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1 Introduction 

As fossil fuel reserves dwindle and global warming increases, caused by the intensive 

use of fossil fuels as primary energy source, the worldwide energy demand keeps 

rising due to an ever-increasing human population. This situation forces humanity to 

use alternative, carbon emission-free and renewable energy sources such as solar, 

wind, tidal and geothermal energy. Solar energy in particular has an immense 

potential in terms of available energy to be gained.1 So far, the use of solar energy is 

tantamount to generation of electricity by photovoltaic cells to be fed into the electrical 

grid or stored in batteries. However, fuels will still be needed in the future for specific 

purposes such as mobility where high energy densities are required, as in the case of 

freight trucks and air travel. Fuels are also an attractive option to move stored energy 

from areas with high solar influx, where the use of solar energy is more productive, to 

those without strong solar irradiation; or to compensate the intermittent nature of solar 

energy. Fuels that are produced with solar energy receive the name “solar fuels”. 

Currently, the most technologically mature solution to produce such fuels is to 

combine photovoltaics with electrolysers, so that the electricity generated by the 

photovoltaics is used on site to drive the redox reaction that produces the desired fuel, 

e.g. to reduce protons in water to produce molecular hydrogen. However, this system 

requires several distinct components and on large scale, the balance-of-system costs 

can be substantial.2 An alternative is to directly convert the energy of the sunlight into 

chemical energy by photocatalytic processes. The inspiration for this approach comes 

from the photosynthetic system found in a number of organisms in nature, which uses 

sunlight to drive various redox reactions, most prominently reductive reactions on 

carbon dioxide to produce sugars.3 Certain cyanobacteria are even able to reduce 

protons to molecular hydrogen.4 The photosynthetic system faces the difficult task of 

generating a  charge-separated state (CSS) that is long-lived enough to drive the 

reaction, and has therefore evolved to a complex machinery comprised of two 

photosystems (PSI and PSII) with various charge shuttles and enzymes to catalyse the 

redox reactions. This inspired the field of artificial photosynthesis, which mimics the 

concept of natural photosynthesis, but tries to reduce the complexity such that the 

individual parts of the system are ideally easily and cheaply synthesized: the 

photosystems are replaced by molecular dyes for efficient light absorption, the 

enzymes by bio-inspired molecular catalysts, and the redox shuttles by a variety of 

approaches to shuttle electrons. 
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Figure 1.1 Schematic outline of this thesis’ structure. In the centre, the studied systems are 
presented. In chapter 3, the photophysics of the organic dyes and some of their dye-catalyst 
dyads are investigated in solution using TA spectroscopy and spectroelectrochemistry. In 
chapter 4, NiO photocathodes sensitized with the dyads are investigated in terms of their 
activity for hydrogen production, stability under operando conditions and the light-induced 
processes as a function of applied potential. The latter was also performed for a Ru-Co dyad. 
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One is to immobilize the components on semiconductor (SC) particles and suspend 

those in solution, which is a very low-cost, but also less mature technology.5 

Furthermore, both half reactions, in the case of water splitting proton reduction and 

water oxidation, have to be carried out on the same particle, which can lead to 

difficulties. A more sophisticated approach is to separate the two reactions into two 

separate half cells with a photocathode and a photoanode, consisting of SC films 

sensitized with a dye and catalyst. The resulting system is called a dye-sensitized 

photoelectrochemical cell (DSPEC).3 In a tandem cell with both photoanode and 

photocathode, the current of the worse performing half-cell is the limiting factor for 

the overall performance. To date, the photoanodes greatly outperform the 

photocathodes, generating the need for an improvement in dye-sensitized 

photocathodes (DSPC).6–8 To do this, it is important to obtain insights into the 

bottleneck processes in the photocathode to be able to address them. Spectroscopic 

techniques, especially time-resolved techniques, can help to give a mechanistic 

understanding of the light-induced processes in the DSPCs.9,10 Arguably the most 

important technique is transient absorption (TA) spectroscopy, which has the 

advantage of giving both kinetic as well as spectral information, allowing to identify 

intermediates and the kinetics of their formation and decay. However, to date the 

number of studies on DSPCs for proton reduction is limited, and usually not 

performed under conditions that are close to the operando conditions of the 

photoelectrochemical cell. The work in this thesis is situated in the context of the work 

performed in the “SolHyCat” group at the Laboratory of Chemistry and Biology of 

Metals, CEA Grenoble, on the construction of DSPCs for proton reduction on a 

molecular basis, notably covalent dye-catalyst assemblies; and the work in the group 

of Molecular Photonics at the Friedrich-Schiller University Jena, on the investigation 

of the light-induced processes in such molecular dyes and dyads. The aim of this 

thesis, as outlined in Figure 1.1, was to unite the expertise of both groups to 

a) construct dye-sensitized NiO photocathodes with a series of newly synthesized 

covalent dye-catalyst assemblies featuring an organic dye and a cobalt catalyst, 

and assess their activity in photoelectrochemical proton reduction 

b) to determine possible degradation mechanisms that reduce the activity and 

lifetime of the photocathodes 

c) to investigate the light-induced processes in the assemblies in solution and on 

NiO, especially the electron transfer (ET) from the dye to the catalyst unit. 

Especially important, the established TA spectroscopy should be combined 

with electrochemistry to perform transient absorption spectroelectrochemistry 

(TA-SEC) experiments in solution and on film, allowing to measure the light-
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induced processes at different oxidation states of the catalyst and close to the 

operando conditions. 

The goal of these studies was to identify the best-performing system and its 

bottlenecks to then rationally improve upon the molecular design for a higher 

performance of the photocathodes. 

In the second chapter, I will present the state of the art of DSPCs in terms of activity 
and stability. The third chapter will deal with the photophysics in solution of the 
organic dyes and dye-catalyst assemblies synthesized in our lab, with one dyad 
studied by TA-SEC. The fourth chapter presents the results on the NiO photocathodes 
sensitized with the organic dye-catalyst assemblies, including their activity, post- and 
in-operando characterization and TA-SEC measurements. In addition, TA-SEC 
measurements of NiO photocathodes sensitized with a ruthenium-cobalt covalent 
assembly are presented. 
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2 Dye-sensitized H2-evolving Photocathodes: 
State of the Art 

2.1 General considerations and design 

Using sunlight to drive water splitting is attractive due to the abundance of sunlight 

and the relatively low energy necessary. Thermodynamically, 1.23 V is the standard 

potential for water splitting,11 and 1.23 eV, the energy needed to be inserted into a 

chemical bond,12 corresponds to a photon with a wavelength of ca. 1000 nm. Most of 

the sunlight spectrum consists of photons of higher energy which – based on 

thermodynamic considerations – should make for an easy water splitting with 

sunlight. However, much of the initial excitation energy is lost in relaxation processes 

in the photosensitizer (PS) as well as in the charge transfer to the catalyst, on top of the 

overpotential needed by the catalyst to drive the redox reaction. At the same time, a 

certain energy difference of the CSSs is needed to prevent recombination and ensure a 

fast downhill charge transfer cascade to the catalyst. In consequence, two PS are 

needed to provide sufficient driving force for water splitting through their combined 

excitation energy, analogous to the natural photosynthetic system which contains two 

photosystems. Therefore, the molecular components of molecular devices for water-

splitting must be optimized to reduce these energy losses.  

While the goal is full water splitting, the two half reactions are often realized and 

studied separately. In the following, only systems for proton reduction will be 

discussed. Inspired by natural photosynthesis, researchers have tried to reduce the 

complexity of the natural photosynthetic apparatus by identifying its key components 

and then synthesizing in the laboratory molecules that perform their functions: In 

general, in all photocatalytic systems there is a PS which absorbs light and then 

transfers an electron to a catalyst. Once the catalyst is fully charged, it reduces protons 

from the surrounding solution to molecular hydrogen. In addition, there must be an 

electron donor to regenerate the oxidized PS. While in full water splitting, these 

electrons come ultimately from the oxidation of water, when studying the proton 

reduction separately a different source is required. 
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Figure 2.1: Schematic representation of a tandem DSPEC for full water splitting, in this case 

with dye-catalyst supramolecular assemblies. 

The arguably easiest way to achieve photocatalytic proton reduction is in fully 

homogeneous systems, where PS and catalyst are dissolved in solution.13–17 In addition, 

it is necessary to add a sacrificial electron donor (SED) which is ultimately the source 

of the electron needed for the reduction. While homogeneous photocatalysis is easy to 

achieve and often gives high turnover numbers (TON), the use of the SED, usually an 

organic molecule such as triethylamine or ascorbic acid, is prohibitive for commercial 

application. It can however serve to quickly identify promising candidates for 

application in other techniques. 

Full water splitting can be achieved by dye-sensitized SC nanoparticles that perform 

both proton reduction and water oxidation. While this is a cheap method of achieving 

full water splitting, so far the achieved conversion efficiencies remain low. Their use is 

also hampered by the fact that hydrogen and oxygen evolve in the same solution and 

must afterwards be separated, which is a technical challenge. 

To overcome these drawbacks, DSPEC have been proposed, based on the design of 

dye-sensitized solar cells (DSSC). Here, the two redox reactions (proton reduction and 

water oxidation) are separated into two half cells, each of which performs only one of 

the two reactions. Each half cell consists of a SC film on a conductive substrate which 

is connected to the electrical circuit. The SC film is sensitized with a PS that absorbs 
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light and injects charge into the SC from its excited state. The contrary charge is then 

transferred to a catalyst, which may be immobilized on the film or the PS and which 

then performs the redox reaction (Figure 2.1). By connecting two such photoelectrodes, 

a photocathode for proton reduction and a photoanode for water oxidation, via a 

diaphragm and an external circuit, a tandem DSPEC can be built for full water 

splitting. In the ideal case, this is achieved without applying a potential bias across the 

two half cells, but applying an additional bias may be necessary to drive water splitting 

for ineffective systems. This way, the production of hydrogen and oxygen is spatially 

separated and both electrodes can be optimized for the respective reaction. Some key 

properties of the DSPEC are essential for high currents:  

1) Efficient light absorption by the PS. Preferably, the whole visible light spectrum should 

be used by the PS to maximize sunlight absorption. In addition, high extinction 

coefficients are beneficial to increase light absorption. In a tandem cell where light 

passes through two photoelectrodes, the absorption spectra of the two PS should 

ideally be complementary so each uses a different part of the solar spectrum.8,18 

2) Fast and long-lived charge separation. Charge separation must occur faster than the 

deactivation of the PS excited state. More importantly, the created CSSs must be long-

lived, since charge transfer to the catalyst may be slow and catalysis operates on very 

long timescales compared to typical excited state processes. In addition to this, the 

redox reactions in question are multi-electron reactions that require multiple charges 

to be transferred to the catalyst before the reaction can occur. During this time, the 

charges already transferred must remain on the catalyst.  

3) Fast catalysis at low overpotential. To reduce the CSS lifetime requirements and 

increase currents, the reaction taking place on the catalyst should be fast. A low 

overpotential ensures that also low-energy photons can be used to drive the reaction. 

Today, hydrogen-producing DSPEC have been published and bias-free water splitting 

has been achieved. However, the first systems based on first-row transition metal 

catalysts were published less than ten years ago and thus DSPEC are still an immature 

technology that suffers from low activity and are far from the currents needed for 

commercialization. This is especially true for the photocathodes which lag behind the 

photoanodes, with photocurrent densities typically lower than 100 µA∙cm-2 (Table 2.1) 

compared to typically hundreds of µA∙cm-2 for photoanodes.19 Therefore, work still 

must be done to understand and address the issues facing the development of more 

performant DSPCs. 
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The major problems so far seem to be the often-slow ET kinetics to the catalyst, which 

in combination with generally fast charge recombination (CR) lead to a low amount of 

long-lived, catalytically active catalysts. In addition, long-term stability under 

operando conditions is still an issue, as the photocurrent generated by most 

photocathodes quickly diminishes. These issues will be discussed in more detail in the 

respective sections: section 2.2 deals with the different components of DSPC such as 

the PS (section 2.2.1), catalysts (section 2.2.2) and PS-catalyst dyads (section 2.2.3) as 

well as the SC materials (section 2.2.4); section 2.4 presents the stability issues affecting 

DSPEC performance; and section 2.5 discusses the light-induced processes in DSPC. 

2.2 Components of dye-sensitized photocathodes for 

proton reduction 

2.2.1 Photosensitizers 

PS are essential in DSPEC as they perform the absorption of incoming photons and are 

the site where the first CSS is formed. They are the only component that is always 

anchored to the SC film via anchoring groups. The necessary thermodynamic 

requirement a PS must fulfil to ensure a functional photocathode for solar fuel (or 

hydrogen) production is the position of the redox energy levels (e.g., its HOMO and 

LUMO): The reduction potential of the HOMO must be positive of that of the SC 

valence band (VB) to ensure fast hole injection (HI) after excitation of the PS, and the 

reduction potential of the LUMO must be negative of that of the catalyst to enable ET 

to the catalyst to form the catalytically active state.  

Furthermore, PS used in DSPCs should possess certain properties to maximize 

activity: First, the extinction coefficients should be high in the visible region to 

maximize light absorption by the photocathode, with typical extinction coefficients of 

> 10,000 M-1cm-1.20 Related to this is the spectral distribution of absorption: 

Panchromatic dyes that absorb across the whole solar spectrum are desired to use the 

maximum possible amount of incoming sunlight.21,22 The challenge lies in pushing the 

dye absorption to the red part of the spectrum while maintaining high extinction 

coefficients as well as the needed energy levels for catalysis. This is especially 

important for tandem DSPCs with two photoelectrodes, where the absorption of the 

two PS must be tuned to absorb different parts of the sunlight if a single light source 

is to be used.23  
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 Figure 2.2: Core structures of PS used in DS-photocathodes : Tris(bipyridine)ruthenium 

(Ru(bpy)3), push-pull organic dyes (D-π-A), porphyrins, perylene monoimides (PMI) and 

perylene diimides (PDI), as well as coumarin C343 and the isoindigo dye DPP-P. Rests (R) 

are varied, with at least one being an anchoring group. 
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Push-pull dyes are a popular choice since the frontier orbitals can be designed to 

optimize the light-induced processes: the HOMO is localized close to the anchoring 

groups to ensure fast HI, and the LUMO is localized far away from the anchoring 

groups to overcome fast CR in dye-sensitized SC,24,25 especially the widely used NiO. 

Additionally, in dye-catalyst assemblies this can be useful to localize the LUMO close 

to the catalyst unit to ensure fast ET.26  

An important parameter for long-term performance is the stability of the dye under 

the relatively harsh - aqueous and reductive - operando conditions used in 

photoelectrochemical experiments. Related to this is the stability of the anchorage to 

the SC film, as a common problem in DSPCs is the hydrolysis of the anchoring group 

in aqueous media which leads to desorption of the PS from the SC surface.3,24,27–29 The 

choice of an adequate anchoring group for the PS in a given DSPC system can increase 

its stability markedly.3 Typical anchoring groups are carboxylic acid or phosphonic 

acid groups that form esters on metal oxide surfaces.3,30–32 These esters can be 

hydrolysed in the aqueous electrolyte, resulting in desorption of the anchored PS. The 

hydrolysis reaction kinetics depend on the pH of the electrolyte, with phosphonic 

acids being reported to be more stable in acidic aqueous conditions.33 There have been 

efforts to apply different anchoring groups to overcome this issue.34 Lastly, if the DSPC 

systems are to be transferred to commercial application, the cost of the PS and the 

rarity of the used materials will play an important role, as expensive molecular 

components can be prohibitive for large-scale applications.35 

The two most common types of PS are metal complexes and organic dyes. The most 

widely used metal complexes are Ruthenium polypyridyl complexes due to their 

relatively high extinction coefficients in the visible region, well-understood 

photophysics and long excited state lifetimes as well as good chemical stability.36 The 

simplest and by far most used in DSPC is tris(bipyridine)ruthenium (Ru(bpy)3), where 

one or more of the bipyridine (bpy) ligands are functionalized with anchoring groups 

( Figure 2.2).7,37,38 Ru polypyridyl complexes with π-extended ligands replacing usually 

one of the bpy have been described in studies on photocatalytic hydrogen evolution in 

homogeneous solution,39–44 but so far have not been used in DSPC. In these systems, 

the LUMO is usually localized on the extended ligand, providing a higher distance 

between the charges in the CSS after HI, which is hoped to reduce deleterious CR.45 

Extended ligands have also been used to introduce a catalytic moiety by coordinating 

metal ions at the far end to create photocatalytically active dyads.39–44,46–49 Despite their 

attractive features as PS, Ru complexes have a major drawback in the rarity and 

therefore price of Ru, which can hinder the potential commercialization of Ru-based 
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systems. Additionally, their extinction coefficients are typically not as high as those of 

the best organic PS. Nevertheless, they remain attractive in order to provide a 

fundamental understanding of the light-induced processes occurring at the electrode-

electrolyte interface. 

The use of organic PS can partly eliminate these issues, as they are typically cheaper 

to synthesize and can offer very good and tuneable photophysical properties, 

especially high extinction coefficients. A wide variety of organic PS has been integrated 

in functional DSPC, including triarylamine-based push-pull dyes (D-π-A),6,8,24,27,50,51 

perylene mono- and diimides (PMI/PDI),52,53 coumarin 343 (C343)54 and isoindigo dyes 

(DPP-P,  Figure 2.2).28,53 

Push-pull dyes consist of an electron-rich donor and an electron-poor acceptor part 

which are typically linked with by a conjugated linker. These systems offer several 

advantages: As discussed earlier, the deliberate localization of the HOMO and LUMO 

can easily be achieved to optimize the light-induced processes. For this purpose, the 

anchoring groups are placed at the electron-rich part of the molecule where the HOMO 

is located; in the push-pull dyes used in DSPC, in most cases this is the triarylamine 

moiety. Localization of the HOMO close to the anchoring groups, and therefore to the 

SC surface, ensures fast HI after excitation of the PS. Conversely, the LUMO is 

preferably located on the distant end of the PS molecule to slow down CR once HI has 

occurred. The LUMO is located at the electron-acceptor group, which is either a 

cyanoacrylate or a PDI/ naphthalene diimide (NDI) group. The conjugated linker that 

connects the two groups is usually a (oligo-)thiophene. The choice of the three 

components that make up the push-pull affects the photophysical properties, most 

importantly the extinction coefficient and absorption maxima position, and can 

therefore be used to tune the dye to the specific needs of the DSPC.20 Further elements 

can be added to the dye structure to fulfil additional tasks, as is the case of BH4, based 

on a tetrathiophene bridge and PMI acceptor: Here, long alkyl chains were introduced 

on the bridge to form a hydrophobic layer on the film surface in order to protect the 

anchoring group from hydrolysis and thus to increase the stability of the 

photocathode.24 
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2.2.2 Hydrogen evolution reaction (HER) catalysts 

Catalysts are needed to reduce the activation energy of the proton reduction and thus 

drive the reaction as closely as possible to the thermodynamic potential. The 

discussion here will focus on those HER catalysts that have been integrated into DSPC 

to limit the scope of this section. However, the majority of the studies concerning the 

catalytic activity and mechanism were carried out in solution. Ideally, the 

overpotential for a redox reaction at a catalyst is zero, and the reaction is completely 

reversible without hysteresis. Desirable properties of HER catalysts are a high 

turnover frequency (TOF), produced by fast reaction kinetics, and a high stability 

under operando conditions, e.g. in aqueous conditions with applied potential and 

under irradiation. The combination of these two properties leads to high TON. From 

a mechanistic point of view, the catalyst must be able to consecutively accept and store 

two electrons since proton reduction is a two-electron process. The reduction potential 

of both the intermediate and final, catalytically active species must lie between the 

reduction potential of the reduced dye and that of protons to ensure a downhill ET 

cascade. Additionally, the catalyst must be stable in all of the oxidation states involved 

in the catalytic cycle. With a future application of the DSPEC technology in mind, rare 

and expensive metals such as platinum55 and palladium must be avoided to reduce 

costs. Therefore, research has focused on using Earth-abundant elements as the 

catalytic centres in HER catalysts such as the first-row transition metals Co, Ni and Fe. 

In nature, evolution has produced highly performing HER catalysts in the 

hydrogenase enzymes, most notably the [NiFe]- and [FeFe]-hydrogenases (Figure 2.3). 

These contain a bimetallic catalytic centre with CN- and CO ligands, while iron-

sulphur clusters ensure ET to the catalytic site, and nearby amino acids work as proton 

relays.56 Hydrogenases display very high TOF at mild reaction conditions, reaching 

rates of up to 10,000 s-1, which make them an attractive choice of HER catalyst.57 

However, they are also very labile and are especially sensitive to oxygen; they 

therefore need to be protected or kept in ideal working conditions.58,59 This, in 

combination with their bulkiness which prevents high surface coverage of the 

enzyme,57 complicate their use as catalysts in DSPC, and at the moment there is no 

example of a hydrogenase-based DSPC in the literature. 
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Figure 2.3: Catalysts for HER: the active sites of [FeFe]- and [NiFe]-hydrogenases (top) and 

HER catalysts used in DSPC until now (bottom). 
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Rather, so-called bioinspired HER catalysts have been developed that mimic essential 

features of hydrogenases to attain high TOF, but are less bulky, have higher long-term 

stability and can be synthesized in the laboratory. Some of those catalysts directly use 

the active site of hydrogenases such as catalyst [Fe-Fe] (Figure 2.3).54,60,61 Most mimic 

only the functions of certain groups in the enzymes while using completely different 

molecular structures. A good example of this approach is the molecular Ni catalyst 

developed by DuBois in which amine groups on the ligands serve as proton relays, 

and which achieved a TOF of > 100,000 s-1.62 In consequence, this catalyst has been a 

popular choice to develop functional DSPC.28,38,52,53,63,64  

The second popular class of molecular HER catalysts in DSPC are Co catalysts. The 

most widely used ones are “cobaloximes”, bis-(dimethylglyoximato)cobalt, that were 

first reported for proton reduction in 198365 and rediscovered in the 2000s for electro- 

and photoelectrochemical proton reduction due to low synthetic requirements, high 

TON and low overpotentials of < 100 mV.66–71 They consist of a cobalt metal centre 

coordinated to two dimethylglyoxime ligands in a planar geometry, and, depending 

on the oxidation state, up to two axial ligands. Protons are coordinated at the oxygen 

atoms of the oxime bridge, which can therefore possibly function as a proton relay.72 

Although cobaloximes show high performance in organic media with TON of > 50,000 

(during 7 hours of electrolysis for a TOF of ≈ 2 s-1),17 they are limited in their usefulness 

for water splitting by their lability in aqueous acidic conditions due to demetallation. 

To mitigate this, the two dimethylglyoxime ligands were connected via an alkyl chain 

to give a single ligand that is less easily displaced due to the chelate effect, improving 

stability considerably.17,73,74 The resulting complexes are called Co diimine-dioximes 

and will be called Co throughout this thesis. In addition, the alkyl chain offers an 

opportunity to functionalize the catalyst, for example to tether it to an electrode17,75,76 

or a PS.26,77 On cobaloximes, such functionalization is usually carried out by axial 

coordination of pyridines.47,78–80 While this provides an easy way for functionalization, 

it is also very labile, especially since cobaloximes undergo ligand exchange during the 

catalytic cycle.17,81   

In the catalytic mechanism (Figure 2.4), the CoIII precatalyst is reduced to the CoII state 

(CoIIL) by a first reduction step to enter the catalytic cycle. From this state, the CoII 

hydride (CoIIHLH) is formed through two proton-coupled ET steps via a CoI state with 

a protonated oxime bridge (CoILH). CoIIHLH then produces hydrogen either through 

external protonation or through an intramolecular mechanism to end up in the CoIIL 

state ready to initialise catalysis again.17 The protonation of the oxime bridge allows to 

lower the overpotential required for catalysis to occur and is proposed to facilitate 
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hydrogen formation through an intramolecular protonation step. During catalysis, the 

axial halide ligands are displaced by solvent molecules, typically water or ACN. While 

the CoII state still possesses two axial ligands, in the CoI state one ligand is lost to form 

a pentacoordinated complex on which the hydride can form. 

 

Figure 2.4: General catalytic mechanism for hydrogen evolution by cobalt diimine dioxime 

complexes starting from the CoIIIL precatalyst on the left side. The structure in brackets is the 

transition state for the intramolecular elimination of molecular hydrogen, in which a proton 

bound to an oxime oxygen atom comes near the Co center. 

Despite the increased stability achieved with the tetradentate ligand, cobalt diimine 

dioximes still suffer from decomposition in aqueous reductive conditions, creating a 

particulate state that is also active for proton reduction.82 Therefore, research should 

focus on more robust catalysts for hydrogen evolution. One such class are cobalt 

complexes using polypyridyl and aminopyridyl ligands which have been reported to 

be active in fully aqueous conditions.56 In particular, the complex [CoIII(CR)X2]+ (Cat1) 

(CR = 2,12-dimethyl-3,7,11,17-tetra-azabicyclo(11.3.1)-heptadeca- 1(17),2,11,13,15-

pentaene, X = Cl, Br) based on a tetraaza-macrocyclic ligand  has shown very good 

HER performance in homogeneous photocatalytic conditions.13–15,83 It has achieved 

TON of > 1000 in homogeneous photocatalytic conditions, outperforming Co by a 

factor of 70.83 This has been ascribed to its greater stability granted by the macrocyclic 

ligand which prevents hydrolysis and decomplexation. The catalytic cycle of this 
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catalyst has not been fully cleared up until now, partly due to the difficulty imposed 

by the non-redox-innocence of the ligand: While the CoIII/II reduction clearly occurs on 

the metal centre, the formal CoII/I and CoI/0 couples are partly or fully ligand-based 

reductions.84 Electrocatalytic hydrogen evolution in aqueous solution was observed at 

potentials slightly negative of the CoII/I couple, suggesting the formal CoI state initiates 

catalysis.85 In spite of its activity in homogeneous photocatalysis, hydrogen evolution 

with Cat1 in DSPC has so far not been reported in the literature, and it has never been 

immobilized on electrodes.  

