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Titre : Électrocatalyseurs potentiels pour l’électrolyse de l'eau – Challenges et opportunités de différentes 

familles de catalyseurs 

Mots clés : catalyseur HER, catalyseur OER, Electrolyseur  

Résumé : Ce travail porte sur la synthèse et la 

caractérisation de différentes classes de catalyseurs 

et de leur intégration comme électrodes de travail 

pour une cellule d'électrolyse.  

Les électrodes à base de complexes moléculaires de 

ruthénium fabriquées par sérigraphie (Article 2) 

présentent des activités et des stabilités élevées, à pH 

neutre, vis-à-vis de l'oxydation de l'eau. Les 

catalyseurs sous forme d’oligomères montrent des 

performances supérieures. La conductivité 

électronique de l'électrode est le facteur limitant de 

l'activité catalytique d'une telle anode moléculaire. 

De plus, le faible chargement en catalyseur impose 

des limitations supplémentaires pour atteindre des 

densités de courant élevées.  

L’étude de matériaux catalytiques, composés d’un 

Métal de transition, d’Azote et de Carbone (Article 3) 

montre que celui contenant du cobalt a la plus 

grande activité pour la production d’hydrogène en 

milieu acide tout en montrant une certaine stabilité. 

Cette dernière s’explique par la présence de sites 

atomiques uniques, au détriment de la formation de 

nanoparticules, obtenus par une méthode de 

synthèse sans solvant. Ce procédé présente donc une 

stratégie intéressante pour la synthèse à grande 

échelle. Cependant, l’augmentation du nombre de 

site catalytiques dans le matériau reste une difficulté 

à surmonter.  

Une méthode (Brevet I) de fabrication des 

assemblages membrane-électrode a aussi été mise 

en place. Elle permet le remplacement des 

membranes coûteuses couramment utilisées.  

Deux structures de Molybdate de Nickel ont été 

synthétisées (Article 1) pour fabriquer, après électro-

activation, des nanoparticules de γ-NiOOH actif 

envers la production d'oxygène en pH alcalin. 

L'élimination du molybdène conduit à une surface  

électrochimique élevée avec un grand nombre de 

sites de nickel exposé et explique l'origine de 

l'activité catalytique élevée. La présence de 

Molybdène sert donc ici d’agent structurant et 

porogène. L’étude par spectroscopie Raman 

montre que le dépôt en forme de bâtonnets (mis 

en évidence par microscopie électronique) fabriqué 

sur une mousse de Nickel comporte aussi le signal 

de la structure en feuille après l’éviction du 

molybdène. La présence de cette structure 

s’explique par une couche intermédiaire entre 

l'électrode en mousse et les bâtonnets visibles par 

microscopie électronique. Cependant, les résultats 

semblent indiquer une activité plus élevée pour la 

structure en bâtonnets. Un résultat essentiel de 

cette étude est que lors de la synthèse d'une 

structure en bâtonnets de Molybdate de Nickel sur 

une électrode, l'absence de la structure en feuille 

doit être vérifiée. Les différences fondamentales 

(Article 4) entre les nanostructures ont été 

caractérisées plus en détail à l'aide de diverses 

techniques : MEB, DRX et Spectroscopie Raman. 

Bien que les structures cristallines des deux 

nanostructures ne soient pas encore totalement 

résolues, les analyses montrent clairement qu’il 

s’agit de deux matériaux différents avec leurs 

propriétés. En effet la structure hydratée en feuille 

présente une activité supérieure à celle 

déshydratée pour la production d'hydrogène en 

milieu alcalin. Il est clair qu'une étape de réduction 

préliminaire est nécessaire pour accéder à l'activité 

catalytique exceptionnelle rapportée.  

Parmi les différentes classes de catalyseurs étudiés, 

les catalyseurs à nanoparticules semblent être les 

plus prometteurs pour une intégration réussie dans 

une cellule d'électrolyse à grande échelle. 

L’utilisation généralisée de ce type de matériau 

pourra être envisagée une fois que la stabilité des 

catalyseurs et de la membrane échangeuse 

d'anions sera résolue. 

 



 

3 

 

Title : Potential Electrocatalysts for Water Splitting Devices - A Journey Through the Opportunities and 

Challenges of Catalyst Classes 

Keywords : HER Catalyst, OER catalyst, Electrolyzer 

Abstract : In this thesis work, different classes of 

catalysts and their suitability for integration into an 

electrolyzer cell has been investigated. 

Ruthenium-based molecular catalysts in Paper II have 

shown high activities and stabilities towards water 

oxidation in neutral pH. Especially the oligomeric 

catalysts exhibited a superior performance. The 

electrical conductivity of the electrode was 

discovered as limiting factor on the catalytic activity 

of such a molecular anode. In addition, the low 

loading of catalyst might impose limitations on 

reaching high current densities at reasonable 

potentials. Among the tested transition metal single 

atom catalysts synthesized by pyrolyzing transition 

metal doped ZIF-8 structures in Paper III, cobalt has 

shown the highest activity towards hydrogen 

evolution and a stable behaviour in acidic pH. The 

enhanced stability of single atomic sites compared to 

the corresponding nanoparticles was proposed. Only 

a low number of nanoparticles was suggested to 

have been formed during the solvent free synthesis. 

Hence, this process might present an interesting 

strategy for the large-scale synthesis of single atom 

hydrogen evolution catalysts. However, also for this 

class of catalyst, the low number of active sites seems 

to present a difficulty, which has to be overcome. 

With the novel method presented in Patent I to 

fabricate a membrane electrode assembly, the usage 

of commonly used expensive membranes could 

possibly be avoided. Both as-prepared nickel 

molybdate hydrate nanoparticle shapes – sheets and 

rods – have been proposed in Paper I to transform in 

an electrochemical activation step into γ-NiOOH as 

active phase for the oxygen evolution reaction in 

alkaline pH. With the removal of molybdenum a large 

electrochemical surface area with an increased 

number of exposed nickel sites was indicated to be 

the origin behind the high catalytic activity of the 

nanoparticles. Molybdenum was suggested to only 

act as structure and pore forming agent. Even for 

the sample on nickel foam with only rods initially 

visible by electron microscopy, Raman bands of the 

sheet structure was observed after selective 

molybdenum leaching and could be traced back to 

the intermediate layer between the foam electrode 

and the nanorods. However, preliminary results 

indicate a higher activity for the rod structure. The 

nanosheet layer between the rods and the foam 

might be an interesting observation for further 

works concerning nanorods on the electrode and 

the attribution of the catalytic activity. An essential 

outcome and proposal of Paper I is that when 

synthesizing especially a nickel molybdate rod 

structure on an electrode, the absence of the sheet 

structure should be verified, which could be done 

by either selective molybdenum leaching 

combined with Raman spectroscopy or XRD, or by 

investigating the volume between rods and the 

electrode with SEM. With Paper IV the fundamental 

differences between the nanostructures were 

characterized with various techniques, indicating 

strongly that those are two different materials. For 

the hydrogen evolution reaction in alkaline media, 

the hydrate sheet structure exhibited a higher 

activity compared to the anhydrate, but clearly a 

reduction step is necessary to access the 

outstanding catalytic activity reported. Among all 

the investigated catalysts of different classes, the 

nanoparticle catalysts seem to be the most 

promising for a successful integration in a large 

scale electrolyzer cell for widespread use, 

especially, once the stability of the catalysts and the 

anion exchange membrane is resolved. 
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This thesis is part of a cotutelle PhD, associated with a second version at Uppsala University, 

published with the ISBN 978-91-513-1547-8. 

 

The differences between the two version are besides minor changes in wordings that the 

one presented here includes the abstracts of this thesis in French and English as well as a 

summary in French and a cover page following the requirements of the University Paris-

Saclay, whereas the version at Uppsala University includes a popular science chapter in 

Swedish and German instead to fulfill the requirements of Uppsala University. 
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1 INTRODUCTION 

With a rising global surface temperature and increasing number of 

weather-, climate- and water-related disasters in the past decades, the 

consequences of climate change are clearly perceivable.1,2 In order to 

counteract global warming – or at least try to minimize the detrimental 

effects as best as possible – net additions of greenhouse gases to the 

atmosphere have to be reduced urgently. One of these contributions 

is the usage of fossil fuels, which generates the greenhouse gas carbon 

dioxide. In the Paris Agreement from 2015, 196 parties agreed on 

establishing strategies to limit the global warming by the end of this 

century to 1.5 °C compared to the pre-industrial average surface 

temperature. To realize this, the European Union (EU) aims to reduce 

greenhouse gas emissions and to be climate neutral by 2050. Among 

others, implementing renewable energies on a large scale, which 

should produce more than 80 % of generated electricity in 2050, is 

intended.3 Furthermore, energy intensive sectors, as transport and 

industry, are planned to transit to alternative energy carriers like 

sustainable produced hydrogen, which in use is carbon neutral. 

Sadly, as projected by the Intergovernmental Panel on Climate Change 

(IPCC) report in 2022, it is highly probable that we are globally not on 

track and are heading towards more extreme and more frequent 

weather phenomena as droughts, floods, storms, and rising sea levels.4 

As a result, not only direct tangible consequences on humankind such 

as hunger, poverty and mass migration could be expected, but also the 

loss of biodiversity and destruction of ecosystems, which exact long 

lasting effects are unpredictable but unambiguously catastrophic.4,5 

Thus, it is more than urgent to rapidly establish the widespread use of 

new, environmentally friendly technologies, to transit from a fossil 

fuel-based to a circular and sustainable energy economy.  

1.1 ARTIFICIAL PHOTOSYNTHESIS AND ELECTROLYZER CELLS 

A sustainable energy cycle is already common in nature. With 

photosynthesis, trees and green plants convert water and carbon 

dioxide with energy provided by solar light into a sugar and oxygen as 

by-product. When required, in a simplified description, the stored 
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energy can be accessed in the cellular respiration process by 

converting the sugar and oxygen back into water, carbon dioxide with 

release of the stored energy. 

