B): 
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Table 1. Band gap values obtained from DRS and EQE compared data from the literature. 

 

Due to the post deposition annealing, some S2- migrate from CdS to ZnO and 

CZTSe layers, doping the absorber, as well as Cu+ ions doping CdS layer, 

phenomena that have proven to be benefitial for the device efficiency.34 In 

Figure S1, a representative Tauc plot obtained from DRS spectrum shows 

seven transitions corresponding to CZTSe (pure, Eg =0.94 eV), CZTSSe 

(Eg =1.35 eV), two for CdS (Eg =2.1-2.0 eV), two for ZnO/ZnS (Eg
 =3.0-3.4 eV)35 

and one for ITO (Eg
 =2.9 eV). Interestingly, CdS and ZnO features double peaks 

(green dashed lines in Figure S1), very likely due the shallow doping during the 

post deposition annealing, thus corresponding one to the pure material and the 

other to the doped material layers.  

 

5.2.2 Optimization of the MoS2 electrocatalyst layer 

Molybdenum sulfide MoSx (x = 2 or 3) can be prepared by electrodeposition 

from the precursor (NH4)2MoS4 into conductive substrates in three different 

ways: i) cathodic deposition, ii) anodic deposition and iii) cyclic deposition12–14. 

The last two approaches were ruled out due to the required oxidation 

potential, which could lead to the chemical decomposition of the CZTSe 

absorber during the photoelectrochemical deposition. Thus, in this work, all 

the electrodes were prepared by the cathodic deposition approach on indium 

tin oxide (ITO) in galvanostatic mode. Detailed description of the MoS2 

electrodeposition procedure can be found in the SI. Briefly, it consists of a 

cathodic electrodeposition from an electrochemical bath containing 

[(NH4)2MoS4 ] = 30 mM and ionic strenght I = 0.1 M in galvanostatic mode (fixed 

current density j = -7.5·10-5 A/cm2 ). The process was done under weak argon 

bubbling to avoid the formation of molybdenum oxides and the loading of the 

molybdenum sulfide deposited was controlled by the total amount of charge 

passed through the electrochemical system. The potential required to prepare 

 

Method CZTSe (eV) CdS (eV) ZnO (eV) ITO (eV) 

DRS (this work) 0.94-1.35 2.0-2.1 3.0-3.4 2.9 
EQE (this work) 1.05 --- --- --- 
Literature32,33 0.95 2.4 3.3 2.8 
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the catalyst lays beyond the HER potential and produces concomitant 

hydrogen gas evolution during the deposition process (Figure S9).16  

Table 2, Figure 1 and Figure S2 summarize the results of the activity of 

MoS2-coated ITO electrodes (ITO-MoS2 hereafter) towards HER in pH 2 

phosphate buffer solution with different loadings of the electrocatalyst. The 

overpotential required to reach -1 mA/cm2 decreases with increasing amount 

of MoS2 while the current density at E-0.3V vs RHE increases with higher amount 

of catalyst. As shown in Figure S3 the MoS2 films are not transparent and 

therefore are expected to influence the light absorbing process once deposited 

on the CZTSe photoabsorber. Although the best performing electrode is the 

one with a charge loading of 0.1 C/cm2, it is also the electrode with a lower 

degree of transmittance (10-55 % in the range of 350-800nm). Therefore, the 

ITO-MoS2 electrode with Q= 0.05 C/cm2 with E(at j=-1 mA/cm2)= -0.180 V and 

j(at E=-0.3 V)= -9.46 mA/cm2 was selected as a good compromise between high 

activity (Figure 1) and high transparency (Table S3).  

 

Table 2. Overpotential (at j = -1 mA/cm2) and current density (at η = 300 mV) values of the 

ITO-MoS2 samples with different loadings of HER catalyst. 

 

Figure 1. Potential required to reach -1 mA/cm2 (red dots, left y axis) and j reached at -0.3 V 

(blue dots, right y axis) versus MoS2 loading. 

Charge passed (C/cm2) E for j = -1 mA/cm2 j at Evs RHE = -0.3 V 

0.01 -0.205 V -7.37 mA·cm-2 
0.02 -0.195 V -8.45 mA·cm-2 
0.05 -0.175 V -9.46 mA·cm-2 
0.1 -0.165 V -9.96 mA·cm-2 
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All the ITO-MoS2 electrodes prepared by cathodic deposition show a reduction 

process at potentials between -0.025 and -0.150 V vs RHE, before the 

hydrogen evolution reaction, attributed to the reduction of the MoS3 to MoS2 

during the first Linear Sweep Voltammetry (LSV) scan. This event was not 

observed again in subsequent scans of the LSV experiments on the same 

sample (Figure 2, compare red and blue traces)12,14.  

The activity of the ITO-MoS2 electrodes is highly dependent on the pH of the 

electrolyte solution, showing drastic decrease of the cathodic current 

associated to the HER in pH values higher than 2 (Figure S4). ITO-MoS2 

electrodes tested in pH higher than 10 were unstable and the catalyst peeled 

off very quickly from the electrode surface. This result is in sharp contrast to 

other reported amorphous MoS2 based electrodes for HER in the literature 

where are very active in extreme pH values (0 and 14).36 We attribute these 

results to the lower adhesion of our MoS2 to the ITO substrate. 

 

 

Figure 2. LSV  of ITO-MoS2 with a Q = 0.05 C/cm2 loading at pH 2. Counter electrode: Pt mesh. 

Reference electrode: AgCl/Ag. Scan rate: 5 mV/s. Experiments recorded under stirring 

conditions. iR drop corrected at 85%. 

 

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR PHOCATODES AND PHOTOANODES FOR LIGHT DRIVEN WATER SPLITTING 
Sergi Grau Abarca 
 



 Photocathodes based on Cu2ZnSnSe4 for HER  

194 

LSV experiments in Figure 2 show that ITO-MoS2 electrodes with a 0.05 C/cm2 

loading feature an overpotential of -175 mV and -330 mV vs RHE to 

reach -1 mA/cm2 and -10 mA/cm2 respectively at pH 2. A chronopotentiometry 

(CP) experiment at -10 mA/cm2 was ran for 1 hour, without showing any 

significant loss of activity (Figure 3, left). The averaged overpotential required 

to sustain -10 mA/cm2 for the whole experiment was -328 mV vs RHE, in good 

agreement with the LSV results and indicating that the scan rate used to run 

the LSV where close to the stationary conditions. In order to check the faradaic 

efficiency (FE), the experiment was repeated in a two-compartment 

electrochemical cell, monitoring the amount of hydrogen evolved from the 

cathode by using a Clark electrode sensor, obtaining 100% efficiency (Figure 3, 

right, see also details in the SI). The activity of the electrode after this test was 

also checked by LSV without remarkable losses of current densities (Figure 2, 

compare blue and green traces).  

Long-term CP tests up to 10h were ran to assess the stability of the ITO-MoS2 

electrodes. The catalytic activity started to decrease linearly after 1 hour of 

electrolysis until the 5th hour. At this time the required potential to run j = -10 

mA/cm2 is E = -0.6 V as opposed to the E = -0.33 V required during the first hour 

(Figure S5). After 5h, the HER activity of the electrode decreases drastically 

requiring lower potentials to sustain the selected current density. 

 

 

Figure 3. Left) CP of ITO-MoS2 in pH 2 at -10mA/cm2 in a two-compartment electrochemical 

cell. Counter electrode: Pt mesh. Reference electrode: AgCl/Ag. iR drop corrected at 85%. 

Right) Amount of molecular hydrogen evolved during CP experiments (red line) and the 

calculated from the charge transferred (black dashed line). 
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In order to get insights into the deactivation processes during electrolysis, the 

morphology of the electrodes before and after catalysis where analyzed by 

Scanning Electronic Microscopy (SEM). 

Top view SEM images confirm homogeneous and continuous MoS2 films 

covering completely the ITO surface after deposition of the electrocatalyst 

(Figure 4A and Figure S6).  Only small cracks in the amorphous MoS2 layer can 

be observed, that are likely produced by the mechanical stress due the 

expansion of the hydrogen bubbles during the electrodeposition process. 

 

 

Figure 4. Top view SEM images of ITO-MoS2 electrodes as prepared (A), after 1h of CP (B) and 

after 10h of CP (C). 

 

After 1h of electrolysis, the SEM images show small regions where the initial 

cracks start to get wider, starting to expose ITO underlayer to the electrolyte 

(Figure 4B). The cracks become even larger after 10h of experiment when the 

ITO is mostly exposed and only little amount of the MoS2 layer is left (Figure 

4C). Interestingly, the shape of some of the cracks suggest a peeling due to 

mechanical stress from a gas bubble rather than a chemical process (Figure S7). 

It is important to notice that the images of the damaged regions shown in 

Figure 3B and 3C were chosen from the most affected zones and they are not 

representative of the whole surface, where the ITO-MoS2 mainly looks intact 

(Figure S8).  
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5.2.3 MoS2 modified CTZSe and HER photoelectrochemical performance 

The CZTSe absorbers were functionalized with MoS2 using the methodology 

developed in the previous section adapted to the photoelectrochemical 

properties of these photoelectrodes. The cathodic photoelectrodeposition of 

the MoS2 HER catalyst onto the ITO top layer of the photoabsorber was done 

in galvanostatic mode under 2 sun illumination due to the strong absortion of 

light by the electrochemical bath ([(NH4)2MoS4]=30mM). The 

(photo)electrodeposition of MoS2 in galvanostatic mode allows consistant  rate 

of growth of the catalyst film on ITO, and on CZTSe samples, despite the fact 

that the actual applied potential to make the HER catalyst layer growth is 

different due to the distinct photovoltage generated by different samples of 

CZTSe under light irradiation. Figure S9 shows the E-t curves of MoS2 

deposition from representative ITO and CZTSe (photo)electrodes. The 

catalyst deposition using this method is very reproducible, giving identical E-t 

curves for ITO sample and only slight differences in E-t curves are observed for 

the CZTSe samples. Detailed description of the photocathodes’ preparation 

and photoelectrodeposition of MoS2 can be found in the SI.  

The photoelectrochemical activity of the CZTSe-MoS2 electrodes towards 

HER were tested in pH 2 phosphate buffer solution under 1 sun illumination. 