2.2.3 Dye-catalyst assemblies 

In an effort to improve upon the results obtained with co-grafted DSPC, PS have been 

coupled to catalysts to yield supramolecular dye-catalyst assemblies anchored on the 

SC film via anchoring groups on the PS unit (Figure 2.5), which could have several 

advantages. Firstly, the PS-catalyst distance can be precisely controlled by the choice 

of linker and is possibly much closer than in co-grafted systems where the distribution 

on the SC surface is random. Furthermore, in addition to the PS-catalyst distance, the 

choice of the linker group can also influence the ET kinetics in the assembly, possibly 

granting faster forward ET and slower CR. Slower CR can also be achieved by the fact 

that the catalyst is located farther away from the SC surface instead of directly 

anchored on it. Lastly, the surface coverage of active molecules could be increased 

since there is a single molecule grafted on the surface which contains both PS and 

catalyst, as opposed to co-grafted systems where both components occupy space on 

the SC surface.  

In many of the assemblies, the catalyst is grafted to the PS via complexation of the PS 

as a ligand to the metal centre of the catalyst. This approach was used to create dyads 

with a Ru polypyridyl PS and a Pt or Pd catalyst, where one ligand is coordinated to 

both the Ru and the Pt/Pd metal centre (Ru-Pd and Ru-Pt).46 In these assemblies, the 

excited electron relaxes to a state where it is localized on the extended ligand, from 

where it can more easily transfer to the catalytically active unit.86  
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Figure 2.5: Dye-catalyst assemblies reported in the literature for proton reduction in DSPC. 
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Complexation was also popular for coupling cobaloxime HER catalysts to PS 

containing a pyridine group that displaced one of the axial ligands on the Co complex, 

as in the case of O22-cobaloxime80 and Ru-acetylide-cobaloxime.79 However, these 

assemblies suffer from stability issues since under operation, ligand exchange takes 

place that removes the catalyst from the PS unit.47  To mitigate this, replacing the 

cobaloxime catalyst by the Co diimine-dioxime one opened up the possibility of 

covalent linkage at the alkyl chain, which was exploited to create dyads with organic 

push-pull dyads via triazole linkers created by click chemistry (T1-Co,26 T2-Co87 and 

PB-277).  

Finally, in a variation of the complexation approach, a layer-by-layer strategy was 

employed to construct dye-catalyst (PS-Zr-NiP)63,64 and donor-dye-catalyst 

(D-Zr-PS-Zr-NiP)38 assemblies (or monolayers) using ZrIV-phosphonate bridges to 

connect the different units. The catalyst of choice in these assemblies was NiP. This 

approach has the advantage of a very easy assembly by sequential immersion of the 

SC film into solutions of the different units.63 In general, the assemblies created by 

complexation are much easier in terms of synthesis and offer high modularity for 

optimization of the systems, while covalent linkage typically yields a more stable 

assembly. 

2.2.4 Semiconductors 

SC films play an important role in the design of the photocathode as they provide the 

support of the PS and HER catalyst, are the immediate electron donor upon excitation 

of the PS and provide the contact to the external circuit. As such, there are demanding 

requirements placed on the SC material to ensure high activity of the overall DSPC. 

A necessary requirement for a functional DSPC is the position of the VB potential of 

the SC material. It must be more negative than the reduction potential of the excited 

dye for HI to occur (∆Ginj < 0). The precise match between the SC VB potential and the 

dye excited state reduction potential can be more easily fine-tuned by structural 

modifications on the dye. However, the reduction potential of the reduced dye must 

remain negative enough that ET to the catalyst is possible to drive proton reduction. 

SC materials for DSPC must also possess a high charge carrier mobility for injected 

charges to quickly move away from the surface and reach the back contact instead of 

recombining. Unfortunately, hole mobility in p-type SC is generally much slower than 

electron mobility in n-type SCs: in the case of NiO, the hole diffusion coefficient can be 

several orders of magnitude lower than the electron diffusion coefficient in TiO2.88–90 

This is caused by the localization of holes in oxygen 2p orbitals, which raises the energy 
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barrier that needs to be overcome for migration through the material.91–94 The low hole 

mobility prevents injected holes from quickly moving away from the film surface, 

making it more likely for them to recombine. In the future, if very active molecular 

components are developed, the conductivity of p-type SC could become a hard limit 

for the achievable photocurrent. Furthermore, the SC surface must be reactive toward 

the anchoring groups of the molecular components of the DSPC. In metal oxides, 

typically surface OH groups react with either carboxylic acid or phosphonic acid 

groups to form the respective ester and thus covalently graft the molecules to the film 

surface.  

 

Figure 2.6: Schematic representation of energy levels in a DSPC for hydrogen evolution, 

including the VB and conduction band of the SC, the ground state and excited state redox 

potential for dye reduction, the redox potential of the catalyst to reduce it to its active state and 

the redox potential for proton reduction. 

To increase the area of the electrode-electrolyte interface and the loading of the active 

molecular species and therefore increase the photocurrent flowing through the 

photocathode, the SC films must possess a large surface area. This is achieved by 

preparing porous films via a range of techniques: from sol-gel processes,95–97 often 

using polymer-templated precursors,89,90,98–101 in which the SC is formed in an annealing 

process directly on the conducting substrate, to the use of a suspension of preformed 

SC nanoparticles that is deposited on the substrate by spraying, screen printing or 

doctor-blading.102,103 Especially polymer-templated films give high porosity due to the 

mesoporous structure. Other preparation techniques include chemical vapour 
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deposition,104 electrodeposition105 and hydrothermal synthesis.106 However, a high 

porosity can also hinder charge transport to the back contact and facilitate undesired 

recombination of injected charges. For future commercial application, the cost and ease 

of large-scale fabrication is also an issue. Finally, the SC must be stable under operando 

conditions and be resistant to photocorrosion, because of which wide bandgap SC are 

chosen (NiO: 3.6-4.0 eV).22 This also ensures high transparency in the visible region to 

optimize absorption by the PS. 

The currently most widely used p-type SC material for DSPC is NiO due to its ease of 

fabrication, good thermal and chemical stability,22 and good transparency in the visible 

region.95 However, it also has several severe drawbacks that has prompted research 

into alternative materials, so far with mixed success: In addition to the low hole 

mobility already discussed, a severe issue is the abundance of trap states in the 

bandgap, mostly produced by defects on the film surface.107,108 These trap states are the 

cause of very fast CR after HI, which severely limits the activity of the DSPC since most 

of the energy of absorbed photons is lost (see section 4.1.2 ). While this can be mitigated 

by applying a negative potential, the goal of DSPC research is bias-free water splitting, 

where the potential generated by the photoanode is likely not negative enough to fully 

fill the trap states with electrons, especially at non-equilibrium with high 

photocurrents. 

Alternative SC materials that have been used in DSPC have been the delafossites 

CuCrO228,53 and CuGaO2,6 CuFe2O4,109 LaFeO3,110 and indium-doped tin oxide (ITO).38,64 

ITO is an attractive material due to its properties, however, indium is scarce and must 

be avoided for large-scale application.91 CuGaO2 showed higher photocurrent and 

more positive photocurrent onset potential.6 CuCrO2 also showed higher 

photocurrents than NiO.28,53 CuFe2O4 and LaFeO3 both are small-bandgap SC that 

absorb visible light and drive proton reduction under irradiation when functionalized 

with a catalyst;111 the photocurrent for both was also enhanced when additionally 

sensitized with a PS.109,110 In spite of these efforts, so far no highly better p-type SC 

material than NiO has been developed.  
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2.3 Photocathode architecture and performance 

DSPCs have been realized in essentially three different architectures of increasing 

complexity. While the PS is always grafted to the SC film surface to ensure fast HI, the 

catalyst is introduced in the system in different ways (Figure 2.7). It is either simply 

dissolved in the electrolyte solution, co-grafted on the SC film surface alongside the PS 

or attached to the PS in the supramolecular assemblies shown in section 2.2.3. The 

different architectures have advantages and disadvantages that will be presented, 

together with their photoelectrochemical performances. 

 

 

Figure 2.7: Different photocathode architectures used in DSPCs for proton reduction. 

2.3.1 Catalysts in solution 

The synthetically easiest way to prepare photocathodes for proton reduction is to 

simply dissolve the catalyst in the electrolyte solution, which is directly inspired by 

the working principle of p-DSSCs, in which the dissolved redox mediator oxidises the 

anchored, reduced PS. This approach avoids having to introduce anchoring groups on 

the catalyst and makes it possible to quickly screen several catalysts for optimal 

performance with a given dye-sensitized SC film.112 Indeed, the simplicity of this 

approach caused it to be used in the first ever example of a DSPC for hydrogen 

evolution in 2012.50 In this study, the organic dye P1 was anchored on NiO and a 

cobaloxime catalyst dissolved in solution, which under irradiation produced 320 

nmol∙cm-2 H2.50 However, in this approach the catalyst must diffuse to the SC surface 

for ET to occur from the reduced state of the dye to the catalyst. The downside of this 

approach is thus that ET is inherently diffusion limited, meaning that if the lifetime of 
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the reduced state of the dye is not sufficiently long-lived, the ET yield decreases. 

Furthermore, since proton reduction is a multi-electron process, singly-reduced (non-

active) catalysts can diffuse away from the SC film surface before being reduced again, 

spending time in solution in this state, which can potentially lead to unwanted side 

reactions. In spite of this, the “catalyst in solution” approach has been successfully 

used showing high photocurrents with good production of hydrogen (up to 1150 nmol 

H2∙cm-2),52 where the system using NiP52 outperformed cobaloximes (Table 2.1).50–52 Due 

to the high amount of catalyst necessary in solution, TON per catalyst are small (< 2) 

for all systems built with this approach. 

2.3.2 Co-grafting 

In order to eliminate the need for catalyst diffusion and to increase spatial proximity 

between the PS and the catalyst, researchers started to co-graft the catalyst on the film 

surface together with the PS. This was hoped to accelerate ET to the catalyst to 

therefore achieve higher photocurrents and hydrogen production. However, it is 

necessary to functionalize the catalysts with anchoring groups: NiP, for example, was 

functionalized with phosphonate groups, while cobaloximes were coordinated to 

pyridines anchored via phosphonic acid8 or carboxylic acid groups.6,7 Furthermore, the 

grafting of catalyst on the surface necessarily reduces the maximum amount of PS that 

can be grafted on the film surface, and degraded catalysts cannot be replaced by intact 

ones from the solution. Co-grafting the catalyst also does not allow precise control of 

the PS-catalyst distance, as their distribution on the film surface is random. 

For this approach, NiP28,53 and cobaloximes6–8,87 remained the most popular catalysts 

and a system using NiP and DPP-P on CuCrO2 showed the highest performance with 

376 nmol H2∙cm-2 and a TON of 126 (Table 2.1).28 In general, total amounts of hydrogen 

produced with this approach were lower compared to dissolving the catalyst in 

solution, but TON were higher due to the much lower amount of catalyst used, ranging 

from 3 to 126, where reported.6,28,53,54  

2.3.3 Dye-catalyst assemblies 

In order to precisely control the PS-catalyst distance and to achieve fast ET, PS have 

been coupled to catalysts to yield supramolecular dye-catalyst assemblies either by 

complexation or by covalent linkage, as described in section 2.2.3. The increased 

control over the final system comes at the cost of much higher synthetical difficulty in 

the preparation of these assemblies. In terms of performance, these systems so far are 
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comparable to the co-grafted systems: the best-performing system RuP2-Zr-NiP 

achieved 700 nmol H2∙cm-2 and TON of 20,64 while especially those systems based on 

organic sensitizers with cobalt catalysts showed very little activity (TON < 1, Table 

2.1).26,77,87 In terms of amount of hydrogen produced, the layer-by-layer strategy with 

Ru(bpy)3 and NiP yielded the best results;38,64 however, these were achieved in ITO as 

opposed to the usually used NiO which might influence the performance. In fact, the 

RuP3-Zr-NiP system anchored on NiO performed poorly.63 TON-wise, Ru-Pd and 

Ru-Pt performed best,46 but these consist of two rare metal centers that would 

economically be unviable in large-scale application. In summary, none of the 

photocathode architectures published thus far clearly outperforms the others. 

Therefore, they are all still viable routes of investigation. In theory, supramolecular 

assemblies have the highest promise since the final architecture can be precisely 

controlled; however, it is not clear if the possibly thus gained increase in activity makes 

up for the increased difficulty in their preparation. In commercial systems, this would 

depend on the cost of synthesis compared to the amount of hydrogen produced and 

other factors that involve costs, such as the area needed for the mounted systems.  In 

addition, the wide parameter space in terms of pH, SC material, applied potential etc. 

makes it very difficult to compare the results achieved by different systems and 

identify critical parameters. 
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Table 2.1: Key figures of DSPCs for proton reduction published in the literature. 

Architecture Photosensitizer Catalyst pH Electrode 
material 

Applied 
potential  
/ V 

Current 
density 
/ µA 
cm-2 

Time 
/ h 

H2 / 

nmol  
(H2 / 
nmol 
cm-2) 

F.E. / 
% 

TONCat Reference 

Catalyst in 
solution 
 

D-π-A (P1) Cobaloxime 7 NiO -0.4 vs. 
Ag/AgCl 
+ 0.21 vs. 
RHE 

-10 0.1 322 
(322a) 

n.r. 2 L. Sun et al. 
201250 

Ru(bpy)3 Cobaloxime 0.1 M 
[Bu4N]ClO4 
in ACN 

 -0.45 V vs. 
Ag/AgNO3 

-0.15 vs. 
SCE 

1.3  n.r. n.r. n.r. 

M-N. Collomb et 
al 2015112 

 Cat1    1.2     

 [Rh(dmbpy)2Cl2)]+    32     

 [Rh(dtBubpy)2Cl2)]+    80     

D-π-A (BH4) Mo3S4 0 NiO 0 (NHE) 183 ± 36 16.6 n.r. 49 ± 11 n.r. Y. Wu et. al. 
201624 

PMI Cobaloxime 1 NiO -0.4 vs. 
Ag/AgCl 
  

-225 2 124 a  
(326)  

60 ± 10  ˂11  

M. Wasielewski 
et al. 201752 

PMI NiP 1 NiO -0.4 vs. 
Ag/AgCl 
 
 

-140 2 437 a 
(1150) 

98 ± 4 1.5 
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D-π-A (T1) Cobaloxime 4.5 NiO -0.4 vs. 
Ag/AgCl 
+ 0.05 vs. 
RHE 

-6 6 ̴40 
(12) 

3 ˂11 M. Chavarot-
Kerlidou et al. 
201951 

Co-grafting 
 

Ru(bpy)3 cobaloxime 7 NiO -0.4 vs. 
Ag/AgCl 
+0.2 vs. 
RHE 

-13  n.r. n.r. n.r. L. Sun et al. 
20147 

D-π-A (P1) cobaloxime 7 NiO -0.2 vs. 
Ag/AgCl 
+0.41 vs. 
RHE 

-35 1.5 290 
(290a) 

68 n.r. L. Sun et al. 
20158 

C343 [Fe-Fe] 4.5 NiO -0.3 vs. 
Ag/AgCl 
+0.17 vs. 
RHE 
 

< -10 0.3 12.4 
(12.41) 

50 ≤ 3 L.Hammarström 
et al. 201654 

D-π-A (RBG-

174) 
Co 5.5 NiO -0.4 vs. 

Ag/AgCl 
+0.14 vs. 
RHE 

-8 2 n.r. 9.3 ± 
1.5 

n.r. V. Artero et al. 
201827 

DPP-P NiP 3 CuCrO2 

 
0 (RHE) -15.1 

 
2 94 ± 

10 
(376 ± 
40)1 

 

34 ± 8 
 

126 ± 
13 

E. Reisner et al. 
201828 

   NiO 0 vs. RHE -5.8 2 35 ± 2 31 ± 8 n.r. 

D-π-A (RBG-

174) 
 

cobaloxime 7 CuGaO2 0.41 (RHE) 
 

-45 2 555 74 82 
 

V. Artero et al. 
20196 
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  7 NiO 0.14 (RHE) -12 2 540 ± 
80 

80 ± 8 14 
(after 1 
h) 

  5.5 NiO -0.4 vs. 
Ag/AgCl 
0.14 vs 
RHE 

-12 2 300 70 n.r. 

PMI (PMI-P) 
 

NiP 3 IO-
CuCrO2 

0 vs. RHE -25 2 54 ± 3  
(215 ± 
10) 
 

41 ± 8 48 ± 2 

E. Reisner et al. 
201953 

DPP-P NiP 3 IO-
CuCrO2 

0 vs. RHE -18 2 40 ± 6 
(160 ± 
24) 

40 ± 14 36 ± 5 

Supramolecular 
assembly 

O22-

cobaloxime 

 7 NiO -0.2 vs. 
NHE 
+ 0.2 vs. 
RHE  

-15 2.5 290 
(290a) 

45 n.r. Y. Wu et al. 
201380 

T1-Co  5.5 NiO -0.4 vs. 
Ag/AgCl 
+ 0.14 vs. 
RHE 

-15 2 37 ± 6  
(26 ± 
10) 

9 ± 1 ˂1a V.Artero et al. 
201626 

T2-Co  5.5 NiO -0.4 vs. 
Ag/AgCl 
+ 0.14 vs. 
RHE 

-11 2 16 ± 5 13 ± 1 n.r. V.Artero et al. 
201887 

PB-2  4.8 NiO 0 vs. 
Ag/AgCl 
+ 0.48 vs. 
RHE 

-10 0.3 2.5 n.r. 0.05 H. Tian et al. 
201777 

Ru-Pt  3 NiO -0.2 vs. 
Ag/AgCl 

-33 ± 7 1 198 
(250) 

59 47 E. A. Gibson et 
al. 201946 
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+0.18 vs. 
RHE  

 

Ru-Pd  3 NiO -0.2 vs. 
Ag/AgCl 
+0.18 vs. 
RHE 

-36 ± 2 1 324 
(410) 

89 46 

Ru-acetylide-

cobaloxime 

 4.5 NiO -0.4 vs. 
Ag/AgCl 
+0.07 vs. 
RHE 

-3.2 4.5 109 
(33a) 

27 2.5 C. Olivier et al. 
201979 

PS-Zr-NiP 

(RuP3-Zr-NiP) 

 3 NiO +0.3 vs. 
RHE 

-7 2 6 ± 1 9 ± 2 ≈1a E. Reisner et al. 
201663 

D-Zr-PS-Zr-

NiP 

(Dianiline-Zr-

RuP2-Zr-NiP) 

 5.1 io-ITO -0.25 vs. 
NHE 

-56 4 >1000 53 ± 5 >15a T. J. Meyer et al. 
201638 

PS-Zr-NiP 

(RuP2-Zr-NiP) 
 5 Doped 

NiO/ioITO 
-0,25 NHE -40 2 700 ± 

80 
(700 ± 
80)a  

86 ± 3 20a T. J. Meyer et al. 
201764 
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2.4 Stability issues 

During operation, most DSPCs reported so far lose their activity over the course of 

minutes to hours. This can be traced to several processes caused by the operando 

conditions, including the aqueous electrolyte at usually acidic pH, the applied 

reductive potential and the irradiation with visible light. 

The issue most often described is desorption of grafted molecules from the SC film 

surface.27–29 This is a consequence of the hydrolysis of the anchoring groups, which are 

usually surface carboxylic or phosphonic esters formed between the respective acid on 

the PS/catalyst and OH groups on the film surface. In operation, the aqueous 

electrolyte solution can hydrolyse the esters and thus cause leaching of the formerly 

grafted molecules into the solution. To eliminate this degradation channel, the use of 

different anchoring groups that are more resistant to hydrolysis such as silatrane and 

siloxane groups have been proposed.3,34 The pH of the electrolyte solution must also 

be taken into account, as different esters are most stable at different pH values. 

However, so far no anchoring group has been discovered that withstands the acidic 

pH required for high catalytic turnover frequencies and thus for high currents. A 

promising approach are the use of protecting layers that cover the anchoring groups. 

One type are thin metal oxide layers that are deposited after sensitization, typically 

prepared by atomic layer deposition since it is a low-temperature technique that does 

not destroy the grafted molecules.3 The metal oxide used for this so far has been Al2O3, 

however, in the only study on DSPC photocathodes it was used in, it did not lead to 

an obvious improvement in stability of the systems.52 A different approach was used 

by Wu et al., who functionalized their organic push-pull PS (BH4) with long alkyl 

chains on the bridge to form a hydrophobic protection layer which blocked the 

aqueous electrolyte from reaching the anchoring groups and thus prevented 

hydrolysis. This strategy had remarkable success, as their photocathode showed stable 

photocurrents for 16 hours in acidic electrolyte.24 This enabled them to even use a pH 

0 electrolyte, which gave ≈6 times higher photocurrents than using pH 5, which is in a 

range more typically used in DSPC. 

The second issue is the degradation or modification of the molecular components 

during operation. The photoreductive conditions during photoelectrochemical 

experiments can lead to damage to the molecular structures such as bond cleavage. 

This issue has been somewhat overlooked so far and has only been studied in detail 

for one photocathode using a PDI PS and a cobalt diimine dioxime catalyst.27 Related 

to this is pure photodamage, for example structural rearrangements such as 
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isomerizations at double bonds.113 Typically, the PS used in DSPC come from the more 

mature field of DSSC, but photodegradation is expected to be more severe in DSPC 

than in DSSC as the catalysis is much slower than the one-ET to the electrolyte taking 

place in DSSC, which leads to an accumulation of negative charges on the film surface. 

This accumulation can lead to faster damage to photoactive systems.114 To eliminate 

this issue, molecular structures must be devised that are stable under photoreductive 

conditions, and especially stable in their reduced state. To protect the PS, fast ET to the 

catalyst is desired to reduce the time the PS spends in its reduced state. So far, there 

have not been any efforts directed especially at making more stable PS for DSPC. A 

stability issue that concerns the catalysts used in DSPC is their hydrolysis and 

demetallation. For example, cobaloximes are very stable in electrocatalysis in organic 

media, but have been found to quickly hydrolyse and demetalate in aqueous 

conditions.17 This might partially be caused by the absorbance of visible light most 

catalysts show and which can lead to undesired side reactions, especially in lower 

oxidation states. A solution to this issue is to use macrocyclic, chelating ligands that 

do not decoordinate as easily, making the catalyst more resistant to hydrolysis. 

Alternatively, polypyridinic Co complexes, in which low oxidation states are better 

stabilized, can be used.115 If possible, the catalyst itself should also show low 

absorbance of visible light. 

In summary, there are several stability issues plaguing DSPC and that prevent their 

long-term activity. However, so far little effort has been undertaken to study the 

degradation processes in detail, which could be achieved using a variety of in- and 

post-operando spectroscopic techniques. This information could then be used to 

rationally design more stable systems. 

2.5 Kinetic issues 

As sunlight is the energy source used for water splitting in DSPEC, light-induced 

processes and their kinetics are an essential part of DSPEC research. Figure 2.8 shows 

the light-induced processes that take place in a photocathode upon excitation with 

light. Initially, a photon is absorbed by the PS to raise it to the excited state. From there, 

the excited dye can inject a hole into the VB of the SC (kHI,red) to yield the primary CSS, 

with the negative charge localized on the PS. From this state, thermally activated ET 

can then occur to the catalyst (kET,red) to yield the secondary CSS. The hole injected into 

the SC can diffuse away from the film surface to eventually end up at the back contact 

(kdiff). Since the excited state is quenched by an ET to the excited PS, this pathway 

occurs via reductive quenching. There is also the possibility of an oxidative quenching 
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pathway, in which the excited state is quenched by ET from the PS to the catalyst (kET,ox) 

to give the primary CSS with an electron on the catalyst and a hole on the PS. The 

oxidised PS is then regenerated by HI into the SC (kHI,ox) to end up in the same 

secondary CSS as in the reductive quenching pathway.  

In parallel to these desired “forward” processes, detrimental processes occur in which 

the excitation energy is lost. In general, these processes become a problem if the 

forward process from the respective state is not significantly faster than the 

detrimental process. First, the excited PS can return to the ground state before charge 

separation can occur (kD). This is only an issue if the PS has a very short excited state 

lifetime on the picosecond to a few nanosecond timescale while HI or ET is slow. The 

more important issue is CR from the several CSS involved in the light-induced 

processes (krec) since CR often occurs on timescales that are similar or faster than the 

forward reactions. This especially affects DSPEC since the targeted redox reactions are 

multi-electron processes and the CSS therefore must be long-lived enough to enable 

multiple successive charge transfers.  

 

 

Figure 2.8: Schematic representation of the light-induced processes in DSPEC photocathodes, 

here shown with a dye-catalyst supramolecular assembly. 
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The study of the intramolecular and interfacial processes and their kinetics is therefore 

of utmost importance in DSPEC research. Ideally, this should be done under operando 

conditions since the light-induced processes could depend on the surrounding 

electrolyte solution and especially the applied potential. To perform these 

measurements, in this thesis the relatively new technique of TA-SEC, i.e. TA 

spectroscopy at an applied potential, was used to study NiO films sensitized with dye-

catalyst assemblies. To this end, a dedicated spectroelectrochemical cell was designed 

and built. Complementary to these experiments, traditional TA spectroscopy was also 

measured of the molecular dyads in solution. 
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3 Spectroscopy in solution 

Parts of this chapter have been published in the following articles:  

Publication 1 - Bold, S., Zedler, L., Zhang, Y., Massin, J., Artero, V., Chavarot-Kerlidou, 

M., & Dietzek, B. Electron transfer in a covalent dye–cobalt catalyst assembly – a 

transient absorption spectroelectrochemistry perspective. Chemical Communications, 

2018, 54(75), 10594–10597.  