With an incident power of 1000 W m−2 for AM 1.5, the sun already 

provides a huge amount of energy. To put this number in perspective: 

The incident solar power equals 120 000 TW to the earth’s surface.6 In 

less than 1 hour and 20 minutes the sun irradiates the earth with more 

energy than what was globally consumed in primary energy in the year 

2020.7 Besides capturing all this energy, a clear problem of solar as 

renewable energy source is its intermittency. Hence, taking the 

approach of photosynthesis as inspiration, the energy harvested by 

renewable energy sources such as solar, could be ideally stored in 

chemical fuels, in this case termed solar fuels. Those solar fuels could 

be used to overcome the intermittency and satisfy the energy demand 

in times in which the renewable energies do not provide enough. The 

generation and use of solar fuels would thus enable a circular energy 

economy. Following this guideline, the most straight forward reaction 

for storing energy would be to split water in molecular hydrogen and 

oxygen. This process is an uphill reaction, which requires from 

thermodynamics 1.23 eV, illustrated in Figure 1.1. Or expressed in a 

different way: 1.23 eV of renewable energy could be stored in each 

Figure 1.1: Energy diagram for the conversion of water into hydrogen 

and oxygen. 



 

18 

water molecule, with one electron reducing each hydrogen. In terms 

of Gibbs free energy this amount of energy can be calculated as  

(1.1) ∆𝐺0 =  −𝑛𝐹∆𝐸0 = 237 kJ mol−1 (1.1) 

Where 𝑛 equals the number of transferred electrons (here 2), 𝐹 is 

Faraday’s constant (96485.33 C mol−1) and ∆𝐸0 is the potential 

difference between the reduction and the oxidation reaction (here 

−1.23 V).  

Due to kinetic barriers, shown in Figure 1.1 above as activation energy 

EA, the energy required to drive this reaction at a rate of practical 

interest is >1.23 eV. The purpose of catalysts is to minimize this 

activation energy and will be discussed later. In the presented reaction, 

oxygen evolves at the anode and hydrogen at the cathode. Those two 

half reactions will be described in more depth in the following 

chapters. However, the setup of those electrodes and the photovoltaic 

cell can be quite different. In one embodiment, the 

photoelectrochemical cell (PEC), the catalyst at which one reaction 

takes place, is the photoabsorber itself or is in direct contact with the 

photoabsorber. Those systems can be constructed as particle-based or 

panel-based PECs. A possible architecture of the latter is illustrated in 

Figure 1.2 (A), similar to the one reported by Khaselev and Turner 

already in 1998.8 Despite the high efficiencies reported for panel-

based PECs,8,9 particle-based PECs have potential to produce hydrogen 

at a lower cost.10 The latter system has already been demonstrated by 

the Domen group in a safe and large scale implementation in Tokyo 

with a 100 m2 particle-based PEC system.10,11 A major drawback of 

PECs in general is besides the lower conversion efficiency compared to 

the fully decoupled system discussed in the following, the limited 

stability of the photoabsorber in solution.8,10 Since for panel-based 

PECs the charge separation already happens at the pn-junctions, there 

is no obvious need to place those into the electrolyte in the first 

place.12 To overcome this instability issue, photoabsorption and 

electrolysis can be fully decoupled by connecting a photovoltaic cell 

(PV) to a separate electrolyzer cell (EC). This leads to an increased solar-

to-hydrogen conversion efficiency as well as a larger variety of PV cells 

applicable in this configuration.10 The EC powered by an external PV 

cell can exhibit different architectures, presented in the following.  
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The alkaline electrolyzer cell (AEC) in Figure 1.2 (B) is displayed as two 

electrodes in alkaline media, divided by a porous separator. The 

alkaline environment allows the employment of earth abundant non-

noble metals as for example nickel, cobalt, molybdenum and iron as 

electrodes and catalysts. This technology is already mature, however, 

due to the porous separator, highly basic conditions are needed to 

increase the ion conductivity and thus reduce the solution resistance 

between anode (electrode at which the oxidation and hence formation 

of oxygen takes place) and cathode (electrode at which the reduction 

and hence formation of hydrogen takes place). Due to the porous 

separator gas crossover cannot be fully avoided, leading to a 

decreased gas purity. Additionally, the current density under operation 

is only in the range up to 0.5 A cm−2.13–16 

Figure 1.2: Schematic illustration of three different setups of electrolyzer 

cells with (A) a photoelectrochemical cell (PEC), (B) alkaline electrolyzer 

cell (AEC), and (C) ion exchange membrane electrolyzer cell (IEMEC), 

which represents the setup of a proton exchange membrane electrolyzer 

cell (PEMEC) and an anion exchange membrane electrolyzer cell 

(AEMEC). Photoabsorber are illustrated in dark blue/violet, electrodes as 

grey, catalyst on the anode in red and catalyst on the cathode in blue, 

the porous separator as porous white structure in (B) and the ion 

exchange membrane in yellow in (C). The illustration of AEC and IEMEC 

represents a decoupled PV cell. 
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In contrast, the proton exchange membrane electrolyzer cell (PEMEC) 

operates at higher current densities up to 2 A cm−2.16 In this setup the 

anode and cathode are in direct contact with a polymer membrane as 

illustrated in Figure 1.2 (C). Usually a Nafion® membrane is employed 

for this purpose, a sulfonated fluoropolymer, which shuttles protons 

from the anodic to the cathodic site of the cell. Since both electrodes 

are in direct contact with the membrane in between, this configuration 

is commonly referred to as zero-gap configuration. Such a 

configuration reduces the resistance between the anode and cathode 

substantially and is one of the reasons the PEMEC is operated at such 

high current density.17 The solid polymer membrane also prevents gas 

crossover and thus provides a high gas purity. Unfortunately, due to 

the acidity of this electrolyzer cell setup, the materials applicable are 

limited. The catalysts used are commonly noble metal-based with Pt 

for the hydrogen evolution reaction (HER) and IrOx and RuOx for the 

oxygen evolution reaction (OER). A rising effort is made to substitute 

those catalysts, but up to now, especially for OER in acidic media, no 

active and stable materials are known.18 Actually, neither RuOx nor IrOx 

are stable in these conditions, but this will be not further discussed 

here.19,20 Furthermore, since carbon-based electrodes are prone to 

oxidize under high applied potentials, porous titanium is used as 

electrode for the anode. The scarcity of noble metals, the high-costs 

of the membrane as well as of the titanium electrode materials and the 

corresponding higher-cost of produced hydrogen are reasons 

hampering the widespread use of this technology.15–17,20,21  

An emerging setup is the anion exchange membrane electrolyzer cell 

(AEMEC), which combines the benefits of low cost and abundant raw 

materials of the AEC with the decreased resistance and higher gas 

purity of PEMEC by substituting the proton exchange membrane with 

an anion exchange membrane (AEM). Such membranes are 

responsible for shuttling hydroxide ions from the cathode to the anode 

during operation. Unfortunately, the stability of polymeric membranes 

in basic conditions as well as the reduced hydroxide ion mobility 

compared the proton mobility are still challenges which have to be 

overcome. However, promising results are reported.17,22  

Beside the listed variations of electrolyzer cells, there are several other 

examples as solid oxide electrolyzer cell or membraneless electrolyzer 
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cells,15,16,21,23 which are not further discussed here. However, recently 

Hodges and Hoang of the group of Swiegers reported a capillary-fed 

electrolysis cell, which exhibited due to an improved cell structure and 

decreased resistances an impressive energy efficiency of 98 % at 

0.5 A cm−2, which I believe will shape the development of new 

prototypes of electrochemical cells in the next years.24 

1.2 WATER SPLITTING 

The above described chemical conversion of water into hydrogen and 

oxygen is called water splitting. The overall redox reaction is divided 

into two half-cell reactions. The oxygen evolution reaction (OER) under 

acidic conditions can be described by 

(1.2) 
 

(1.2) 

and the hydrogen evolution reaction (HER) 

(1.2) 
 

(1.3) 

As obvious from the two equations, both reactions (1.2) and (1.3) are 

influenced by the concentration of protons. This influence on the 

thermodynamic redox potential, 𝐸redox, can be quantified following 

Nernst equation (1.4), as an example for the HER (1.3) at two different 

values pH1 and pH2, assuming the same hydrogen partial pressure at 

both pH values: 

From 

(1.4) 
𝐸redox = 𝐸0′ +

𝑅𝑇

𝑧𝑒𝐹
ln (

[Ox]

[Red]
) (1.4) 

 
𝐸redox = 0 V +

𝑅𝑇

2𝐹
ln (

[H+]2

𝑃H2

)  

Follows 

 ∆𝐸 = 𝐸redox
pH1 − 𝐸redox

pH2 =
𝑅𝑇

2𝐹
× 2.303 × 2(−pH1 + pH2) 
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(1.5) ∆𝐸 = 𝐸redox
pH1 − 𝐸redox

pH2 = −0.059 V × ∆pH (1.5) 

With 𝐸0′ being the formal standard potential of the redox reaction, 𝑅 

the gas constant (8.314 J K−1 mol−1), 𝑇 the temperature (here 

298.15 K), 𝑧𝑒 the number of transferred electrons in the reaction (here 

2), 𝐹 again Faraday constant (96 485 C mol−1), and [Ox] and [Red] the 

concentration of the oxidized and reduced species, respectively. As 

derived, at room temperature the thermodynamic potential shifts with 

−59 mV per increasing pH unit. This shift can similarly be derived for 

the OER and is graphically illustrated in the Pourbaix diagram for water 

in Figure 1.3, which presents the thermodynamically stable phases for 

an applied potential at a certain pH. The potentials are reported versus 

the standard hydrogen electrode (SHE), which represents the redox 

potential of a platinum electrode in an ideal solution with 1 M H+ and 

hydrogen gas at 1 atm pressure. 

As derived and graphically illustrated in the Pourbaix diagram in Figure 

1.3, the thermodynamic potential for HER versus SHE shifts for a 

change in pH. Hence, for a better comparison of electrochemical data 

acquired at different pH values, the applied potentials are often not 

Figure 1.3: Pourbaix diagram of water. In the blue band water is 

thermodynamically stable. In the white region above the blue band 

oxygen is more stable, in the white region below hydrogen. Hence, for 

applied potentials in those regions, oxygen evolution or hydrogen 

evolution can happen thermodynamically. 
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reported versus SHE, but versus the reversible hydrogen electrode 

(RHE). This electrode represents the redox potential for HER at the pH 

value used. The value of RHE at a given pH can therefore be seen as 

the potential at the lower border of the blue band in Figure 1.3. With 

a change in pH, not only the thermodynamic potential of the two half-

cell reactions changes, but also their reagents, as described in the next 

two chapters. 