Analogous to the ITO-MoS2 electrodes described in section 5.3.2, the CZTSe-

MoS2 photocathodes also showed a reduction process before the HER 

catalysis assigned to the MoS3 to MoS2 transformation at potentials from 0.4 

to 0.25 V vs RHE during the first LSV scan (Figure S10). CZTSe covered with 

MoS2 features an onset potential and overpotential of +254 mV and +100 mV 

to achieve -1 mA/cm2 and -10 mA/cm2 respectively (Figure 5, red line). No 

dark-current was observed in the range of potentials used. Due to the high 

overpotential required for producing molecular hydrogen for raw CZTSe 

photocathode no photocurrent was detected below 0 V vs RHE without the 

MoS2 modification (see black dashed line in Figure 5).  
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Figure 5. LSV of CZTSe-MoS2 in pH 2 under 1 sun ilumination (red line), in dark conditions 

(black dashed line) and after 1 h of CP at -10mA/cm2 (blue line). Counter electrode: Pt mesh. 

Reference electrode: AgCl/Ag. Scan rate: 5mV/s. LSV recorded under stirring conditions. iR 

drop corrected at 85%. 

 

By comparing the LSV of the ITO-MoS2 and the CTZSe-MoS2 electrodes we can 

observe the onset potential for HER is anodically shifted by approximately 

+430 mV. This value is close to the Open Circuit Potential (Voc) obtained from 

the J-V curve of an equivalent photovoltaic device, indicating minimum losses 

in photovoltage (Vph) by the presence of the MoS2 layer, suggest we are at the 

limit of the capabilities of the photoabsober (Figure 6 and S11, left). 

Remarkably, the high current densities obtained for our CTZSe-MoS2 

electrode are amongst the best performant photocathodes for the hydrogen 

evolution reaction described in the literature (Table 3 and S1).37 
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Table 3. Comparison of the best CZTS/Se base photcathodes with our work. 

Among the most recent CZTS/Se photocathodes reported, ours is the only one 

that does not use noble-metal HEC, reaching the impressive current density of 

-18.1 mA/cm2 at the thermodynamic H+/H2 potential in mild conditions, only 

overcome by Ros et al. photocathode26  that used Pt as HEC in pH 0. It is 

important to notice that unlike ours, some of the reported photocathodes had 

never measured the evolved molecular hydrogen, giving the chance to 

overestimate the performance of the photcathode (by assigning all the 

measured current to the generation of H2 and not possible internal redox 

inside the material). 

 

 

Figure 6. LSV of ITO-MoS2 and CZTSe-MoS2 with the same loading of catalyst. 

Scan rate: 5 mV/s. LSV recorded under stirring conditions. iR drop corrected at 85%. 
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CP experiments at -10 mA/cm2 were ran in a two-compartment cell under 1 

sun illumination, obtaining an averaged potential of +0.86 V vs RHE for one 

hour with FE of 100% (Figure 7 and S12, right). As shown in Figure 7 (left) no 

loss in activity was observed during this lapse of time (no increase in the 

required potential). A LSV experiment of the photocathodes after CP shows a 

slight decrease in activity requiring an overpotential of +233 mV and +66 mV 

to get -1 mA/cm2 and -10 mA/cm2 respectively (Figure 5, compare red and blue 

lines). 

 

 

Figure 7. Left) CP of CZTSe-MoS2 in pH 2 at -10 mA/cm2 in a two-compartment 

photoelectrochemical cell. Dashed black line indicates the averaged potential during the CP 

experiment (E = +0.86 V). Right) Amount of molecular hydrogen evolved (red line) and the 

calculated from the charge transferred (black dashed line). 

 

Longer CP experiments (Figure 8) show that our photocathode is able to 

produce molecular hydrogen at -10 mA/cm2 for 2h without any significant loss 

in activity (i.e. 1.2 μL(H2)/cm2·s) and able to perform HER below the 

thermodynamic potential for 3.5 hours. After the first two hours, the potential 

required to sustain -10 mA/cm2 increases linearly, increasing the potential by 

ca. 44 mV/h, a similar trend that was observed for the ITO-MoS2 electrodes. 

Interestingly, the MoS2 layer seems to last longer when it is on the surface of 

the photoelectrode (2h) than when it is on the ITO surface (1h) before losing 

activity. This result might be attributed to the distinct nature of the ITO surface 

when it is deposited onto CZTSe electrode than when it is deposited directly 

onto glass, resulting in better adhesion to the surface in the former case.  
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Due to the low stability of the ITO layer directly immersed in pH 2 38–40 it was 

no possible to measure more than two scans with raw CZTSe because of the 

fast degradation of the photoabsorber. Thus, the amorphous MoS2 layer not 

only reduces the overpotential for HER, but also protects the ITO and the 

absorber layers from the electrolyte, preventing its corrosion and dissolution. 

  

 

Figure 8. CP of CZTSe-MoS2 in pH 2 at -10 mA/cm2 in a two-compartment 

photoelectrochemical cell. 

 

In order to rule out the loss of activity due to dissolution of the photoabsorber 

material, aging experiments consisting of immersing the CZTSe-MoS2 

photoelectrodes in pH 2 for 5 hours were performed, from which no change in 

activity was observed (Figure S13). Therefore, the loss of activity can be 

atributed to the depletion of electroactive material by mechanical stress from 

the evolution of H2 bubbles, as suggested also for the parent ITO-MoS2 

electrodes. 

SEM images of the CZTSe-MoS2 electrodes show the homogeneity and 

compactness of the top layer before and after catalytic tests, despite the small 

cracks already mentioned for the analogous ITO-MoS2 electrodes in section 
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5.3.2 (Figure 9, A and D). While the top-view SEM images did not show any 

change in the morphology, cross-sections of the photocathodes as prepared 

and after 1 hour of CP revealed that the MoS2 layer became thinner (Figure 9, 

D and E) from 150-250 nm to 80-130 nm. The electrocatalyst layer became 

even thinner with the extended CP, reaching 60-90nm of thickness after 5 

hours. No peeled regions were found during the surface analysis as opposed to 

what was observed for the ITO-MoS2 electrodes suggesting that the 

mechanical stability in this case is better. On the other hand, the other layers 

(Mo/MoSe2/CZTSe/ZnO/ITO) look intact, highlighting once more the 

stabilizing role of the MoS2 electrocatalytic layer. 

 

 
Figure 9. Top view and cross section of SEM images of CZTSe-MoS2 as prepared (A and D), 

after 1h of CP (B and E) and after 5h (C and F). In cross-section images, MoS2 layer was colored 

with blue. 
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5.3 Summary and Conclusions 

 In this chapter the preparation of a highly active photocathode for HER is 

described. It is based on the modification of a kesterite thin-film 

photoabsorber with a multilayered architecture 

(Mo/MoSe2/Cu2ZnSnSe4/CdS/ZnO/ITO, abbreviated CZTSe) and an 

amorphous electrocatalytic MoS2 top layer.  

An electrodeposition procedure based on galvanostatic methods has been 

developed, which allowed us to prepare ITO-MoS2 electrocathodes and 

CZTSe-MoS2 photocathodes in a very reliable and reproducible manner. 

Photoelectrochemical experiments show that the CZTSe-MoS2 electrode can 

perform the HER at +0.3 V vs RHE in pH 2 (+0.254 V to reach 1 mA·cm-2). This 

accounts for the decrease of 430 mV in overpotential compared to the ITO-

MoS2 electrode. This value, in good agreement with the photovoltage of an 

analogous photovoltaic device made of the same absorber.  

In addition, the stability of the CZTSe-MoS2 photocathode has been studied in 

detail, finding that it is able to perform HER for two hours without any 

significant loss of activity. Moreover, it is able to keep the hydrogen production 

for more than 3.5 hours below the thermodynamic potential (E = 0V vs RHE). 

Longer reaction times induce loss of the electroactive layer caused by the 

expansion of microbubbles on the surface of the photocathode as 

demonstrated by SEM images. A similar phenomenon has been observed for 

the ITO-MoS2. In sharp contrast, the photoactive CZTSe layer remains intact, 

highlighting the key role of the MoS2 film in isolating it from the electrolyte. 

All these results allow us to conclude that, amorphous MoS2 obtained by 

(photo)electrodeposition is a very good catalyst for HER, inexpensive and easy 

to prepare that not only reduces the overpotential for HER but also protects 

the sensitive photoactive underlayers of the photocathode from the corrosive 

electrolyte. 
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5.5 Supporting information 

5.5.1 Materials and Methods 

Reagents 

Buffer solutions were prepared with Na2HPO4, NaH2PO4 and Na2SO4 from 

Sigma-Aldrich. (NH4)2[MoS4]and Indium leads were supplied from Sigma-

Aldrich. 

Mo/Cu/Zn/Sn stacks were sputtered using elemental targets of Mo (99.95%), 

Cu (99.99%), Zn (99.99%) and Sn (99.99%) supplied by PhotonExport. Ge 

nanolayers were thermally evaporated from Ge chips (99.999%) supplied by 

Sigma-Aldrich. 

The reactive annealings were performed using Se powder (99.999%, 200 

mesh) and Sn powder (99.995%, 100 mesh) from Alfa Aesar. 

CdS buffer layers were deposited by chemical bath deposition (CBD) using the 

following reagents: Cd(NO3)2 (cadmium nitrate), SC(NH2)2 (thiourea), 

Na3C3H5O (COO)3 (sodium citrate), and NH3 (ammonia) from Alfa Aesar. 

The chemical etchings of the absorbers were performed using a (NH4)2S (22% 

(w/w)) aqueous solution prepared from commercial (NH4)2S (44% (w/w)) 

supplied by Alfa-Aesar. 

i-ZnO/ITO window layers were sputtered using ZnO (99.99%) and In2O3-SnO2 

ITO (99.99%) targets from PhotonExport. 
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Solar cells fabrication 

The CZTSe films were prepared by a sequential process onto Mo-coated soda-

lime glass substrates. For this purpose, Zn-rich and Cu-poor Cu/Zn/Sn stacks 

(Cu/(Zn+Sn) = 0.75 and Zn/Sn = 1.10 determined with calibrated X-ray 

fluorescence (Fischerscope XVD)) were deposited using DC magnetron 

sputtering (Alliance Ac450). Additionally, very thin Ge layers were thermally 

evaporated prior to the stack deposition (10 nm Ge on the Mo) and on top of 

the metallic stack (5 nm Ge), as reported elsewhere1. Then, the whole 

precursor stack was subsequently annealed in a Se + Sn atmosphere (100 mg 

of Se  and 5 mg of Sn), using graphite boxes (69 cm3 in volume) in a conventional 

tubular furnace (Hobersal). The selenization was performed in a two-step 

process: the first one at 400 °C (heating rate of 20 °C/min) for 30 minutes and 

1.5 mbar of Ar pressure, followed by a second step at 550 °C (heating rate of 

20 °C/min) for 15 minutes and 1 bar of Ar pressure, with a natural cooling down 

to room temperature. To complete the devices, a CdS buffer layer (50 nm) was 

grown by chemical bath deposition, preceded by a chemical etching in (NH4)2S 

solution in order to remove possible secondary phases and to passivate the 

absorbers surface. Just after CdS growth, the solar cells were completed by 

DC-pulsed sputtering deposition of i-ZnO (50 nm) and In2O3-SnO2 (ITO, 200 

nm or 400 nm) as transparent conductive window layer (Alliance CT100). 