Publication 2 – Bold, S., Straistari, T., Muñoz-García, A. B., Pavone, M., Artero, V., 

Chavarot-Kerlidou, M., & Dietzek, B. Investigating Light-Induced Processes in 

Covalent Dye-Catalyst Assemblies for Hydrogen Production. Catalysts, 2020, 10(11), 

1340. 

The easiest way to study the excited state behaviour of a given compound is in 

solution, and this is usually the starting point for every investigation. In this chapter, 

characterization of the photophysical properties of a series of organic push-pull dyes 

and dye-catalyst assemblies in solution will be discussed. The synthesis of the 

compounds was performed by Quentin Vacher, Julien Massin and Emmanouil 

Giannoudis. Since in DSPEC, absorption of a photon by the PS is the first step in a 

cascade of processes that ultimately ends with catalysis, it is of paramount importance 

to investigate the excited state processes taking place in a dye or dye-catalyst assembly. 

In particular, ET processes are fundamental, which is why a study of their kinetics and 

the detection of the formed states is critical. Measurements in solution provide the 

easiest and fastest way to study these processes. 

Section 3.2 deals with the excited state photophysics of a series of push-pull dyes in 

solution. In section 3.3, the dye-catalyst dyads based on those dyes are investigated. 

The focus will be on the deactivation processes from the thermalized singlet excited 

state, including internal conversion, intersystem crossing (ISC), energy transfer and 

ET. 

3.1.1 Spectroscopic techniques 

To gain a full understanding of the performance of DSPEC systems, it is indispensable 

to study the light-induced processes taking place, if possible at operando conditions. 

To achieve this, a variety of spectroscopic techniques are available, from basic steady-

state such as absorption and emission spectroscopy to more advanced time-resolved 
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techniques. The technique that will be crucial in this thesis is TA spectroscopy, a 

pump-probe technique that yields time-resolved spectral information. This allows to 

identify the transient species involved in the light-induced processes as well as the 

kinetics of the processes that lead to their formation and decay. In TA spectroscopy, a 

laser pump pulse excites the sample and after a time delay, a probe pulse is used to 

measure the absorbance of the sample (Figure 3.1). By varying the pump-probe delay, 

the temporal evolution of the spectral response and therefore of the excited state can 

be recorded. The pump pulse is usually intense, spectrally narrow and tuned to a 

defined wavelength to excite a selected transition in the sample. The probe pulse is 

typically weak and, if possible, spectrally broad to enable studying a wide spectral 

window. The spectra that are measured are differential spectra where the reference 

absorbance without excitation is subtracted from the absorbance at time t after 

excitation. 

 

 

Figure 3.1: Left: Schematic depiction of a TA experiment. The sample is excited by the pump 

pulse and its absorbance is measured by the probe pulse after the time delay Δt. Differential 

spectra are obtained by subtracting the absorption spectrum in the ground state from the 

absorption spectrum at Δt. The time delay is produced by a mechanical delay stage for ultrafast 

measurements (< 10 ns) and by an electronic delay for longer timescales (ns-ms). Right: 

Schematic depiction of the processes taking place in a TA experiment. 

A complementary technique are time-resolved emission measurements using a streak 

camera or time-correlated single photon counting. These techniques allow to measure 

the temporal, and in the case of the streak camera spectral, evolution of emission after 

excitation by a pump pulse. This technique can be used to substantiate results from 

TA measurements and yield information on the contributions from emissive states. 
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3.2 Photophysics of push-pull organic dyes 

3.2.1.1 Organic push-pull (D-π-A) dyes in the literature 

Due to the large number of published D-π-A compounds, I will focus on those based 

on a triphenylamine (TPA) donor and a cyanovinyl-based acceptor group (Figure 3.2), 

to which the organic dyes studied in this thesis belong. In general, these dyes show 

two main absorption bands: one band in the UV caused by a transition localized on 

the TPA moiety and an intramolecular charge transfer (ICT) band in the visible part of 

the spectrum (ε = 29,000 to 58,000 M-1cm-1).25,116–121 Upon excitation of the latter, electron 

density is shifted from the TPA part, where the HOMO is localized, to the cyanovinyl 

acceptor part, where the LUMO is localized. The absorption, but especially the 

emission from the ICT state shows a strong solvatochromic effect due to the 

stabilization of the charge-transfer state in polar solvents.116,122,123 While the excited state 

lifetimes observed are in the range of 450 ps to 3.4 ns in non-polar solvents (hexane, 

toluene and tetrahydrofuran),116,120,123–125 in polar solvents such as acetonitrile (ACN) 

they are much lower, in the range of 3 ps to 1.2 ns. 25,116,117,119,124  

 

Figure 3.2: Chemical structures of organic push-pull dyes, containing TPA donor and 

cyanovinyl-based acceptor units, investigated by TA spectroscopy in the literature. 
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The general excited-state processes published in literature are a cascade of relaxation 

processes, including solvent rearrangement and molecular motions such as flattening, 

that lead from the initially excited Franck-Condon state to a thermalized ICT state 

(sometimes called the S1), from which return to the ground state occurs.116,117,119,122,123 

These results are at first sight not promising for photocatalytic applications due to the 

short excited state lifetime in polar solvents, which creates the need for fast excited 

state quenching processes in the final assembly. 

3.2.1.2 Organic push-pull (D-π-A) dyes in this thesis 

The organic dyes investigated in this thesis are push-pull organic dyes consisting of a 

TPA donor and a cyanoacrylate acceptor part (Figure 3.3), connected by a bridge 

varying in length and rigidity from a single thiophene (T1) over a dithiophene (T2) to 

the rigid cyclopentadithiophene (CPDT, T2R). In T2R, the linker additionally 

possesses alkyl chains that were introduced with the intent of reducing dye 

aggregation on the sensitized film surface and of creating a hydrophobic blocking 

layer that protects the anchoring groups from hydrolysis under operando conditions.24 

Furthermore, the acceptor group can be prepared as a cyanoacrylamide group with an 

alkyne group to further attach the catalyst via copper-catalyzed azide-alkyne 

cycloaddition. In addition, upon excitation, these push-pull dyes should exhibit ICT 

that localizes the hole (the HOMO) on the TPA, close to the anchoring groups, to 

accelerate HI and the electron (the LUMO) on the cyanoacrylate group close to the 

catalyst for fast ET to the latter. 

In terms of their photophysics, the three dyes show very similar behaviour. In UV-Vis 

absorption spectra (Figure 3.3), they all show two main bands: localized at 355 nm, the 

π-π* transition localized on the TPA, and whose position and intensity are 

independent of the linker. At longer wavelengths, there is a band produced by the ICT 

from the TPA donor to the cyanoacrylate acceptor group, which is the HOMO-LUMO 

transition. The spectral position and intensity of this band depends on the linker, 

experiencing a bathochromic and hypochromic shift upon changing the single 

thiophene linker in T1 for bithiophene linkers, with the effect much more pronounced 

for the rigid CPDT linker in T2R. The bathochromic shift is a result of a smaller 

HOMO-LUMO gap, suggesting that the linker takes part in one or both of the two 

frontier orbitals. DFT calculations in literature performed on an analogue of T2R show 

that it is indeed the HOMO which is more strongly localized on the bridge than in an 

analogue of T1.126 
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Figure 3.3: Compounds whose photophysics were studied in solution and their UV-Vis 

absorption spectra (solid lines) and emission maxima (triangles) in various solvents of 

increasing polarity (Toluene < Chloroform < Dichloromethane < Dimethylformamide < ACN). 

This is further corroborated by electrochemical measurements, which show a strong 

negative shift of the redox potential of the dye oxidation upon introducing the CPDT 

linker (ca. 230 mV negative shift for T2R compared to T1) while the dye reduction 

potential is much less affected by this change (ca. 50 mV negative shift). Since the dye 

oxidation is equivalent to removal of an electron from the HOMO and dye reduction 

to the addition of an electron to the LUMO, these measurements also suggest that the 

principal change is in the HOMO position which is raised by the electron-rich CPDT 

linker. This leads to more negative oxidation potentials and a smaller HOMO-LUMO 

gap. The T2 dye represents an intermediate case.127  
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All dyes fluoresce with quantum yields of Φ = 0.2-0.25 in ACN. The emission shows a 

solvatochromic behaviour (Figure 3.3), caused by a stabilization of the excited CSS in 

polar solvents which leads to a bathochromic shift in emission. The CSS has been 

proposed to lead to a twisted geometry with increased charge separation and 

localization which enhances the solvatochromic effect.116 While the absolute values of 

the Stokes shift itself are slightly higher in the T2 systems in all solvent polarities, the 

dependence on solvent polarity is, within the experimental error, identical. 

The similarity in photophysical behaviour of the organic push-pull dyes also holds 

true in the fs-TA experiments. The light-induced processes in the dyes can be separated 

into two major parts (Figure 3.4): first, a relaxation to the thermalized singlet excited 

ICT state and then a decay to the ground state from this state. In general, the TA spectra 

of the dyes in polar solvents such as ACN and DMF show three major bands: a ground 

state bleach (GSB) at the position of the ground-state absorption band, a broad excited 

state absorption (ESA) at longer wavelengths and a stimulated emission (SE) band at 

the position of the fluorescence band. For the dyes containing longer linkers, these 

bands are all red-shifted in comparison to T1. Furthermore, the broad ESA band 

overlaps with the other bands, which leads especially to a further red-shift of the 

apparent SE band. In the first few ps, all dyes show a relaxation of the initially excited 

state to the thermalized S1 state, reflected by a concomitant hypsochromic shift of ESA 

and bathochromic shift of SE. This relaxation process is attributed to a mixture of 

solvent rearrangement around the dipole formed in the ICT state and molecular 

motions such as rotation and flattening, as previously observed in the 

literature.116,117,119,122,123 While the spectral response to this process is identical, the 

kinetics vary between dyes and especially depending on the solvent. In ACN, these 

relaxation processes are very fast, occurring within the first few ps. T1 and T2 show a 

biphasic process with time constants of t1 = 0.2 ps and t2 = 0.9 ps (T1), 1.7 ps (T2), while 

T2R shows a monophasic process with t1 = 1 ps. The higher time constant for the slow 

process in T2 might be due to the involvement of a rotation around the bond 

connecting the two thiophenes in this cooling process, a motion only possible in T2. 

The influence of the solvent is much more pronounced: for T1, switching the solvent 

to dimethyl formamide (DMF) increased the time constants for cooling to t1 = 0.7 ps 

and t2 = 2.6 ps, while using methanol (MeOH) lead to a biphasic process with t1 = 1.3 

ps and t2 = 11 ps for T2R. This can be explained by their higher viscosity compared to 

ACN (0.37 cp, DMF: 0.92 cp, MeOH: 0.55 cp), retarding relaxation processes that 

involve major molecular motion. In the case of MeOH, an additional factor could be 

the formation of hydrogen bonds. 
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Figure 3.4: Results of TA spectroscopy of organic push-pull dyes in solution. Top: TA spectra 

of T1 in ACN and kinetic traces of the ESA (λ = 535 nm in ACN, 550 nm in DMF) and SE (λ 

= 705 nm) at early delay times in ACN and DMF that shows the influence of solvent viscosity 

on the relaxation kinetics. Bottom: Jablonski scheme showing the excited state processes taking 

place in the organic push-pull dyes T1, T2 and T2R. 

After the relaxation cascade is complete, the dyes are in the thermalized singlet excited 

ICT state, from which they decay back to the ground state in either monophasic (T2R) 

or biphasic fashion (T1, T2) on a sub-ns to ns timescale. This fast excited state decay 

has been suggested to occur due to a twisted geometry with increased charge 
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separation and localization in the S1 state, which was proposed to approximate the S1 

and S0 potential energy surfaces, leading to a fast internal conversion and thus to a fast 

excited state decay and low emission quantum yield.116 This was supported by an 

observation on a TPA-cyanoacrylate dye, in which the S0 and S1 state were essentially 

degenerate at 90° and 270° rotation around the double bond, providing a low-barrier 

mechanism for internal conversion to the ground state.113 In T1 and T2, this might be 

the reason for the biphasic decays which could result from different rotational 

conformers. The faster excited state decay for T2 might be due to the lower HOMO-

LUMO gap or to the additional (rotational) degrees of freedom introduced by the 

longer linker. 

3.3 Photophysics of dye-catalyst assemblies in solution 

In the photophysics of dye-catalyst dyads, the most interesting question is the kinetics 

of ET and CR. They are important to determine the yield of CSS and its lifetime. This 

ET can occur either via an oxidative quenching, i.e. from the excited dye to the catalyst, 

or via a thermal ET, i.e. from the reduced dye (generated by a reductive quenching of 

the excited PS by an external electron donor) to the catalyst. Depending on the kinetics 

of the processes involved, dyads can undergo one of the two or possibly a mixture of 

both mechanisms. 

In this thesis, covalent dye-catalyst assemblies based on the dyes T1, T2 and T2R 

covalently linked to the cobalt HER catalysts Co and Cat1 via copper-catalysed azide-

alkyne cycloaddition (“click chemistry”) were investigated (Figure 3.3). The idea 

behind these dye-catalyst assemblies is to provide a directionality of the ET away from 

the electrode surface when grafted, and to fix the two units in a spatially close 

conformation to ensure fast and efficient ET from the excited or reduced dye to the 

catalyst. To investigate whether this goal was achieved, the resulting dyads were 

studied by TA spectroscopy and spectroelectrochemistry. 

Electrochemical measurements showed that there is no ground state interaction 

between the dye and catalyst unit in any of the dyads, which is corroborated by their 

UV-Vis spectra. Three reduction processes were observed for Cat1 of which two are 

positive of the dye reduction potentials and are therefore accessible by ET from the 

reduced dye. The first two reductions, to the CoII and CoI state, are localized on the 

metal-organic centre while the third process is ligand-based.83,85,128,129 Concerning the 

dyes, the reduction potential is unaffected by the introduction of the CPDT linker, but 

the oxidation potential decreases by ca. 220 mV, equivalent to a HOMO shift to higher 
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energy, due to the electron-rich dithiophene unit. Steady-state spectroscopy and 

electrochemical measurements showed that i) HI from the excited state of the dyes to 

NiO and ii) ET from either the excited or reduced dye to the catalyst up to its CoI state 

is thermodynamically possible. 

Emission spectroscopy indicated an interaction in the excited state in the form of 

emission quenching in the T1 and T2R dyads which reduced the emission quantum 

yield by 68 to 92 %. Thus, the covalent assemblies with the cobalt catalysts seem to 

enable non-radiative decay pathways for the emissive state. The nature and kinetics of 

these non-radiative pathways were the focus of the TA spectroscopic experiments 

performed on the dyads in solution. 

Upon excitation, the initial behaviour of all dyads studied is identical to that of the 

respective dyes up until the formation of the thermalized singlet excited ICT state, 

irrespective of the catalyst unit. In short, the initially excited Franck-Condon state 

relaxes on the sub-ps to ps timescale in a relaxation cascade to the thermalized singlet 

excited state via solvent rearrangement and molecular motions such as rotation and 

flattening. The spectral shape of the TA spectra and their evolution during the 

relaxation process is identical to that of the respective dyes. After the initial relaxation, 

the deactivation pathways taking place from the thermalized singlet excited state are 

however quite distinct between the different dyads and in comparison to the 

respective dyes. 

3.3.1 T1-Co     

The original dyad T1-Co shows a spectrally identical, but faster excited state 

deactivation in the TA experiments compared to the dye T1. This suggests that the 

same deactivation process takes place in the dyad but is accelerated. Since the dyads 

were constructed to enable fast ET from the dye to the catalyst, we would like to know 

whether the excited state deactivation involves such an ET process. Observation of the 

spectral signature of the reduced catalyst together with the signature of the oxidized 

dye unit would enable an unequivocal assignment of the deactivation to ET. Steady-

state UV-Vis spectroelectrochemical experiments were carried out to reveal the 

spectral features of the respective units in their oxidised and reduced state: in T1-Co, 

upon reduction of the initially present CoIII state of the catalyst to the CoII state, the 

catalyst shows only a low-intensity absorption at 512 nm (Figure 3.5). At the same 

wavelength, the oxidised dye shows a strong bleach of its ICT absorption, which 

would hide the CoII band in case of ET. However, the CoI state shows a much stronger 

absorption at 600-800 nm, which does not overlap with the bleach of the oxidised dye 
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and should therefore be observable in TA spectroscopy if ET takes place upon 

excitation of a dyad already in the CoII oxidation state. 

Thus, to study whether the faster excited state decay of T1-Co is due to ET, TA 

spectroscopy was performed in a spectroelectrochemical cell at various applied 

potentials: at the open-circuit potential (OCP, e.g., without an applied potential, where 

the Co catalyst is in its initial CoIII state), and at potentials sufficiently negative to 

reduce the cobalt catalyst to its CoII and CoI state. It was hypothesized that under these 

conditions, the existence of ET could be unequivocally confirmed or ruled out, either 

by the appearance of the CoI state after excitation of the CoII state of the dyad, or by a 

marked difference in excited state decay kinetics, especially in comparison to the 

reference CoI state. Figure 3.5 shows the principal possible processes during the TA-

SEC measurement of T1-Co. Of special interest were the measurements at the CoII 

state, which should provide the possibility of observing the CoI state after ET, and at 

the CoI state which served as reference since ET is not thermodynamically possible in 

this state. 

 

Figure 3.5: Scheme of the electrochemical and principal light-induced processes taking place 

during the TA-SEC measurements on T1-Co and the differential absorption spectra of the 

T1-CoII and T1-CoI species obtained by UV-Vis spectroelectrochemistry. k are rate constants 

for the different processes, with kD = decay to the ground state, kR = radiative decay, kNR = non-

radiative decay, kET = ET, kBET = back ET. Bottom right: Schematic representation of the 

spectroelectrochemical cell used in this experiment. 
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More in general, this setup allows to study excited state processes and especially ET 

kinetics at a variety of oxidation states of the donor and/or acceptor in a dyad, or 

indeed a multicomponent system. This is very valuable in the field  of multielectronic 

redox catalysis where multiple ET steps are required: While the first ET step, which is 

the only one accessible by traditional TA spectroscopy, might occur rapidly due to a 

high driving force or favourable orientation/geometry, this is not necessarily the case 

for subsequent ET steps. These might be severely slowed down or inactivated by lower 

driving force, structural rearrangements taking place upon the preceding ET step or 

other influences. TA-SEC makes it possible to study each ET step separately, arguably 

most importantly the final step that leads to the formation of the catalytically active 

species, in this case the CoI state. To date, this has been used to study a reduced copper 

PS130 and two dye-catalyst assemblies, a Ru-Rh42 and a Ir-polyoxometalate dyad.131 

The setup, which was designed by Dr. Linda Zedler, consists of a three-electrode setup 

in a 1 mm cuvette (scheme in Figure 3.5). The working electrode was a glassy carbon 

electrode with 0.4 mm thickness and a drilled hole with 1 mm diameter through which 

the pump and probe beam were focused colinearly. This electrode design enables a 

high local concentration of reduced species at the focal point of the pump and probe 

beams, taking advantage of the highly resistant glassy carbon material while achieving 

optimal light transmission despite its opacity. The counter electrode was a Pt wire and 

the pseudo-reference electrode a Ag wire. 

During the experiment, the sample was reduced in a chronoamperometric 

measurement before starting the TA measurement. During the measurement, the 

potential was continously applied to ensure a constant high concentration of reduced 

species in the sample space.  
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Figure 3.6: fs-TA-SEC data of T1-Co in DMF at various applied potentials: OCP (left), Co(II) 

(middle) and Co(I) (right) reductive potential. The upper graphs show the spectra at early delay 

times while the middle ones show late delay times. The bottom graphs show the decay-associated 

spectra (DAS) obtained by a four-component parallel exponential fit. 

In the experiment, it was observed that the oxidation state of the catalyst had little to 

no influence on the excited state kinetics (Figure 3.6). Importantly, there was no 

spectral or kinetic indication which would point to ET to the cobalt catalyst: i) the CoI 

spectral signature was not observed when exciting the sample in the CoII state, the 

spectral shape was in fact identical at all applied potentials; and ii) the excited state 

decay kinetics were not faster for the measurements with thermodynamically possible 

ET in comparison to the reference measurement at CoI, where it was not. In fact, a 

counter-intuitive faster excited state decay was observed at more negative potentials, 

which might be due to a Coulombic repulsion between electron density at the cobalt 

catalyst and the electron localized on the dye acceptor group, leading to a 

destabilization of the ICT state and therefore to its faster decay. Thus, it could be 

concluded that ET does not take place in the excited state of T1-Co and that the faster 

excited state decay must stem from a different pathway. An alternative explanation 

for the increase in the non-radiative rate could be an increased density of vibrational 

modes upon addition of the cobalt moiety. Dexter energy transfer from the excited 

donor chromophore to short-lived cobalt-centred dd-states might also play a role. 

Therefore, it must be deduced that the ET that enables hydrogen production in 

photoelectrochemical experiments with T1-Co takes place on a much slower timescale 
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than its rather short excited state lifetime. Therefore, it seems likely that instead of an 

oxidative quenching pathway, which we failed to observe in our TA-SEC experiment, 

a reductive quenching pathway is indeed active. Here, the excited state is first 

quenched by HI into NiO, which is typically ultrafast (see section 4.1.2.3), and 

subsequently ET from the reduced dye to the catalyst takes place.  

This hypothesis is supported by observations made by Aukauloo and coworkers who 

studied a series of dye-catalyst dyads with Ru polypyridyl complexes connected to 

various acceptor moieties by triazole bridges prepared by “click” chemistry. In their 

studies, the ruthenium excited state was usually quenched very quickly by an external 

SED or acceptor, followed by a thermally activated intramolecular ET to the acceptor 

unit.132–136 The ET was observed on the ns-µs timescale, with the fastest occurring in 

< 20 ns in a Ru(bpy)3-NDI assembly134 and the slowest with a characteristic time 

constant of 31 µs in a Ru(bpy)3-Ni(cyclam) assembly.133 These results suggest that 

indeed the CSS generated by HI on the NiO surface might have to be stable for up to 

tens of µs for ET to the catalytic center to occur, and thus much longer than the 1.7 ns 

and 350 ps lifetimes of the excited state of T1 and T1-Co, respectively.  

It also highlights that the triazole bridge might be synthetically appealing, but not ideal 

in terms of the excited state photophysics and ultimately the performance of these 

dyads. Further evidence for this comes from studies with triazole-bridged donor-

acceptor assemblies without SED, e.g. looking at excited state ET. ET in triazole-

bridged dyads was reported to occur on a wide range of timescales, ranging from 

ultrafast ET on the timescale of ps137–142 to slower ET in ns-ms139–141,143,144 to dyads where 

ET is not observed, even though it is thermodynamically possible.145–147 Similarly, the 

CR rates drastically differed between systems, from the ps time scale137,141,142 to 

hundreds of ns.138,143,148  An interesting behaviour was observed in a Zn porphyrin-NDI 

dyad, where ET efficiency depended on whether the donor or acceptor part of the 

molecule was excited. Excitation of the acceptor lead to a high yield of CSS through 

fast ET (<10 ps), while excitation of the donor Zn porphyrin lead to a low yield because 

of slower ET (tET = 9 ns) combined with the deactivating ISC to the triplet state on the 

Zn porphyrin.141 One study also found an influence of the connectivity of the donor 

and acceptor moieties on the triazole, e.g. which part was connected to a carbon or a 

nitrogen atom on the triazole ring.148 In general, it seems that ET trough the triazole is 

rather slow in most assemblies; many of the fast ET rates can be ascribed to through-

space ET made possible by flexible linkers, e.g. in studies in polymers functionalized 

with Ru dyes.149–152  
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3.3.2 T2R dyads 

The study of the dyads based on the T2R revealed yet another influence of the cobalt 

moieties on the excited state behaviour of the dye unit. In this case, both dyads, based 

on Co and Cat1, were studied by fs-TA spectroscopy in MeOH. Interestingly, both 

dyads show identical excited state behaviour, except for a somewhat more 

pronounced emission quenching in T2R-Cat1. There is no SE band at any point in time. 

Due to the solvent, the initial relaxation process is slow and finished only after some 

tens of ps. Following the thermalization and unlike all the other compounds, a very 

long-lived signal forms in about 120 ps. Spectrally, it consists of GSB at 350 and around 

490 nm and a broad ESA band above 510 nm with two maxima at 590 and 725 nm. This 

spectrum is ascribed to the triplet state of the T2R dye likely localized on the CPDT 

bridge, formed by ISC from the thermalized singlet ICT state (Figure 3.8). The 

extinction coefficients of oligothiophene triplet states observed in literature are in the 

same order of magnitude as that of T2R, in line with the observed similar intensity of 

the long-lived band compared to the GSB.153 Although the triplet absorption of pure 

oligothiophenes is found at higher energies than those observed in our dyads for the 

triplet state band, the bithiophene structure in T2R is part of an extended conjugated 

charge-transfer system which can have a strong effect on the excited state energies. ET 

to the Co catalysts is discarded on the basis of i) the identical spectral shape for both 

Co and Cat1 dyads, where the two catalysts would give a different spectral response 

upon reduction by ET, and ii) the similar intensity of the double band to the other dye-

based bands, while extinction coefficients of the optical transitions on the cobalt 

complexes are much lower than those of the dye (factor > 10).  