1.2.1 Oxygen Evolution 

The oxygen evolution reaction is a crucial reaction in many 

electrochemical processes including water splitting. Not only does this 

reaction provide electrons to the cathode, but also protons, which can 

participate in several different highly desirable electrochemical 

reduction processes. Besides being reduced to molecular hydrogen, as 

shown in the next chapter, protons can also be included in the 

reduction of carbon dioxide into carbon monoxide or a variety of small 

organic molecules, or in the reduction of molecular nitrogen to 

ammonia.25 All mentioned reduction processes are anticipated to play 

a game changing role in the coming decades four our society.25 

Focussing on water splitting, the oxygen evolution reaction at the 

anode is commonly displayed as the bottleneck.26 The oxidation of 

water requires the removal of four protons, four electrons and the 

formation of an O−O bond, which is overall an energetic unfavourable 

and mechanistic challenging process.27,28 As indicated in Chapter 

Error! Reference source not found. above, depending on the pH v

alue, the reaction equation can be expressed differently. In acidic 

conditions as:  

(1.2) 
 

(1.2) 

Whereas in alkaline conditions as : 

(1.6) 
 

(1.6) 

With the principle of Le Chatelier it can be understood that the oxygen 

evolution reaction is more favourable in alkaline media than in acidic 

media, which in combination with the reported instability of catalysts 
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for the OER in acidic conditions highlights the benefits of alkaline 

conditions for this step. In addition, in alkaline media the hydroxide 

ion is suggested to participate in the adsorption and O−O bond 

formation, shown below in Figure 1.4 (A) and (C), whereas in acidic 

media water molecules are used, requiring additional energy 

demanding water dissociation steps.29 

The overall reaction is generally divided in four subsequent steps. For 

the sake of simplicity, in the following one possible reaction 

mechanism for OER is displayed with water as the reagent.30,31 In this 

mechanism, each step involves a proton-coupled electron transfer 

(PCET). In short, in Figure 1.4 (A) a water molecule is adsorbed on the 

surface. In the water activation step in (B) an oxide is formed, which 

participates in an O−O bond formation step with a nearby water 

molecule in (C), creating a superoxide intermediate. This O−O bond 

Figure 1.4: Schematic illustration of one OER mechanism with (A) water 

adsorption, (B) water activation, (C) O−O bond formation and (D) 

oxygen release. Grey balls represent the surface, red balls oxygen, white 

balls hydrogen, green balls electrons and white balls with slight shade 

of orange protons. In all those steps, protons remain in solution whereas 

electrons are removed via the solid electrode. 
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formation is often considered to be the rate determining step.32,33 

Finally, in (D) the superoxide is activated, generating molecular 

oxygen, which desorbs from the surface. Besides the presented 

mechanism there are also other proposed.29,34,35  

According to the Sabatier principle the most reactive surface neither 

adsorbs the intermediates too strongly, nor too weakly. With density-

functional theory (DFT) calculations, the adsorption free energies for 

the intermediates of this reaction on metal and metal alloy surfaces 

were calculated, revealing a linear scaling relationship of  ∆𝐺𝑂𝐻∗,  ∆𝐺𝑂∗ 

and  ∆𝐺𝑂𝑂𝐻∗ with 10,25,30,31,36,37 

(1.7) ∆𝐺𝑂𝑂𝐻∗  =  ∆𝐺𝑂𝐻∗  +  3.2 eV (1.7) 

Here, ∆𝐺𝑂𝑂𝐻∗, ∆𝐺𝑂𝐻∗ and ∆𝐺𝑂∗ are the adsorption free energies for the 

superoxide, the hydroxide and the oxide on the surface, respectively. 

Since  ∆𝐺𝑂∗ lays in between ∆𝐺𝑂𝑂𝐻∗ and ∆𝐺𝑂𝐻∗, the activity of a given 

surface for the OER can be estimated based on the adsorption energy 

descriptor ∆𝐺𝑂∗ − ∆𝐺𝑂𝐻∗. The activity of different alloys can be plotted 

versus the calculated adsorption energy descriptor of their surface. 

Those plots are called volcano plots, based on their shapes, and verify 

the above introduced estimation. An example of the volcano plot for 

the OER is shown in Figure 1.5. The surfaces on the left leg of the plot 

bind the intermediate too strongly, whereas the surfaces on the right 

leg bind them too weakly. The surfaces with the highest activity are 

located at the tip of the plot. Hence, volcano plots are used to screen 

surfaces and propose novel materials as promising catalysts with the 

right binding energy of the adsorbates on the surface. A common 

strategy therefore is to combine materials from the left and the right 

leg to achieve just the right binding energy. In addition, there are also 

other approaches to increase the catalytic activity, which will be 

introduced below in Chapter 1.3.38,39 

1.2.2 Hydrogen Evolution 

As noted in the introduction, hydrogen as energy carrier ideally 

produces no harmful products when used in a fuel cell and offers the 

possibility to transit to a carbon neutral energy society. Unfortunately, 

nowadays the majority of hydrogen is produced by steam gas 
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reforming and water-gas shift reaction, which takes natural gas as 

reagent and emits carbon dioxide in the process as by-product. A 

promising carbon neutral way to produce hydrogen is by water 

splitting, powered by renewable energy sources such as wind or solar. 

As for the OER, also the HER reaction equation can be expressed 

differently, depending on the medium used. In acidic conditions it can 

be expressed as: 

(1.2) 
 

(1.3) 

And in alkaline conditions as: 

(1.8) 
 

(1.8) 

Analogous to the OER, also here Le Chatelier’s principle illustrates a 

favourable condition for the HER. However, in direct contrast to OER, 

the HER is benefited in acidic conditions, whereas it is hampered in 

alkaline media. The reason behind this is that in alkaline media water 

is used as proton donor. Hence the adsorption and electrochemical 

desorption step, shown below in Figure 1.6, require an additional 

Figure 1.5: Volcano plot of the intermediate binding energy descriptor 

∆GO* − ∆GOH* and the corresponding theoretical negative overpotential 

for OER. Adapted from Ref (38) licensed under CC BY 4.0 with the 

original data and plot provided by Ref (39) and Ref (31), respectively. 

https://creativecommons.org/licenses/by/4.0/
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energy demanding water dissociation step.29 A generally accepted 

reaction mechanism for the HER on surfaces can be illustrated with 

three different steps, here just shown for the reaction in acidic 

media.25,40 

The Volmer step in Figure 1.6 (A) can be seen as a simple adsorption 

of a proton, forming a hydrogen atom bond to the surface. The Tafel 

step in (B) describes the recombination of two adsorbed hydrogen 

atoms on the surface in close distance. The Heyrovsky step in (C) 

describes an electrochemical desorption process in which the 

adsorbed hydrogen recombines with an approaching proton in 

solution with a simultaneous electron transfer from the surface of the 

substrate to the desorbing molecule. 

In so-called Tafel plots the rate determining step for the reaction can 

be detected based on the required overpotential for achieving the next 

decade in current density. The derivation of the Tafel plot will be 

Figure 1.6: Schematic illustration of the HER mechanism in acidic 

conditions with (A) Volmer, (B) Tafel and (C) Heyrovsky step. The blue 

balls represent the surface, white balls hydrogen atoms, white balls with 

slight shade of orange protons, green balls electrons and the green 

ellipses in (B) and (C) the electron density. In all steps, protons are 

present in the electrolyte and electrons are provided via an external 

circuit to the electrode surface. 
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discussed in Chapter2.3.1. With 30 mV dec−1 the Tafel step has the 

lowest Tafel slope of all three steps. Surfaces with this rate determining 

step indicate a high activity towards HER. The Heyrovsky step exhibits 

a Tafel slope of 40 mV dec−1, indicating slightly slower reaction kinetics 

than the Tafel step. In contrast the Volmer step yields a Tafel slope of 

120 mV dec−1 and indicates a less active surface for HER. Due to the 

necessary water dissociation step, this Volmer step is often rate 

determining for HER in alkaline media, and a reason for the poorer 

performance of many surfaces compared to in acidic conditions.41 

As elaborated above, the bond strength of the adsorbate (here 

hydrogen) to the surface is important for the overall reaction activity. 

As for the OER, also for the HER this instance can be illustrated with a 

volcano plot (Figure 1.7). Following again the Sabatier principle – the 

intermediate should not be bond too strongly and neither too weakly 

to the surface – the optimal binding energy for the HER is found at 

approximately ∆G
H

* = 0 eV. As illustrated in the volcano plot in Figure 

1.7, platinum possesses hydrogen adsorption energies close to 0. This 

is one reason why platinum is the benchmarking catalyst for the HER. 

Rising effort is made to find new materials with similar binding 

energies to drive the reaction as efficient as possible, but in contrast 

Figure 1.7: Volcano plot of H* adsorption energy to the surface (∆GH*) 

and the detected exchange current density j0 as descriptor for activity 

towards the HER. Adapted with permission from Ref (44). Copyright 2022 

American Chemical Society. 
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to platinum being abundant and inexpensive. Besides the hydrogen 

binding energy, also other parameters have been revealed to influence 

the activity of a surface towards HER.42,43  

Driving the desired reaction as efficient as possible can be seen as the 

job description for a catalyst, which will be discussed in the next 

chapter. 44 

1.3 CATALYSTS 

In order to drive the desired reaction as efficient as possible, highly 

active, selective and stable catalysts are vital. As explained above, the 

adsorption energy of the intermediates to the catalytic surface is an 

influencing factor for the overall activity, however, several more 

parameters have to be considered. In general, there are two strategies 

to improve the performance of catalysts. In one strategy, the intrinsic 

activity of the catalytic active site is enhanced, in the other strategy the 

number of active sites is increased.25 Improving the intrinsic activity 

can be implemented among others by facilitating the rate determining 

step of the reaction, increasing the electron conductivity to the active 

site, or utilizing synergetic effects of different elements. For increasing 

the number of active sites there is a variety of techniques available. 