Scaning Electron Microscopy 

Scanning electron microscopy (SEM) images were obtained with a ZEISS Series 

Auriga micro- scope using 5 kV accelerating voltage. 

UV-Vis Spectrometer 

UV-Vis measurements were carried out on a Lambda 1050 PerkinElmer 

spectrophotometer equipped with a PMT, InGaAs and PbS detectors system, 

double beam optics, double monochromator and D2 and W light sources. 

Diffuse reflectance measurements were carried out in the same equip using 

150mm Integrating Sphere with PbS and PMT detectors. 
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EQE measurements 

External quantum efficiency (EQE) measurements were performed using a 

Bentham PVE300 system calibrated with Si and Ge photodiodes. 

(Photo)Electrochemical equipment 

Linear sweep voltammetry (LSV) and Chronopotenciommetry (CP) were 

measured using a CHI660D potentiostat.  

Platinum Disk/Mesh Electrodes and reference electrodes (SCE and AgCl/Ag) 

were purchased from IJ-Cambria Ldt. 

All solutions used in this work were degassed for 20min with Argon before any 

measurement. 

Photoelectrochemical experiments were ran under simulated 1 sun irradiation 

(100 mW/cm2), using ABET 150LS Xenon lamps as a source of light with AM1.5 

filter. The irradiation was calibrated with a handmade Si diode before any 

experiment. 

To convert the potentials versus Reversible Hydrogen Electrode the following 

equation was used:5 

𝐸𝑅𝐻𝐸 = 𝐸  𝐸𝑟𝑒𝑓  0.059 · 𝑝  

Where E is the potential applied and Eref  is the potential of the reference 

electrode used during the measurements vs NHE. 

Hydrogen detector 

Selective hydrogen Clark electrode (model H2-NP, Unisense) was used as a 

detector to quantify the amount of molecular hydrogen evolved from the 

(photo)electrodes. 

5.5.2 Optical Band gap determination 

Optical band gap of CZTSe/CdS/ZnO/ITO were measured using the diffuse 

reflectance UV-vis spectra of the sample. Kubelka-Munk equation (eq 1) can 

be used to extract the absorption coefficient (α) from the diffuse reflectance 

spectra:2  
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𝑓(𝑅) =
(1−𝑅)2

 𝑅
=
𝛼

𝑠
  (eq. 1) 

Where R is diffuse reflectance values at given wavelength and s is the 

scattering coefficient. 

Assuming that s is wavelength independent, we can consider that f(R) is directly 

proportional to α, and f(R) can be used in place of α to make the Tauc plot (eq 2): 

𝛼ℎ𝜈 ∝  (ℎ𝜈  𝐸𝑔)
1

𝑛  (eq. 2) 

Where Eg is band gap energy (in eV) and n can take value of ½ for the direct and 

allowed transition. 

Plotting (𝛼ℎ𝜈)  vs ℎ𝜈 (Tauc plot) 𝐸𝑔 value can be calculated extrapolating the 

linear region to the baseline (Figure S11). The values obtained using this 

method gives an Eg value of 0.96-1.3 eV for CZTSe, 2.1 eV for CdS, 2.9 eV for 

ITO and 3.4 eV for ZnO, that is in good agreement with the reported values in 

the literature.3,4 

The band gap was also estimated from EQE measurements by derivative way. 

Since most of the photons with energy higher than band gap will be absorbed 

by the absorber, EQE should show an abrupt change at the position of the band 

gap, so at that position the change rate of EQE should be the largest. Thus, 

differentiate the EQE curve and then fit the corresponding valley with Gauss 

mode in ORIGIN software to get the center position Xc, known as the inflection 

point. Finally use the following equation to calculate the Eg: 

𝐸𝑔(𝑒𝑉) =
1 39.84

𝑋𝑐
  (eq. 3) 

With a Xc=1172.81, the estimated value for Eg is 1.05 eV (see Figure S11 C). 

5.5.3 MoS2 (photo)electrodeposition 

Clean glass coated with ITO were cutted in approximated 1,25cmx1,25cm 

pieces. The electrical connection between copper wire and the electrode were 

made with solder (USS-9210 MBR electronics) using cerasolzer (Alloy #CS186 

MBR electronics). The electrical connection as well as the edges of the 

electrode were covered with non transparent epoxy resin in order to isolate it 
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from the solution. The electrode’s area were calculated using J-Image (free 

software). 

The electrochemical bath were prepared with a composition of 30mM of 

(NH4)2[MoS4] and 0.1M Na2SO4 as supporting electrolyte with MilliQ water. 

The solution was kept under Argon bubbling to prevent the formation of 

Molybdenum oxides and used as prepared. 

Galvanostatic mode were chose to electroplate cathodicaly the amorphous 

MoS2, selecting j=-7.5·10-5 A/cm2. By controlling the time of the 

electrodeposition different thickness of the catalyst layer can be obtained. In 

this work, the charge passed through the electrodes was 0.05 C/cm2 

corresponding to 200 nm of thickness approximately (confirmed by SEM, 

Figure 7). After the electrodeposition, the electrodes were cleaned with MilliQ 

water and dried under air flow. 

For the photocathodes, the same methodology were used with some 

modifications. Before making the electrical contact, the four edges of 

photoelectrode were scratched, removing the material to expose 

Molybdenum back contact (approximately 0.5-1mm of wideness). As a 

soldering material, Indium leads were used. The photoelectrochemical 

deposition conditions of the catalyst were exactly the same than ITO 

electrodes, but lighting the electrochemical cell with 2 sun irradiation (the high 

concentration of (NH4)2[MoS4] gives a strong dark red color to the solution, and 

higher intensity of light is required to allow the photoelectrodeposition).    

In the Figure S6 the E-t deposition curve is shown for some of the 

electrodes/photoelectrodes used in this work. It’s important to notice that the 

potential required to reach the selected j for the photocathodes were shifted 

anodicly around 550mV compared with ITO electrodes due the photovoltage 

generated by the semiconductor.  

5.5.4 Calculation of Faradaic Efficiency (FE) 

The FE of the CP is calculated using the following formula:5 

   𝐹𝐸 (%) =
𝑛𝐻2 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑

𝑛𝐻2 𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙
· 100     (eq. 1) 
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Where 𝑛𝐻  𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑  is the number of mols of molecular hydrogen that Clark 

Electrode have detected and 𝑛𝐻  𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙  is the number of theoretical mols of 

H2 calculated from the charge that pass through the electrode. 

Clark electrode measures partial pressure of H2 in the headspace of the 

electrochemical cell. Calibration slope is required to correlate the signal of the 

Clark Electrode and the amount of H2 contained in the headspace.  

After the CP, the cell is degased with N2 for 30 min, and different known 

amounts of H2 gas were injected in the head space using a Hamilton syringe. 

Ploting the reponse of the Clark sensor versus the hygrogen volume added is it 

possible to obatin a calibration line (Figure S9). With the slope of the 

calibration, we can convert the Clark’s values (mV) in volume of H2. Using the 

perfect gases equation, we can obtain the number of moles of hydrogen gas 

produced by the electrode and measured in the headspace: 

𝑃 · 𝑉 = 𝑛 · 𝑅 · 𝑇 

 

 

𝑛 =
𝑃 · 𝑉

𝑅 · 𝑇
 

 

(eq. 2) 
 

 

Where P is the pressure of the headspace (1atm), R is the gas constant 

(0.082
𝑎𝑡𝑚·𝐿

𝐾·𝑚𝑜𝑙
) and T the temperature (298.15K). 

To calculate the theoretical number of moles from the electrical charge 

transferred to the electrode:  

𝟐𝑯  𝟐𝒆−   𝑯𝟐 

   𝑛𝐻  𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 =
𝐶

𝐹·𝑛
    (eq. 3) 

Where C is the charge (in C) passed through the electrode, F is the faraday 

constant (96485C) and n the number of electrons involved to form one 

molecule of hydrogen (2). 
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5.5.4 Figures 

 

Figure S1.Tauc plot of Mo/CZTSe/CdS/ZnO/ITO for direct and allowed transitions. 

 

Figure S2. LSV of ITO covered with different amounts of MoS2 in pH 2. Counter electrode: Pt 

mesh. Reference electrode: SCE. Scan rate: 5mV/s. iR drop corrected at 85%. 
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Figure S3. Transmittance spectra of ITO coated with different amounts of amorphous MoS2. 

 

 

Figure S4. LSV of ITO-MoS2 in different pHs. Scan rate 5mV/s. 
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Figure S5. Left) CP of ITO-MoS2 in pH 2 under stirring conditions. Right) LSV before and after 

11h of CP in pH 2. iR drop corrected at 85%. 

 

  

Figure S6. SEM images of ITO-MoS2 (Top view) with different magnification. 

 

 

Figure S7. SEM images of the most damaged areas of ITO-MoS2 after 5h of CP, suggesting 

hydrogen bubbles as responsible for the peeling of the MoS2 layers. 
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Figure S8. SEM images of non-damaged areas of ITO-MoS2 after 1h of CP (A and B) and after 

10h (C and D).  

 

 

 
Figure S9. E-t curve (photo)electrodeposition of MoS2 on ITO and Mo/CZTSe/CdS/ZnO/ITO 

(photo)cathodes. Dashed gray line indicates redox potential for HER at pH 4.5 

(electrodeposition conditions). 
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Figure S10. 1st LSV of CZTSe-MoS2 in pH 2. Counter electrode: Pt mesh. Reference electrode: 

SCE. Scan Rate: 5mV/s. Stirring Conditions. iR drop corrected at 85%. 

 

 

  

Figure S11. Left) Photovoltaic J-V curve of Mo/CZTSe/CdS/ZnO/ITO device used in this work. 

Right) First derivative of EQE of Mo/CZTSe/CdS/ZnO/ITO used to estimate Eg. 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
MOLECULAR PHOCATODES AND PHOTOANODES FOR LIGHT DRIVEN WATER SPLITTING 
Sergi Grau Abarca 
 



 Photocathodes based on Cu2ZnSnSe4 for HER  

218 

 

Figure S12. Calibration slope for calculating the FE of the CP experiments in a two-

compartment (photo)electrochemical cell for the ITO-MoS2 electrodes related to CP in Figure 

3 of the main manuscript (Left) and CZTSe-MoS2 photoelectrodes related to CP in Figure 7 of 

the main manuscript (Right). 