The fast ISC is explained by the rigid CPDT linker containing two thiophene units. Bi- 

and oligothiophenes are known to undergo fast ISC on the same time scale as observed 

here and could potentially show similar behaviour when used as a linker in T2R.153–155 

The extremely fast ISC rates for bithiophene are explained in the literature by the high 

spin-orbit coupling factor of sulfur156 and a very small energy difference of the S1 and 

T2 state.154 Since the fast ISC only takes place in the dyads and not in the T2R dye, an 

interaction of the CPDT linker with the cobalt complexes is likely responsible for the 

fast ISC. Literature on ISC induced by cobalt in binary systems is scarce and the 

observed effect attributed to the paramagnetic nature of CoII ions which cannot be the 

explanation for our diamagnetic CoIII complex.157,158 Instead, alternative pathways must 

be considered involving higher energy states on the cobalt complexes. In addition, the 

rigidity of the CPDT linker likely plays a role in the ISC since for T2-Co, only a very 

small yield of triplet state was detected. 
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In the literature, there are some other examples of heavy-atom free triplet sensitizers 

that operate by radical pair ISC, which is much slower than that observed in our 

systems,159–162 or through the use of spin convertors, most prominently fullerenes.163–165 

In our case, the Co complex could act as a spin convertor after ET since ISC has been 

observed to occur on a ps time scale in the ground state of Co complexes166 and < 1 ps 

in the excited state,167 and thus could be much faster than the ISC rates observed here. 

If the ISC and back CT to the dye are much faster than the CT to the complex, the latter 

would be the gating process and there would be no accumulation of the CT state with 

the electron localized on the Co complex, explaining why this species was not observed 

in the experiment. 

3.3.3 T2-Co 

The T2-Co dyad shows quite a different excited state behaviour than T1-Co. Where 

T1-Co showed a much faster decay of the thermalized singlet ICT state than T1, this 

process is barely accelerated in T2-Co compared to its dye T2 to occur with an average 

time constant of 500 ps. The spectral shape is identical to that of T2 with a GSB centred 

at 455 nm and ESA at 620 nm, while the SE could not be observed in either T2 or T2-Co 

since it is bathochromically shifted out of the spectral window of our setup. As in the 

case of the T1 systems, the excited state decay processes are of the same nature but are 

slightly accelerated in the dyad. It is not clear why there seems to be a lesser 

acceleration of excited state decay by interaction with the cobalt catalyst than in T1-Co. 

From DFT calculations on similar dyes, the LUMO does not seem to be more strongly 

located on the linker, e.g. away from the cobalt catalyst, than in T1.127 A possible 

explanation can be offered when inspecting the spectrum at long delay times. In 

T2-Co, after 9 ns the signal has not completely decayed to zero, instead, there still is 

some GSB and ESA. The spectral shape of the ESA is broader than the initial one, 

extending farther into the red. In comparison to T2, this contribution can already be 

observed at earlier delay times. In analogy to the results for the T2R dyads (see section 

3.3.2), this signal is attributed to the triplet state of the T2 dye formed by cobalt-

induced ISC. Since the triplet state is more long-lived than the singlet state, the 

convoluted signal of the two states can result in a net slower signal decay than in 

T1-Co. 
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Figure 3.7:Results of TA spectroscopy of T2 and T2-Co in solution . a) TA data of T2 and T2-

Co in ACN after the initial relaxation cascade, normalized to the GSB after 50 ps. b) Kinetic 

traces of T1, T1-Co, T2 and T2-Co in ACN from 50 ps to 9 ns with the average lifetimes 

calculated from the biphasic decay at the maxima of the ESA (λ = 430 nm for T1 and T1-Co, 

455 nm for T2 and T2-Co) and GSB (λ = 535 nm for T1, 550 nm for T1-Co, 620 nm for T2 

and 625 nm for T2-Co). 

3.3.4 Conclusion and Outlook 

Comparing the data from the different experiments on the excited state behaviour of 

the organic dyes and dyads in solution, several insights can be gained. 

First, all dyes and dyads show identical initial ultrafast cooling processes to a 

thermalized singlet excited state whose kinetics are affected by solvent viscosity. 

Deactivation from this state is similar in the different dyes with a direct decay to the 

ground state on the sub-ns to ns timescale, but occurs in very different fashion for the 

different dyads: 

1. T1-Co shows faster deactivation than the T1 dye due to interactions with Co dd 

states or additional vibrational modes. 

2. The T2R dyads undergo fast ISC to yield a long-lived triplet state, likely 

through interaction of the rigid CPDT linker and higher Co states. 

3. T2-Co shows only slightly faster decay than T2 and forms the excited triplet 

state in low yield. 



3  SPECTROSCOPY IN SOLUTION 59 

The choice of linker in the design of the push-pull dye thus determined the nature 

and kinetics of the decay process from the singlet ICT state.  

 

 

Figure 3.8: Deactivation pathways of the singlet excited ICT state of the dye-catalyst dyads via 

direct decay and ISC to the triplet ICT state. The width of the arrows indicates the amplitude 

of the processes. The spectra depicted are the TA spectra of the thermalized singlet ICT state 

(recorded of T2R in MeOH) and of the triplet ICT state (T2R-Cat1 in MeOH). 

ET from the excited state to the catalytic centre (Co or Cat1) was not observed in any 

of the dyads, despite its thermodynamic feasibility. This is likely due to a slow ET 

process competing with the fast excited state deactivation observed for these organic 

dyes and dyads. Thus, it seems that in DSPC, the oxidative quenching pathway is not 

active in these dyads, but rather a reductive quenching pathway where the electron is 

transferred from the reduced dye to the catalyst.  

This work is one of few examples of TA-SEC measurements in solution on donor-

acceptor dyads and the only one so far using an organic dye as photoactive unit and 

electron donor. Furthermore, it was the first time these measurements were performed 

on a dyad containing a cobalt catalyst active for proton reduction as acceptor. This 

enabled us to probe the second ET step that leads to the catalytically active state of the 

catalyst without using a SED or a chemical reductant which could interfere in the 

photophysical measurements. In general, this technique opens up the possibility of 

probing light-induced processes at different oxidation states which is important in the 

context of systems designed for photo-induced multi-electron catalysis such as proton 

reduction and water oxidation. 

The results obtained for T1-Co in the TA-SEC experiments show clearly that emission 

quenching alone is not sufficient evidence for photoinduced ET. It is necessary to 
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additionally observe the spectral signature of the charge-transfer state or an influence 

of the oxidation state on the decay kinetics. The latter observation is now made 

possible by TA-SEC measurements without the need for a chemical reductant. 

In general, the results show that the interaction of the donor and acceptor units, in this 

case the Co complexes, in molecular dyads can lead to unexpected results: Firstly, to a 

fast ground state decay that outcompetes ET. More interestingly, a fast ISC on the 

sub-ns timescale occurs in the T2R dyads. Such a fast, cobalt-induced ISC has so far 

not been observed in the literature, as it is likely a product of the interaction of the Co 

cobalt complex with the rigid CPDT linker containing two thiophene rings, where the 

triplet state is localized and which are known themselves to undergo ISC to the triplet 

state.153,154 This shows that all the possible excited-state interactions, in addition to the 

desired ones, must be taken into account when designing donor-acceptor dyads. 

However, the unexpectedly obtained fast ISC shows a possible new architecture for 

organic triplet sensitizers by using tethered Co complexes instead of heavy atoms or 

other spin convertors. 

Furthermore, our results challenge the use of triazole bridges as linkers for donor-

acceptor dyads designed for light-induced charge-transfer, since ET cannot compete 

with the other deactivation processes. Therefore, a different linker design should be 

considered to achieve fast ET. 

3.4 Experimental Section 

3.4.1 Synthesis of T2 and T2-Co 

T2-Co. The synthesis of T2-Co has been published and can be found in Windle, C. D., 

Massin, J., Chavarot-Kerlidou, M., Artero, V. Dalton Transactions, 2018, 10509-10516.  

T2. The reference dye T2 was synthesized according to the same protocol as T2-Co, 

using ethyl 2-cyanoacetate instead of propargyl cyanoacetamide during the 

Knoevenagel reaction. 

3.4.2 Transient absorption spectroscopy 

Transient absorption measurements of T1, T2, T1-Co and T2-Co. A custom-built setup was 

utilized to acquire fs-TA data. The TA setup is described in detail in R. Siebert, D. 

Akimov, M. Schmitt, A. Winter, U. S. Schubert, B. Dietzek, J. Popp, ChemPhysChem, 2009, 

10, 910–919. A white-light supercontinuum probe pulse at 1 kHz repetition rate was 
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used to analyze the excited state dynamics. The supercontinuum was generated by 

focusing a minor part of the output of the Ti:Sapphire amplifier into a CaF2 plate 

mounted on a rotating stage. After generation of the white light continuum, it is split 

into a probe and reference beam. Using a concave mirror with 500 nm focal length, the 

probe pulse was focused onto the sample by a concave mirror of 500 mm focal length. 

The spectra of probe and reference were detected by a Czerny-Turner spectrograph of 

150 mm focal length (SP2150, Princeton Instruments) equipped with a diode array 

detector (Pascher Instruments AB, Sweden). The pump pulses used were of 403 nm 

wavelength and a pulse duration of approximately 100 fs. The repetition rate of the 

pump pulses was reduced to 0.5 kHz by a mechanical chopper and the polarization 

adjusted to the magic angle of 54.7° by a Berek compensator and a polarizer. The time 

delay is generated by reflecting the probe beam on a pair of mirrors mounted on a 

movable delay line and therefore adjusting the path length of the probe beam. 

The data was analyzed using a customized data analysis software (Pascher 

Instruments AB, Sweden). First, the data was corrected for the chirp and subsequently, 

a sum of exponential functions was fitted to the data. The pulse overlap region of ±200 

fs was removed from the data to exclude the coherent artefacts present in this temporal 

region.  

The TA measurements were carried out in ACN in a standard 1 mm cuvette (OD400nm 

= 0.3).   
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4 Dye-sensitized photocathodes 

Parts of this chapter have been published in the following articles:  

Publication 3 - Bold, S., Massin, J., Giannoudis, E., Koepf, M., Artero, V., Dietzek, B., 

& Chavarot-Kerlidou, M., Spectroscopic investigations provide a rational for the 

hydrogen-evolving activity of dye-sensitized photocathodes based on a cobalt 

tetraazamacrocyclic catalyst. ACS Catalysis, 2021, 11, 6, 3662–3678. 

Publication 4 – Giannoudis, E., Bold, S., Müller, C., Schwab, A., Bruhnke, J., Queyriaux, 

N., Gablin, C., Leonard, D., Saint-Pierre, C., Gasparutto, D., Aldakov, D., Kupfer, S., 

Artero, V., Dietzek, B., & Chavarot-Kerlidou, M, Hydrogen Production at a NiO 

Photocathode Based on a Ruthenium Dye−Cobalt Diimine Dioxime Catalyst 

Assembly: Insights from Advanced Spectroscopy and Post-operando 

Characterization. ACS Applied Materials & Interfaces, 2021, 13, 42, 49802-49815. 

 

This chapter will deal with all results obtained for the NiO photocathodes sensitized 

with dye-catalyst assemblies. The first part contains the TA-SEC experiments of a Ru-

Co dyad, while the second part deals with the full characterization of a series of organic 

assemblies. 

NiO films sensitized with dye-catalyst assemblies as photocathodes for hydrogen 

evolution in DSPC are very complex systems. The choice of the molecular components 

(nature of the dye, the catalyst and the structure of the linker), the preparation of the 

NiO film and other experimental parameters such as applied potential, light intensity 

and pH during the photoelectrochemical tests all affect the performance of the 

photocathodes, i.e. their stability and their activity, governed by the light-induced 

processes and the performance of the individual dye and catalyst units under the 

selected experimental conditions. It is therefore mandatory to use a wide variety of 

experimental techniques to obtain a full picture of the system, if possible under 

operando conditions in order to identify its bottlenecks or weak points. These insights 

can then be used to rationally improve the identified weak points in the molecular 

assembly. There are a wide range of analytical techniques that can be used to study 

different aspects of the systems. 
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To determine the activity of the DSPC for hydrogen production, standardized 

conditions for the photoelectrochemical experiments were established at the beginning 

of the work to enable an accurate determination and comparison of the results. To 

account for the varying performance of different individual films, all 

photoelectrochemical measurements were performed at least in triplicate to obtain an 

average value and estimate the error. In addition, the grafting density of the dyads on 

the film surface was measured by UV-Vis spectroscopy of desorbed solution for each 

film individually which enabled an accurate measurement of the TON achieved, and 

therefore enabled a comparison of the intrinsic activity of different dyads. The amount 

of produced hydrogen was quantified both in the headspace by gas chromatography 

and in solution with a microelectrode hydrogen probe.  

To investigate the stability of the system, UV-Vis spectroscopy and inductively 

coupled plasma mass spectrometry (ICP-MS) were used to quantify the dye and cobalt 

concentration on the film pre- and post-operando. Of special importance to study both 

the stability and the light-induced processes in the assemblies were 

spectroelectrochemical techniques, i.e. spectroscopic measurements while applying a 

potential, as they allow to study the systems’ behaviour at the operando potential of 

the photoelectrochemical experiments, which can differ drastically from the case 

without an applied potential. In particular, in this work the kinetics of the degradation 

processes of the dye unit were studied by time-resolved UV-Vis SEC under operando 

conditions. In addition, the light-induced processes were investigated by time-

resolved emission spectroscopy and TA-SEC on sensitized NiO films. The latter 

technique allowed to study the influence of the applied potential on the interfacial 

processes (HI and CR) due to the influence on the NiO as well the influence of the 

different oxidation states of the catalyst, and to observe the ET process from the 

reduced dye to the cobalt catalyst unit as well as their respective lifetimes. 

4.1 Ruthenium-cobalt dyad RuCo 

The first dyad studied in this work consisted of a Ru(bpy)2-imidazophenanthroline 

complex as PS unit, coupled via CuAAC click chemistry to a diimine-dioxime cobalt 

catalyst (Figure 4.1). A critical point of the imadazophenanthroline ligand is the 

protonation state on the imidazole part which can alter the photophysical 

properties.168,169 Under the photoelectrochemical conditions studied (pH = 5.5), one 

nitrogen atom on the imidazole is protonated, as indicated in Figure 4.1. 
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Figure 4.1: Chemical structures of the dye Ru and the dyad RuCo and their UV-Vis absorption 

spectra in ACN. The inset shows a close-up of the metal-to-ligand charge transfer (MLCT) 

band. 
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4.1.1 Activity and stability 

The results in this paragraph were obtained by Emmanouil Giannoudis at CEA Grenoble and 

are taken from his doctoral thesis. 

Ru and RuCo show grafting densities of 5.2 ± 0.8 nmol/cm2. At -0.4 V vs. Ag/AgCl 

applied potential and under 1 sun equivalent irradiation in the visible region (400-800 

nm), RuCo showed photocurrent densities of 58 ± 11 µA∙cm-2, while the use of an AM 

1.5 filter increased this value to 84 ± 7 µA∙cm-2 due to the strong absorption band in the 

UV of the Ru complex. 98 % of the initial photocurrent was lost during the first two 

hours of photoelectrochemical measurements due to desorption from the NiO surface 

and degradation of the cobalt catalyst. After two hours under photoelectrochemical 

conditions with visible light (-0.4 V vs. Ag/AgCl applied potential, 2-(N-

morpholino)ethanesulfonic acid buffer solution with pH = 5.5), hydrogen was 

produced with TON of 5 ± 1 (28 ± 2 nmol∙cm-2 H2) with a low Faradaic efficiency of 

25%. While the amount of produced hydrogen doubled with the use of the AM 1.5 

filter (TON = 13 ± 2, 60 ± 9 nmol∙cm-2 H2), the Faradaic efficiency stayed identical. The 

low value of the Faradaic efficiency was ascribed to side reaction on the cobalt diimine-

dioxime catalyst. Short measurements of 30 minutes duration showed a much higher 

F.E. of 72% and almost identical TON as after two hours, meaning most of the 

hydrogen is produced in the initial minutes. This means that the intrinsic Faradaic 

efficiency of the assembly is high, but decreases quickly due to side reactions and 

degradation of the catalyst. MALDI-ToF MS measurements showed that demetallation 

due to the cleavage of the C-N bonds of the diimine-dioxime ligand was the primary 

degradation process. In addition, 80% of the initially present dyads were lost from the 

NiO surface due to desorption during the first two hours under photoelectrochemical 

conditions.  

The obtained TON values for this assembly are very low compared to those obtained 

with the same catalyst under homogeneous photocatalytic conditions (300 TON)170 or 

in electrocatalytic conditions when anchored on carbon nanotubes (7000 TON).76 This 

suggests that the assembly suffers from performance-limiting issues which, in addition 

to the stability issues, might be kinetic issues, i.e. the catalyst does not receive electrons 

at a rate necessary for fast catalysis. To investigate this, TA-SEC experiments were 

performed. 
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4.1.2 Time-resolved spectroscopy on dye-sensitized NiO films 

When studying PS for solar energy applications, the photophysics in solution are only 

the first step to obtain a general idea of the excited state processes in the molecule. For 

application in DSPEC, the second, very important step is to investigate the 

photophysics of the complete dye-sensitized film as this is the active system. When 

immobilizing PS on p-type SCs such as NiO, additional pathways are opened up in 

the excited state such as HI into the VB of the SC and the following CR as well as 

intermolecular interactions on the surface that can lead to excimer formation and fast 

excited state decay.52,171 Typically kinetics of interfacial processes on metal oxide films 

are non-exponential, often stretching across timescales of several orders of magnitude. 

This applies to HI and even more so to CR (see below). In practice, these processes can 

be fitted either with multiexponential fits, where it must be made clear that the 

individual time constants obtained do not reflect separate processes, or by using a 

stretched exponential fit. This stretching of the timescales observed for interfacial 

processes can also lead to an overlapping of different processes, complicating data 

analysis. This can lead to uncertain assignment of HI kinetics as they often occur at the 

same time as other ultrafast processes such as thermal relaxation of excited states. 

Furthermore, sometimes the analysis is even more challenging to similar spectral 

signatures of excited and reduced/oxidised dyes. 

It must be pointed out that a large part of the literature on excited state processes in 

dye-sensitized NiO films comes from the field of DSSC due to its longer history and 

higher maturity. Consequently, there are few studies on films with a grafted catalyst, 

as catalysts are not needed in DSSC due to the more easily achievable one-electron 

redox reaction taking place between the PS and the redox mediator. Therefore, only 

the reduced PS needs to be produced, and efforts were directed only to produce a very 

long-lived reduced dye state after excitation. To this end, some dyads were introduced 

containing dedicated electron acceptor units, that did however not pose the additional 

challenge of having to be a catalyst. 
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4.1.2.1 TA-SEC setup 

The principal technique to gain insights on the light-induced processes in dyad-

sensitized photocathodes used in this work was TA-SEC. For this purpose, a 

spectroelectrochemical cell was designed that fulfilled the requirements of these 

challenging experiments: 

First, the precise application of a potential to the photocathode had to be ensured to be 

able to accurately reproduce the applied potential during the photoelectrochemical 

experiments. An implicit consequence of the applied potential is the investigation of 

the light-induced processes at different oxidation states of the catalyst unit. In 

addition, we needed to investigate the ET kinetics in the absence of catalysis to 

accumulate the CoI state in order to detect it. Therefore, the measurements must be 

carried out in the absence of water, using dry organic solvent. To perform these 

experiments, the cell had to be able to house a three-electrode setup with a reference 

electrode and an auxiliary electrode. In addition, the cell must allow to measure under 

inert conditions for the duration of the TA experiment, e.g. several hours, principally 

to prevent water and oxygen from entering the cell, which could react with the reduced 

state of the catalyst, thus preventing its detection. Also, the dye-sensitized NiO film 

must be fixed in plane to avoid a loss of focus, while being able to move it in plane to 

avoid photodamage from the pump beam which was identified as a major issue 

especially for the organic dye-catalyst assemblies. This was exacerbated by the low 

concentration of sample molecule on the film surface combined with light scattering 

on the NiO film, which together demanded long exposure time to obtain a good signal-

to-noise ratio. In addition, the film must be electrically contacted to be connected to 

the potentiostat. The final challenge was to limit the path length of the laser beams 

through the cell to a few millimetres which was important for the detection of ultrafast 

kinetics such as HI in the fs-TA-SEC experiment. A long path length leads to a loss of 

temporal evolution due to the chirp caused by dispersion in the electrolyte solution. 

The setup used in the TA-SEC experiments in solution (section 3.3.1) did not fulfil all 

of these criteria: the use of the leakless Ag/AgCl reference electrode, as opposed to a 

pseudo-reference Ag wire used in the measurements in solution, demanded a wider 

cell due to its higher diameter (2 mm). In addition, in the setup for solution the film 

could not be fixed in plane which prohibited movement to avoid photodamage. 

Therefore, a spectroelectrochemical cell was designed, largely based on the design of 

a photoelectrochemical cell by Zahner Elektrik172 but adapted to fs-TA measurements. 
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Figure 4.2: Cell for TA-SEC measurements on films in the assembled and disassembled state. 

The general design consisted of a cell body with two transparent windows pressed to 

it with flanges and sealed with rubber O-rings (Figure 4.2). One of the windows is a 

glass substrate with a transparent conducting oxide coating (fluorine-doped tin oxide 

(FTO) or ITO) on which the sample film is deposited prior to the experiment. The films 

were prepared by spin-coating a precursor solution of NiCl2 and the F108 block 

copolymer in ethanol/water on ITO-coated glass slides (Solems, FTO coating for the 

photoelectrochemical experiments) and sintering at 450°C, followed by sensitization 

with the molecular components. This film is contacted via a conducting foam to a wire 

connected to the potentiostat. The reference and auxiliary electrodes are passed 

through rubber stoppers and a channel into the cuvette created by the cell body and 

the glass windows. The final path length through the assembled cell is 5-6 mm. For the 

cell body, a polymer was chosen since metal could not be used as it is a conductor, and 

the design would have been more difficult to achieve with a cell made of glass. The 

polymer had to be resistant to the electrolyte used and hard enough to resist the 

pressure of the flanges. Polytetrafluoroethylene is ideal in terms of chemical inertness, 

however it is much too soft and was deformed during use. The polymer finally chosen 

was polypropylene which is more resistant to pressure but limits the choice of solvent. 

It is however stable in contact with ACN, which was used as the electrolyte solvent. 

In a typical experiment, the cell was assembled in a glovebox under inert conditions. 

Once closed, it was tight for the duration of a TA experiment. Oxygen and water levels 

in the cell were not measured to prove this, but no influence of passed time on the 

lifetime of the CSSs was observed. Then, TA spectra were recorded at different applied 

potentials, i.e. during a chronoamperometric measurement, while moving the film in 
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plane to avoid photodamage. This was achieved by mounting the cell on a yz-stage. 

The potential of the reference electrode was calibrated versus the ferrocene+/0 couple. 

4.1.2.2 TA-SEC results on RuCo-sensitized NiO films 

Prior to the measurements, the sensitized films were washed with water to adjust the 

protonation state of the imidazole group. Then, TA spectra were recorded of Ru- and 

RuCo-sensitized NiO films without any applied potential (open circuit potential 

(OCP)), at -0.74 V and -1.15 V vs. Fc+/0. -0.74 V vs. Fc+/0 corresponds to -0.4 V vs. 

Ag/AgCl, the potential employed in the photoelectrochemical experiments (e.g., the 

operando potential), and is sufficiently reductive to reduce the Co centre to its CoII 

state. -1.15 V vs. Fc+/0 served as a control measurement since the Co centre is at its CoI 

state at this potential, making ET from the reduced or excited dye thermodynamically 

impossible. The kinetics and the spectral shape were very similar for Ru and RuCo, 

except for some spectral broadening for the latter, and therefore the results for the two 

compounds will be discussed together. At the end of the discussion, a focus will be 

laid on the ET process in the dyad.  

TA spectra of NiO films sensitized with Ru and RuCo at early times show a spectrum 

with GSB at 480 nm and ESA around 590 nm, corresponding to the triplet metal-to-

ligand charge transfer (3MLCT) state  (Figure 4.3). At OCP, this spectrum decays 

almost completely within 7 ns ns except for a weak positive band centred at 520 nm. 

At negative applied potentials, however, it develops into a long-lived spectrum with 

positive bands at 540 and 480 nm, completely losing the GSB. The band at 540 nm is 

characteristic for the one-electron reduced Ru dye (dash-dot line in Figure 4.3), while 

the band at 480 nm is tentatively assigned to oxidized Ni centres produced by HI,173,174 

leading to the assignment of this spectrum to the primary CSS produced by HI from 

the excited dye into the NiO film (formal NiO+|RuI). From a three-component 

exponential fit to the experimental data, the time constant for HI is determined to be 

45 to 70 ps, becoming faster and more pronounced at more negative applied potential.  
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Figure 4.3: fs-TA-SEC (top left) and ns-TASEC (top right) data of NiO films sensitized with 

Ru at OCP and two applied potentials (0.74 and -1.15 V vs. Fc+/0). The inverted absorption 

spectrum of RuCo in ACN (dashed), the TA spectrum of RuCo in ACN (dot) and the scaled 

differential absorption spectrum upon one-electron reduction of the Ru complex in RuCo (dash-

dot) are given for comparison. Bottom: Kinetic traces at 530 nm for Ru- and RuCo-sensitized 

NiO films at the two applied potentials, normalized for each potential at 20 ns time delay. 
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Since at more negative applied potentials the initial signal at 480 nm (GSB) is weaker 

while the signal at 540 nm (reduced Ru dye) is stronger, we postulate an additional 

ultrafast (< 2 ps) HI process that rises in amplitude at more negative applied potentials. 