Some strategies discussed in this thesis are forming oligomeric 

complexes in Paper II, atomic dispersion of the active sites in Paper III 

and nanostructuring of the catalyst in Paper I and Paper IV. Clearly, the 

most promising catalysts are the ones combining both, enhanced 

intrinsic activity and increased number of active sites.  

There are different families of catalysts and thus their strategies might 

differ. In this chapter the different classes of catalysts investigated in 

this thesis, their advantages and limitations are presented. 

1.3.1 Molecular Catalyst 

The legend of Sir Isaac Newton developing the idea of gravity by 

observing the falling apple might represent one of the most well-

known scientific breakthroughs based on the observation of processes 

appearing in nature. As time has passed since Newton’s discovery, the 

analytical tools in the scientific community have been significantly 
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improved, allowing now the detailed investigation of a manifold of 

natural processes, even the one of desired chemical conversions. With 

hydrogenases and nitrogenases, two families of enzymes have been 

detected producing hydrogen. With the investigation of these 

enzymes, not only the catalytic active centre was detected but also the 

beneficial influence of its environment with for example side groups 

stabilizing the catalyst and lowering thermodynamic and kinetic 

barriers during the reaction. Unfortunately, enzymes are challenging 

to synthesize in sufficient amounts and are unstable outside of their 

biological habitat.45  

Taking the inspiration from nature of tuning the active sites by its 

surrounding without the drawbacks of a biological system is the 

motivation behind molecular catalysts. Molecular catalysts are 

transition metal complexes with the central metal ion coordinated by 

small (mostly) organic molecules as illustrated in Figure 1.8. The metal 

acts as active site at which the desired reaction takes place, whereas 

the organic molecules tune the activity of the active site by among 

others electron donating or withdrawing properties or stabilization of 

reaction intermediates. The superior nature of molecular catalysts is 

clearly visible for example for a DuBois type catalyst, a nickel complex 

directly inspired by Fe−Fe hydrogenase, which catalyses the hydrogen 

evolution reaction up to 106 000 times per second, thus outcompeting 

the Fe−Fe hydrogenase with 9 000 times per second.45 However, the 

overpotential for the DuBois type catalyst was quite large for this 

turnover frequency, indicating that the electrochemical activity 

descriptors should be seen with more context (see more in Chapter 

2.3). 

Since this thesis includes work on ruthenium-based molecular catalysts 

for the oxygen evolution reaction (Paper II), the influence of the 

organic molecules – so-called ligands – bond to the metal centre is 

demonstrated for such a catalyst. As previously mentioned, the effect 

of the ligands can be of electron donating or withdrawing nature. In 

an electrocatalytic water oxidation process the redox potential of the 

catalyst is risen to a level, at which it withdraws electrons from the 

reagent. The potential necessary to drive this reaction is heavily 

influenced by the ligands. Electron density donating ligands around 

the ruthenium centre lower the potential required to oxidize the 
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complex and thus to obtain the active species.46 Furthermore, proton-

coupled electron transfer (PCET) balances the coulombic charge as a 

consequence of the removal of one electron by the removal of a 

proton, which lowers the energetic barrier for the oxidation.47,48 As an 

additional effect, deprotonated acidic groups surrounding the active 

centre may act as initial proton acceptor, facilitation the often rate 

determining O−O bond formation step.48,49 The monoatomic nature of 

those complexes ensures that 100 % of the synthesized centres can act 

as active site and contribute to the oxygen evolution reaction. In 

addition, ruthenium-based water oxidation catalysts are reported to 

be stable and active, even in strong acidic conditions.49–51  

Unfortunately, most of those molecular complexes are used in 

Figure 1.8: Schematic drawing of a molecular catalyst represented by 

Ru(tda)(py)2 with tda being [2,2’:6’,2’’-terpyridine]-6,6’’dicarboxylate and 

py pyridine. Atoms are illustrated as balls. Ruthenium in brown, nitrogen 

in blue, oxygen in red, carbon in dark grey and hydrogen in white. 
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homogeneous catalysis, meaning dissolved in the electrolyte and not 

permanently anchored on the electrode. This hampers the use of 

molecular catalysts in devices but sparked emerging research on the 

immobilization of this class of catalysts.52–58 To this end, Paper II 

presents the performance and stability of immobilized ruthenium-

based molecular catalysts as electroanodes for water oxidation 

applications in neutral pH.  

Besides the challenges in anchoring the catalysts on electrodes, other 

disadvantages of this class of catalysts are among others the time and 

energy consuming synthesis of the complexes, the risk of oxidizing 

organic molecules at too high applied potentials during the OER with 

the formation of nanoparticles, and the labile ligand−metal bonds of 

first row transition metal complexes, which demonstrate a serious 

stability issue for those catalysts.46,54,59–62 

1.3.2 Single Atom Catalyst 

Having all metal centres active is a major benefit of molecular catalysts. 

One of the strategies to keep this advantage but to improve the 

stability of the catalyst and to heterogenize it is to expose molecular 

complexes to a pyrolysis process, often in the presence of a substrate 

like carbon nanotubes (CNTs) or carbon black.63–65 During this step the 

organic material decomposes under high temperatures and in an inert 

atmosphere into a graphitic matrix with the metal still bond to the 

nitrogen from the complex. Ideally, single metal atoms distributed in a 

porous and nitrogen doped graphitic material are obtained as 

schematically represented in Figure 1.9. Due to the nature of single 

atom dispersed active centres, this family is called single atom catalyst 

(SAC). The so developed heterogenized metal atoms embedded in a 

highly electron conductive matrix comes with the sacrifice of losing the 

benefits of fine tuning the active site by customized ligands. 

Furthermore, in most processes the formation of undesired 

nanoparticles seems to be inevitable. Only metal atoms in contact with 

the electrolyte can catalyse the reaction, hence atoms buried in the 

bulk can be seen in some instances as loss of possible active sites, but 

this will be discussed in more depth in the next subchapter.43,65 In 

addition, most nanoparticles are not stable in acidic conditions and are 

removed either in an acid treatment step subsequent to the synthesis 
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or in situ during operation. Besides molecular complexes, also metal 

organic frameworks (MOFs) have attracted great attention as 

precursors for SACs.65–67 MOFs are generally constructed from so-

called nodes with organic molecules as linkers in between them. By 

using different organic molecules as linkers and metal ions or oxides 

as nodes, a large variety of MOFs with among others tuneable 

morphology, porosity, surface area and conductivity can be 

synthesized. As for the molecular complex, this starting material 

converts during the pyrolysis ideally into single metal atoms dispersed 

in a highly conductive, porous and N-doped carbon matrix.68 A 

particularly interesting subfamily of MOFs are zeolitic imidazolate 

frameworks (ZIFs), which were used as starting compound in Paper III. 

ZIFs are constructed from metal nodes linked by imidazolates. Those 

frameworks exhibit high surface areas and superior structural integrity 

even after carbonization, leading to highly porous SACs.68  

However, besides the apparent advantages of this catalyst family as a 

high electron conductive matrix, a large number of active sites as well 

as a straight forward synthesis, carbon-based catalysts are prone to 

degrade under operation at high applied potentials, which imposes 

challenges on this class of catalyst for the water oxidation reaction. 

Figure 1.9: Schematic illustration of a single atom catalytic material. The 

black balls represent carbon atoms, dark blue balls nitrogen atoms and 

pink balls the active metal centre, here cobalt. The double bonds in the 

graphitic sheet are omitted for clarity. 
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Additionally, the carbonization at high temperatures and under an 

inert atmosphere is an energy consuming step, which displays besides 

the unwanted but inevitable nanoparticle formulation a clear 

drawback. 

1.3.3 Nanoparticle Catalyst 

Despite being so far labelled as undesired and its formation as a 

disadvantage, nanoparticles are an important class of catalysts. 

Nanoparticle catalysts are usually metal alloys, oxides, chalcogenides 

or pnictides assembled in small geometries. In stark contrast to 

molecular catalysts or single atom catalyst, those catalysts can already 

be synthesized on a larger scale in solvothermal or hydrothermal 

processes at elevated temperatures in a time span of only a few hours. 

An additional advantage of those catalysts is the possibility to directly 

synthesize them on the electrode. With this there is no need for 

anchoring strategies by chemical interactions of the catalysts with the 

substrate (as generally for molecular catalysts) or the need of 

additional binders, gluing the catalysts onto the electrode (as usually 

done with single atom catalysts). Especially electrodeposition of the 

catalyst directly on the electrode is a promising and upscalable method 

for large scale production.18,69–71 For molecular catalysts and SACs the 

formation of nanoparticles during the synthesis or operation is 

unwanted, however the risk of nanoparticle formulation directly 

displays the higher thermodynamic stability of nanoparticle catalysts 

over the formers. Since a major disadvantage of nanoparticles is bulk 

atoms not being able to act as active sites in the reaction, a 

considerable effort was dedicated to the synthesis of different 

nanostructures,25 shown in Figure 1.10. Regardless of rod-, needle-, 

flower-, sheet-, or other shapes, all structures aim to expose as many 

atoms to the electrolyte as possible. Besides building up 

nanostructures with a high surface area during the synthesis, in the 

recent years also the strategy of leaching or dealloying of certain 

elements of the nanostructure in a post synthetical step was 

introduced, which further increase the number of active sites and the 

activity of the material remarkably.25,72–74 In addition to increasing the 

number of active sites by controlling the morphology and porosity, 

also the intrinsic activity of nanoparticles can be significantly improved 

by combining different elements.10,75–77 This can be done for example 
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by selecting elements or materials from both legs of the Tafel plots to 

provide a more favourable intermediate binding energies, as 

mentioned in Chapter 1.2.1 and Chapter 1.2.2.74,78 On the basis of this 

strategy it can be seen, that bulk atoms in nanoparticles cannot always 

be seen as “loss of active sites”, since some of them are intended from 

the very beginning to tune the active site and not be the active site 

themselves.33,79As previously mentioned, nanoparticles are more 

stable than molecular catalysts and SAC and can thus be operated at 

higher potentials without the risk of catalyst degradation. However, 

reports have shown that for OER often a dynamic reformulation of the 

surface happened, creating metal-hydroxides or oxyhydroxides, which 

act as active phase. Thus, the actual active catalyst might differ from 

the synthesized material.19,80,81 Thankfully, operando techniques can 

resolve uncertainties and detect the active phase during catalysis.82,83  

Unfortunately, metal oxides are generally known to have a low electron 

Figure 1.10: Schematic illustration of different nanostructures. Front left: 