 

 

Figure S13. Polarization curve of CZTSe-MoS2 (red line) and the same photocathode after 5h 

soaked in pH 2 (dashed black line). 
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Table S 1. Relevant work on photocathodes using CZTS/Se as absorber, CIS/CIGS and 

photocathodes with MoS2 as HER electrocatalyst. 
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Chapter 

6 

A hybrid molecular 

photoanode for efficient 

light-induced water 

oxidation 

The catalytic activity towards water oxidation of a heterostructured WO3/BiVO4 
based photoanode has been carried out by the addition of a carbon nanotube fiber 
decorated with the state-of-the-art molecular catalysts for water oxidation, 
increasing the photocurrent at low potentials where the bare m aterial can not 
oxidaze water at all. The photoelectrochemical experiment probed that the 
molecular catalyst is producing oxygen from water. A detailed EIS study of the 
photoanode has been done, providing a valuable information to rationalize the 
electrical properties that affect the photoelectrochemical performance.   
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Abstract 

A hybrid photoanode, made of a multilayered heterostructured WO3/BiVO4 

semiconductor and a molecular water oxidation catalyst Ru(tda)(py-pyr)2 (Ru-

WOC, where tda is [2,2’:6’,2’’-terpyridine]-6,6’’-dicarboxylato and py-pyr is 4-

(pyren-1-yl)-N-(pyridin-4-ylmethyl)butanamide), is described. Both elements 

are linked by a highly conductive carbon nanotubes fibre film (CNTf), which 

acts as charge transfer and anchoring platform, where the catalyst is attached 

through π-π stacking interactions. Photoelectrochemical characterization of 

the resulting electrodes shows that the full photoanode 

WO3/BiVO4/CNTf/Ru-WOC outperforms the bare WO3/BiVO4 electrode at a 

potential range of 0.3 V to 0.8 V vs NHE at pH 7, with current densities 

enhanced by 0.05 to 0.29 mA/cm2. Bulk electrolysis experiments and oxygen 

gas measurements prove that the enhanced photocurrent is due to the 

catalytic water oxidation reaction. Detailed electrochemical impedance 

spectroscopy (EIS) analysis is used to investigate the role of the multiple layers 

involved in the process. The CNTf/Ru-WOC interface is responsible of 

increasing charge accumulation and also reducing recombination phenomena. 

On one hand, the CNTf is able to hold the charge coming from the light 

absorbed by the WO3/BiVO4 semiconductor, as shown by the high capacitive 
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values observed for a WO3/BiVO4/CNTf electrode in the whole range of 

studied potentials (0.15-0.85 V vs NHE). On the other hand, the Ru-WOC 

transfers the charge to the solution by performing fast water oxidation 

catalysis. This is supported by the low resistivity shown by the full 

WO3/BiVO4/CNTf/Ru-WOC electrode at low potentials (E < 0.5 V vs NHE). The 

robustness and high catalytic rate of the Ru-WOC ensures the proper 

performance of the hybrid photoelectrode device. The latter is particularly 

important as it opens an avenue of opportunities to improve the performance 

of photoanodes for the water oxidation reaction based on the easy 

modification of ligands of the molecular catalyst to tune its structural, 

electronic and catalytic properties. This is a unique advantage with regard to 

the commonly used catalysts based on metal oxide or oxy(hydroxides), with 

limited tunability. 

Contributions: 

Sergi Grau Abarca carried out the electrochemical, photoelectrochemical and 

UV-vis spectroscopic experiments, as well as the preparation of the molecular 

photoanode with the fuctionalized CNTf with Ru-WOC. 

 

6.1 Introduction 

The conversion of solar energy is on the focus of worldwide scientific research 

with the aim to turn into a more sustainable energy management of our society. 

While photovoltaic (PV) and solar thermal technologies are a reality with solar 

panels generating part of global energy production, the conversion of solar 

energy into clean fuels is still in a laboratory-scale stage.1 The latter strategy 

offers a solution to the mismatch between sunlight intermittence and energy 

needs by converting the sunlight energy into storable chemical bonds. One of 

the reasons that hinders the implementation of such technology is the 

difficulty to find an efficient light absorbing material coupled to active 

electrocatalysts, either connected through wires in a typical 

PV-electrochemical (PV-EC) configuration or via semiconductor-electrolyte 

interfaces.1-3 The system needs to effectively absorb light and produce long 

lived separated charges to facilitate fast electron and hole transfer to catalysts 
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in order to drive the desired chemical reactions. In this regard, the water 

oxidation reaction is one of the limiting process within such a complex system 

due to high demands needed for efficient catalysts, namely, a high 

thermodynamic potential and large kinetic complexity. Indeed the latter 

complexity is a consequence of the need to transfer four electrons and four 

protons from two water molecules together with the generation of an O-O 

bond (Figure 1).4-6 For this reason, great efforts are devoted nowadays to the 

field of solar-to-fuel conversion, specifically to find highly performant 

electroanodes and photoanodes for the water oxidation reaction.2,7-9 

Tungsten oxide (WO3) and bismuth vanadate (BiVO4) are two promising 

semiconductor materials with suitable band gap and valence band positon to 

carry out photoinduced water oxidation.7,8 In particular, BiVO4 has shown 

excellent photocurrent densities at potentials close to and even lower than the 

thermodynamic value. However, the performances of BiVO4 photoanodes are 

still far from its theoretical maximum capacities.7,8 This problem is associated 

with the slow charge carrier mobility as well as slow kinetics of the water 

oxidation reaction at the surface of the electrode. Four main strategies have 

been used to overcome these unfavorable phenomena: i) doping with metallic 

elements (particularly good results obtained with W and Mo),10 ii) tuning 

morphology and nanostructure of the material,10-12 iii) formation of 

heterojunctions with other semiconductors (e.g. WO3)13,14 or conductive 

materials (e.g. graphene)7,15 and iv) modifying the surface of the 

photoelectrode with suitable water oxidation catalysts (metal oxides or 

oxy(hydroxides)).16,17 While the first three strategies (i-iii) are designed to 

enhance charge carrier mobility, charge separation and/or avoid 

recombination, the latter strategy (iv) is mainly addressed to reduce the high 

kinetic barrier associated with the water oxidation reaction. Interestingly, 

recent works point to the poor effect of metal oxide derivatives as water 

oxidation catalysts.17,18  Instead, they attribute the enhancement of the 

photocurrent densities to higher charge separation efficiency obtained with 

the presence of the metallic oxide deposited on the surface of the 

photoanode.17,18 These observations are in agreement with the intrinsic 

limited catalytic activity of metal oxides such as cobalt oxide that competes 

with the catalysis by the BiVO4 itself. In contrast to metal oxide catalysts, 

molecular water oxidation catalysts (WOC) have experienced a tremendous 
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improvement in catalytic rates, achieving maximum turnover frequencies that 

are three to four orders of magnitude higher than the best water oxidation 

catalysts based on oxides. Indeed, molecular water oxidation catalysts 

outperform the naturally occurring Oxygen Evolving Complex in Photosystem 

II, responsible for oxygen release in the natural photosynthetic process in 

plants, by two orders of magnitude.5,6,19 More recently, strategies to anchor 

these molecular catalysts on electrode surfaces have been developed, 

maintaining the high catalytic activity observed in homogeneous conditions 

and in some cases even increasing their performance.20-22  

In this work, we couple a WO3/BiVO4 photoanode with a highly active 

molecular WOC with the aim of enhancing the kinetics of the chemical 

reaction, minimizing recombination and oxide degradation, and thus improving 

the overall performance of the photoelectrode. A carbon nanotube fibre 

interlayer film between the photoactive material and the catalyst is used as 

highly conductive platform that facilitates the anchoring of the functionalized 

molecular WOC and allows fast charge transfer between the two key 

components (semiconductor and catalyst) of the photoelectrode (Figure 1). 

 

 

Figure 1. Hybrid photoanode design studied in this work. WO3(C) = compact tungsten oxide 

film, WO3= mesoporous tungsten oxide layer, Ru-WOC = molecular ruthenium water 

oxidation catalyst with pyrene groups in red and dangling carboxylate group in blue, WNA 

= water nucleophilic attack, E(cat) = oxidation potential of catalyst to give the Ru(V)-oxo 

active species, E(H2O/O2) = thermodynamic potential of water oxidation at pH 7. 
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6.2 Results 

6.2.1 Fabrication of the hybrid photoanode  

The multilayer architecture of the WO3/BiVO4 photoactive material used in 

this study is shown in Figure 1. It is made of three well defined layers, namely, 

a compact thin film of tungsten oxide (WO3(C)), a mesoporous layer of the same 

material (WO3(P))23 and a top layer of porous BiVO4.16 The inner compact layer 

of WO3(C) is essential for isolating the back FTO contact from the electrolyte 

solution, avoiding dark currents associated with shunt phenomena. This effect 

is clearly seen in Figure S5, which shows that in the absence of light the  

electrode WO3(C)/WO3(P)/BiVO4 does not show any current in the whole 

potential range while the electrode that lacks the WO3 compact underlayer 

(WO3(P)/BiVO4) shows significant dark currents from 0.75 V vs NHE. On the 

other hand, the heterostructured WO3/BiVO4 porous material has shown 

improved performance as compared to bare BiVO4 photoanodes.13,14 This 

improvement is attributed to the good band alignment and synergistic effects 

between the two semiconductors, leading to higher charge separation 

efficiencies.14 Detailed structural, electrochemical and optical 

characterization of the photoanodes used in this work is given in Figures S1-S5 

in the supporting information.  