For RuCo, the ultrafast HI process has higher amplitude than for Ru, reflected in a 

higher initial ratio of signal at 540 nm to 480 nm. HI is followed by CR, which is 

strongly affected by the applied potential, increasing from a time constant of tens of 

picoseconds at OCP to > 7 ns at negative applied potentials, leading to a long-lived 

CSS. At OCP, the fast CR following the fast HI leads to the overall much faster decay 

of 3MLCT signal than in solution. In parallel, there is a process with a characteristic 

time constant of τ2 = 950 to 1470 ps which shows the spectral signature of a decay of 
3MLCT to the ground state (concerted loss of GSB and ESA). This decay might be 

produced by an accelerated direct decay of excited molecules that have not undergone 

HI and thus remain in the 3MLCT state, due to self-quenching of tightly packed 

compounds on the NiO surface.175 Alternatively, a combination of HI and CR can lead 

to the same spectral result. The lower amplitude and slower rate for this component at 

more negative applied potentials supports this assignment: HI is faster, decreasing the 

amount of long-lived 3MLCT states, and CR is slowed down by the lower number of 

holes on the NiO surface. Most importantly, the TA spectra of RuCo in the time 

window up to 7 ns do not show any spectral indication of charge transfer to the cobalt 

catalyst unit. Such a charge transfer would be observable as an increasing absorption 

band between 550 and 750 nm, produced by the CoI state in the case of RuCo at -0.74 

V vs. Fc+/0, which is not present in the TA spectra.  

Since thermally activated ET in triazole-bridged dyads has been shown to occur on the 

ns-µs time scale,132,133,135,136,176 we performed TA experiments under identical conditions 

in the ns-µs time scale. The TA spectra in this time range are spectrally identical to the 

last spectra recorded in the fs-TASEC experiment and decay without any spectral 

changes, with 15% of the initial signal still left after 45 µs (Figure 4.3). The decay occurs 

in a non-exponential fashion as typical for CR reactions in molecularly functionalized 

NiO photoelectrodes52,107,108,177 and could be approximated with a three-component 

exponential fit which yields similar lifetimes under all experimental conditions (τ1 ≈ 86 

ns, τ2 ≈ 1.4 µs, τ3 ≈ 14 µs, Table 4.1), with an average lifetime of τave = 3.6 to 5.2 µs. In 

these experiments, an additional band was observed at 390 nm which in the fs-TA-SEC 

experiment was blocked by the pump scatter, and which was also observed in UV-Vis 

SEC measurements upon one-electron reduction of Ru. Since this band is produced by 

the one-electron reduced bpy ligand, it seems that the excess electron is partly localized 

on the anchoring bpy ligands, possibly through thermally activated interligand ET 

from the extended ligand. This partial localization on the anchoring ligand could lead 
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to faster CR due to the spatial proximity to the NiO surface (Figure 4.4), as previously 

discussed for related ruthenium complexes.45  

Table 4.1: Obtained time constants by fitting the TA-SEC data of Ru- and RuCo-sensitized 

NiO films at OCP and different applied potentials with multiexponential fits. 

  fs-TASEC ns-TASEC 

 Applied 

potential/ 

V vs. Fc+/0 

τ0  
τ1 / 

ps 

τ2 / 

ps 
τ3 

τ1 / 

µs 

τ2 / 

µs 

τ3 / 

µs 

Normalized 

integral DAS 

τave / 

µs 

Ru 

OCP 

< 2 

ps 

67 1070 

> 7 

ns 

       

-0.74 52 735 0.1 1.6 15 1 0.97 0.48 3.6 

-1.15 31 655 0.1 1.5 16 1 1.18 0.93 5.2 

RuCo 

OCP 67 950        

-0.74 69 1360 0.1 1.2 13 1 0.77 0.66 3.9 

-1.15 45 1470 0.1 1.2 13 1 0.85 0.77 4.3 

 

Overall, by applying a reductive potential, the lifetime of the CSS was increased from 

hundreds of picoseconds to up to 15 µs, an increase of up to 5 orders of magnitude.  

However, in spite of the long-lived CSS, no direct evidence for ET to the cobalt catalyst 

could be observed: within the experimental signal to noise, the spectral signature of 

the CoI state did not appear in the TA spectra of RuCo-sensitized NiO films at -0.74 V 

vs. Fc+/0, and the decay kinetics of the reduced Ru complex were not accelerated in 

comparison to Ru-sensitized films. On the basis of the ratio of the extinction 

coefficients of the reduced dye and the CoI state from the UV-Vis SEC experiment, and 

an experimental noise of 0.52 mOD, the limit of detection at a signal-to-noise ratio of 

2:1 is at 12% efficiency for the ET in the ns-TASEC experiment, meaning that less than 

12% of the reduced state of the Ru dye undergoes ET.  

4.1.2.3 Influence of the applied potential on the interfacial processes – 

hole injection 

From the TA-SEC data it becomes apparent that the applied potential influences the 

kinetics of the interfacial charge-transfer processes, e.g. HI and CR, as observed 

before.107,108 HI in Ru(Co)-sensitized NiO films occurs in a biphasic fashion with an 

ultrafast (τ0 < 2 ps) and a slower component that takes place in tens of picoseconds (τ1 

= 30 to 70 ps). This is in line with the published literature, where HI in dye-sensitized 

NiO films was observed in some cases in < 1 ps to some ps,45,46,52,54,61,77,107,125,178–192 while 
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some PS have slower HI that takes place in some tens of ps.36,45,77,107,183,193 These slower 

HI kinetics are usually observed for Ru complexes, while organic dyes almost 

exclusively show ultrafast HI. There are very few examples where HI was very slow 

(250 ns),194 did not occur at all175 or only from the oxidised PS after oxidative quenching 

with an electron acceptor.195 A good example for multiexponential HI is that of 

Ru(bpy)3 by Dillon and coworkers, who used a four-component multiexponential fit 

for HI with time constants of 2.8, 39, 280 ps and 10 ns.  

The amplitude of the ultrafast HI component increases at more negative potentials 

which translates to a lower GSB signal and a higher signal of the reduced Ru at 540 nm 

at the beginning of the experiment. The slower component increases both in rate and 

in amplitude at more negative potentials. The biphasic HI kinetics might be caused by 

a different localization of the excited electron: if the electron is primarily located on the 

anchoring bpy ligand, the excess charge density slows down HI into NiO, while 

localization on the extended ligand presents no impediment and thus leads to fast HI, 

as observed before for Ru(bpy)3.36 In this case, the slower component might be an inter-

ligand ET from the bpy to the imidazophenanthroline ligand that gatekeeps the fast 

HI.  

 

Figure 4.4: Schematic representation of different HI and CR kinetics caused by differing 

localization of the excited electron (NiO|Ru*) and the excess electron in the CSS (NiO+|Ru-). 

The red colour indicates a localization on the anchoring bpy ligands and the blue colour a 

localization on the extended imidazophenanthroline ligand. 
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Figure 4.5: Potential dependence of the NiO band electronics and its influence on HI and CR 

kinetics. 

It might also be caused by different local environments on the NiO and predominantly 

electron- or hole-filled surfaces as suggested by Dillon and co-workers for a Ru(bpy)3 

complex grafted on NiO,107 and the time constants observed here fit well with those 

obtained in their study. (2.8 and 39 ps). To obtain a good fit for their TA-SEC data, the 

authors proposed a model consisting of predominantly electron filled and 

predominantly electron depleted surface sites. This, in a band picture, corresponds to 

empty and filled intragap states between the NiO valence and conduction bands. In a 

chemical picture, these sites/trap states are essentially Ni2+ atoms that can be oxidized 

to Ni3+. Applying a negative potential to the NiO film reduces these Ni sites to Ni2+, 

thus filling the intragap states and producing an electron-filled surface. This model 

explains the influence of the applied potential on the HI kinetics: the NiO film as 

prepared – equivalent to the OCP measurements – presents a primarily electron-

depleted surface, corresponding to unfilled trap states or Ni3+ atoms at defect sites, 

respectively (Figure 4.5). As the surface electrons are those that will transfer to the 

excited Ru complex during HI, a low concentration of surface electrons leads to slow 

HI; in a band/energy picture the electrons in the NiO have low driving force for HI 

resulting in slow HI. Applying a reductive potential reduces the Ni atoms to Ni2+, 

filling the trap states with electrons, thereby raising the Fermi level and producing an 

electron-filled surface. This leads to a higher driving force for HI, resulting in faster 

kinetics and especially higher amplitude ultrafast HI. It was also observed that for 

RuCo, especially at more negative potentials, the ratio of the amplitude of the ultrafast 

to the slow HI component is higher compared to Ru. This could be caused by an 
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influence of the triazole linker on the ligand energy levels, if the presence of the triazole 

leads to a faster localization of the excited electron on the extended ligand. 

4.1.2.4 Influence of the applied potential on the interfacial processes – 

charge recombination 

The second interfacial process influenced by the applied potential is CR of 

NiO+|RuI(Co). From the fit of the fs-TA-SEC data, the amplitude of the CR component 

increases at more reductive potential. Since the time constant of this component is 

> 7 ns, this increase in amplitude means that more CSS is present at the end of the 7 ns 

time window of the experiment as a result of slower CR kinetics, in line with the higher 

signal of the reduced dye. The lower signal at OCP means that the formed CSS already 

decays in under 7 ns, and the failure of a build-up of signal of the reduced dye at 

540 nm shows that CR takes place on the same time scale as HI. This also shows in the 

decay-associated spectra of the slow HI component which is positive at > 500 nm at 

OCP, while at reductive potentials it is negative. This difference is caused by the 

convolution of HI and CR spectral features, as the differential DAS show: subtracting 

the HI DAS at more reductive potentials which show much slower CR reveals the 

spectral signature of CR in the first DAS at OCP (Figure 4.6). This means that at OCP, 

CR occurs on the same time scale as HI, namely tens of picoseconds.  

 

 

Figure 4.6: Decay-associated spectra obtained by a three-exponential fit of the TA-SEC data of 

NiO films sensitized with RuCo. Left: DAS of τ1 at different applied potentials (solid), 

associated with HI and fast CR. The dotted lines show the differential spectra of the DAS at 

negative applied potentials subtracted from OCP which reveals the contribution of fast CR at 

OCP. Right: DAS of τ3, associated with CR. 
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This behaviour was also observed in the literature on dye-sensitized NiO films: as for 

HI, CR occurs in a highly non-exponential fashion, stretching over timescales of 

several orders of magnitude. In most of the studied dye-sensitized NiO films, CR 

occurs on a sub-ns timescale with time constants of tens to hundreds of 

ps.36,45,46,52,77,101,107,125,178–193 Indeed, CR can be so fast that no signal of the reduced PS is 

observed which can also complicate the assignment of the HI process. However, the 

generally faster excited state decay than that observed for the PS in solution, due to 

this fast HI and CR, can be a hint for the existence of both, even if the reduced PS is 

not observed. Despite this fast recombination and due to the highly non-exponential 

behaviour of CR on NiO films, there is often some reduced dye still observed on the 

ns-µs timescale.36,45,52,54,61,101,177,180–184,186,188,190,191,193,194,196–199 However, this is usually only a 

small amount (< 10 %) of initially present CSS, but in some cases more efficient 

retardation of CR has been achieved. The most successful strategy to extend the 

lifetime of the CSS was installing a secondary electron acceptor such as NDI or PMI on 

the dye to which ET occurs after HI.101,181,190 A certain degree of success was also 

achieved by introducing electron-withdrawing trifluoromethyl groups on the ligands 

of a Ru(bpy)3 complex193 or longer linkers between the Ru centre and the anchoring 

groups.188 Some studies only present data recorded on the ns-µs time scale, which does 

not allow to determine the yield of CSS since the fast CR on the sub-ns timescale cannot 

be observed. Due to the higher pump power used in ns-TA setups, even small amounts 

of CSS can still be observed, and so the slow CR part of a multiexponential (fast) decay 

could mistakenly be assumed to be the only CR process taking place in a system, 

leading to an overestimation of CSS average lifetime. 

For RuCo-sensitized NiO films at more negative applied potentials, the fast CR 

channel is increasingly deactivated, leading to a build-up of CSS that lives for up to 

15 µs compared to hundreds of picoseconds at OCP, an increase of up to five orders of 

magnitude. To explain this strong increase in lifetime, the reason for the fast CR at 

OCP must be determined and the mechanism by which the application of a negative 

potential eliminates it. A first hint as to the reason for the fast CR came from a study 

using a series of PMI dyes with increasing driving force for recombination. Instead of 

a Marcus inverted behaviour as expected for the large driving forces calculated for CR 

with holes in the NiO VB, a Marcus normal behaviour was observed.186 This led to the 

idea that CR actually takes place with intragap trap states, for which the driving force 

for CR should be lower and lie in the Marcus normal region. Further insight comes 

from the few studies that employed TA-SEC. The first study to use this technique did 

not investigate the exact role of NiO, but did observe potential-dependent kinetics of 

CR for a PMI-oligothiophene-TPA push-pull dye, with lifetimes increasing from ca. 
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2 µs at -0.15 V vs. Fc+/0 to a biphasic decay with 50-100 µs and ms lifetime at -0.9 V vs 

Fc+/0.199 A similar long-lived CSS was observed for a polymer consisting of a Ru(bpy)3 

PS and a Re catalyst for CO2 reduction, immobilized on NiO and at an applied 

potential of -0.5 V vs. NHE: the reduced Ru(bpy)3 polymer alone showed a lifetime of 

18 µs (from a Kohlrausch-Williams-Watts stretched exponential fit), while with the Re 

catalyst this was  reduced to 6 µs due to ET to the catalyst, the reduced state of which 

recombined in 1.7 ms.200  

Another study looked more closely at the origin of this dependence in NiO films 

sensitized with Ru-NMI in a potential range of -0.54 to 0.36 V vs Fc+/0: D’Amario and 

coworkers observed a biexponential decay of the reduced dye species, with a fast 

decay with a potential-independent lifetime of ca. 15 ns whose amplitude increased at 

positive potential and a slow decay whose rate increased at more positive potential 

(lifetime decreased from 500 s to 700 µs), with a high dispersion of rates.108 Based on 

these observations, the authors proposed that CR takes place via two pathways: the 

fast decay would be due to CR with the injected hole in the valence, while the slow 

decay results from CR with the injected hole after its relaxation into the intragap trap 

states. A somewhat different explanation was proposed by Dillon and coworkers in 

what is to date the only TA-SEC study on dye-sensitized NiO films that investigated 

the ultrafast processes in a fs-TA setup.107 They observed faster HI at more negative 

applied potential, until the multiexponential HI kinetics became biexponential at very 

negative applied potential with 2.8 and 39 ps time constants, and the yield of reduced 

dye increased from 0% at 0.4 V to 91% at -0.4 V vs. Ag/AgCl. This was ascribed to a 

retardation of CR. To obtain a good fit for their data, the authors proposed the model 

presented in section 4.1.2.3, consisting of predominantly electron-filled and 

predominantly electron-depleted surface sites. Applying a negative potential to the 

NiO film reduces these Ni sites to Ni2+, thus filling the intragap states and producing 

an electron-filled surface (Figure 4.5). This, in turn, leads to slower CR: from their 

model, the authors obtained a ratio between the fast and slow CR times on the sub-ns 

data, which increased from 1:1 at 0.4 V to 1:13,000 at -0.4 V vs. Ag/AgCl. In a 

ns-TA SEC experiment, it was reflected in a rise of the characteristic time constant for 

CR from 430 ns at -0.2 V to 750 ns at -0.6 V vs. Ag/AgCl. Note that these experiments 

were performed with Ru(bpy)3 as sensitizer, which in another study at OCP was found 

to not inject holes from its excited state due to the localization of the LUMO at the 

anchoring ligand,36 which should also accelerate CR from the reduced dye.  
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The lifetime obtained for the CSS in Ru(Co)-sensitized NiO films is thus longer than 

that observed for Ru(bpy)3 at applied potential,107 in which the electron is located 

unfavourably close to the NiO surface, but much shorter than that of the Ru(bpy)2bpy-

NDI complex, which possessed the additional electron acceptor NDI.108 On this 

timescale, the influence of the increasingly negative potential when going from -0.74 

V to -1.15 V vs. Fc+/0 seems to be weak as it only leads to a 10-40 % increase in lifetime. 

In the fs-TA-SEC experiment, however, the signal of the CSS increased two-fold when 

going to -1.15 V vs. Fc+/0, suggesting that the overall yield of long-lived CSS is still 

significantly enhanced at more negative potential. 

 

4.1.2.5 Electron transfer 

Arguably the most important process for the use of the dyad in light-driven proton 

reduction is the ET process from the excited or reduced dye to the catalyst unit. In 

RuCo-sensitized NiO films, no evidence for such a process could be observed in the 

TA-SEC experiments. Firstly, there was no direct spectral evidence of the formation of 

the CoII species (in the OCP measurement) or the CoI species (in the measurement at -

0.74 V vs. Fc+/0) that would form upon such an ET process. Secondly, the decay kinetics 

of the CSS on the Ru dye are not accelerated in RuCo in comparison to Ru, which 

would be a sign for a competing process such as ET. However, from 

photoelectrochemical experiments it is known that to some degree, ET must occur 

since hydrogen is produced. Since the TON after 30 minutes is only 11, it stands to 

reason that the ET to the catalyst might be very inefficient. Thus, the amount of CoI 

formed might simply lie below the limit of detection of the TA setup. Considering a 

signal-to-noise ratio of 2:1 as detectable, the ET efficiency was estimated to be below 

12 % on the ns-µs timescale. In light of the low TON achieved, a much lower efficiency 

seems plausible.  

Similar observations have been made in the literature: in a dyad especially relevant to 

the Ru complexes studied in this thesis, i.e. based on a Ru(bpy)2ip PS and a copper 

diimine-dioxime complex as acceptor linked by a triazole group, no ET could be 

unequivocally observed:145 In the dyad, the excited state lifetime of the PS was reduced 

compared to the PS alone (380 ns vs. 1.1 µs), but the CSS could not be detected. In 

addition to the issues known for triazole linkers in such donor-acceptor dyads (see 

section 3.3.1), a study by Mulfort and co-workers suggests that indeed the combination 

of a Ru complex donor with a Co complex acceptor might be the issue: they could not 

observe ET in either of two such assemblies, whether they were linked by a methylene 
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spacer or the Co was coordinated to an extended tetrapyridophenazine ligand of the 

Ru complex.48 In contrast, Ru-Pt and Ru-Pd assemblies also prepared by coordinating 

the catalytic metal centre to extended ligands on the Ru PS have shown fast ET to the 

catalytic centre in the sub-ns region.39,86,201,202 This could suggest that the Co complexes 

employed are poor acceptors for photoinduced intramolecular ET. 

Due to the relative novelty of the DSPEC field, there are few studies containing time-

resolved spectroscopy on dye-sensitized NiO films that contain a co-grafted 

catalyst54,61,177,182 or dye-catalyst dyads.46,77,198,200 This might be partly due to the fact that 

the catalysts employed typically do not have strong optical transitions, which 

complicates the analysis by UV-Vis TA spectroscopy. However, visible-pump mid-

infrared-probe TA spectroscopy has been employed to study the CO vibrational bands 

of FeFe catalysts.182 In combination with C343 as PS, following ultrafast HI to yield the 

reduced C343, fast ET to the catalyst took place in some ps.54,61 The lifetime of the 

reduced catalyst depended on the anchoring group employed: a carboxylic acid group 

directly on the coordinating phenyl group led to fast CR in 2 and 30 µs,54,61 while the 

use of a longer linker extended the lifetime to up to 20 ms.54 When this catalyst was co-

grafted with the push-pull dye E2, ET took place from the excited state of the dye 

instead and this led to fast CR between dye and catalyst.182 

As for dye-catalyst dyads studied on NiO, the number is also very limited.46,77,198,200 The 

first study was on a porphyrin-Re dyad, in which HI was observed in < 30 ps and CR 

from the porphyrin dye in 180 ns, however only ns-TA data was recorded. ET to the 

catalyst was not directly observed but assumed to occur due to previous results in 

solution.198 In Ru-Pd and Ru-Pt dyads, HI was observed within the pump pulse and 

CR in 30 ps, with some residual 3MLCT population which decayed in 1 ns. The analysis 

was difficult due to overlapping signals for the CSS and residual excited state in both 

dyads, as well as the multiexponential decay kinetics as mentioned before.46 The CSS 

with the reduced catalyst was not unequivocally observed. In PB-2, an organic dyad 

comprised of a push-pull dye clicked to a cobalt diimine-dioxime catalyst, fast HI in 1 

and 30 ps and fast CR in 350 ps was observed, as expected for the organic dye.77 The 

authors proposed ET to the catalyst in 330 ps based on the faster decay kinetics of the 

reduced dye, but did not obtain spectral evidence of the reduced catalyst and therefore 

could not determine the lifetime of the reduced catalyst. In the only example where 

this was possible, a negative potential of -0.5 V vs. NHE was applied to the film to 

retard CR (see section 4.1.2.4), but only ns-TA data was recorded.200 The molecular 

component in this case was a polymer structure containing Ru(bpy)3 as PS and a Re 

catalyst. While the Ru-polymer alone showed CR with an average lifetime of 18 µs 
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(from a stretched exponential fit), in the dye-catalyst polymer this was decreased to 6.4 

µs due to ET to the catalyst, from which CR occurred in 1.7 ms. In summary, for a 

mixture of several reasons – low extinction coefficents of catalyst optical transitions, 

fast CR on NiO films without applied potential, leading to overlapping of different 

processes - the observation of reduced catalyst on dye-sensitized NiO films and the 

determination of its lifetime remains rare in the literature. 

In our case, since the formation of the reduced catalyst state could not be observed, its 

lifetime could not be assessed, but it is likely higher than that of the reduced Ru 

complex due to its longer distance from the NiO surface and lower driving force for 

recombination, as observed for the Ru complex with a NDI acceptor group which 

showed several orders of magnitude higher lifetime than the Ru(bpy)3 alone.107,108 

 

4.1.3 Summary and Outlook 

In summary, a long-lived CSS on the Ru dye was achieved at applied potential, but ET 

to the cobalt catalyst was not observed which seems to be the main impediment to high 

activity of the dyad (Figure 4.8). This low activity, in addition to the low stability of 

the assembly, leads to the low TON observed in photoelectrochemical experiments. 

Future designs of dye-catalyst dyads should therefore aim to improve the ET kinetics 

(see section 4.3). 

 

A sophisticated spectroelectrochemical cell was built that enabled TA measurements 

on films at applied potential under inert conditions that were stable for hours. The cell 

thus permitted long measurement times, important to obtain a good signal to noise 

ratio in dye-sensitized films which typically have low signal intensities and high noise 

due to scattering. It was used to perform the first-ever TA measurements at operando 

potential on NiO films sensitized with a dye-catalyst dyad (RuCo) that were functional 

for photoelectrochemical H2 evolution. These measurements showed that the low 

activity of the photocathodes was due to a slow and inefficient ET to the catalyst from 

the reduced Ru complex. 

 

4.1.4 Experimental section 

Synthesis of Ru and RuCo.  All reagents were purchased from Sigma Aldrich or Strem 

and used as obtained unless otherwise stated. Reagent-grade solvents were used 
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without further purification. The 4,4´-bis(diethylphosphonomethyl)-2,2´-bipyridine 

(4,4´-(CH2PO3Et2)2-bpy) and N2,N2’-2-azidopropanediylbis(2,3-butadione-2-imine-3-

oxime) ligands were custom-synthesized by the companies Oribase Pharma and 

Provence Technologies, respectively. The 2-(4-ethynylphenyl)-1H-imidazo[4,5-

f][1,10]phenanthroline (EPIP) ligand, [Ru(4,4′-(CH2PO3Et2)2-bpy)2(EPIP)](PF6)2 

(RuP4OEt-EPIP), [Cu(DO)(DOH)N3pn(OH2)](ClO4) (CuN3) and 

[Co(DO)(DOH)N3pnBr2] (CoN3) complexes were prepared according to previously 

reported procedures. 1H and 13C NMR spectra were recorded at 298 K on a Bruker 

Avance 300 MHz spectrometer and the resulting spectra are referenced to the residual 

solvent peak and reported in relative to tetramethylsilane reference (δ = 0 ppm). UV–

vis absorption spectra were recorded either on a Shimadzu UV-1800 spectrometer or 

on an Agilent Cary 60 UV–vis spectrometer.  

 

 

Figure 4.7 - Synthesis of Ru and RuCo 

 

Synthesis of RuP4OEt-Cu. In an argon-purged round bottom flask, RuP4OEt-EPIP (150 

mg, 0.09 mmol) and CuN3 (86 mg, 0.18 mmol) were dissolved in a 15 mL of a degassed 

homogeneous 3:3:1 MeOH/CH2Cl2/H2O solvent mixture. Sodium ascorbate (93 mg, 

0.46 mmol) and copper sulfate (11 mg, 0.05 mmol) were added under argon and the 
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reaction mixture was stirred at room temperature under argon in the dark over the 

weekend. After evaporation of the organic solvents and dropwise addition of 5ml 

saturated KPF6 aqueous solution, the orange solution was extracted with 

dichloromethane and dried under vacuum. The crude product was purified by column 

chromatography on silica gel (MeCN/0.4 M aqueous KNO3, 80:20). The organic 

solvents were evaporated and the product was extracted with dichloromethane after 

the dropwise addition of 5 ml of saturated KPF6 aqueous solution. After evaporation 

of dichloromethane and drying under vacuum, RuP4
OEt-Cu was isolated as a dark 

orange powder. Yield: 58 % (110 mg). ESI-MS: m/z 559.3 [M-H2O-3PF6]3+, 838.3 [M-

H2O-3PF6]2+, 911,0 [M-H2O-2PF6]2+. HR-MS (ESI+): m/z calcd for C72H90CuN15O14P4Ru 

559.1355; found 559.1356 [M-3PF6]3+. E.A.: calcd for C72H93CuN15O15P8F24Ru: C, 37.98; H, 

4.12; N, 9.23; found: C, 39.01; H, 4.53; N, 8.74. 