Grey nanoparticle spheres in different sizes as for example for platinum 

on carbon. Middle in the background: Green nanosheets assembled to a 

nanoflower as for example for the nanosheet-shaped nickel molybdate 

hydrate. Front right: Yellow nanorod structure as for example for the rod-

shaped nickel molybdate hydrate. 
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conductivity, which can hamper its activity. Additionally, in acidic 

media there are no known stable nanoparticle catalysts apart from 

platinum. Even the noble metal catalysts IrO2 and RuO2 show 

dissolution at too high applied potentials.19 However, with a 

theoretical approach numerous stable and active non-noble metal 

oxides for OER in acidic media have been proposed.26  

With the tuneable intrinsic activity, the large number of active sites, the 

superior stability in operation, and the facile synthesis of high loadings 

directly on the electrode, this class of catalysts is clearly more than just 

the unwanted by-product of a molecular or single atom catalyst. From 

my perspective, nanoparticle catalysts are highly likely the type of 

catalyst, which will be found in the revolutionary electrochemical cells 

of the near future. 
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2 METHODS 

To investigate the catalysts, several different characterization 

techniques were utilized to examine among others nanostructures and 

morphologies, elemental composition, molecular structure, and 

activity and stability during operation. The most frequently techniques 

used in this thesis are introduced in the following in more detail. 

2.1 SCANNING ELECTRON MICROSCOPY 

In order to investigate the morphology of the surface, shapes and sizes 

of nanostructures and to conduct a qualitative elemental analysis, 

scanning electron microscopy (SEM) can be used. Electron microscopy 

is necessary, since the conventional light microscopes are not 

achieving the required resolution. According to the Rayleigh criterion 

(2.1), the maximum resolution, 𝑅max, accessible with a microscope is 

limited by the wavelength of the incident beam. 

(2.1) 
𝑅max =

1.22 × 𝜆

𝑁𝐴
 (2.1) 

In which 𝜆 describes the wavelength of the incident beam and 𝑁𝐴 the 

numerical aperture of the microscope. Even for a light microscope 

using 400 nm as the wavelength of the probing beam, the maximum 

theoretical resolution is around 203 nm, neglecting all possible errors 

of the instrument.84 It becomes obvious that in order to reach higher 

resolutions, the probing beam needs to have a smaller wavelength. 

Louis De Broglie postulated in his doctoral thesis the wave−particle 

duality of electrons, for which he received in 1929 the Nobel Prize in 

Physics. Similar to photons, the wavelength of electrons is related to 

its energy and can be calculated with 

(2.2) 
𝜆 =

ℎ𝑐0

𝐸
 (2.2) 

With ℎ being Planck’s constant (6.626 × 10−34 J s), 𝑐0 the speed of light 

(299 792 458 m s−1), and 𝐸 the energy of the electron. In electron 

microscopes electrons are accelerated to energies often up to 

20 000 eV. With this amount of energy, they exhibit a wavelength of 
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approximately 0.062 nm, much smaller than the wavelength used in 

the light microscopes and thus enabling a much higher resolution.  

In an SEM, electrons are generated at the electron gun, which can be 

a thermionic emitter as a tungsten hairpin or a lanthanum hexaboride 

crystal, or a tungsten field emission gun (FEG). For a FEG an electric 

potential between the tungsten tip and an anode below is applied, 

which is sufficient to extract electrons from the sharp tip of the gun. 

Those extracted electrons are focused by the Wehnelt cylinder and are 

accelerated towards a second anode, as illustrated in (Figure 2.1). The 

accelerated electrons entering further down in the SEM column 

magnetic lenses. Magnetic lenses are essentially copper coils through 

which a current is running. This induces a magnetic field, which deflects 

the entering electrons according to the Lorentz force. Unfortunately, 

not all electrons are focussed by the lens in the same back focal plane. 

Electrons with a lower energy are bend stronger in the magnetic field. 

This so-called chromatic aberration can be reduced by among others 

using a FEG instead of a thermionic emitter as electron source, since 

the former has a much smaller energy distribution of the emitted 

electrons.85 In addition to chromatic aberration, electrons further away 

from the optical axis of the lenses are bend stronger than the ones 

closer to the optical axis, also resulting in different back focal planes. 

This is called spherical aberration. As the last aberration listed here, 

astigmatism is caused by the inhomogeneity of the magnetic field in 

the lenses. Electron waves propagating in different planes through the 

inhomogeneous magnetic field are also converging in different focal 

points. This is corrected with stigmators, which are controlled by the 

operator of the SEM. Unfortunately, all mentioned aberrations limit the 

maximum resolution of an SEM.  

As illustrated in Figure 2.1, after the beam is shaped by the condenser 

lenses and the stigmators, it is deflected by scanning coils in x- and y-

direction to scan the electron beam over the sample. With the 

objective lens the electron beam is finally focussed on the desired area.  

When hitting the sample, the primary electrons (PE) of the incident 

beam can interact with the atoms of the specimen, causing different 

emissions. The interaction volume of the different detectable 

radiations is depicted in the left part of Figure 2.2. The PE (Figure 2.2, 
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right part (A)) can scatter inelastically at the electrons in the sample 

and hence kicking them out of the atomic orbitals. The so emitted 

secondary electrons (SE) (B) are detected and used to image the 

surface of the scanned area. Even though SE are generated further in 

the bulk material, only the ones emitted close to the surface (< 10 nm) 

are reaching the detector.86 This is due to the low kinetic energy SE 

Figure 2.1: Schematic illustration of a column in a SEM, showing the 

electron beam in bright green from the FEG onto the sample. Depending 

on equipment, manufacturer and model the components and their 

location can vary. 
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possess, which they lose rapidly in the bulk material. Hence, SE close 

to an edge have a higher probability to escape the sample than those 

in a flat region. This is the reason behind the edge effect, in which 

edges appear brighter in secondary electron images. Due to the 

emitted electrons, the surface charges positively. If not compensated 

by a sufficient electric contact from the surface of the sample to the 

sample holder, this can interact with subsequent emitted SE. Thus, 

Figure 2.2: Schematic illustration of the electron-sample interaction 

volume and the resulting emissions. Only SE and characteristic x-rays 

play a role in this thesis. Their formation is shown in the upper right part 

of the image. (A) incident primary electron; (B) secondary electron from 

outer shell; (C) secondary electron from inner shell; (D) emitted 

characteristic x-ray of outer shell electron when filling up the vacancy in 

the inner shell; (E) inelastic scattered primary electron penetrating the 

sample further. 
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charging of the sample imposes challenges for the acquisition of 

secondary electron images of electric isolating samples. 

When the primary electron knocks out an electron from an inner shell 

(C) of the sample atom, the created vacancy is filled up by an electron 

from an outer shell. By jumping in this vacancy, the electron emits 

radiation equal to the energetic difference of the previous occupied 

state in the outer shell and the vacancy in the inner shell (D). The 

energy of this emitted characteristic X-ray is unique for different 

elements and transitions. Energy dispersive X-ray spectroscopy (EDX) 

is a technique detecting these X-rays and hence can be used to confirm 

the presence of certain elements in the sample material. Furthermore, 

with the electron beam scanning over the sample, also the location of 

the element can be detected. This mapping provides the possibility to 

probe among others for cluster formation or homogeneous 

dispersions of elements. 

With every inelastic scatter process the PE lose energy. It is obvious 

that the depth, in which the inelastic scattered electron (E) has still 

sufficient energy to interact with the sample, is dependent among 

others on the sample material and the initial PE energy. As 

consequence, the size of the interaction volume is influenced by the 

acceleration voltage of the electron beam. 

2.2 X-RAY PHOTOELECTRON SPECTROSCOPY 

X-ray photoelectron spectroscopy (XPS) is a non-destructive surface 

sensitive technique for elemental analysis. At this point I would like to 

mention that it was developed by Kai Siegbahn and his group at 

Uppsala University under the name Electron Spectroscopy for 

Chemical Analysis (ESCA), for which he was awarded 1981 with the 

Nobel Prize in Physics.87,88 A schematic XPS setup is illustrated in Figure 

2.3. In XPS electrons are emitted at an electron source (A) and 

accelerated towards a metal anode (B). In most instruments this metal 

anode is either made from aluminium or magnesium.  

By bombarding the metal anode with electrons, characteristic X-rays 

are generated (purple traces in Figure 2.3) (explained in more detail in 

the EDX section above).89 Those X-rays are diffracted by a 
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monochromator (C), a quartz crystal oriented in a specific angle, such 

that only a certain wavelength is fulfilling Braggs equation and is 

focussed on the sample (D). Incoming X-rays are exciting and ejecting 

electrons from the atoms, described as photoelectric effect (E).90 Those 

escaped photoelectrons have specific kinetic energies, based on the 

element, orbital, oxidation state and even the chemical environment of 

the atom to which they were bond. This makes XPS such a powerful 

tool, not only quantifying the elemental composition but also 

Figure 2.3: Schematic illustration of setup for XPS analysis. The electron 

and x-ray beam path and important interactions with the material are 

described in the text. (A) Electron source; (B) metal anode producing x-

rays; (C) monochromator focussing x-rays on the sample; (D) and (E) 

sample emitting photoelectrons; (F) column slowing down and focussing 

photoelectrons; (G) entrance slit of hemispherical analyser; (H) 

hemispherical analyser; (I) detector; (J) photoelectron spectrum. 
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providing information about the nature of the present elements. To 

detect this initial kinetic energy of the emitted photoelectrons they are 

slowed down by an electric field and focussed (F) on the slit (G) 

entering the hemispherical electron analyser (H). In there a constant 

electric field deviates the photoelectrons trajectory to hit the detector 

(I). The electric field in the column before the hemispherical analyser 

is responsible to slow down the electrons in such a way, that only 

electrons with a specific initial kinetic energy are entering the 

hemispherical electron analyser with the kinetic energy required to 

follow the path in the centre of the analyser and through the exit slit 

to the detector (blue traces in (H)). This energy value is denoted as 

pass energy. Photoelectrons entering the hemispherical analyser with 

higher or lower energies are deflected from this path and are not 

detected (orange traces in (H)).  