The water oxidation catalyst, Ru-WOC in Figure 1, was selected for its high 

activity both in homogeneous and in heterogeneous conditions.19,20,22 This 

catalyst is known to operate via an electrophilic Ru(V)-oxo species that suffers 

a water nucleophilic attack (WNA) by a water molecule forming an 

hydroperoxo key derivative with a newly formed O-O bond. The high catalytic 

rate that characterizes this catalyst is attributed to the role of the dangling 

carboxylate group assisting the O-O bond formation step (Figure 1, blue 

moiety of the Ru-WOC complex).24 Several reports describe the direct 

attachment of molecular catalysts on semiconducting materials, usually by 

using phosphonates or carboxylate groups.25,26,27 In the present case, when the 

Ru-WOC is attached to the WO3/BiVO4 photoanode, no improvement of the 

performance of the electrode is observed. This result is due to deactivation of 

the dangling carboxylate group, which interacts directly with the metal oxide 

hindering its proper activation.27 This can be avoided by using a conductive 
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support that isolates the catalyst from the photoelectrode surface. The 

support should guarantee fast charge transfer from the semiconductor to the 

catalyst, while maintaining the ruthenium catalytic centre unaltered. In this 

regard, carbon nanostructures such as graphene, single or multiwalled carbon 

nanotubes are good candidates for their unique properties including high 

surface area, high thermal and electrical conductivity as well as chemical 

inertness. In particular, carbon nanotube fibres (CNTf) are excellent 

conductive platforms. They are macroscopic arrays of CNTs combining surface 

area around 250 m2/g, electrical conductivity of 3.5 x 105 S/m, high 

electrochemical stability28 and the possibility to produce them in a 

kilometer/day scale,29 for example as free-form electrodes. In this direction, 

the hybrid molecular photoanode device is prepared following a new strategy; 

an approximately 1 × 1 cm2 of WO3/BiVO4 photoanode is covered with an 

approximately 0.9 × 0.9 cm2 of a CNTf film with a thickness of around 5µm, 

estimated based on fibre linear density, winding rate and spinning time.29 Next, 

the resulting WO3/BiVO4/CNTf is soaked in a 1mM methanolic solution of the 

Ru-WOC precursor overnight to allow for the chemical attachment of the 

ruthenium complex on the surface of the electrode via π-π interactions of the 

pyrene groups of the complex and the graphitic structure of the CNTf (Figure 

1). After this treatment, the electrodes are rinsed with clean methanol to make 

sure that excess of the homogeneous catalyst is removed and carefully dried 

with an air flow. In order to estimate the loading of the catalyst on the surface 

of the electrode, analogous experiments with non-photoactive ITO/CNTf 

electrodes were done. Analysis of the current underneath the Ru(III/II) wave in 

the cyclic voltammetry (CV) of the resulting ITO/CNTf/Ru-WOC electrodes 

allow us to calculate the amount of catalyst precursor on the CNTf film, giving 

values up to 𝛤 = 15 nmol/cm2, comparable to those observed in previous 

studies that used multiwalled carbon nanotubes (Figure S9).20,22 This confirms 

that the free-standing format and high surface area of CNTf makes them an 

attractive conducting support in heterogeneous catalysis. 
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6.2.3 Photoelectrochemical performance  

The photoelectrochemical performance of the photoanodes was tested in a 

typical one-compartment three-electrodes photoelectrochemical cell, as 

described in detail in the supporting information. The CNTf are extremely black 

layers that completely block incoming light, therefore all the 

photoelectrochemical results presented in this study are based on back 

illumination of the photoelectrodes. The photoelectrochemical behaviour of 

the bare WO3/BiVO4 photoanodes improves over consecutive linear sweep 

voltammetry (LSV) experiments as shown in Figure S8. Thus, all electrodes 

were exposed to an electrochemical pre-treatment until a constant 

photocurrent response was achieved previous to any modification (usually 3-5 

LSV cycles). 

 

Figure 2. IR drop compensated chopped light LSV (5 mV/s) of different photoanodes in pH 

7 phosphate buffer. WO3/BiVO4 (red), WO3/BiVO4/CNTf (black) and 

WO3/BiVO4/CNTf/Ru-WOC (blue). 

 

Figure 2 shows the chopped light LSV performance of a WO3/BiVO4 

photoanode and that of a WO3/BiVO4/CNTf analogue in pH 7 buffered 

solution, showing a significant decrease of the photocurrent when the CNTf is 
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present (compare red and black traces). This result is in agreement with the 

CNTf film blocking the BiVO4 active centres responsible for the water 

oxidation catalysis. Thus, while the CNTf film is highly conductive, it is unable 

to perform the chemical reaction, in other words it does not act as water 

oxidation catalysts under these conditions. On the other hand, the presence of 

the Ru-WOC on the surface of the electrode significantly improves the 

performance of the photocurrent, particularly in the range of 0.3 V to 0.8 V vs 

NHE (compare blue trace with black and red traces in Figure 2). The 

improvement goes from 0.05 mA/cm2 at 0.3 V up to 0.29 mA/cm2 at 0.7 V vs 

NHE. In order to make sure that this enhancement is due to the catalyst and 

not to the methanolic solution treatment during catalyst deposition, we did 

analogous blank tests. Specifically, WO3/BiVO4/CNTf electrodes were soaked 

in clean methanol overnight and subsequently dried. The resulting treated 

electrodes did not show a significant improvement of the performance, 

confirming that the increased photocurrent observed in Figure 2 is due to the 

presence of the catalyst (Figure S10). 

Bulk electrolysis experiments show that the full electrode 

WO3/BiVO4/CNTf/Ru-WOC outperforms the bare WO3/BiVO4 electrode 

(Figure 3, blue and red traces, respectively). We attribute this photocurrent 

enhancement to the higher catalytic activity of Ru-WOC compared to BiVO4. 

The integrity of the molecular water oxidation catalyst after bulk electrolysis 

experiments was tested by carefully removing the CNTf/Ru-WOC film from 

the surface of the WO3/BiVO4 electrode and placing it on a clean ITO 

electrode. As depicted in Figure S9, the fingerprint of the ruthenium complex 

is still intact on the film. 
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Figure 3. Bulk electrolysis experiment at applied potential Eapp = 0.645 vs NHE in pH 7 

phosphate buffer, IR drop was not compensated. WO3/BiVO4  (red), WO3/BiVO4/CNTf 

(black) and WO3/BiVO4/CNTf/Ru-WOC (blue). 

 

 

Oxygen detection experiments were done to prove that the enhanced 

photocurrent obtained with the WO3/BiVO4/CNTf/Ru-WOC electrode is due 

to water oxidation catalysis. An adapted Generator-Collector device was used, 

which is inspired by previously reported procedures that have been built for 

related photoelectrochemical systems (Figure 4 and Figures S11-S13 in the 

supporting information).30,31 In particular, a slow scan rate LSV on the desired 

photoelectrode (Generator) is performed while a controlled potential 

electrolysis in a closely positioned FTO electrode (Collector) is simultaneously 

run. In the Collector electrode, the generated oxygen is reduced after diffusion 

through the solution from the Generator electrode. Thus, the current observed 

in the controlled potential electrolysis experiment is a measure of the evolved 

gas due to the water oxidation reaction on the photoelectrode. This method 

allows us to measure the oxygen gas in situ and to control at what potential the 

chemical reactions starts. As shown in Figure 4 and Figure S12, the oxygen 

evolution reaction for the full hybrid electrode WO3/BiVO4/CNTf/Ru-WOC 

starts at a potential 140 mV lower than that of the bare electrode WO3/BiVO4 
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(ca. 0.41 V for the former and 0.55 V for the latter). The faradaic efficiency 

calculated for these experiments are 94% for WO3/BiVO4/CNTf/Ru-WOC and 

97% for WO3/BiVO4 (Figure S13). The delay in detecting the oxygen is 

attributed to the diffusion process of the oxygen gas from the generator 

electrode to the collector electrode (0.3 V from LSV in Figure 2 vs 0.41 V from 

G-C method in Figure 4 and Figure S12). 

 

 

Figure 4. Oxygen gas detection experiments using an adapted Generator-Collector method 

performed in pH 7. 30,31 Solid lines correspond to LSV (5 mV/s) performed on the 

photoanode electrode (Generator). The dotted lines correspond to the in situ current 

observed on the Collector electrode due to O2 reduction (Controlled Potential Electrolysis 

at Eapp = -0.355 V vs NHE, see details in the supporting information). WO3/BiVO4 in the 

dark (black), WO3/BiVO4 under 1 sun illumination (red), WO3/BiVO4/CNTf/Ru-WOC in 

the dark (grey) and WO3/BiVO4/CNTf/Ru-WOC under 1 sun illumination (blue). 
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6.2.4 Electrochemical impedance spectroscopy analysis 

In order to get further insights into the role of the different interfaces involved 

in the photocurrent generation, electrochemical impedance spectroscopy (EIS) 

experiments under illumination and different applied biases were carried out. 

The results have been fitted using a circuital model adapted from reported 

works (Figure 5A).14,32,33 Briefly, it consists of a serial resistance of the 

electrochemical cell (R1), in series with a R2-CPE2 mesh and an extended 

element (TL). The latter is commonly used to represent the transmission line of 

mesoporous films (WO3/BiVO4 in our case), through which the 

photogenerated carriers travel overcoming the transport resistance (Rtr) 

between the fused nanoparticles. The approximation of a negligible 

capacitance contribution between the particles is generally used. 

Furthermore, the model includes a resistive contribution (Rct) due to the 

charge carrier recombination (which eventually influences the charge transfer 

to the electrolyte), as well as a capacitive contribution accounting for the 

accumulation of photogenerated charges in the film (CPEfilm). On the other 

hand, the R2-CPE2 mesh has been introduced to take into account the 

FTO/WO3 interface or the CNTf/electrolyte interface when the CNTf are 

present. 
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Figure 5. A) Equivalent circuit used to fit the EIS data of the photoanodes. B) complex plane 

Nyquist plots for the different electrodes measured under 1 sun illumination in pH 7 

phosphate buffer at 0.440 V vs NHE. The corresponding fits are also reported as thick solid 

lines. C, logRct vs potential. Legend code: WO3/BiVO4 (red), WO3/BiVO4/CNTf (black) and 

WO3/BiVO4/CNTf/Ru-WOC (blue). 
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The experimental Nyquist plots of the different photoanodes, together with 

the corresponding fittings, are reported in Figure 5B and Figure S14, 

evidencing the good agreement provided by the selected circuital model. The 

major contribution of the total resistance is given by Rct, which follows the 

same dependence from the applied bias of the inverse of the differential 

resistance (Figure S15). The exact values, obtained for the different resistive 

and capacitive contributions, are reported in Table S1 and Table S2, 

respectively.  

In the model, Rct represents the recombination through the nanostructured 

film, and therefore its contribution is expected to decrease for systems that 

can effectively transfer charge to the electrolyte and perform fast water 

oxidation catalysis. Figure 5C reports the bias dependence of the logarithm of 

Rct and gives a quantification of this recombination phenomenon. The presence 

of the Ru-WOC coupled to the CNTf reduces the Rct value of the corresponding 

photoanode by ca. three times in the whole range of potential (compare blue 

and black traces). The charge transfer rate to the aqueous electrolyte is indeed 

expected to be lower for the WO3/BiVO4/CNTf electrodes without the 

molecular catalyst, due to the hydrophobicity of the CNTf layer and the 

blockage of the active catalytic sites of BiVO4. On the other hand, with regard 

to the bare WO3/BiVO4 electrode, the enhancement of the charge transfer by 

the Ru-WOC is only improved at low potentials, as evidenced by the crossing 

point of the blue and red traces in Figure 5C. Furthermore, it is worth noting 

that the WO3/BiVO4 electrode shows a bell-shaped behaviour (red trace in 

Figure 5C) with a minimum around 0.69 V vs NHE, i.e. at the inflection point of 

the LSV curve of the photoelectrode (Figure S14). With regard to other 

resistive contributions, the resistance that we associate with the inert 

FTO/WO3 interface for bare WO3/BiVO4 is < 15 Ω and it is substantially 

independent on the applied bias, as expected when the interface is not directly 

involved in the photocurrent generation mechanism.14 On the other hand, for 

the WO3/BiVO4/CNTf electrodes, the R2 values are much higher (in the range 

of 330-625 Ω), as well as bias-dependent. Thus, in this case, the R2-CPE2 mesh 

has been assigned to the CNTf/electrolyte interface, whose higher resistive 

contribution covers the one due to the FTO/WO3 interface, that was 

considered in the first place. This characteristic can be seen in the Nyquist 

plots, resulting in an additional arc for the WO3/BiVO4/CNTf electrode (Figure 
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5B, black trace). When the latter is coupled with the Ru-WOC, the R2 values 

(assigned by analogy to the functionalized CNTf/electrolyte interface decrease 

by at least one order of magnitude (< 25Ω) with respect to the non-catalytic 

WO3/BiVO4/CNTf, as expected from the improved surface kinetics in the 

presence of the catalyst, which also induces wetting of the porous CNTf layer. 