 

Synthesis of RuP4OEt-Co. RuP4OEt-Cu (110 mg, 0.05 mmol) and CoBr2 hydrate (100 mg, 

0.45 mmol, 9 eq) were solubilized in a mixture of acetone/methanol 9 / 1 (15 ml) and 

stirred under air bubbling overnight. The organic solvents were evaporated and the 

crude product was purified by column chromatography on siliga gel using a 90:9:1 

acetone/H2O/KBr (sat. aq. solution) eluent mixture. The organic solvents were 

evaporated and the product was extracted with dichloromethane after the dropwise 

addition of a saturated KPF6 aqueous solution. After evaporation of dichloromethane 

and drying under vacuum, RuP4OEt-Co was isolated as an orange powder. Yield: 60 % 

(70 mg). 1H NMR (300 MHz, CD3CN): δ (ppm) 19.35 (s, 1H), 9.67 (d, J = 8.1 Hz, 1H), 

9.10 (d, J = 8.73 Hz, 1H), 8.66 (d, J = 8.7, 2H), 8.53 (s, 1H), 8.43 (d, J = 14.4, 4H), 8.12 (t, J 

= 8.28 Hz, 2H), 7.98 (d, J = 6.8 Hz, 2H), 7.81 – 7.76 (m, 4H), 7.52 (t, J = 4.6, 2H), 7.40 (d, J 

= 5.6, 2H), 7.16 (d, J = 6.2, 2H), 5.89 (t, J = 11.2, 1H), 4.78 – 4.57 (m, 4H). 4.1 – 3.88 (m, 

16H), 3.46 – 3.29 (m, 8H), 2.64 -2.57 (m, 12H), 1.22 – 1.1 (m, 24H). ESI-MS: m/z 584.8 

[M-Br-2PF6]3+, 916.6 [M-2PF6]2+. HR-MS (ESI+): m/z calcd for C72H90Br2CoN15O14P4Ru 

916.6239; found 916.6227 [M-2PF6]2+. E.A.: calcd for C72H91Br2CoN15O14F18P7Ru: C, 38.11; 

H, 4.04; N, 9.26; found: C, 39.21; H, 4.44; N, 8.93. 
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At the end of the synthesis, we observed that RuP4
OEt-Co was isolated under a 

protonated imidazole (ImH2+) form (see acido-basic titration Figure S2). A similar 

observation was made for the Ru-imidazole precursor RuP4OEt-EPIP. For a related Ru-

imidazole complex, Aukauloo and coworkers determined pKa values of 3.1 for the 

first protonation (ImH2+ ↔ ImH) and of 8.7 for the second protonation (ImH ↔ Im-) 

of the imidazole group in aqueous solution168. This supports that RuP4OEt-Co is under its 

neutral Im form under our operating photoelectrochemical conditions (pH 5.5). However, as 

the imidazole-protonation state might affect intramolecular electron transfer 

efficiencies (either photoinduced or thermal electron transfer processes), spectroscopic 

data were recorded in acetonitrile solution both in the absence and in the presence of 

1 equivalent of base (triethylamine) and transient absorption – spectroelectrochemical 

(TA-SEC) measurements were recorded on sensitized films that have been washed 

with distillated water beforehand. 

 

Synthesis of RuP4-Co. RuP4
OEt-Co (16 mg, 0.007 mmol) was added in an oven-dried 

schlenk under argon and was solubilized in 2 ml of dry dichloromethane. Under 

argon, TMSBr (21 µl, 0.17 mmol) was added and the reaction mixture was stirred at 

room temperature, under argon for 3 days. After evaporation of the solvent, 5 ml of 

methanol was added and the solution was stirred for 3 hours. The organic solvent was 

evaporated and the orange powder was dried under vacuum. Yield: 90 % (13 mg). The 

deprotected dyad was then immediately employed for the NiO film sensitization. 

The same procedure was used to prepare RuP4-EPIP from RuP4
OEt-EPIP. 

 

fs-TA spectroscopy. A custom-built setup was utilized to acquire fs-TA data. The TA 

setup is described in detail elsewhere203. A white-light supercontinuum probe pulse at 

1 kHz repetition rate was used to analyze the excited state dynamics. The 

supercontinuum was generated by focusing a minor part of the output of the 

Ti:Sapphire amplifier onto a CaF2 plate mounted on a rotating stage and after 

generation, it was split into a probe and reference beam. Using a concave mirror, the 

probe pulse was focused onto the sample. The spectra of probe and reference were 



4  DYE-SENSITIZED PHOTOCATHODES 84 

detected by a Czerny-Turner spectrograph of 150 mm focal length (SP2150, Princeton 

Instruments) equipped with a diode array detector (Pascher Instruments AB, Sweden). 

The pump pulses used were of 400 nm wavelength and a pulse duration of 

approximately 100 fs. The repetition rate of the pump pulses was reduced to 0.5 kHz 

by a mechanical chopper and the polarization adjusted to the magic angle of 54.7° by 

a Berek compensator and a polarizer. The data was analyzed using a customized data 

analysis software written by Jens Uhlig (Lund University). First, the data was corrected 

for the chirp and subsequently, a sum of exponential functions was fitted to the data. 

The artifact region of ±1 ps was removed from the data during the fitting process to 

exclude the coherent artefacts present in this temporal region. 

ns-TA spectroscopy. The setup for ns transient absorption measurements was 

previously described204. The pump pulse was generated by a Continuum Surelite OPO 

Plus (pumped by a Nd:YAG laser, ≈20 ns pulse duration, 10 Hz repetition rate). The 

probe light was generated by a 75 W Xenon arc lamp and focussed through the sample 

and detected by a Hamamatsu R928 photomultiplier. The signal was amplified and 

processed by a commercially available detection system (Pascher Instruments AB, 

Sweden). The measurements were performed upon 410~nm (2.0 W) at sample 

(RuP4OEt-EPIP and RuP4-Co) concentrations of 15 µM (OD at λexc ≈ 0.25) in 

acetonitrile and upon addition of 1 molar equivalent of triethylamine (TEA). 

Preparation of NiO films for spectroelectrochemistry. NiO films were prepared using a F108 

precursor solution prepared by mixing 2 g of NiCl2, 2 g of F108 triblock copolymer in 

a mixture of ethanol (15 mL) and Milli-Q water (6 mL), according to our previously 

reported procedures87. The mixture was sonicated for 6 h, centrifuged and passed 

through a 45 µm pore size polyethersulfone syringe filter. Round ITO-coated glass 

substrates (Solems ITO SOL 30, 1 mm thickness) were cleaned by sonication in 

isopropanol, distilled water and ethanol for 10 min each. The F108 precursor solution 

was then spin-coated on the substrates (5000 rpm, 60 s) followed by sintering in an 

oven in air (30 min ramp to 450 °C, 30 min at 450 °C). Spin-coating and sintering was 

repeated for a total of four layers. The NiO films were then soaked in methanolic 

solutions (0.2 mM) of RuP4-EPIP and RuP4-Co at room temperature for 24 h. After 

sensitization, films were rinsed with methanol and dried with pressured air. To 

deprotonate the initially protonated species that results from the synthesis, the films 

were then soaked in distilled water for 5 minutes and rinsed with dry acetonitrile. 

TA-SEC measurements. TA-SEC experiments on films were performed using a home-

built spectroelectrochemical cell, designed to work in a three-electrode setup under 

inert conditions and to optimize time resolution in the fs measurements, with a 
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minimized path length (ca. 4 mm). The sensitized NiO film was used as the working 

electrode, a miniature leakless Ag/AgCl electrode (EDAQ) as reference electrode and 

a Pt wire as auxiliary electrode. The cell was assembled in a glove box and filled with 

0.1 M TBABF4 in ACN. Transient absorption measurements were performed at open 

circuit potential and different applied potentials on the same film, moving the film in 

the plane periodically to prevent photodegradation. Prior to each experiment, the 

reference electrode was calibrated using ferrocene. In the ns-TASEC experiments, the 

pump pulse (λ = 485 nm) power was set to 0.2 mJ . To remove pump scatter, a 475 nm 

short pass and a 500 nm long pass edge filters were used for short and long 

wavelengths, respectively. 
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Figure 4.8: Scheme showing the light-induced processes in a NiO films sensitized with RuCo 

at an applied potential of -0.74 V vs. Fc+/0. Blue colouring indicates the localization of negative 

charge, e.g. an electron, while red colouring indicates the localization of positive charge, e.g. a 

hole. 
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The results confirm recent studies and thus consolidate the picture of the influence of 

the applied potential on the interfacial process kinetics in NiO films sensitized with Ru 

complexes, affirming the need to apply a potential to the NiO film to enable a long-

lived charge separation due to the high amount of intragap trap states at the NiO film 

surface. This is prohibitive to the use of NiO as p-type SC material in DSPEC for bias-

free water splitting as fast CR prevents catalytic turnover and thus decreases the DSPC 

activity. To overcome this, methods will have to be developed that eliminate the 

intragap trap states at the NiO film surface and can therefore eliminate the fast CR 

pathway. Instead, alternative p-type SC could also be developed that do not present 

such a high density of trap state. So far, the search for better-performing p-type SC 

materials has been difficult. 

 

The TA-SEC results also suggest the existence of distinct slow and fast HI and CR 

pathways, depending on whether the excess electron density is localized on the 

anchoring or the extended ligand. This insight might help in the ligand design of 

future molecular systems by trying to localize the excess electron density even more 

strongly on the extended, non-anchoring ligand. This should furthermore lead to faster 

ET transfer to the acceptor unit. 

 

On the issue of ET from the reduced dye to the cobalt catalyst, the results challenge the 

use of the triazole linker even further: despite the conjugated linker and long lifetime 

of the reduced donor unit, i.e. the Ru complex, no ET could be observed. This suggests 

that the triazole group is a poor conductor of charge, at least under the conditions 

present here. Therefore, future synthetic efforts should foremost be concerned with 

introducing a different linker structure that enables fast ET to the catalyst. 
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4.2 Organic covalent dye-catalyst assemblies 

The main part of the work on DSPCs performed in this thesis was done on a series of 

dye-catalyst assemblies based on the organic push-pull dyes (T1, T2R) linked to cobalt 

catalysts (Co, Cat1) (Figure 4.9). All four combinations of the two different dyes with 

the two different cobalt catalysts were studied to investigate the respective influence 

of both building blocks on performance, under otherwise identical experimental 

conditions. The dyad T1-Co had been previously published,26 but was re-examined 

under identical conditions to the other dyads to allow comparison to the newly 

synthesized dyads.  

As mentioned in section 3.2, introducing the rigid CPDT linker led to a bathochromic 

and hypochromic shift in the absorption spectrum (λmax = 493 nm, εmax = 57,400 M-1∙cm-1 

in MeOH) for T2R in comparison to T1, making T2R the better light-absorbing unit, 

as observed before in the literature.126,127 The alkyl side chains on the linker were 

intended to prevent desorption of the compounds from the NiO surface by protecting 

the anchoring groups from the aqueous electrolyte.24,205 The catalyst Cat1 has shown 

good activity and especially stability for photocatalytic proton reduction in aqueous 

solution.15,83,85,128,206–208 The stability is conferred to the complex by its macrocyclic ligand 

that resists decomplexation and hydrolysis, while cobaloximes-based catalyst such as 

Co are known to decompose under aqueous photocatalytic conditions via 

demetallation,209 hydrolysis and/or reduction of the oxime-based ligands,17,82,210,211 as 

already observed for RuCo. 

For these dyads, and especially for the best-performing T2R-Cat1, the wide range of 

analytical and spectroscopic techniques mentioned in the introductory paragraph 

were used to determine their activity, stability, degradation processes and investigate 

the light-induced processes. Where possible, time-resolved measurements were 

conducted at the operando potential to reflect the system’s behaviour in operando. 

The NiO photocathodes were prepared by spin-coating and sintering a F108-

templated NiCl2 sol-gel26,90,100 to give 4-layered films with a thickness of 880 ± 170 nm 

as determined by scanning electron miscroscopy. The films were sensitized by soaking 

for 24 h in methanolic solutions of the deprotected dyes and dyads. The grafting 

densities, determined by desorption of the molecules from the surface followed by 

measuring UV-Vis absorption spectra of the resulting solution, were in the range of 6 

to 14 nmol∙cm-2, similar to those observed in literature on other dye-sensitized NiO 

films.26,79,87,121 As the grafting density varies between films and especially between 

different batches of prepared NiO, the grafting density was determined for each 
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prepared film individually to accurately determine the TON values of hydrogen 

production for each film. 

 

 

Figure 4.9: Chemical structures of the organic dye-catalyst dyads studied in this work and their 

UV-Vis absorption spectra in DMF (T1 dyads) and MeOH (T2R dyads). 
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4.2.1 (Photo-)electrochemistry and hydrogen production activity 

In photoelectrochemical experiments in 2-(N-morpholino)ethanesulfonic acid buffer 

at pH 5.5, all dyads showed a photocurrent produced by irradiation with visible light. 

In linear scan voltammograms, photocurrent is observed below an applied potential 

of ca. 0.95 V vs. relative hydrogen electrode (RHE) and increases substantially below 

0.5 V vs. RHE (-0.06 V vs. Ag/AgCl). All chronoamperometric measurements were 

carried out at -0.4 V vs. Ag/AgCl applied potential (0.14 V vs. RHE). In 

chronoamperometric experiments under chopped light irradiation, cathodic and 

anodic current spikes were detected upon turning the light on and off, respectively. 

This was ascribed to charge accumulation at the electrode-electrolyte interface and will 

be explained in the section on TA-SEC measurements. NiO films sensitized with just 

the dyes T1 and T2R show very low photocurrents, which is enhanced ten-fold by the 

introduction of the Cat1 catalyst in the dyads with up to -6.3 µA∙cm-2 for T2R-Cat1-

sensitized films after 20 minutes (Figure 4.10). Interestingly, the T1-Co dyad initially 

showed by far the highest photocurrent which decayed rapidly. While it is not entirely 

clear why this dyad shows this behaviour, it might be a product of a fast degradation 

of the catalyst unit, as the hydrogen production – the activity of the system – does not 

correlate with the high photocurrent. To compare the intrinsic activity of the dyads, 

the photocurrent was normalized to the grafting density of the photocathodes: the 

Cat1 and T2R dyads showed slower decay in photocurrent and higher overall 

photocurrent than their Co and T1 counterparts, respectively and cumulatively: on 

average, the Cat1 dyads produced 3.2 times higher current than the Co dyads and the 

T2R dyads 1.7 times as much as the T1 dyads, for a total 5.4-fold increase of T2R-Cat1 

over T1-Co, making T2R-Cat1 the most active dyad.  

This was also true when looking at the hydrogen produced, where T2R-Cat1 

performed best both in terms of activity – the rate of hydrogen production – and 

stability – the duration of hydrogen production. After the first four hours of 

irradiation, the Cat1 dyads achieved TON values for hydrogen production of 13 ± 1 

(T1-Cat1) and 22 ± 7 (T2R-Cat1) and Faradaic efficiencies around 65 %. The activity of 

the Co dyads was much lower, with TON values below 2 and Faradaic efficiencies of 

≈ 10 %, as observed before for dyads based on the same diimine dioxime catalysts.26,27,87 

Continuing irradiation for a total of 22 hours almost doubled the TON values for the 

Cat1 systems, while the Co dyads showed no increase in produced hydrogen, meaning 

they had lost their activity during the first 4 hours, as also observed for RuCo. Thus, 

after 22 hours, the Cat1 dyads produced 26 times more hydrogen than their Co 

counterparts. This is largely thanks to the high increase in Faradaic efficiency and 
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long-term stability of Cat1 in aqueous medium, as already observed in solution 

photocatalytic studies;83 and which is more generally observed for polypyridinic and 

aminopyridinic cobalt catalysts.83,115,212–214 The low Faradaic efficiency of Co, on the 

other hand, could be a result of the various degradation processes that plague 

cobaloximes-based catalysts.17,82,209–211  

 In addition, the T2R dyads showed 1.7-fold higher hydrogen production than their 

T1 analogues, correlating with the higher photocurrent. The individual influence of 

both the catalyst and dye units could thus be quantified. It becomes clear that the 

nature of the catalytic centre was key to the photocathode performance, much more 

than the exact dye structure. 

 

Figure 4.10: Results of the photoelectrochemical measurements of the organic dye-catalyst 

dyads. Top: Chronoamperometry during the first four hours of measurement, normalized to the 

amount of grafted dyad. Bottom left: Chronoamperometry under chopped light irradiation, 

showing the current spikes due to charge accumulation on the dye. Bottom right: TON of 

produced hydrogen over 22 hours. 
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4.2.2 Operando and post-operando characterization 

To evaluate the nature and the kinetics of the deactivation processes of the 

photocathodes, they were studied post-operando by ICP-MS and UV-Vis spectroscopy 

as well as in-operando by time-resolved UV-Vis spectroelectrochemistry. Post-

operando UV-Vis spectra of solutions obtained by desorption from the used films 

revealed that the π-π* band on the TPA was only slightly reduced in intensity, more 

so for T1 than for the T2R systems. As a reduction in band intensity can be attributed 

to desorption from the film surface during operation, it seems that desorption was no 

major issue affecting the stability of the systems. The increased resistance of the T2R 

systems against desorption confirmed the design choice of using hydrophobic alkyl 

chains to protect the anchoring groups from hydrolysis by the aqueous electrolyte.24 

The low solubility of the organic compounds in water can be another factor improving 

the stability of the anchorage. 

At the same time, the ICT band shows a sharp decrease in intensity while a new band 

appears at higher energies. Time-resolved UV-Vis SEC experiments under operando 

conditions (Figure 4.11) showed that i) the spectral changes take place only in 

photoelectrochemical conditions, i.e. with both applied potential and irradiation, and 

ii) that they do so with characteristic time constants of 1 and 90 min for T2R-Cat1, and 

0.75 and 21 min for T2R. Irradiation alone led to a slight spectral change attributed to 

photoisomerization on the cyanoacrylate double bond,113 while the applied potential 

by itself did not cause any changes. UV-Vis SEC of the T2R and T1 dye in dry ACN 

shows an identical irreversible spectral change upon reduction of the dyes. In 

conclusion, the dye structure degrades in its reduced state irrespective of the 

surrounding solvent. The exact structure of the degradation product could not be 

determined, although the observations that i) the π-π* absorption of the triarylamine 

group is still present, and ii) a similar alteration is observed for T1 and T2R under 

reductive conditions suggest that the degradation occurs on the acceptor group of the 

push-pull structures, i.e. the cyanoacrylate/cyanoacrylamide groups. Since T2R 

showed faster degradation kinetics than T2R-Cat1, it seems that there is an additional 

process competing with degradation in the dyad, which TA-SEC measurements 

showed was ET to the catalyst (see section 4.2.3). 
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Figure 4.11: In-operando characterization of NiO films sensitized with T2R-Cat1: UV-Vis 

spectra recorded during four hours under operando conditions (blue spectra) and the average 

current density of four different T2R-Cat1-sensitized NiO films plotted against 1-10-A, where 

A is the integrated absorbance in the visible range recorded during the operando UV-Vis 

measurements after subtracting the NiO background. 1-10-A is proportional to the number of 

absorbed photons and was scaled to the current density at 600 s to account for the initial current 

spike. 

In addition, post-operando ICP-MS measurements performed for T2R-Cat1 showed 

that a high amount of cobalt is lost during operation (84 % after 4 hours, 93 % after 22 

h), indicating a loss of the catalytic unit or demetallation. The clear correlation found 

between the photocurrent decrease during the 4-hour photoelectrochemical 

measurement, the loss of absorbance, and the loss of Co from the surface, strongly 

suggests that i) the dye degradation is the main deactivation process in our system and 

ii) it involves a bond breaking leading to the detachment of the catalytic centre from 

the assembly. The dyads remaining intact on the surface (16 % after 4 h) account for 

the H2-evolving activity still detected after 4 hours under irradiation. Assuming the 

correlation between the photocurrent decrease and the loss of catalytic unit holds true, 

the average surface concentration of intact dyads present during the first four hours of 

activity was estimated to be 2.0 ± 0.4 nmol∙cm-2, leading to a more accurate TON value 

of 94 ± 16 per active dyad, corresponding to a TOF of 6.5∙10-3 s-1 (0.4 min-1). By contrast 

to other studies, where dye/catalyst desorption from the SC film is the main reported 

deactivation process,28,29,54,77 only a low amount of dyads is released into solution. 
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4.2.3 TA-SEC 

As for RuCo, TA-SEC measurements on dye-sensitized NiO films were also carried 

out with the best-performing system T2R-Cat1 and the T2R dye as a reference. Again, 

TA spectra were recorded at OCP, the operando potential (-0.74 V vs. Fc+/0 ≙ -0.4 V vs 

Ag/AgCl) where the cobalt catalyst is reduced to the CoII state and a more reductive 

potential (-1.15 V vs. Fc+/0) where it is reduced to the CoI state. The latter serves as a 

reference measurement since ET is not thermodynamically possible from the reduced 

dye to the CoI state of the catalyst. 

As the spectral shape and initial kinetics of T2R-Cat1 and T2R-sensitized films are 

identical, they will be discussed together. The TA spectra initially show GSB at 490 nm 

and ESA at > 550 nm (Figure 4.12). The ESA evolves in some ps to form a band at 620 

nm. At OCP, this signal decays completely within 1.6 ns together with the GSB. At 

negative applied potentials, it is increasingly long-lived and reaches the ns-ms scale. 

In addition, T2R-Cat1-sensitized films showed a signal at 430 nm on the ns-µs 

timescale which did not decay completely in 1 ms and which was was absent at all 

other conditions (T2R at all potentials and T2R-Cat1 at -1.15 V vs. Fc+/0).  

Kinetic and spectral analysis of the data showed that the initially populated excited 

state undergoes ultrafast HI in < 1 ps to form the primary CSS with an electron 

localized on the organic push-pull dye. On this timescale the TA spectra change from 

that characteristic of the vibrationally hot, excited state of the dye (GSB at around 500 

nm and ESA maximum at 680 nm) to that of the reduced dye,  which produces the 

band observed at 620 nm. This was supported by UV-Vis spectroelectrochemical 

measurements. Contrary to the case of Ru(Co), no influence of the applied potential 

on the principal HI kinetics was observed since the kinetics are already ultrafast even 

at OCP. This can be explained by the closer spatial proximity of the HOMO to the NiO 

surface and the absence of retarding factors such as electron density on the anchoring 

ligands, as in the case of Ru(Co). In general, such ultrafast HI is often observed for 

organic dyes on NiO.52,54,61,77,101,125,178–184,186,190–192 A second process taking place in some ps 

spectrally shows a further decay of residual excited state of the dye, which probably 

occurs through a slower HI component and fast CR, since amplitude and rate decrease 

at more negative applied potential. The third process, and the most affected by the 

applied potential, is CR: the characteristic time constant for CR increases from ≈ 150 ps 

at OCP to >> 2 ns at applied potential. At -0.74 V, the average lifetime of the primary 

CSS, obtained by a multiexponential fit of the non-exponential decay, was 28 µs for 

T2R and 7 µs for T2R-Cat1, which at -1.15 V vs Fc+/0 increased to 131 µs (67% relative 
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amplitude) and < 1 ms (33 % rel. ampl.) for T2R and similar values for T2R-Cat1. It 

shows the same non-exponential behaviour as observed for RuCo and in 

literature.107,108 The explanation for the influence of the applied potential on the CR 

kinetics is the same as that presented for Ru(Co) (section 4.1.2.4).  

Most importantly, the signal observed at 430 nm is caused by the CoI state of the 

catalyst unit, as confirmed by UV-Vis SEC measurements. The presence of this signal 

confirms ET from the reduced state of the dye to the catalyst to form the catalytically 

active state. The major part of this ET takes place in 1.6-20 ns and is thus much slower 

than HI. Therefore, in T2R-Cat1-sensitized NiO films, charging of the catalyst occurs 

through a reductive quenching mechanism, in which the reduced dye is formed first, 

and ET is thermally activated. The sub-20 ns ET time constant is quite fast compared 

to other examples of thermally activated ET in triazole-bridged donor-acceptor dyads 

in solution, which takes place on the ns-µs timescale.132–136 ET from a Ru dye to a Ni 

catalyst in a layer-by-layer assembly was determined to occur before 50 ns, either from 

the excited or reduced state of the dye.38 A recent study on a Ru-Re system anchored 

on NiO by electropolymerization also showed ET on the ns-µs scale (< 10 µs), which 

was attributed to electron tunnelling between the components due to the presence of 

an electronically insulating alkyl linker,200 as is also the case in T2R-Cat1. This casts 

doubts on the design of the T2R-Cat1 dyad, since its linker contains both an insulating 

methylene group and a triazole group, the use of which as a linker in donor-acceptor 

dyads is disputed in literature (see section 4.1.2.5). This translates into a slow ET 

process in comparison to some examples of co-grafted systems where ET from the dye 

(excited or reduced state) to the catalyst was observed on the ps timescale.61,182  

Assuming the faster decay of the primary CSS in T2R-Cat1 compared to T2R is due to 

a slower ET process, this process would take place in a non-exponential fashion with 

an average time constant of 9 µs. However, the ET observed is not quantitative since a 

significant amount of signal produced by the reduced dye remains in parallel to the 

signal of reduced catalyst.  

 The secondary CSS with the electron localized on the cobalt catalyst decays in a non-

exponential fashion with a lifetime of 30 µs (84 % rel. ampl.) and < 1 ms (16% rel. 

ampl.). The CR from this state is therefore slower than that from the reduced dye at 

this potential, which can be explained with the lower driving force for recombination 

and the higher distance between the catalyst and the NiO surface. 
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Figure 4.12: Results of TA-SEC measurements of NiO films sensitized with T2R-Cat1 and 

T2R. Left: fs-TA-SEC spectra at OCP and -0.74 V vs. Fc+/0 applied potential as well as DAS at 

-0.74 V vs. Fc+/0 applied potential. Right: ns-TA-SEC spectra at -0.74 V and 1-.15 V vs. Fc+/0 

with reference spectra of the CoI state of Cat1 (dashed) and of the one-electron reduced dye 

(dotted). Bottom: Schematic representation of the light-induced processes taking place in a 

NiO|T2RCat1 photocathode at -0.74 V vs. Fc+/0 applied potential. 