During the XPS measurement, the strength of the focussing lenses and 

the electric field in the column before the hemispherical analyser are 

varied so that electrons with different initial kinetic energies are 

focused onto the entrance slit and slowed down to match the pass 

energy.91 The electrons kinetic energy, 𝐾𝐸, is converted to its binding 

energy (𝐵𝐸) following 

(2.3) 𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − 𝜙spec (2.3) 

With ℎ𝜈 being the X-ray photon energy and 𝜙spec the work function of 

the spectrometer. The detected flux of photoelectrons for a specific 

binding energy is finally illustrated in the spectrum (J).  

Due to inelastic scattering events of photoelectrons in the sample, they 

might escape the surface with reduced kinetic energy or have 

produced lower energetic secondary electrons, which are emitted from 

the surface.92,93 Both are detected as lower kinetic energy electrons.94 

This is the reason behind the characteristic “steps” in an XPS spectrum 

(see (J) in Figure 2.3) with a higher background at high binding 

energies than for low binding energies. Only photoelectrons which did 

not suffer from inelastic scattering contribute to the characteristic 

peaks used for the analysis. Those electrons are generated usually in 

depths of <10 nm and explain the surface sensitivity of this 

technique.92,95 Besides photoelectrons also Auger electrons are 
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detected in XPS, but not further discussed here. In order to avoid 

scattering of photoelectrons by gas molecules on their path to the 

detector, the measurement is conducted in ultra-high vacuum. It 

should be noted that there are also other operation modes than the 

one described here. For the sake of simplicity, they are not further 

elaborated in this work. 

2.3 ELECTROCHEMICAL ANALYSIS TECHNIQUES 

In electrochemical analysis the response of current for a set electric 

potential between two electrodes (or vice versa for some techniques) 

is measured. Since in most of the used techniques in this thesis the 

electric potential is controlled and the current measured, the general 

explanation in the following will keep this relationship. Furthermore, it 

is acknowledged that electrochemical characterization is employed 

also in other scientific fields but the focus here lays on setups with a 

liquid electrolyte between the electrodes.  

Current describes the flow of charge per time and thus represents the 

flow of electrons in the circuit. The measured current can be divided in 

non-faradaic current, which is not accompanied with a redox reaction, 

but instead with other processes such as adsorption and desorption at 

the electrode. In contrast, faradaic current is associated with a charge 

transfer process from the electrode to a species undergoing a redox 

process. This faradaic current could be further divided into a current, 

originating from a redox process of the electrode and/or catalyst, or 

the desired reaction as the hydrogen evolution or oxygen evolution. 

The latter can be referred to as catalytic current. All those contributions 

to the current are illustrated in a cyclic voltammogram below in 

Chapter 2.3.1. 

Changing the potential applied to an electrode shifts the energy level 

of those electrons. Once the energy level of those electrons is below 

that of a species in close proximity, an electron transfer from the 

species to the electrode can thermodynamically appear, meaning the 

species gets oxidized (Figure 2.4 (A)). Vice versa, if the energy level of 

the electrons on the electrode is increased above the energy level of 

the species close by, an electron transfer from the electrode to the 

species can happen, meaning the species is getting reduced (Figure 
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2.4 (B)). The potential at which such a charge transfer occurs is called 

redox potential, 𝐸redox, and can be calculated with the Nernst equation 

already introduced in Chapter 1.2 

(1.4) 
𝐸redox = 𝐸0′ +

𝑅𝑇

𝑧𝑒𝐹
ln (

[Ox]

[Red]
) (1.4) 

As mentioned above, as soon as the energy level of the electrons on 

the electrode exceeds or lays below the redox potential of the species, 

a charge transfer process is thermodynamically favourable. However, 

due to kinetic barriers in some reactions, a higher potential, 𝐸react., has 

to be applied to overcome this barrier and drive the reaction. The 

additional potential is known as overpotential, η, with 

(2.4) 𝜂 = 𝐸react. − 𝐸redox (2.4) 

Since it is difficult to determine at which applied potential the reaction 

Figure 2.4: Schematic illustration of the energy levels of electrons for (A) 

oxidation and (B) reduction of a species close to the electrode. 
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starts this overpotential is usually given for a certain current density, 

often at 10 mA cm−2. Electrodes are generally decorated with catalysts 

to lower this overpotential and improve the kinetics of the reaction. 

The applied potential at one of the electrodes is no absolute value, but 

describes a potential difference versus another electrode. In a two-

electrode setup the potential difference is measured between the 

working electrode, at which the desired reaction is intended, and the 

so-called counter electrode. For a charge transfer process at the 

working electrode, let’s assume it is a reduction, at the same time 

oxidation needs to happen at the counter electrode. The simultaneous 

oxidation is necessary to provide electrons to the working electrode 

through an external circuit, which then participate at the reduction 

process. In a two-electrode setup the corresponding current for an 

applied potential difference between working and counter electrode is 

observed. However, the contributions of the working and counter 

electrode to the overall kinetic barrier cannot be determined. Since one 

is usually interested in the processes happening at only one electrode, 

a three-electrode setup is commonly used. In this setup the potential 

difference between the working electrode and a reference electrode is 

measured, whereas the current still flows between the working 

electrode and the counter electrode. In such a way, possible limitations 

of the counter electrode are avoided and the performance of only the 

working electrode can be investigated. In general, even though one is 

examining the electrochemical response of the working electrode, the 

actual focus of interest of this thesis lays on the performance of the 

catalyst deposited on the working electrode, which is used to facilitate 

the desired electrochemical reaction. There are several different ways 

to evaluate and test the activity and stability of such an electrocatalyst, 

of which a few will be explained in the following. 

2.3.1 Cyclic Voltammetry 

Cyclic voltammetry (CV) is the technique of choice when investigating 

an electrocatalytic process. In cyclic voltammetry a potential is swept 

between two set limits at a defined scan rate and the current response 

is detected. Once one limit is reached the scan direction is reversed 

and the potentials are scanned in the opposite direction until the other 

limit is hit. A possible resulting cyclic voltammogram is shown in Figure 
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2.5. There are a lot of information that can be extracted from a CV. The 

most relevant for this thesis will be described here in short.  

In regions where there is no charge transfer process (A), the entire 

observed current is due to non-faradaic processes, which are among 

others scan rate dependent. With increasing the scan rate an increase 

in capacitive current can be detected. From this scan rate dependent 

non-faradaic current, the double layer capacitance can be determined, 

which is proportional to the electrochemical surface area (ECSA) of the 

electrode. This surface area is an important parameter for catalysis, 

since it can be often seen as descriptor for the amount of exposed 

catalytic sites to the electrolyte. 

Following the grey arrow from (A) in Figure 2.5, when entering a 

potential window in which charge transfer is favourable, an onset of 

Figure 2.5: Schematic cyclic voltammogram for the illustration of key 

features. Elower limit and Eupper limit are set in the acquisition parameters. 

E1/2 is the redox potential of the catalyst, whereas Eredox is related to the 

thermodynamic redox potential of the desired reaction. E10 mA cm−2 

corresponds to the potential at which the current density of 10 mA cm−2 

on the catalytic wave is reached. 
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increase in current can be observed (B), caused by oxidizing a nearby 

species. In the presented illustration, the oxidation of a catalyst on the 

electrode is assumed. With increasing potential, the driving force for 

oxidation further increases, leading to a higher oxidation rate of 

catalyst, which is observed by a rising current. For even higher applied 

potentials, diffusion and mass transport can limit the oxidation rate of 

the catalyst, causing first a peak and then a decrease in observed 

current. With quantifying the consumed charge in such an oxidation 

step, the amount of substance of catalyst can be calculated. With 

further increased potential the driving force for catalysis might be 

sufficient and a strongly rising catalytic current is observed (C). Charge 

transferred in this reaction is directly participating in the desired 

reaction. The activity of the catalyst is often described by the 

overpotential necessary to reach a certain catalytic current density. This 

value is taken from the catalytic wave as illustrated by the 

corresponding dashed lines in Figure 2.5. Another descriptor for the 

activity is the maximum turnover frequency of the reaction by one 

catalytic centre, which is evaluated by the foot of the wave analysis 

(FOWA) of the catalytic wave. In this region the reaction is expected to 

be not limited by among others mass transportation or diffusion.96,97 

When reaching the upper limit of the potential window, the scan 

direction is changed and a decrease in catalytic current is visible until 

a potential is reached, at which the reaction is not favourable anymore. 

Further decrease leads to a reduction of the catalyst (D). In cases in 

which both redox processes are observed, as here for the oxidation 

and reduction of the catalyst, the process is called reversible. For such 

processes, the potential halfway between the peak potential of the 

oxidation and the reduction, respectively, is denoted as E1/2 and is 

equivalent to the formal standard potential of the given redox 

reaction.98 The potential difference between the oxidation peak and 

reduction peak also includes information about how fast the electron 

transfer is.99 Processes in which only one of the two redox features are 

visible are called irreversible. In Figure 2.5 the electrocatalytic reaction 

would represent an irreversible oxidation.  

Besides the activity, with many subsequent cycles the integrity of the 

whole system can be probed. Shifts in the redox potentials of the 

catalyst, the shape of the peak or its reversibility as well as varieties in 
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the catalytic wave can provide information about changes of the 

system. Those changes could be due to activation processes, but also 

the instability of the catalyst and possible degradation. Especially for 

molecular catalysts, CV provides a lot of valuable information. 

With slow scan rates – to assure nearly steady state conditions– the 

catalytic wave can be used to determine the rate determining step for 

the reaction. For this purpose, the catalytic wave is plotted with η over 

log(|i|). Such plots are known as Tafel plots. For larger log(|i|) the plot 

usually exhibits a linear regime, which slope provides information on 

the rate determining step. This was already previously presented in 

Chapter 1.2.2. 

As mentioned with regard to the DuBois catalyst in Chapter1.3.1, 

electrochemical descriptor of activity, such as overpotential, turnover 

frequency and Tafel slopes should always be seen in a broader context. 