Furthermore, the R2 values are bias dependent for WO3/BiVO4/CNTf/Ru-

WOC, with a minimum at 0.64 V vs NHE, close to the inflection point of the LSV 

curve (Figure S14 and S15E). More information on the nanofibres/electrolyte 

interface can be extracted from the capacitance values given by CPE2, which 

follows a similar potential dependence for both WO3/BiVO4/CNTf and 

WO3/BiVO4/CNTf/Ru-WOC (Figure S16). These results support the 

hypothesis of reduced electron recombination with surface trapped holes (that 

may translate into WO3/BiVO4 defects, oxidized CNTf or oxidized catalyst) as 

the potential increases. 

In the case of the WO3/BiVO4 electrodes, the logarithm of the capacitance 

associated to the charge accumulation in the film (CPEfilm) displays a linear 

dependence on the applied bias, as soon as the surface states have been 

emptied by the voltage, at approximately 0.54 V vs NHE (Figure S17). This 

behaviour is typical of a chemical capacitor, as expected for this kind of 

electrodes.34 A higher CPEfilm value has been observed for 

WO3/BiVO4/CNTf/Ru-WOC photoanodes, confirming that in the presence of 

the catalyst a higher charge can be accumulated and then transported to the 

electrolyte. It is worth noting that the higher CPEfilm values for 

WO3/BiVO4/CNTf/Ru-WOC correspond to lower Rct values in the 0.15-0.50 V 

vs NHE range, i.e. where the photocurrent response is anticipated with respect 

to the bare WO3/BiVO4 electrode (compare red and blue traces in Figure 5C 

and Figure S17). Furthermore, we observe that CPEfilm follows same bias 

dependence for WO3/BiVO4/CNTf/Ru-WOC and WO3/BiVO4 electrodes at 

high potentials (> 0.59 V vs NHE), while for lower values it results essentially 

constant, as also observed in the case of WO3/BiVO4/CNTf. The higher CPEfilm 

values obtained in the latter case suggest a significant charge accumulation on 

the CNTf layer (or on BiVO4 states covered by CNTf), which can be followed by 

a good charge transfer to the electrolyte only when the WOC is coupled to 

them. 
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6.3 Discussion 

 

Figure 1 shows the potential values required to oxidize the molecular catalyst 

attached on the surface of the WO3/BiVO4/CNTf/Ru-WOC photoanode and 

generate the Ru(V)=O active species (E(RuV/IV) = 1.3V vs NHE). This potential 

should be easily overcome by the oxidative power of the low BiVO4 valence 

band upon illumination (EVB, pH 7 = 2.2-2.4 V vs NHE).35 Once the Ru(V)=O 

species is formed, the water oxidation catalytic process is triggered and occurs 

at a maximum rate of almost 8000 cycles per second. 19,20 Thus, upon 

illumination, the electrode WO3/BiVO4/CNTf/Ru-WOC should be able to 

perform oxygen evolution catalysis. Figure 2 proves that indeed the 

WO3/BiVO4/CNTf/Ru-WOC shows enhanced photocurrent at potentials 

lower than the WO3/BiVO4 and WO3/BiVO4/CNTf electrodes (compare blue 

with red and black traces). Bulk electrolysis and oxygen measurement 

experiments confirmed that the enhanced photocurrent is sustained over 

several minutes and that the current is due to oxygen gas formation (Figure 3 

and 4). More importantly, the oxygen gas is detected at approximately 0.41 V 

vs NHE using the catalyst modified electrode WO3/BiVO4/CNTf/Ru-WOC, 140 

mV before the bare photoanode WO3/BiVO4 (Figure 4 and Figure S12) with 

faradaic efficiencies close to 100%. These results not only prove that the Ru-

WOC performs the reaction but also, that the charge is efficiently transferred 

all the way through the multilayered architecture of the photoanode, i.e., from 

the inner semiconductor, to the CNT fibres and finally to the catalyst. In this 

regard, the CNT fibres form an effective and stable interlayer with excellent 

charge transfer abilities. In addition, their work function above the conduction 

band of BiVO4 might contribute to charge separation by preventing 

recombination phenomena.36 Also, the CNTf layer constitute an excellent 

platform for the easy anchoring of molecular catalysts. 

EIS analysis allowed us to differentiate two potential ranges in which the 

CNTf/Ru-WOC interface have distinct influence on the overall catalytic 

performance. At high potentials, although the charge accumulation capacity of 

the complete photoanode WO3/BiVO4/CNTf/Ru-WOC is higher than that of 

simple WO3/BiVO4, the recombination is also higher, resulting in similar 

performance (Figures 5C and Figure S17, E > 0.5 V vs NHE). At this potential 
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range, the water oxidation catalysis by the Ru-WOC starts competing with the 

catalysis by the BiVO4 active centres of the bare WO3/BiVO4 electrode, that 

are available in higher quantities in the absence of carbon nanotube fibres. On 

the other hand, at low potentials the full electrode WO3/BiVO4/CNTf/Ru-

WOC outperforms the WO3/BiVO4 photoanode, as a result of higher charge 

accumulation capacity and lower recombination phenomena (Figure 5C and 

Figure S17, E < 0.5 V vs NHE). This is particularly remarkable at the 0.3-0.5 V vs 

NHE range where the WO3/BiVO4 photoanode has practically no activity 

(Figure 1). This is a consequence of the high kinetic barrier of the water 

oxidation catalysis at BiVO4 catalytic centres, which require higher potential 

to perform the reaction and avoid recombination phenomena. In sharp 

contrast, the specially designed Ru-WOC is able to perform the catalytic 

reaction at a potential as low as 0.3 V vs NHE, that is, ca. 300 mV higher than 

the semiconductor capacities (E = -0.05 V vs NHE, Figures S5). This value is 

close to those obtained for the best BiVO4 based photoanodes described to 

date with onset potentials for the water oxidation catalysis in the range 

of -0.2 V to 0.2 V vs NHE.7,8,11,12,17,18,37,38,39 Among them, the best performing 

examples contain metal oxides (ruthenium, iron, cobalt or nickel) as water 

oxidation catalyst on the surface of the photoelectrode.11,12,17,18,37,38,39 Only 

limited examples of photoanodes modified with molecular catalysts have been 

reported with less efficiency than that of the photoanode 

WO3/BiVO4/CNTf/Ru-WOC reported in this work.40,41,42 Importantly, the 

photoelectrode reported here can perform the reaction 510 mV below the 

thermodynamic potential of the water oxidation reaction at pH 7, allowing for 

the overlap with state of the art photocathodes for the overall unassisted 

water splitting reaction.37,39 This work highlights the promising role of robust 

and fast true molecular water oxidation catalysts on enhancing photoanode 

performance. 
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6.4 Summary and conclusions 

 

The preparation of a multilayer heterostructured WO3/BiVO4 photoanode 

containing two layers of WO3 (compact and mesoporous) and a porous BiVO4 

film is described. The resulting photoactive material is covered by a highly 

conductive carbon nanotube fibre (CNTf) that is able to accumulate charge but 

unable to perform the water oxidation reaction. Finally, the surface of the CNTf 

is functionalized with a molecular catalyst precursor (Ru-WOC) modified with 

pyrene groups forming π-π stacking bonds. The Ru-WOC takes the charge 

accumulated on the CNTf and rapidly transfers it to the solution by performing 

the water oxidation reaction. The system works at low potentials, where the 

bare WO3/BiVO4 is not active at all for the oxygen evolution reaction. 

However, at high potentials, the beneficial influence of the CNTf/Ru-WOC 

interfaces is not sufficient to overcome the good performance of the bare 

WO3/BiVO4. All these results have been rationalized by means of EIS 

experiments that prove the advantage of using a highly active molecular 

catalyst to trigger the water oxidation reaction all the way down to 510 mV 

below the thermodynamic potential of the reaction. Further improvements on 

the current molecular based photoanode can be focused on increasing the 

catalyst loading that should lead to enhanced current density at low potentials. 
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6.6 Supporting information 

6.6.1 Materials and Methods 

Reagents 

Buffer solutions were prepared with Na2HPO4, NaH2PO4 from Sigma-Aldrich. 

Metallic W (99.95%, Alfa Aesar), hydrogen peroxide (30%, Honeywell Fluka) 

and Triton X-100 (Fluka) were used as received. The molecular ruthenium 

precursor of Ru-WOC was prepared following a described procedure in the 

literature.1 ITO substrates were purchased from Delta Tech (Corning® 

alkaline earth boroaluminosilicate glass, 50 x 75 x 1.1 mm, indium tin oxide 

coated on surface, Rs = 4 - 10 sq), FTO substrates were purchased from 

Pilkington (FTO TEC 8, 8 sq). 

Atomic force microscopy (AFM) images were collected using a Digital 

Instruments Nanoscope III scanning probe Microscope (Digital Instruments, 

CA). The instrument was equipped with a silicon tip (RTESP-300 Bruker) and 

operated in tapping mode. Surface topographical analysis of raw AFM images 

was carried out with NanoScope analysis 1.5 program. 

Scanning Electron Microscopy (SEM) images were obtained using a Zeiss Evo 

40 electron microscope. 

X-ray Diffractometry (XRD) analysis was carried out with an automatic Philips 

X’pert θ/2θ diffractometer using Cu KR radiation (λ  = 1.5416 Å). 

UV-Vis measurements were carried out on a Lambda 1050 PerkinElmer 

spectrophotometer equipped with a PMT, InGaAs and PbS detectors system, 

double beam optics, double monochromator and D2 and W light sources. 

Diffuse reflectance measurements were carried out in the same equip using 

150mm Integrating Sphere with PbS and PMT detectors. 