 



4  DYE-SENSITIZED PHOTOCATHODES 97 

4.2.4 Summary and Outlook 

In summary, the use of TON as a metric for hydrogen evolution while using 

standardized experimental conditions to assess the performances of the dyad-

sensitized photocathodes, together with in-depth post- and in-operando 

characterization including especially TA-SEC measurements, allowed a detailed 

comparison of their activity, stability and the underlying photophysical processes. A 

comparison of the activity metrics such as photocurrent, the amount of hydrogen 

produced and TON with the state of the art in the literature on DSPCs for hydrogen 

production is difficult as these parameters vary considerably from one study to 

another, preventing the establishment of a sound structure-activity relationship, which 

is necessary for a rational improvement of the molecular systems. By using TON as a 

measure of the intrinsic activity of the dye-catalyst molecules and systematically 

varying both the dye and catalyst unit, we were able to quantify the respective 

contribution of each unit to the overall hydrogen production. 

In spite of the difficulty of comparison with literature values, it can be stated that the 

T2R-Cat1-sensitized photocathode favourably competes with the best-performing 

dye-sensitized NiO photocathodes for hydrogen production in the literature in terms 

of Faradaic efficiency, stability and hydrogen produced.19,28,56 This is certainly the case 

when comparing to other dye-catalyst assemblies based on Earth-abundant materials, 

none of which have achieved TON or amounts of produced hydrogen close to that of 

T2R-Cat1, with typically more than ten times less. The only superior assemblies used 

Pd and Pt catalysts and/or Ru complexes as PS.46,80  

The TA-SEC results on sensitized NiO films obtained in this thesis present a novelty 

as it is the first time that i) an organic dye and ii) a functional hydrogen-evolving NiO 

photocathode, especially using a dye-catalyst dyad, were studied using this technique. 

In addition, it was the first time a long-lived CoI state of a cobalt HER catalyst was 

observed on a dye-sensitized NiO photocathode and its lifetime could be determined. 

Crucially, the observed lifetime of the CoI state of up to > 1 ms is enough to reach the 

timescale on which catalysis occurs, giving further support for the observed role for 

activity of the cobalt catalyst. 
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From the post- and operando characterization, two main impediments for the 

performance were identified: 

The degradation of the dye structure in the reduced state which leads to a loss of absorption and 

a loss of the catalyst unit and therefore strongly limits the stability of the assembly. This 

contrasts with the existing literature, where desorption from the film surface is given 

as the main deactivation process.28,29,54,77 To overcome this, a more robust acceptor 

group than the cyanoacrylate group should be introduced in the assembly that does 

not easily degrade, while still fulfilling the energetic requirements for ET to the 

catalyst. 

The low efficiency of the ET from the reduced dye to the catalyst. This non-quantitative ET 

leads to an accumulation of charges on the dye that are not consumed by catalysis and 

thus produce the current spikes observed in the chopped light chronoamperometric 

experiments by charging and discharging of the electrode-electrolyte interface. This 

accumulation in turn leads to degradation of the dye due to its instability. Similar 

observations were recently made for organic SC photocathodes with a PDI acceptor 

polymer and an upper limit for charge accumulation was determined for stable long-

term operation, above which the PDI underwent irreversible change.114 In our case, the 

accumulated reduced state of the dye is not stable and yields over the course of 2 to 4 

hours a modified assembly without the catalyst unit and with a very low light 

harvesting efficiency in the visible region. This process is clearly accelerated in the 

absence of the catalyst (T2R vs T2R-Cat1 photocathode) which highlights that ET to 

the catalyst competes with the reduced dye alteration. A fast ET to the catalyst reduces 

the lifetime of the reduced dye and thereby protects it from degradation. Therefore, 

changing the dyad structure in a way that enables fast and quantitative ET to the 

catalyst will improve both the activity and the stability of the system at the same time 

which could lead to significantly increased hydrogen evolution.  

These results also highlight the value of the TA-SEC measurements at operando 

potential which allow to determine the limiting processes and identify the weak points 

of the assembly. This is especially important since, as demonstrated here, a slow 

forward process can not only hinder activity of the assembly, but also compromise its 

long-term stability. 

  



4  DYE-SENSITIZED PHOTOCATHODES 99 

4.3 Comparing RuCo to T2R-Cat1 

In the TA-SEC experiments, both Ru(Co) and T2R(-Cat1) show a potential dependence 

of HI and CR. In Ru(Co), the HI kinetics show a stronger dependence, probably due 

the generally slower HI and the different localization of the excited electron on the 

ligands, whereas in T2R HI is ultrafast at all potentials. As the time constant for HI is 

much lower than the excited state lifetime in all cases, it becomes obvious that the 

excited state lifetime of the dye does not have an impact on the system performance, 

but rather the lifetime of the CSS formed by HI. Here, it is interesting to observe that 

the organic dye T2R shows longer lifetimes of the CSS than Ru. This is probably related 

to the localization of the excess electron in the reduced state: while in T2R it is very 

localized on the cyanoacrylate acceptor group, in Ru it seems to be partially localized 

on the anchoring bpy ligands, whose closer proximity to the NiO surface could lead to 

faster CR. Therefore, the CSS lifetime of Ru might be improved by increasing the 

energy difference between the extended ligand and the bpy ligands or increasing the 

spatial distance, both of which could be achieved through an additional acceptor unit 

appended to the extended ligand. This strategy yielded very long CSS lifetimes in a 

Ru(bpy)2bpy-NDI complex on NiO.108 Alternatively, if very fast ET to the catalyst unit 

can be promoted by a different linker architecture, this would serve the same purpose 

as the additional acceptor group.  

A puzzling observation is that the CSS lifetime of T2R, in addition to being higher, is 

also more affected by the applied potential than Ru – that is, ( )

( )
 is greater for T2R than 

for Ru: when increasing the negative bias from -0.74 V to -1.15 V vs Fc+/0, the lifetime 

of the CSS of Ru less than doubled, while it increased more than 15-fold for T2R. The 

energy levels of the reduced dyes cannot play a role since they differ only by ca. 100 

mV and are still about 500 mV negative of the most negative applied bias.  Thus, 

despite the much shorter excited state lifetime of T2R in solution, the light-induced 

processes are more favourable than for Ru, including faster HI and slower CR, when 

immobilized on NiO. 

Since ET from the reduced dye to the catalyst is a crucial process, a comparison of ET 

efficiency of the two dyads studied by TA-SEC is insightful. However, since both the 

dye and catalyst unit as well as the exact linker structure is different in the two dyads, 

the validity of this comparison and the assignment of the kinetic differences to certain 

structural motives is limited. However, since ET could not be observed 

spectroscopically for RuCo while for T2R-Cat1 it was observed in < 20 ns, even though 

incomplete, there are obviously structural factors in T2R-Cat1 that promote ET. Since 
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the linker is shorter and fully conjugated in RuCo, which should more easily promote 

ET in comparison to the longer and electronically isolating linker in T2R-Cat1, the 

exact linker structure does not seem to be the decisive factor here. One issue might be 

the localization of the excess charge: in T2R-Cat1 it is localized on the acceptor group 

very close to the linker, while in RuCo part of the charge seems to be localized on the 

anchoring bpy groups far away from the linker. Another factor could be the structure 

of the cobalt complex and especially its ligands: while the diimine-dioxime ligand of 

Co is bound to the linker via a propyl chain, Cat1 is connected at the pyridine unit of 

the macrocyclic ligand. This electron-poor unit with a conjugated π-system should be 

a much better acceptor unit than the alkyl chain of Co. In addition, in Co the reductions 

are exclusively metal-based, while for Cat1 a ligand-based reduction is proposed for 

the formal CoI state in some of the reported studies.84 Therefore, the electron-accepting 

molecular orbital could be much bigger in Cat1 leading to more efficient ET. To fully 

understand these influences, TA-SEC measurements on T2R-Co and Ru-Cat1 would 

help to understand the exact role played by the nature of the catalyst unit in the ET 

process. 

Another advantage of the organic systems is the higher grafting density achieved in 

comparison to the Ru complexes, which can be attributed to the higher steric demand 

of the Ru core compared to the planar T2R. The major drawback for the organic dye 

is its instability in the reduced state and therefore under photoelectrochemical 

conditions which leads to its fast degradation. However, the Ru complexes are 

desorbed much more easily from the NiO film surface, possibly because they are 

cationic which could lead to a higher solubility in water than the organic dyes which 

are insoluble. 

In conclusion, the more favourable kinetics of the light-induced processes for T2R, in 

addition to the better light absorption properties and the use of Earth-abundant 

materials for its synthesis, makes T2R the more attractive light-harvesting unit, if the 

issues with the lack of stability of its reduced state can be resolved. Cat1 is clearly a 

better catalyst unit in comparison to Co due to its higher stability in aqueous 

conditions, but also possibly by being a better electron acceptor for ET from the 

reduced dye. In the future, the dye structures should be optimized for faster and 

quantitative ET to the catalyst unit, which is the main impediment for high activity in 

the current dyads. This would further serve to protect the dyes from degradation in 

their reduced state.  
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5 Summary 

Dye-sensitized photoelectrochemical cells represent a highly promising technology for 

the production of solar fuels via light-driven water splitting as an integral part of a 

carbon-neutral economy. In that context, the design of more performant dye-catalyst 

assemblies is highly demanded as they should allow to precisely control over the 

excited state processes, especially ET. However, detailed investigations on the light-

induced processes of dyad-sensitized photocathodes under operando conditions are 

scarce in the literature, and few studies have addressed in depth the degradation 

processes in those photocathodes. 

Therefore, this work aimed at providing a comprehensive understanding of the 

performances of hydrogen-evolving DSPC based on a series of molecular dye-catalyst 

assemblies varying by the nature of the dye and the catalyst, including the elucidation 

of the systems’ weak points and bottlenecks for hydrogen production. To this end, a 

full characterization of the photoelectrochemistry and activity of the photocathodes 

was combined with the study of the excited state processes both in solution and on 

films to gain a full understanding of the systems and their performance-limiting 

factors. Especially important was the determination of the lifetime of the CSS and the 

kinetics of the ET to the catalyst unit. The mainly studied compounds were a series of 

four noble-metal free dyads which varied in the nature of the push-pull organic dye 

(T1 or T2R) and in that of the catalyst for proton reduction (Co or Cat1). Assessing the 

activity of all four combinations enabled the determination of each part’s contribution 

to the overall performance and therefore to link the molecular structure to the activity 

of the system. The elucidation of such a structure-acitivity relationship is important to 

be able to rationally improve the molecular structure of the dyads. The best-

performing system T2R-Cat1 was studied in detail, notably including the excited state 

processes at applied potential by TA-SEC and post- and in-operando measurements 

to determine the deactivation pathways and kinetics. In addition, NiO photocathodes 

sensitized with a Ruthenium-cobalt dyad were studied by TA-SEC for comparison. 
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Figure 5.1. Schematic representation of the principal characterization techniques used in this 

work on the DSPCs. 

The first important part of the work was the investigation of the photophysics of the 

organic dyes and dyads in solution. The dyad T1-Co, which had already shown 

promising performance in a functional H2-evolving NiO photocathode, was studied 

by TA spectroscopy to identify the light-induced processes and the possible ET to the 

catalyst. The T1 dye underwent ultrafast relaxation to the thermally relaxed excited 

singlet state, from which it decayed to the ground state in the sub-ns to ns timescale. 

To access all oxidation states of the catalyst in the dyad, the measurements were 

carried out at applied potential (TA-SEC). Despite the emission quenching and 

reduced excited state lifetime in the dyad compared to the dye, ET in the excited state 

could not be observed, neither directly by a spectral contribution of the reduced cobalt 

complex nor indirectly by a potential dependence of the kinetics. The faster excited 

state decay in the dyad can be explained by an increased density of vibrational modes 
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upon addition of the cobalt moiety or Dexter energy transfer from the excited donor 

chromophore to short-lived cobalt-centered dd-states. The study showed that in 

photocathodes sensitized with T1-Co, the oxidative quenching pathway is not active, 

but rather a reductive quenching pathway where the electron is transferred from the 

reduced dye, produced by HI, to the catalyst. Furthermore, the TA-SEC technique 

enables the investigation of the light-induced processes at different oxidation states 

which is important in the context of systems designed for photo-induced multi-

electron catalysis such as proton reduction and water oxidation. 

Additionally, the T2R dye and the dyads based on it were also studied in solution by 

TA spectroscopy. While the initial relaxation processes were identical to the T1 

systems, the dyads showed a markedly different behaviour from T1-Co, undergoing 

fast ISC to the long-lived excited triplet state of the dye, which did not occur in the dye 

alone. The fast ISC was explained by an interplay of both the rigid CPDT bridge and 

the cobalt catalyst, possibly involving higher energy states of the cobalt complex that 

lie between the singlet and triplet state energy of the T2R dye. This study showed how 

the interaction of different structures in a dye-catalyst assembly can lead to unexpected 

excited state behaviour that must be considered when designing a dye-catalyst dyad. 

The fast ISC induced by the Co complex observed here might open up new possibilities 

in the area of organic triplet sensitizers. 

As part of the work on DSPCs, NiO films sensitized with RuCo were studied by 

TA-SEC to investigate the light-induced processes in the dyad and the potential 

dependence of the interfacial processes such as HI and CR. There are very few 

examples in the literature where this technique was applied, and this work was the 

first time it has been applied to NiO films sensitized with a dye-catalyst dyad that were 

functional for photoelectrochemical H2 evolution. To this end, a dedicated 

spectroelectrochemistry cell was designed that enabled femtosecond-TA experiments 

on films with a precise applied potential under inert conditions that were stable for 

several hours and enabled us to measure TA-SEC spectra with good signal-to-noise 

ratio. 

 

The TA-SEC data showed that HI occurs in a biphasic fashion with a sub-ps and a 

slower time constant with tens of picoseconds. The amplitude depended on the 

applied potential, favouring fast HI at more negative applied potential. Likewise, CR 

from the reduced Ru complex was affected by the applied potential, slowing down 

severely at negative applied potential: while at OCP a major contribution takes place 

on the same timescale as HI, preventing a build-up of charge-separated species, at 
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negative applied potentials it occurs on the ns-µs timescale with average lifetimes of 

3.6-5.2 µs. All the interfacial processes were found to be non-exponential. The 

influence of the applied potential could be explained by the reduction of Ni3+ defect 

states to Ni2+, corresponding to the filling of intragap trap states with electrons. This 

transformation of an electron-depleted to an electron-rich NiO surface leads to both 

accelerated HI and retarded CR. Most importantly, no ET from the reduced Ru 

complex to the catalyst was observed, putting the efficiency of the formation of the 

catalytically active state to below 12%, determined by the limit of detection of the 

setup, in line with the low activity for hydrogen evolution. These results highlight the 

importance of the applied potential on the light-induced processes on sensitized NiO 

photocathodes and revealed the inefficient ET as a weak point of the assembly. This is 

in contrast to the literature where a fast recombination process from the primary CSS 

is invoked to explain the lack of efficiency of the photocathodes since the 

photophysical measurements are carried out on dry films without an applied 

potential. It could not be established which factor prevented ET, whether the donor or 

acceptor units or the triazole linker. The TA-SEC results also suggest the existence of 

distinct slow and fast HI and CR pathways, depending on whether the excess electron 

density is localized on the anchoring or the extended ligand. This insight might help 

in the ligand design of future molecular systems by trying to localize the excess 

electron density even more strongly on the extended, non-anchoring ligand. This 

should furthermore lead to faster ET to the acceptor unit. 

The main part of the work on NiO photocathodes was performed on organic dye-

catalyst dyads. Cyclic voltammetry experiments showed that there is no interaction in 

the ground state between the dye and catalyst unit and that the oxidation potential of 

T2R is shifted negatively in comparison to T1 due to the electron-rich CPDT linker. 

UV-Vis absorption spectra showed that this linker also caused a bathochromic and 

hyperchromic shift in the dye which made it the better light-absorbing unit. Then, the 

activity of the compounds when immobilized on NiO was studied in 

photoelectrochemical experiments in terms of photocurrent and hydrogen produced. 

The photocurrent increased in the order T1-Co < T2R-Co < T1-Cat1 < T2R-Cat1 with a 

total of 5-fold increase in current from T1-Co to T2R-Cat1. The amount of hydrogen 

produced follows the same trend with the Cat1 dyads being significantly more 

productive than the Co dyads due to a much higher Faradaic efficiency. The individual 

contribution of the dye and catalyst units could thus be established to lead to a 26-fold 

increase for Cat1 in comparison to Co and a 1.7-fold increase for T2R in comparison to 

T1, highlighting the decisive role of the catalyst. A crucial factor was the stability of 

the assemblies, with the Cat1 dyads showing photocurrent and hydrogen evolution 
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after more than four hours, when the Co dyads are already inactive. This confirms the 

previously observed higher activity and especially stability for Cat1 in homogeneous 

photocatalysis, but is in contrast to the literature on DSPC where desorption from the 

electrode surface is usually given as the main deactivation process. 

The stability was further investigated by post- and in-operando measurements. The 

post-operando measurements revealed that the dyad loses both its main absorption 

band and the cobalt during operation. Time-resolved in-operando UV-Vis 

spectroelectrochemical experiments under operando conditions on the best-

performing T2R-Cat1 system, in combination with reductive UV-Vis SEC in organic 

solvent, showed that the T2R dye is unstable in its reduced state and degrades over 

the timescale of minutes to hours under operando conditions. From the available 

evidence, it seems that there is a bond breaking at the acceptor cyanoacrylate group 

that leads to the loss of the main charge-transfer band and the cobalt catalyst. On a 

positive note, the dyads did not easily desorb from the NiO surface due to hydrolysis, 

especially those based on T2R, ascribed to the protective effect of the hydrophobic 

alkyl side chains on the CPDT linker. 

The light-induced processes in T2R-Cat1-sensitized NiO films were investigated by 

TA-SEC. Fast HI on the sub-ps timescale was observed that was unaffected by the 

applied potential, producing the first CSS. The CR kinetics from this state depended 

on the applied potential as observed also for RuCo, increasing from ca. 150 ps without 

applied potential to the µs-ms scale at applied potentials. Most importantly, ET from 

the reduced dye to the catalyst was observed within 20 ns after excitation and possibly 

a slower component on the µs timescale to form the catalytically active CoI state. The 

CoI state decayed on the µs scale (τ = 30 µs), with 16 % left after 1 ms. This is an 

important finding as it puts the lifetime of the catalytically state of the catalyst in the 

range of the timescale of catalysis. The ET to the catalyst was however not quantitative, 

leading to charge accumulation on the reduced dye and therefore ultimately to its 

degradation. Therefore, an improved molecular design of the dyad that assures fast 

and quantitative ET to the catalyst should solve both the issue of low activity and 

reductive degradation of the dye unit. These results also highlight the value of the TA-

SEC measurements at operando potential which allow to determine the limiting 

processes and identify the weak points of the assembly. This is especially important 

since, as demonstrated here, a slow forward process can not only hinder activity of the 

assembly, but also compromise its long-term stability. 

This dissertation thus provides key insights on the light-induced processes in NiO 

photocathodes sensitized with dye-catalyst dyads and their dependence on the 
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applied bias, together with an assessment of the photocathode performance and the 

deactivation processes and their kinetics. The obtained findings of the systems’ weak 

points, especially that of very inefficient ET from the dye to the catalyst and the 

reductive degradation of the organic dye units, will help to rationally design dyads 

with improved activity and stability. 
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6 Zusammenfassung 

Farbstoffsensibilisierte photoelektrochemische Zellen stellen eine vielversprechende 

Technologie für die Herstellung von solaren Brennstoffen durch lichtgetriebene 

Wasserspaltung als integraler Bestandteil einer kohlenstoffneutralen Wirtschaft dar. 

In diesem Zusammenhang ist das Design von leistungsfähigeren molekularen 

Farbstoff-Katalysator-Systemen (Dyaden) sehr gefragt, da sie eine präzise Kontrolle 

über die Prozesse im angeregten Zustand, insbesondere den Elektronentransfer, 

ermöglichen sollten. Detaillierte Untersuchungen zu den lichtinduzierten Prozessen 

von dyaden-sensibilisierten Photokathoden unter operando-Bedingungen sind in der 

Literatur jedoch rar, und nur wenige Studien haben sich eingehend mit den 

Degradationsprozessen in diesen Photokathoden beschäftigt. 

Daher zielte diese Arbeit darauf ab, ein umfassendes Verständnis der Leistungen von 

wasserstoffproduzierenden DSPC auf der Basis einer Reihe von molekularen 

Farbstoff-Katalysator-Dyaden zu liefern, die sich durch die Art des Farbstoffs und des 

Katalysators unterschieden, einschließlich der Aufklärung der Schwachstellen und 

Engpässe der Systeme für die Wasserstoffproduktion. Zu diesem Zweck wurde eine 

vollständige Charakterisierung der Photoelektrochemie und Aktivität der 

Photokathoden mit der Untersuchung der Prozesse im angeregten Zustand sowohl in 

Lösung als auch auf Filmen kombiniert, um ein vollständiges Verständnis der Systeme 

und ihrer leistungsbegrenzenden Faktoren zu erlangen. Besonders wichtig war die 

Bestimmung der Lebensdauer des ladungsgetrennten Zustands und der Kinetik des 

Elektronentransfers zur Katalysatoreinheit. Bei den hauptsächlich untersuchten 

Verbindungen handelte es sich um eine Serie von vier edelmetallfreien Dyaden, die 

sich in der Art des organischen Push-Pull-Farbstoffs (T1 oder T2R) und in der des 

Katalysators für die Protonenreduktion (Co oder Cat1) unterschieden. Die Bewertung 

der Aktivität aller vier Kombinationen ermöglichte die Bestimmung des Beitrags jedes 

Teils zur Gesamtleistung und damit die Verknüpfung der molekularen Struktur mit 

der Aktivität des Systems. Die Aufklärung einer solchen Struktur-Aktivitäts-

Beziehung ist wichtig, um die molekulare Struktur der Dyaden verbessern zu können. 

Das am besten funktionierende System T2R-Cat1 wurde im Detail untersucht, 

insbesondere einschließlich der Prozesse im angeregten Zustand bei angelegtem 

Potential durch transiente Absorptions-Spektroelektrochemie und post- und in-

operando Messungen zur Bestimmung der Deaktivierungswege und -kinetik. Darüber 

hinaus wurden NiO-Photokathoden, die mit einer Ruthenium-Cobalt-Dyade 
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sensibilisiert wurden, zum Vergleich mittels transienter Absorptions-

Spektroelektrochemie untersucht. 

Der erste wichtige Teil der Arbeit war die Untersuchung der Photophysik der 

organischen Farbstoffe und Dyaden in Lösung. Die Dyade T1-Co, die bereits eine 

vielversprechende Leistung in einer funktionellen, H2-entwickelnden NiO-

Photokathode gezeigt hatte, wurde mittels TA-Spektroskopie untersucht, um die 

lichtinduzierten Prozesse und den möglichen Elektronentransfer zum Katalysator zu 

identifizieren. Der T1-Farbstoff durchlief eine ultraschnelle Relaxation zum thermisch 

relaxierten angeregten Singulett-Zustand, von dem er auf einer sub-ns bis ns Zeitskala 

in den Grundzustand zurückkehrte. Um alle Oxidationszustände des Katalysators in 

der Dyade zu erreichen, wurden die Messungen bei angelegtem Potential 

durchgeführt. Trotz der Emissionslöschung und der reduzierten Lebensdauer des 

angeregten Zustands in der Dyade im Vergleich zum Farbstoff konnte kein 

Elektronentransfer im angeregten Zustand beobachtet werden, weder direkt durch 

einen spektralen Beitrag des reduzierten Cobaltkomplexes noch indirekt durch eine 

Potentialabhängigkeit der Kinetik. Der schnellere Zerfall des angeregten Zustands in 

der Dyade kann durch eine erhöhte Dichte an Schwingungsmoden bei Zugabe des 

Kobaltanteils oder durch Dexter-Energietransfer vom angeregten Donor-Chromophor 

auf kurzlebige kobaltzentrierte dd-Zustände erklärt werden. Die Studie zeigte, dass in 

mit T1-Co sensibilisierten Photokathoden keine oxidative Löschung aktiv ist, sondern 

reduktive Löschung, bei dem das Elektron vom reduzierten Farbstoff, der durch 

Lochinjektion erzeugt wird, auf den Katalysator übertragen wird. Darüber hinaus 

ermöglicht die TA-SEC-Technik die Untersuchung der lichtinduzierten Prozesse bei 

verschiedenen Oxidationszuständen, was im Zusammenhang mit Systemen, die für 

die photoinduzierte Multielektronenkatalyse wie Protonenreduktion und 

Wasseroxidation ausgelegt sind, wichtig ist. 

Zusätzlich wurden der T2R-Farbstoff und die darauf basierenden Dyaden auch in 

Lösung mittels transienter Absorptionsspektroskopie untersucht. Während die 

anfänglichen Relaxationsprozesse mit denen der T1-Systeme identisch waren, zeigten 

die Dyaden ein deutlich anderes Verhalten als T1-Co. Sie durchliefen ein schnelles 

Intersystem-Crossing zum langlebigen angeregten Triplett-Zustand des Farbstoffs, 

der im Farbstoff allein nicht auftrat. Das schnelle ISC wurde durch ein Zusammenspiel 

der starren Cyclopentadithiophen-Brücke mit dem Kobaltkatalysator erklärt, wobei 

möglicherweise höherliegende Energiezustände des Kobaltkomplexes beteiligt sind, 

die zwischen der Singulett- und Triplett-Zustandsenergie des T2R-Farbstoffs liegen. 