Ignoring the applied potential necessary to reach a certain turnover 

frequency or determining the overpotential for a small current could 

possibly paint a distorted picture of the actual activity of the catalysts. 

Furthermore, electrolyte temperature, reagent concentration or 

number of active sites are just a few parameters known to influence 

the performance of the investigated catalytic material and should 

always be considered when evaluating the (intrinsic) activity of the 

catalyst. 

To compare electrochemical data with results of other electrode sizes, 

the current is usually reported as current density (current per area). 

However, with the development and employment of highly porous or 

three-dimensional electrodes in electrocatalytic processes, the 

normalization to an inaccurate area can lead to overestimations of the 

reported performance.100 Proposals have been made to normalize the 

observed current to the electrochemical surface area, which would 

offer the possibility to compare the intrinsic activity of different 

catalysts.18,69 However, from my point of view here the difference of 

academic and industrial interests is visible. Whereas in academia the 

true intrinsic activity of a catalyst seems to be more of interest it is 

anticipated that in industry the focus lays more on the current 

obtained at an applied potential for a given electrode size in the 

device, regardless of the actual surface area in contact with the 
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electrolyte. 

2.3.2 Chronoamperometry and Chronopotentiometry 

Besides cycling the working electrode in a potential range in which the 

electrical load is varied over time, the electrochemical response can 

also be observed for a constant load. For this purpose, 

chronoamperometry (CA) or chronopotentiometry (CP) can be utilized. 

In chronoamperometry a constant potential is applied at the working 

electrode and the current response is observed over time. Vice versa, 

in chronopotentiometry a constant current is applied and the required 

potential is detected. Such a measurement cannot only provide 

information about the stability of the system under a constant applied 

load, but also indicate the performance of the electrode in steady state 

conditions. Compared to other electrochemical techniques, 

chronoamperometry and chronopotentiometry are much closer to the 

actual conditions, in which the electrode would operate in an 

electrolyzer cell at a constant load.  

By combining the electrochemical setup with an additional 

spectroscopic technique, for example Raman spectroscopy, the 

electrode can be investigated during catalysis. This 

spectroelectrochemical approach is of importance, since with the 

applied potential a phase transition might be induced, leading to 

another catalytic active phase than characterized ex situ beforehand.  

2.3.3 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) uses the frequency 

dependent response for small perturbations in the applied load in an 

electrochemical cell. The perturbation can be done in the applied 

potential (potentiostatic EIS) or in the applied current (galvanostatic 

EIS). A short explanation is given for the potentiostatic mode. The 

applied potential is alternating perturbated. This perturbation is varied 

over a range of frequencies and differences in the current response 

dependent on the perturbation frequency is detected. In general, 

processes appearing in the electrochemical cell as for example charge 

transfer or mass transport are assumed to be active in different 

frequency domains and hence can be distinguished with this 
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technique.  

With the collected data, these processes are tried to be modelled by 

in series or parallel connected capacitors, resistors, constant phase 

elements or impedance elements. The so constructed equivalent circuit 

approximates the electrochemical cell (or parts of it) with the 

parameters of each component describing the corresponding 

processes by an electrical equivalent. The obtained data for 

electrochemical impedance spectroscopy can be illustrated in different 

ways. One famous plot is the Nyquist plot, illustrated in Figure 2.6 for 

the corresponding Randles circuit. 

In an equivalent circuit of the electrochemical cell in Figure 2.6 (A), RS 

represents the solution resistance of the electrolyte between the two 

electrodes. The capacitor CDL represents the double layer capacitance 

of the electrode−electrolyte interface whereas RCT represents the 

charge transfer resistance from the electrode to the electrolyte. 

Warburg impedance ZW represents a kind of mass transfer resistance, 

but for the sake of simplicity will be neglected in the following. In 

Nyquist plots the resistance is illustrated on the real axis, whereas the 

capacitance is on the negative imaginary axis. High and low 

perturbation frequencies are represented in the Nyquist plot at low 

and high x-axis values, respectively. At high perturbation frequencies, 

only the resistance of the solution RS is influencing the current 

response. Hence, the solution resistance can be detected in (B) at high 

frequencies where the impedance data crosses the x-axis. With a 

decrease of the perturbation frequency, the double layer capacitance 

Figure 2.6: Illustration of (A) Randles circuit and the corresponding 

Nyquist plot in (B), for the sake of simplicity excluding contributions of 

the Warburg impedance ZW. 
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and the charge transfer resistance start to influence the response as 

well and a semicircle is formed. For lower frequencies the double layer 

capacitance has no influence on the observed impedance anymore, 

which is now only controlled by the solution and the charge transfer 

resistance. Hence the impedance ends up on the x-axis again at RS + 

RCT.  

In a real cell the Warburg impedance cannot be neglected and more 

than one semicircle can appear in the spectrum, which furthermore can 

also partly overlap. In addition, the capacitor is often substituted by a 

constant phase element to compensate proposed roughness or 

heterogeneity of the electrode surface, which causes the system to 

deviate from an ideal capacitor.101,102 All this complicates the exact 

analysis of electrochemical impedance spectroscopy and the 

construction of an equivalent circuit. In this thesis, only the solution 

and charge transfer resistances were extracted from the spectra. 

2.4 RAMAN SPECTROSCOPY 

Raman spectroscopy is a spectroscopic technique, which utilizes light-

matter interactions (rotational and vibrational transitions) to provide 

information about present bonds. A schematic of light-matter 

interactions is shown in Figure 2.7. An incoming photon is in most 

cases elastically scattered from the electrons, meaning without loss nor 

gain in energy. This process is called Rayleigh scattering (Figure 2.7 

(A)). It can be illustrated as an incident photon with the frequency 𝜈L 

exciting an electron from a initials state 𝐸𝑛 to a virtual state, which lays 

in between the electronic ground state and the electronic excited state, 

followed by the relaxation of the electron back to the original state 𝐸𝑛. 

During this relaxation process the electron emits a photon with the 

same frequency as the incident photon 𝜈L. In rare occasions in 

electrons participating in bonding, the excited electron might relax to 

an energy state 𝐸𝑚 different from the initial state 𝐸𝑛. In this case the 

emitted photon has a different frequency 𝜈Ram compared to the 

incident beam. This inelastic scattering process is called Raman 

scattering. The frequency of 𝜈Ram provides information about the 

energetic difference between the initial and final state, following 
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(2.5) ∆𝐸 = 𝐸𝑛 − 𝐸𝑚 = ℎ(𝜈L − 𝜈Ram) (2.5) 

With 𝐸𝑛 and 𝐸𝑚 being the initial and final energetic states of the Raman 

scattering, ℎ being Planck’s constant and 𝜈L and 𝜈Ram the frequency of 

the incident and emitted photon. In Figure 2.7 (B) 𝐸𝑛 corresponds to 

the energy level of the ground state, whereas 𝐸𝑚 represents the first 

vibrational excited state. The energy difference ∆𝐸 is characteristic for 

rotational or vibrational transitions happening in the molecule and 

hence gives information about the present bonds. Raman scattering 

with ∆𝐸 > 0 is called Stokes scattering, while scattering events with 

∆𝐸 < 0 is referred to as anti-Stokes scattering. For anti-stokes 

scattering to occur, the initial state has to be already excited, which 

cause this scatter process to be scarcer at room temperature than the 

Stokes scattering. In Raman spectroscopy monochromatic light is used 

as incident radiation. After the scattering process the light with the 

exact wavelength as the incident beam is cut out by a laser filter. Only 

the Raman scattered light passes through and reaches the detector. 

However, not all rotational and vibrational transitions of the sample 

material are visible in Raman spectroscopy. 

Figure 2.7: Schematic of (A) Rayleigh scattering and in (B) and (C) 

Raman scattering processes with Stokes scattering and Anti-Stokes 

scattering, respectively, for a vibrational transition. Further rotational 

and vibrational states are omitted for the sake of clarity. 
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The Raman activity can be described by local selection rules, where one 

can consider the effect of an electric field on a molecule. When a 

molecule is placed in an oscillating electromagnetic field, the 

electrodynamic forces distort the electron density in this molecule, 

inducing a dipole moment. This dipole moment is depending on the 

strength of the electric field and the polarizability of the molecule. One 

can imagine electrons are easier distorted by an electric field along the 

bond axis than across. Hence, the polarizability of a molecule can 

depend on their orientation in the electric field as illustrated for a 

hydrogen molecule in Figure 2.8. Such molecules are called anisotropic 

polarizable, which is required for rotational Raman activity as shown 

later. The polarizability of a molecule is represented by a polarizability 

ellipsoid and illustrated in the figures below as green oval. Against 

intuition, a larger polarizability corresponds to a smaller distance from 

the centre to the surface of the ellipsoid. In order to be Raman active, 

the polarizability has to change during the vibration or rotation, which 

can be displayed as change in shape, size and/or orientation of the 

ellipsoid.  

Since in rotations, the shape and size does not change, the orientation 

of the ellipsoid during the rotation needs to change. Let’s assume 

methane with a spherical ellipsoid rotating in an electric field. During 

the rotation the polarization of the molecule will not change. Hence, 

Figure 2.8: Hydrogen molecule (white balls with line as bond) in electric 

field with corresponding polarizability ellipsoid (green oval) below. (A) 

Hydrogen bond axis oriented parallel to electric field lines. (B) Bond axis 

oriented perpendicular to electric field lines. 
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all rotations of this molecule are Raman inactive. In the case of a simple 

non-spherical ellipsoid like the one of hydrogen, during rotations in 

the electric field (except the rotation about its bond axis) the 

polarizability of this molecule changes, as shown in Figure 2.8 for two 

orientations. It can directly be seen that this results in Raman active 

modes. Hence, to be active in rotational Raman spectroscopy the 

molecule needs to be anisotropic polarizable and the orientation of 

the major axis of the ellipsoid needs to change during the rotation. 

In contrast to rotations, vibrational modes can cause a distortion of the 

electron density in the molecule which alters its polarizability, 

represented by a change of size, shape or orientation of the major axis 

of its polarizability ellipsoid. Those changes are schematic illustrated 

for a water molecule in Figure 2.9 (A) – (C), respectively. It is important 

to note that a change of the polarizability during the vibration is not 

sufficient to be Raman active. The polarizability has to change for small 

displacements around the equilibrium conditions, which can be 

expressed as  

(2.6) 
(

d𝛼

d𝜉
)

𝜉=0

≠ 0 (2.6) 

With 𝛼 as polarizability, 𝜉 as displacement coordinate and 𝜉 = 0 as 

equilibrium position.  