Electrochemical equipment 

Cyclic voltammetry (CV), linear sweep voltammetry (LSV) and bulk electrolysis 

(BE)) were measured using a CHI660D potentiostat or CHI730D 

bipotentiostat.  
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The oxygen evolution experiments based on the Generator-Collector method 

were done using a CHI730D bipotentiostat.  

Electrochemical Impedance Spectroscopy (EIS) analyses were performed 

using a PGSTAT-302N potentiostat, equipped with a FRA2.v10 frequency 

response analyzer and controlled by Nova 1.10. An Abet solar simulator, 

equipped with an AM1.5G filter and calibrated to 0.1 W/cm2 using a Newport 

1918-C Power Meter, was used as the illumination source. The illuminated 

photoanodes were sampled in the selected potential ranges (0.14-0.94 V vs 

NHE) at 50 or 100 mV intervals. A 10 mV amplitude sinusoidal perturbation, 

whose angular frequency  ranged between 50000 and 0.05 Hz, was used 

(single-sine frequency scan mode for  > 2.6 kHz and 5-sine frequency scan 

mode for  < 2.6 kHz). The EIS data were fitted by means of the equivalent 

circuit reported in Figure S13 using the ZView software with typical relative 

errors lower than 10%. 

 

6.6.2. Preparation of WO3/BiVO4 photoanodes 

0.46 g of metallic W were added to 5 mL of 30% H2O2 and stirred until the 

dissolution was completed. 2 drops of Triton-X were then added, and the 

resulting solution was spin coated (at 1000 rpm for 9 s, then at 2000 rpm for 

20 s) on the top of cleaned FTO slides. Three spin coating cycles were 

performed, each one followed by an annealing step at 550°C for 15 min. The 

AFM characterization of the resulting electrodes confirms the compact nature 

of the so-deposited WO3 film (Figure S1). Mesoporous WO3 was then formed 

on the top of the WO3 compact underlayer, by spin-coating a colloidal 

precursor (prepared following literature procedures)2 at 600 rpm for 6 s, then 

at 2000 rpm for 20 s.  Six spin coating cycles were performed, each one 

followed by an annealing step at 550°C for 30 min. Finally, BiVO4 was 

electrodeposited on the top of the so-produced electrodes, following an 

adapted literature procedure.3 Figures S2-S5 summarize the optical, 

electrochemical, structural and morphological characterization of the full 

WO3(C)/WO3(P)/BiVO4 photoelectrode.  
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Figure S1. AFM images of the WO3 compact underlayer deposited on FTO. 
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Figure S2. SEM image of a WO3(C)/WO3(P)/BiVO4 photoelectrode evidencing the WO3 

particles (with diameters of 50-70 nm) homogeneously covered by BiVO4 

 

 

 

Figure S3. Grazing incidence XRD difractogram of WO3(C)/WO3(P)/BiVO4 photoelectrode. 

Red triangles: WO3; grey stars: BiVO4; green circles: FTO. 
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6.6.3. Band Gap measurements 

In order to determine the optical band gap of WO3/BiVO4 the diffuse 

reflectance UV-vis spectra were measured. Kubelka-Munk equation (eq 1) can 

be used to extract the absorption coefficient (α) from the diffuse reflectance 

spectra:4 

𝑓(𝑅) =
(1−𝑅)2

 𝑅
=
𝛼

𝑠
  (eq 1) 

Where R is diffuse reflectance values at given wavelength and s is the 

scattering coefficient. 

Assuming that s is wavelength independent, we can consider that f(R) is directly 

proportional to α, and f(R) can be used in place of α to make the Tauc plot (eq 2): 

𝛼ℎ𝜈 ∝  (ℎ𝜈  𝐸𝑔)
1

𝑛  (eq 2) 

Where Eg is band gap energy (in eV) and n can take value of ½ for the direct and 

allowed transition. 

Plotting (𝛼ℎ𝜈)  vs ℎ𝜈 (Tauc plot) 𝐸𝑔 value can be calculated extrapolating the 

linear region to the baseline (Fig S4). The value obtained using this method 

gives an Eg value of 2.6 eV that is in good agreement with the reported values 

for BiVO4 thin films (2.5-2.6 eV). 5 

 
Figure S4. Tauc plot and corresponding fitting.  
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Figure S5. Chopped light LSV of a WO3(C)/WO3(P)/BiVO4 electrode in the presence of a 

sacrificial agent (0.1 M Na2SO3 at pH 7), scan rate = 10 mV/s. The onset of the transient 

photocurrent (at ca. -0.05 V vs NHE) gives an estimation of the conduction band position. 

The dark current  is negligible in all the explored potential range, supporting the efficiency 

of the  WO3 compact underlayer. 

 

6.6.4. Fabrication of carbon nanotube fibers (CNTf)  

The CNT fiber layer consisted of a thin planar array of multiple CNT fibers 

overlaid as a non-woven unidirectional fabric. The CNT fibres were produced 

by directly spinning of a CNT aerogel from the gas-phase during CNT growth 

by chemical vapour deposition at 1250°C.6 Butanol, ferrocene, thiophene and 

hydrogen were used as carbon source, catalyst promoter and carrier gas, 

respectively. Their concentration was fixed to produce CNTs of few layers (3-

5) length of around a millimeter. In the fiber, the CNTs are strongly associated 

in bundles that  thus enable swift stress and charge transfer. Yet, the bundles 

are imperfectly packed and lead to a large mesoporosity and high surface area.  
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6.6.5. Preparation of WO3/BiVO4/CNTf/Ru-WOC photoanodes 

First, the WO3/BiVO4 photoanodes were cleaned with deionized water and 

dried with airflow. CNTf is an extremely thin black foil (Figure S6, pic 1), placed 

between two protective paper foils. The most convenient way to cut it is using 

scissors before removing the paper foils (Figure S6, pic 3). After removing the 

paper (Figure S6, pic 5), the piece of appropriate size is placed on the surface of 

the photoanode with Teflon tweezers. Finally, a drop of acetone is added, 

wetting the whole fiber (Figure S6, pic 7). It is advisable to hold the edges of the 

CNTf when acetone is added to prevent the CNTf getting folded or rolled up 

(Figure S6, pic 6). The position of the CNTf can be readjusted while still being 

wet (Figure S6, pic 8). Rolling a glass pipette to pull out the excess of acetone 

helps to get a flat and well attached CNTf layer (Figure S6, pic 9-11). With the 

addition of acetone the CNTf is contracted and gets attached on the 

photoelectrode surface in a relatively stable way. It is important that the CNTf 

doesn’t touch the edge of the BiVO4 photoanode (or uncovered FTO), 

otherwise CNTf may be in contact with FTO, creating a short-circuit between 

the back contact (FTO) and the layer in contact with the electrolyte (CNTf/Ru-

WOC) (Figure S6, pic 11 and 12). 
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Figure S6. Deposition of CNTf films on the WO3/BiVO4 photoanodes. 
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6.6.6. Photoelectrochemistry (PEC) 

All the electrochemical and photoelectrochemical experiments were 

performed in a pH 7 phosphate buffer (Ionic strength = 0.5 M) and using a hand-

made Teflon cell (Figure S7). Platinum coil was used as counter electrode and 

Hg/HgSO4 or SCE as reference electrodes (the potentials were converted to 

NHE by applying a correction of +0.645 V or +0.240 respectively). The teflon 

cell allows to illuminate the sample either from the front or from back. In our 

system, we use only back illumination since the carbon nanotube fibers (CNTf) 

are black and opaque. The cell also allows to perfectly control the 

photoanode’s area exposed to the electrolyte and to the light and corresponds 

to a 0.5 cm2 area. 

A Xenon Lamp (Abet LS150) with a UV-light filter (cutoff <400nm) was used as 

a source of light unless otherwise stated. The light intensity reaching the 

electrode was calibrated to 1 sun by means of a silicon photodiode, 

independently calibrated using a solar simulator (AM1.5G of solar irradiation 

with a total light intensity of 100 mW/cm2). 

To perform the chopped light LSV, automated handmade chopper was used, 

changing between dark and light conditions every 5 seconds. 

 

 

Figure S7. Photoelectrochemical cell used in this work. 
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6.6.7. Oxygen detection experiments using the Generator-Collector 

method7,8 

The Generator-Collector method consists of placing two electrodes very near 

to each other. One of them will perform water oxidation (Generator) while the 

other is set to reduce the oxygen that is produced (Collector) (Figure 11, Left). 

In our setup, the photoanode (e.g. WO3(C)/WO3(P)/BiVO4/CNTf/Ru-WOC) acts 

as an oxygen Generator. The Collector electrode consist of a clean FTO 

(sonicated for 15 minutes in a saturated solution of KOH in 2-propanol, rinsed 

with water and annealed for 30 min at 500ºC). To select the optimal potential 

to reduce molecular oxygen in solution, several CVs in pH 7 were performed in 

aired and degassed solutions (Fig S11, Right). A reduction peak controlled by 

diffusion can be observed in aired solution, reaching the maximum intensity at 

-0.355 V vs NHE. 

Both electrodes are placed together with the conductive part facing the inner 

part of the set-up. Two small pieces of coverslip (Menzel-Gläser, 130-140 μm 

of thickness) are used to keep a constant distance between both electrodes. 

Then the electrodes are covered with parafilm leaving lateral apertures in both 

sides to allow the solution to fill the inner space by capillarity forces (Fig S11, 

Left). Finally, the reference electrode is placed as near as possible to one lateral 

aperture. 

To determine at witch potential the WO3(C)/WO3(P)/BiVO4/CNTf/Ru-WOC and 

WO3(C)/WO3(P)/BiVO4  (Generators) start to produce molecular oxygen, LSV at 

5 mV/s under 1 sun illumination were performed in a degassed pH 7 solution 

while the Collector performs a controlled potential electrolysis at -0.355 V vs 

NHE. 
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Figue S8. Consecutive LSV experiments (scan rate = 5 mV/s) of WO3/BiVO4 photoanodes 

showing an improving of its performance. All electrodes were submitted to such 

consecutives LSV until they were identical (usually takes 3-5 scans). After these LSV pre-

treatment the photoanode is ready to be covered with CNTf. 