Diese Studie zeigte, wie die Wechselwirkung verschiedener Strukturen in einer 
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Farbstoff-Katalysator-Anordnung zu unerwartetem Verhalten bei angeregten 

Zuständen führen kann, das beim Design von Farbstoff-Katalysator-Dyaden 

berücksichtigt werden muss. Das hier beobachtete schnelle ISC, welches durch den 

Cobaltkomplex induziert wird, könnte neue Möglichkeiten auf dem Gebiet der 

organischen Triplett-Sensibilisatoren eröffnen. 

Im Rahmen der Arbeiten zu farbstoffsensibilisierten Photokathoden wurden mit 

RuCo sensibilisierte NiO-Filme mittels TA-SEC untersucht, um die lichtinduzierten 

Prozesse in der Dyade und die Potentialabhängigkeit der Grenzflächenprozesse wie 

Lochinjektion und Ladungsrekombination zu untersuchen. Es gibt nur sehr wenige 

Beispiele in der Literatur, bei denen diese Technik angewandt wurde. In dieser Arbeit 

wurde sie zum ersten Mal auf mit einer Farbstoff-Katalysator-Dyade sensibilisierten 

NiO-Filme angewandt, die für photoelektrochemische H2-Entwicklung aktiv waren. 

Zu diesem Zweck wurde eine spezielle Spektroelektrochemie-Zelle entworfen, die 

Femtosekunden-TA-Experimente an Filmen mit einem präzisen angelegten Potenzial 

unter inerten Bedingungen ermöglichte, die für mehrere Stunden stabil waren und die 

Messung von TA-SEC-Spektren mit gutem Signal-Rausch-Verhältnis ermöglichten. 

Die TA-SEC-Daten zeigten, dass die Lochinjektion biphasisch mit einer sub-ps und 

einer langsameren Zeitkonstante von einigen zehn Pikosekunden erfolgt. Die 

Amplitude hing vom angelegten Potential ab, wobei eine schnelle Lochinjektion bei 

einem negativeren angelegten Potential bevorzugt wurde. Ebenso wurde die 

Ladungsrekombination aus dem reduzierten Ru-Komplex durch das angelegte 

Potential beeinflusst und verlangsamte sich stark bei negativem angelegtem Potential: 

während ohne angelegtes Potential ein wesentlicher Beitrag auf der gleichen Zeitskala 

wie die Lochinjektion stattfindet und einen Aufbau der ladungsgetrennten Spezies 

verhindert, findet sie bei negativem angelegtem Potential auf der ns-µs-Zeitskala mit 

durchschnittlichen Lebensdauern von 3,6 bis 5,2 µs statt. Alle Grenzflächenprozesse 

erwiesen sich als nicht-exponentiell. Der Einfluss des angelegten Potentials konnte 

durch die Reduktion von Ni3+-Defektzuständen zu Ni2+ erklärt werden, was der 

Füllung von Intragap-Fallenzuständen mit Elektronen entspricht. Diese Umwandlung 

von einer elektronenarmen zu einer elektronenreichen NiO-Oberfläche führt sowohl 

zu einer beschleunigten Lochinjektion als auch zu einer verzögerten 

Ladungsrekombination. Wichtig ist, dass kein Elektronentransfer vom reduzierten 

Ru-Komplex zum Katalysator beobachtet wurde, was eine Effizienz der Bildung des 

katalytisch aktiven Zustands von unter 12% bedeutet, bestimmt durch die 

Nachweisgrenze des Aufbaus. Dieses Ergebnis liegt im Einklang mit der geringen 

Aktivität für die Wasserstoffentwicklung. Diese Ergebnisse unterstreichen die 
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Bedeutung des angelegten Potentials auf die lichtinduzierten Prozesse an 

sensibilisierten NiO-Photokathoden und offenbarten den ineffizienten 

Elektronentransfer als Schwachpunkt des Aufbaus. Dies steht im Gegensatz zur 

Literatur, in der ein schneller Rekombinationsprozess aus dem primären 

ladungsgetrennten Zustand zur Erklärung der mangelnden Effizienz der 

Photokathoden herangezogen wird, da die photophysikalischen Messungen an 

trockenen Filmen ohne angelegtes Potential durchgeführt werden. Es konnte nicht 

festgestellt werden, welcher Faktor den Elektronentransfer verhinderte, ob die Donor- 

oder Akzeptoreinheiten oder die Triazol-Brücke. Die TA-SEC-Ergebnisse deuten auch 

auf die Existenz von unterschiedlichen langsamen und schnellen HI- und CR-Wegen 

hin, je nachdem, ob die überschüssige Elektronendichte auf dem verankernden oder 

dem verlängerten Liganden lokalisiert ist. Diese Erkenntnis könnte beim 

Ligandendesign zukünftiger molekularer Systeme helfen, indem versucht wird, die 

überschüssige Elektronendichte noch stärker auf dem verlängerten, nicht 

verankernden Liganden zu lokalisieren. Dies sollte außerdem zu einem schnelleren 

Elektronentransfer auf die Akzeptoreinheit führen. 

Der Hauptteil der Arbeiten an NiO-Photokathoden wurde an organischen Farbstoff-

Katalysator-Dyaden durchgeführt. Zyklische Voltammetrie-Experimente zeigten, 

dass es im Grundzustand keine Wechselwirkung zwischen Farbstoff und 

Katalysatoreinheit gibt und dass das Oxidationspotential von T2R im Vergleich zu T1 

aufgrund des elektronenreichen CPDT-Linkers negativ verschoben ist. UV-Vis-

Absorptionsspektren zeigten, dass dieser Linker auch eine bathochrome und 

hyperchrome Verschiebung des Farbstoffs verursachte, was ihn zur besseren 

lichtabsorbierenden Einheit machte. Dann wurde die Aktivität der Verbindungen, 

wenn sie auf NiO immobilisiert waren, in photoelektrochemischen Experimenten in 

Bezug auf den Photostrom und den produzierten Wasserstoff untersucht. Der 

Photostrom stieg in der Reihenfolge T1-Co < T2R-Co < T1-Cat1 < T2R-Cat1 mit einem 

insgesamt 5-fachen Anstieg des Stroms von T1-Co zu T2R-Cat1. Die Menge des 

produzierten Wasserstoffs folgt dem gleichen Trend, wobei die Cat1-Dyaden 

aufgrund einer viel höheren faradaischen Effizienz deutlich produktiver sind als die 

Co-Dyaden. So konnte festgestellt werden, dass der individuelle Beitrag der Farbstoff- 

und Katalysatoreinheiten zu einer 26-fachen Steigerung für Cat1 im Vergleich zu Co 

und zu einer 1,7-fachen Steigerung für T2R im Vergleich zu T1 führt, was die 

entscheidende Rolle des Katalysators unterstreicht. Ein entscheidender Faktor war die 

Stabilität der Dyaden, wobei die Cat1-Dyaden noch nach mehr als vier Stunden 

Photostrom produzierten und Wasserstoffentwicklung zeigten, während die Co-

Dyaden bereits inaktiv waren. Dies bestätigt die zuvor beobachtete höhere Aktivität 
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und vor allem Stabilität für Cat1 in der homogenen Photokatalyse, steht aber im 

Gegensatz zur Literatur über DSPC, wo üblicherweise die Desorption von der 

Elektrodenoberfläche als Hauptdeaktivierungsprozess angegeben wird. 

Die Stabilität wurde weiter durch post- und in-operando-Messungen untersucht. Die 

post-operando-Messungen zeigten, dass die Dyade sowohl ihre 

Hauptabsorptionsbande als auch das Cobalt während des Betriebs verliert. 

Zeitaufgelöste in-operando UV-Vis-spektroelektrochemische Experimente unter 

operando-Bedingungen an dem am besten funktionierenden T2R-Cat1-System, in 

Kombination mit reduktiver UV-Vis-SEC in organischem Lösungsmittel, zeigten, dass 

der T2R-Farbstoff in seinem reduzierten Zustand instabil ist und sich über die 

Zeitskala von Minuten bis Stunden unter operando-Bedingungen degradiert. Nach 

den vorliegenden Erkenntnissen scheint es zu einem Bindungsbruch an der Akzeptor-

Cyanacrylatgruppe zu kommen, der zum Verlust der Haupt-Ladungstransferbande 

und des Cobaltkatalysators führt. Positiv zu vermerken ist, dass die Dyaden nicht 

leicht von der NiO-Oberfläche durch Hydrolyse desorbiert wurden, insbesondere die 

auf T2R basierenden, was auf die schützende Wirkung der hydrophoben Alkyl-

Seitenketten an der CPDT-Brücke zurückzuführen ist. 

Die lichtinduzierten Prozesse in T2R-Cat1-sensibilisierten NiO-Filmen wurden mittels 

TA-SEC untersucht. Es wurde eine schnelle Lochinjektion auf der sub-ps Zeitskala 

beobachtet, die vom angelegten Potential unbeeinflusst war und den ersten 

ladungstrennenden Zustand erzeugte. Die Rekombinationskinetik der Ladungen aus 

diesem Zustand hing vom angelegten Potential ab, wie es auch für RuCo beobachtet 

wurde, und stieg von ca. 150 ps ohne angelegtes Potential bis in den µs-ms-Bereich bei 

angelegtem Potential. Wichtig ist, dass der Elektronentransfer vom reduzierten 

Farbstoff zum Katalysator innerhalb von 20 ns nach der Anregung beobachtet wurde 

mit zusätzlich einer langsameren Komponente auf der µs-Zeitskala, um den 

katalytisch aktiven CoI-Zustand zu bilden. Dieser Zustand zerfiel auf der µs-Skala 

(τ = 30 µs), wobei 16 % nach 1 ms verblieben. Dies ist ein wichtiges Ergebnis, da es die 

Lebensdauer des katalytisch aktiven Zustands des Katalysators in den Bereich der 

Zeitskala der Katalyse legt. Der Elektronentransfer zum Katalysator war jedoch nicht 

quantitativ, was zu einer Ladungsakkumulation auf dem reduzierten Farbstoff und 

damit letztlich zu dessen Abbau führte. Daher sollte ein verbessertes molekulares 

Design der Dyade, das einen schnellen und quantitativen Elektronentransfer zum 

Katalysator sicherstellt, sowohl das Problem der geringen Aktivität als auch des 

reduktiven Abbaus der Farbstoffeinheit lösen. Diese Ergebnisse unterstreichen auch 

den Wert der TA-SEC-Messungen bei operando-Potential, die es erlauben, die 
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limitierenden Prozesse zu bestimmen und die Schwachstellen des Systems zu 

identifizieren. Dies ist besonders wichtig, da, wie hier gezeigt, ein langsamer 

Vorwärtsprozess nicht nur die Aktivität verringern, sondern auch die 

Langzeitstabilität beeinträchtigen kann. 

Diese Dissertation liefert somit wichtige Erkenntnisse über die lichtinduzierten 

Prozesse in NiO-Photokathoden, die mit Farbstoff-Katalysator-Dyaden sensibilisiert 

sind, und deren Abhängigkeit von der angelegten Vorspannung, zusammen mit einer 

Bewertung der Photokathodenleistung und der Deaktivierungsprozesse und deren 

Kinetik. Die gewonnenen Erkenntnisse über die Schwachstellen der Systeme, 

insbesondere den sehr ineffizienten Elektronentransfer vom Farbstoff zum Katalysator 

und den reduktiven Abbau der organischen Farbstoffeinheiten, werden helfen, 

Dyaden mit verbesserter Aktivität und Stabilität zu entwickeln.  
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7 Résumé 

Dans le contexte de développement d’une économie neutre en carbone, les cellules 

photoélectrochimiques à colorant représentent une approche innovante pour la 

production de carburants solaires, typiquement l’hydrogène par photodissociation de 

l'eau. Pour celà, la conception d'assemblages colorants-catalyseurs plus performants 

est très demandée car ces derniers devraient permettre de contrôler précisément les 

processus photoinduits, en particulier le transfert d'électrons. Cependant, les 

investigations détaillées de ces processus sont rares dans la littérature pour les 

photocathodes à colorants en conditions operando, de même que peu d'études ont 

abordé en profondeur les processus de dégradation conduisant à la désactivation de 

ces photocathodes. 

Par conséquent, ce travail visait à fournir une analyse approfondie des performances 

de DSPC basées sur une série d'assemblages covalents colorants-catalyseurs 

moléculaires, incluant l'élucidation de leurs points faibles et des verrous limitant 

l’activité de production d'hydrogène de ces systèmes. À cette fin, la caractérisation 

complète de l’activité photoélectrochimique de ces photocathodes a été combinée à 

l'étude des processus photoinduits en solution et sur les films afin d'obtenir une 

compréhension globale des systèmes et des facteurs limitant les performances. La 

détermination de la durée de vie de l'état de séparation de charges et de la cinétique 

du transfert d'électrons vers l'unité catalytique a été particulièrement importante. Les 

composés étudiés étaient une série de quatre dyades sans métaux nobles, variant par 

la nature du colorant organique push-pull (T1 ou T2R) et par celle du catalyseur de 

réduction des protons à base de cobalt (Co ou Cat1). Cela a permis de déterminer la 

contribution de chaque composé à la performance globale ; en effet, l'élucidation de 

telle relations structure-activité est importante pour pouvoir améliorer de façon 

rationnelle la structure moléculaire des dyades. Le système le plus performant T2R-

Cat1 a été étudié en détail, notamment grâce à la caractérisation des processus 

photoinduits en présence d’un potentiel appliqué par spectroélectrochimie 

d'absorption transitoire (TA-SEC) et à des mesures post- et operando et post-operando 

qui ont permis d’identifier les phénomènes de désactivation du système et leur 

cinétique. En outre, des photocathodes NiO sensibilisées par une dyade ruthénium-

cobalt ont aussi été étudiées par spectroélectrochimie d'absorption transitoire à des 

fins de comparaison. 
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La première partie de cette thèse a porté sur l'étude de la photophysique des colorants 

organiques et des dyades en solution. La dyade T1-Co, qui avait déjà montré des 

performances prometteuses dans une première photocathode de production 

d’hydrogène à base de NiO fonctionnelle, a été étudiée par spectroscopie d’absorption 

transitoire pour identifier la nature des processus photoinduits, et vérifier si un 

transfert d'électrons vers le catalyseur a lieu ou non. Les résultats obtenus ont montré 

qu’après excitation, le colorant T1 subit une relaxation ultrarapide jusqu'à l'état excité 

singulet, suivi d’un retour à l'état fondamental sur une échelle de temps de la sub-ns à 

ns. Afin d’étudier ce mêmes processus à différents états d'oxydation du catalyseur 

dans la dyade, les mesures ont été effectuées en présence d’un potentiel appliqué. 

Malgré l'extinction de l’émission et la durée de vie réduite de l'état excité du colorant 

au sein de la dyade, aucun transfert d'électrons photoinduit intramoléculaire n'a pu 

être observé, que ce soit directement par une contribution spectrale du complexe de 

cobalt réduit ou indirectement via une potentielle dépendance de la cinétique. La 

désactivation plus rapide de l'état excité dans la dyade peut être expliquée par une 

densité accrue des modes vibratoires lorsque le centre catalytique est attaché ou  par 

un transfert d'énergie de type Dexter du chromophore excité vers les états dd à courte 

durée de vie centrés sur le cobalt. L'étude a aussi montré que dans les photocathodes 

sensibilisées par T1-Co, la désactivation oxydante du colorant excité n'est pas active 

non plus, et la mécanisme passe plutôt par la voie de désactivation réductrice où 

l'électron est transféré du colorant réduit, généré par injection de trous dans la bande 

de valence de NiO, au catalyseur. En outre, la technique TA-SEC permet d'étudier les 

processus photoinduits à différents états d'oxydation du catalyseur, ce qui est 

important dans le contexte de la catalyse redox multiélectronique, comme la réduction 

des protons et l'oxydation de l'eau. 

Le colorant T2R et les dyades basées sur celui-ci ont également été étudiés en solution 

par spectroscopie d'absorption transitoire. Alors que les processus de relaxation 

initiaux sont identiques à ceux des systèmes T1, les dyades ont montré un 

comportement nettement différent de celui de T1-Co, subissant un croisement inter-

systèmes générant l’état excité triplet à longue durée de vie du colorant, qui n'est pas 

observé dans le colorant seul. Ceci s'explique par une interaction entre le pont 

cyclopentadithiophène rigide et le catalyseur au cobalt, impliquant peut-être les états 

d'énergie plus élevés du complexe de cobalt qui se situent entre l'énergie de l'état 

singulet et de l'état triplet du colorant T2R. Cette étude a montré comment l'interaction 

des différentes sous-unités dans un assemblage colorant-catalyseur peut conduire à un 

comportement inattendu de l'état excité du système, qui doit être pris en compte lors 

de la conception d'une dyade colorant-catalyseur. Le croisement inter-systèmes induit 
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par le complexe de Co observé ici et générant un état triplet de longue durée de vie 

pourrait aussi ouvrir de nouvelles possibilités dans le domaine des 

photosensibilisateurs organiques. 

Dans le cadre des travaux sur les photocathodes à colorants, des films de NiO 

sensibilisés par la dyade RuCo ont été étudiés par la technique TA-SEC afin d'identifier 

les processus photoinduits interfaciaux et leur dépendance au potentiel appliqué. Il y 

a très peu d'exemples dans la littérature où cette technique a été appliquée, et ce travail 

représente à notre connaissance le premier exemple d’étude sur une photocathode de 

production d’hydrogène fonctionnelle à base d’une dyade colorant-catalyseur. À cette 

fin, une cellule de spectroélectrochimie dédiée a été conçue et a permis de mettre en 

œuvre des expériences d’absorption transitoire à l’échelle de la femtoseconde sur des 

films avec un potentiel appliqué précis, dans des conditions inertes et stables pendant 

plusieurs heures. 

 

Les données TA-SEC ainsi obtenues ont montré que l'injection de trous se produit de 

manière biphasique avec une première constante de temps à l’échelle de la sub-ps et 

une seconde plus lente, de l’ordre d’une dizaine de picosecondes. L'amplitude dépend 

du potentiel appliqué, favorisant une injection rapide du trou à un potentiel appliqué 

plus négatif. De même, la recombinaison de charge entre le complexe de Ru réduit et 

le NiO est fortement affectée par le potentiel appliqué. En effet, alors qu’en absence de 

potentiel, la recombinaison a lieu majoritairement en même temps que l'injection de 

trous, empêchant l’accumulation de l’état de séparation de charge, à des potentiels 

appliqués négatifs, elle se produit à l'échelle de temps  de la ns à la µs avec des durées 

de vie moyennes de 3,6-5,2 µs. L'influence du potentiel appliqué pourrait s'expliquer 

par la réduction des défauts Ni3+ en Ni2+, correspondant au remplissage des états de 

piégés intra bandgap avec des électrons. Cette transformation d'une surface de NiO 

appauvrie en électrons en une surface de NiO riche en électrons entraîne à la fois une 

injection accélérée des trous et une recombinaison retardée des charges. Plus 

important encore, aucun transfert d'électrons du complexe de Ru réduit vers le 

catalyseur n'a pu être observé, mettant ainsi l’efficacité de la formation de l'état 

catalytiquement actif en dessous de 12 %  (déterminée par la limite de détection de la 

méthode), en ligne avec la faible activité de production d’hydrogène de la 

photocathode sensibilisée avec RuCo. Ces résultats soulignent l'importance du 

potentiel appliqué sur les processus photoinduits sur les photocathodes NiO à 

colorants et ont révélé le manque d’efficacité du transfert d'électrons au catalyseur 

comme point faible de l'assemblage. Cela contraste avec la littérature où un processus 
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de recombinaison rapide de l'état de séparation de charges primaire est le plus souvent 

invoqué pour expliquer le manque d'efficacité des photocathodes puisque les mesures 

photophysiques sont effectuées sur des films secs sans potentiel appliqué. Il n'a pas été 

possible d'établir précisément quel facteur limitait le transfert d'électrons, que ce soit 

les unités donneuse ou acceptrice ou le lien triazole. Les résultats de la TA-SEC 

suggèrent également que l'existence de voies lentes et rapides distinctes pour 

l’injection de trou et la recombinaison de charges puissent s’expliquer par la 

localisation de l'excès de densité électronique sur les différents ligands du complexe 

de Ru. Cette observation pourrait aider à la conception des futurs systèmes 

moléculaires en essayant de localiser l'excès de densité électronique plus fortement sur 

le ligand étendu, à l’opposé de la surface. Cela devrait en outre permettre de favoriser 

le transfert d’électrons vers l'unité acceptrice. 

La majeure partie du travail sur les photocathodes de NiO a été réalisée sur les dyades 

à base de colorants push-pull organiques. Les expériences de voltampérométrie 

cyclique ont montré qu'il n'y a pas d'interaction à l'état fondamental entre le colorant 

et l'unité catalytique et que le potentiel d'oxydation du T2R est décalé négativement 

par rapport au T1 en raison du lieur CPDT riche en électrons. Les spectres d'absorption 

UV-Vis ont montré que ce motif est également à l’origine d’un déplacement 

bathochrome et hyperchrome de l’absorption du colorant dans le visible. Ensuite, 

l'activité des composés immobilisés sur NiO a été étudiée par des mesures 

photoélectrochimiques couplées à la quantification de l'hydrogène produit. Les 

photocourants mesurés augmentent selon l'ordre suivant : T1-Co < T2R-Co < T1-Cat1 

< T2R-Cat1, avec au final un photocourant 5 fois plus important pour T2R-Cat1 par 

rapport à T1-Co . La quantité d'hydrogène produite suit la même tendance, les dyades 

Cat1 étant nettement plus productives que les dyades Co en raison d'un rendement 

faradique beaucoup plus élevé. La contribution individuelle des unités de colorants et 

de catalyseurs a ainsi pu être établie pour conduire à une multiplication de l’activité 

par 26 pour Cat1 par rapport à Co et par 1,7 pour T2R par rapport à T1, ce qui souligne 

le rôle décisif du catalyseur. Un facteur crucial était la stabilité des assemblages, les 

dyades Cat1 produisant toujours de l'hydrogène après plus de quatre heures, alors que 

les dyades Co sont déjà inactives. Cela confirme les observations précédemment faites 

en photocatalyse homogène, mais contraste avec la littérature sur les DSPC où la 

désorption de la surface de l'électrode est généralement donnée comme le principal 

processus de désactivation. 

La stabilité a été étudiée plus en détail par des mesures operando et post-operando. 

Ces dernières ont révélé que la dyade a perdu à la fois sa bande d'absorption principale 
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dans le visible et le cobalt après 4 heures d’activité. Des expériences spectrochimiques 

UV-Vis en conditions operando sur le système le plus performant T2R-Cat1 ont 

montré que le colorant T2R est instable à l'état réduit et se dégrade en quelques 

minutes à quelques heures dans les conditions d'opération. Il semblerait qu'il y ait une 

rupture de liaison au niveau du groupe cyanoacrylate accepteur qui entraîne la perte 

de la bande de transfert de charge principale et du catalyseur de cobalt. Une 

observation positive, par contre, est que ces dyades ne se sont pas facilement désorbées 

de la surface de NiO, en particulier celles basées sur le T2R, en raison de l'effet 

protecteur des chaînes latérales alkyles hydrophobes sur le motif CPDT. 

Les processus photoinduits sur les films de NiO sensibilisés par T2R-Cat1 ont été 

étudiés par TA-SEC. Une injection de trou ultra-rapide a lieu à l'échelle de temps de la 

sub-ps, produisant l’état de séparation de charge primaire, et ce processus n’est pas 

affecté par le potentiel appliqué. La cinétique de recombinaison de charges à partir de 

cet état dépend par contre fortement du potentiel appliqué, comme précédemment 

observé pour RuCo, passant d'environ 150 ps en absence de potentiel à l'échelle de la 

µs à la ms lorsque des potentiels cathodiques sont appliqués. Plus important encore, 

le transfert d'électrons du colorant réduit vers le catalyseur a été observé dans les 20 

ns suivant l'excitation, et peut-être aussi via une composante plus lente sur l'échelle de 

la µs, pour former l'état CoI catalytiquement actif. Cet état se désactive par 

recombinaison à l'échelle de la µs (τ = 30 µs), 16 % étant toujours présent après 1 ms. Il 

s'agit d'une observation fondamentale car elle situe la durée de vie de ce dérivé réduit 

du catalyseur dans l'échelle de temps de la catalyse. Le transfert d'électrons vers le 

catalyseur n'est cependant pas quantitatif, ce qui conduit à une accumulation de 

charge sur le colorant réduit et donc finalement à sa dégradation. Par conséquent, une 

conception moléculaire optimisée de la dyade devra permettre d’assurer un transfert 

d'électrons rapide et quantitatif vers le catalyseur pour résoudre à la fois le problème 

de la faible activité et de la dégradation réductrice de l'unité colorante. Ces résultats 

mettent également en avant l’importance des mesures TA-SEC au potentiel operando 

pour déterminer les processus cinétiquement limitants et identifier les points faibles 

de l'assemblage. Ceci est particulièrement important car, comme démontré ici, un 

processus lent peut non seulement entraver l'activité de l'assemblage, mais aussi 

compromettre sa stabilité à long terme. 

Cette thèse fournit donc des informations clés sur les processus photoinduits au sein 

de photocathodes de NiO sensibilisées par des dyades colorants-catalyseurs et sur leur 

dépendance vis-à-vis du bias appliqué, ainsi qu'une évaluation des performances de 

ces photocathodes et l’identification des processus de désactivation et de leur 
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cinétique. Les résultats marquants obtenus sur les verrous de ces systèmes, notamment 

le manque d’efficacité du transfert d'électrons du colorant vers le catalyseur et la 

dégradation réductrice des colorants organiques, aideront à concevoir de manière 

rationnelle des dyades ayant une activité et une stabilité optimisées. 
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