 

 

 

 

Figure S9. CV (5 mV/s) of a ITO/CNTf/Ru-WOC electrode. Left) as deposited. Right) After 

a bulk electrolysis of a WO3/BiVO4/CNRf/Ru-WOC photoanode and subsequent transfer 

of the CNTf/Ru-WOC film on a clean ITO substrate. The surface coverage (𝛤) of the Ru-

WOC on the FTO/CNTf electrodes was estimated by applying the formula 𝛤 (mol·cm-2) = 

Q / (n*S*F), where Q is the charge under the Ru(III/II) oxidation wave, n is the number of 

electrons involved in the electron transfer (1 e– in this case), S is the surface of the electrode 

(0.5 cm2) and F is the Faradaic constant.  
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Figure S10. Comparison of the performance of a WO3/BiVO4 photoanode with (green) and 

without (red) treatment with methanol. 
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Figure S11. Top) Scheme of Generator-Collector system used in this work. Bottom) Cyclic 

voltammograms of an FTO working electrode in pH 7 under argon or oxygen atmosphere 

to set the potential for oxygen reduction in the collector electrode. 
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Figure S12. Plot of i2 vs applied potential of a controlled potential electrolysis experiment 

using the Generator(G)-Collector(C) Method (from Figure 4 of main manuscript). 
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A) 

 

B) 

 

C) 

 

D) 

 

E) 

 

F) 

 
Figure S13. Top) left, J-V curves of the different photoanodes recorded at pH 7 under 1 sun illumination (0.1 W/cm2 

AM1.5G). WO3/BiVO4 (red), WO3/BiVO4/CNTf (black) and WO3/BiVO4/CNTf/Ru-WOC (blue). Right, Equivalent 

circuit used to fit the EIS data of the photoanodes. Bottom) Complex plane Nyquist plots for WO3/BiVO4 (A, zoomed 

in B), WO3/BiVO4/CNTf (C, zoomed in D) and WO3/BiVO4/CNTf/Ru-WOC (E, zoomed in F) photoanodes recorded 

phosphate buffer (pH 7) under 1 sun illumination and different applied biases (all values vs NHE). The corresponding 

fits are also reported as thick solid lines.  
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A B 

    

C D 

   

E F 

   
Figure S14. Applied bias dependence of Rtot

-1 (pink triangles), R2
-1 (red circles), Rtr

-1 (blue 

triangles) and Rct
-1 (green reverted triangles) for WO3/BiVO4 (A, zoomed in B), 

WO3/BiVO4/CNTf (C, zoomed in D) and WO3/BiVO4/CNTf/Ru-WOC (E, zoomed in F) 

photoanodes recorded at pH 7 under 1 sun. The resistance values are obtained from the 

fitting of the EIS data with the equivalent circuit reported in Figure S12 (top). The 

corresponding derivatives of the J-V curves in Figure S13 (di/dV) are reported as gray solid 

lines. 
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Table S1. Resistance values obtained for all the reported photoanodes after 

the EIS data fit with the equivalent circuit reported in Figure S13. 
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Table S2. Capacitance values obtained for all the reported photoanodes after 

the EIS data fit with the equivalent circuit reported in Figure S13. 
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Figure S15. Dependency of the CPE2 capacitance on the applied potential for 

WO3/BiVO4/CNTf (black) and WO3/BiVO4/CNTf/Ru-WOC (blue). 

 

 
Figure S16. Dependency of the logarithm of the CPEfilm capacitance on the applied potential 

corrected for the iR drop. 
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Chapter 

7 

General Conclusions 
 

Considering the general objectives proposed in Chapter 2 of the present thesis 
and according to the experimental results obtained, the general conclusions are 
summarized in this chapter.   
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Chapter 3: 

 Two new cobalt macrocyclic complexes (2 and 3), that are active for 

the hydrogen evolution reaction, have been prepared and fully 

characterized by spectroscopic and electrochemical techniques in 

order to study the effect of proton relay groups in the second 

coordination sphere of the cobalt center. 

 

 

1     2                                3 

   

 

 The electrochemical experiments carried out with 1, 2 and 3 revealed 

that the proton substitution in the amine (1) for methyl (2) and 

hydroxymethyl (3) groups has a strong effect on the electronic 

properties of the Co metal center shifting the redox CoII/I couple to 

anodic potentials. Moreover the DFT calculations revealed that the 

pKa of the CoIII hydride of 2 and 3 are more acidic that 1. The high 

acidity of the CoIII hydrides species difficults its formation from the 

protonation of the CoI species, that is the gate of the catalytic cycle for 

HER. This is reflected in the fact that catalysts 2 and 3 are only active 

at low pH (pH 2) while 1 is active at pH lower than 4. These results 

allow us to conclude that in the electrochemical scenario, the rate 

determining step of the overall catalytic cycle is the protonation of the 

CoI species.  
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 The photochemical experiments carried out with 1, 2 and 3 revealed a 

different trend in the catalytic rate than that observed in the 

electrochemical experiments. We have determined that the reduced 

photosensitizer [Ru(bpy)3]+ has enough potential to reduce the 

catalysts by two consecutive electron transfers to form a formal “Co0” 

species. In this scenario, the formation of the CoII-H species is not the 

rate determining step. DFT calculations of putative transition states 

for the H-H bond formation have been calculated and are in 

agreement with experimental results. 

 

Chapter 4: 

 A new cobalt macrocyclic complex with a pyrene moiety Co-Pyr to 

promote the absorption on graphitic surfaces have been synthetized 

and fully characterized by spectroscopic and electrochemical 

techniques.  

 

 

Co-Pyr 
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 Electrochemical experiments revealed that the pyrene moiety in the 

ligand framework not only makes the absorption of the catalyst in 

graphitic surfaces possible but also changes the electronic properties 

of the Co metal center hindering the catalytic activity. This is mainly 

due to the affinity of the pyrene group to form intermolecular π-π 

interactions with other molecules forming aggregates or 

intramolecularly with the cobalt center. The latter is supported by the 

single crystal x-ray diffraction analysis of the complex which shows a 

Co-Pyrene contact of 2.80 Å. 

 Molecular electrodes active for the hydrogen evolution reaction have 

been prepared by decorating graphene powder with the molecular 

catalyst Co-Pyr. 

 XANES and EXAFS analysis of the catalyst in the solid state, in solution 

and anchored on graphitic surfaces revealed a strong interaction 

between the conductive material and the molecular complex. 

 

 

Chapter 5: 

 An easy, rapid and reproducible methodology to electroplate 

amorphous MoS2 on conductive surfaces has been developed allowing 

us to prepare cathodes and photocathodes active for the hydrogen 

evolution reaction. The performance of this new photocathode is 

among one of the best free-noble metal photocathodes reported to 

date.  

 The photocathode is able to perform -10 mA·cm-2 at E = +0.86 V vs 

RHE for at least 1 hour without any drop of activity. The loss in activity 

in the extended stability test are attributed to the loss of amorphous 

MoS2 by the mechanical stress of the growth of hydrogen bubbles. 
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Chapter 6: 

 A methodology to attach highly conductive carbon nanotube fibers 

(CNTf) onto metal oxides surfaces have been developed. CNTf have 

been proved to be an excellent graphitic support to attach molecular 

catalysts by π-π stacking interactions.  

 Three types of photoanodes made: i) bare WO3/BiVO4, 

ii) WO3/ BiVO4/ CNTf and iii) WO3/BiVO4/CNTf/Ru-WOC (where 

Ru-WOC is ruthenium molecular water oxidation catalyst) have been 

characterized by photoelectrochemistry, Atomic Force Microscopy 

(AFM), UV-vis spectroscopy and Electrochemical Impedance 

Spectroscopy (EIS).  

 The addition of the CNTf fuctionalized with Ru-WOC leads to  

enhanced photocurrent at low potentials where the bare photoanode 

is not active at all. However, at high potentials the CNTf/Ru-WOC 

layer is not enough to overcome the good performance of the bare 

WO3/BiVO4.  

 All the results obtained have been rationalized by means of EIS 

experiments that prove the benefits of using a highly active molecular 

catalyst to trigger the water oxidation reaction all the way down to 

510 mV below the thermodynamic water oxidation potential. 
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Glossary of terms and abbreviations 

bpp- 3,5-bis(2-pyridyl)pyrazolate 
bpy  
MeCN 
CDL 

2,2’-bipyridine  
Acetonitrile 
Double Layer Capacitance 

COSY  Correlation Spectroscopy  
CPE 
CS  

Controlled Potential Electrolysis 
Specific Capacitance 

CB 
CV  

Conduction Band 
Cyclic Voltammetry  

BDD Boron Doped Diamond 
d  doublet  
δ Chemical shift  
DCM  Dichloromethane  
DFT  Density Functional Theory  
dmso  Dimethyl sulfoxide  
DPV  Differential Pulse Voltammetry  
E  
ECSA 

Potential 
Electrochemically Active Surface Area 

ε Extintion Coefficient  
E½ Half wave potential  
ESI-MS 
FE 
FOWA  

Electrospray Ionization Mass Spectrometry  
Faradaic Efficiency 
Foot of the Wave Analysis 

GC 
H2bda 
HER  
HEC 
hν 

Glassy Carbon 
[2,2'-bipyridine]-6,6'-dicarboxylic acid  
Hydrogen Evolution Reaction 
Hydrogen Evolution Catalyst 
Light 

J  Coupling constant  
λ Wavelenght  
M  Molar  
Ι 

I2M 
i 
j 

Ionic force 
Bimolecular Interaction Mechanism  
Current 
Current density 

m/z  Mass-to-Charge ratio  
MLCT  Metal to Ligand Charge Transfer  
MS  Mass Spectrometry  
MSE Mercury-mercurous Sulfate Electrode 
m 
 

Multiplet 
Overpotential 

NHE  Normal Hydrogen Electrode  
NMR  Nuclear Magnetic Resonance  
NOESY Nuclear Overhauser Spectroscopy 
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NPs  Nanoparticles  
OEC  Oxygen Evolving Center  
PCET 
PEC  

Proton Coupled Electron Transfer 
Photoelectrochemical cell  

PEM  Proton Exchange Membrane  
Ph  Phenyl  
ppm  Parts per million  
PS Photosensitizer 
PSI  Photosystem I  
PSII  Photosystem II  
PT  
PV 

Proton Transfer  
Photovoltaic 

py  Pyridine  
rds 
RDV 
RF 

Rate determining step 
Rotating Disk Voltammetry 
Roughness Factor 

RT  
RRDE 
S 

Room Temperature 
Rotating Ring Disk Electrode 
Surface of the electrode 

s  Singlet  
SCE  Saturated Calomel Electrode  
t  Triplet  
TBAPF6  Tetra(N-butyl)ammonium hexafluorophosphate  
tda [2,2’:6’,2’’-terpyridine]-6,6’’-dicarboxylato 
TEA Trimethylamine 

TOF  Turnover Frequency  
TON  Turnover Number  
trpy  2,2’:6’,2’’-terpyridine  
UV-vis  
v 

Ultraviolet-visible Spectroscopy  
Scan rate 

VB 
vs  
WNA 

Valance Band 
versus  
Water Nucleophilic attack 

WO  
WOC 

Water Oxidation 
Water Oxidation Catalyst 
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