Carbon dioxide can be used as an example for Raman inactive 

vibrations. Its modes with the corresponding polarizability over 

displacement coordinate is shown in Figure 2.10. Only the symmetric 

stretching mode in (A) displays a change in polarizability for small 

displacements from the equilibrium position and is Raman active. 

Despite the change of size and shape of the polarizability ellipsoid 

during the asymmetric stretching and bending vibrations, there is no 

change in polarizability for small displacements from the equilibrium 

position and both modes are Raman inactive. Following the premise 

of a change of polarizability for small displacements around the 

equilibrium position for Raman active vibrations, vibrations with 

different magnitudes of change in polarizability are represented in the 

Raman spectra with different intensities: A vibration mode with a larger 

change of polarizability exhibits a Raman band with a higher intensity. 
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Prediction of Raman activity for crystals is more challenging, since the 

just presented local selection rules for molecules are complicated with 

lattice selection rules and other lattice dependent scattering processes. 

Among others phonons, magnons, polarons and lattice defects can 

introduce Raman active modes, but this will not be further elucidated 

here.103,104 

Figure 2.9: Schematic illustration of water vibrations (red balls represent 

oxygen, white balls represent hydrogen) and their induced changes in 

the polarizability ellipsoid (green oval below) for (A) symmetric 

stretching (change of size), (B) bending (change of shape), (C) 

asymmetric stretching (change of orientation). All vibration modes are 

Raman active. ξ represents the displacement coordinate. 
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Despite the complexity of predicting Raman active vibrations, Raman 

spectroscopy is an extremely useful technique for characterization. An 

additional advantage of this technique is the possibility to conduct in 

situ and operando measurements. With these, not only structural 

Figure 2.10: Illustration of carbon dioxide vibrations (carbon atoms in 

dark grey, oxygen atoms in red) and the corresponding polarizability 

ellipsoids (green oval below) for (A) symmetric stretching, (B) 

asymmetric stretching and (C) bending modes. On the very right of each 

vibration is a plot of the polarizability over displacement coordinate 

during this vibration. 
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changes of the material caused by exposure to the electrolyte can be 

observed, but also the actual active phase during catalysis can be 

determined. This is pivotal since the synthesized and characterized 

compound is not always the actual catalyst. Hence operando 

measurements can add valuable input for interpreting the results of 

other techniques and helps for a general understanding of the 

material. 
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3 MOLECULAR CATALYSTS FOR THE OXYGEN EVOLUTION 

REACTION (PAPER II) 

In this chapter, the work of Paper II is briefly presented and also put in 

a broader context. The principle question: “Can we utilize known active 

and stable ruthenium-based molecular catalysts for the oxygen 

evolution reaction in a device operating at neutral pH? And does it 

make sense?” is discussed and tried to be answered. 

3.1 INTRODUCTION 

Ruthenium-based molecular water oxidation catalysts (Ru-MWOC) are 

known to be highly active and stable in aqueous media.48–54,105 In 

contrast to first row transition metal complexes, ruthenium-based 

complexes do not suffer from ligand exchange and are ideal to study 

the mechanism and influence of various equatorial and axial ligands. 

Started with the “Blue Dimer” in 1982 by the Meyer group,105 Ru-

MWOC have developed in the past 40 years, unlocking high activities 

and stabilities by tuning the environment of the active sites. With the 

publication of Ru(bda)(pic)2 (bda being [2,2’-bipyridine]-6,6’-

dicarboxylate and pic being 4-picoline), Sun’s group presented a 

highly stable and active catalyst for OER in acidic media.106,107 

Unfortunately, this catalyst follows the interaction of two metal-oxo 

species (I2M) mechanism in homogeneous solution to split water. 

When anchored on the electrode, this bimolecular mechanism is not 

possible anymore and Ru(bda) was suggested to decomposed into 

RuO2.54,108 With Ru(tda)(py)2 (tda being [2,2’:6’,6’’-terpyridine]-6,6’’ 

dicarboxylate and py being pyridine) a highly active and stable catalyst 

was presented by Llobet’s group, which follows the water nucleophilic 

attack (WNA) mechanism (represented in Figure 1.4) already as 

homogeneous catalyst.49 With this single-site catalytic mechanism, 

Ru(tda)-based catalysts are expected (and also reported) to be able to 

retain their performance once heterogenized.27,53,60 In strong contrast, 

anchored catalysts following the I2M mechanism would be needed to 

be either dinuclear or to be anchored in close proximity to each other 

to interact in a intermolecular manner.27 Despite the oligomer catalysts 

being multinuclear they are still suggested to follow the WNA 
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mechanism.52,54 

Different approaches for anchoring catalysts have being reported in 

literature, among others alkyl chain alignment,57,58 covalent 

bonding,108 electropolymerization,56 integration into a metal-organic 

framework (MOF),55 by π−π stacking or supramolecular CH−π 

interactions.52–54 With integrating a pyrene derivative pyp as the axial 

ligand in a previous work (pyp is 4-(pyrene-1-yl)pyridine), the 

successful heterogenization by π−π stacking interaction of the pyrene 

group with multi walled carbon nanotubes (MWCNTs) was shown for 

monomeric Ru(tda)-based catalyst, reaching over a million turnovers 

during catalysis.53 After anchoring, the catalyst kept its activity and 

stability as reported in homogenous phase. With the development of 

new oligomeric catalysts, in which ruthenium centres are linked by bpy 

axial ligands (bpy is 4,4’-bipyridine), a Ru(tda)-based catalyst with 15 

repetitive units could be successfully immobilized by CH−π 

interactions between the equatorial ligands of the catalyst and the π-

system of the MWCNTs.52 This strategy led to higher loadings and 

hence more powerful anodes. Interestingly, the identically synthesized 

Ru(bda)-based oligomeric derivative with 10 repetitive units did not 

suffer from decomposition as the covalently bond mononuclear 

complex.54,108 The length of the oligomer chains could be calculated 

based on the ratio of the signal of the terminal and bridging bpy in 

proton nuclear magnetic resonance (1H-NMR) spectroscopy.52,54 

Additionally, in contrast to the Ru(tda)-based catalysts used in Paper 

II, the proposed catalytic reaction pathway of the Ru(bda) oligomer 

includes the coordinating of two aquo species to the active centre.54 

3.2 PERFORMANCE ON DEVICE ELECTRODES FOR OER 

In previous publications, presenting and characterizing the different 

catalysts and anchoring strategies, all catalysts were immobilized on 

MWCNT and drop casted on a glassy carbon electrode.52–54 In order to 

probe their possible integration into a water splitting device, which 

operates in neutral pH, printed electrodes (PEs) provided by the 

collaborating Billon group at Université de Pau et des Pays de l’Adour 

(UPPA) were used as electrodes.  

The catalysts used in Paper II before activation are shown in Figure 3.1. 
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The violet clouds highlight the proposed location of interaction 

between the catalyst and the MWCNT, which are omitted in the figure 

for clarity. Those pre-catalysts anchored on MWCNT where simply 

drop casted onto the printed electrodes. To drive catalysis, the 

catalysts had to be activated in which they coordinated one 

aquo/hydroxo ligand (or two for the Ru(bda)-based catalyst). For this 

purpose, the Ru(tda)-based catalysts were exposed to bulk electrolysis 

at pH 12, in which a hydroxo was coordinated to a position liberated 

by a carboxylate.49 In contrast, the Ru(bda)-based catalyst was simply 

activated by several cyclic voltammetry sweeps in a pH 7 phosphate 

buffer. Here is was proposed that two aquo ligands coordinate to 

positions previously occupied by a pyrindine ring with attached 

Figure 3.1: Representation of the different pre-catalysts used in Paper II. 

On the left the pre-catalyst for 1−H2O@CNT@PE, in the middle for 

15−H2O@CNT@PE and on the right for 10−(H2O)2@CNT@PE. Adapted 

with permission from ACS Appl. Energy Mater. 2021, 4, 10, 

10534-10541. Copyright 2021 American Chemical Society. 
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carboxylate.54 For all molecular catalysts used in Paper II the 

coordination of the aquo ligand(s) and thus the activation of the 

catalysts can be followed by a shift of the ruthenium redox peaks to 

lower potentials in CV or differential pulse voltammetry (DPV).52,54,109 

The activation of the Ru(tda)-based monomeric catalyst was for 

unknown reasons not successful on electrodes printed on a Nafion® 

substrate. Hence, PE printed on a high impact polystyrene substrate 

were used instead in Paper II for those molecular anodes. The resulting 

active molecular anodes were abbreviated as 1−H2O@CNT@PE for the 

monomeric Ru(tda) complex, 15−H2O@CNT@PE for the oligomeric 

Ru(tda) complex and 10−(H2O)2@CNT@PE for the oligomeric Ru(bda) 

complex. To be able to conduct the activation step directly in the 

electrolyte used for the experiment is a clear advantage for the latter 

since every rinsing step might provoke the loose of weakly adsorbed 

material from the surface of the electrode. 

The loss of ruthenium centres from the electrode was visible during 

the long-time exposure for example for 15−H2O@CNT@PE in Paper II. 

However, here it has to be differentiated: Either the catalyst was 

removed from the MWCNTs, which remain on the electrode, or the 

catalysts stayed on the MWCNT and the MWCNT with catalyst 

detached from the electrode. The former indicates a weak adsorption 

of the catalyst on the MWCNT whereas the latter suggests a weak 

adsorption of the MWCNTs on the electrode. As presented in Paper II, 

for 15−H2O@CNT@PE both a decrease in double layer capacitance 

and surface loading of ruthenium can be observed during the stepwise 

chronopotentiometry (CP). This was rationalized with the loss of 

MWCNTs decorated with catalyst from the electrode surface, rather 

than the loss of catalyst from the MWCNTs and advocates for a strong 

adhesion of the catalyst onto the MWCNTs. Stirring of the solution as 

well as oxygen bubble formation during the reaction can be expected 

to have contributed to this removal. However, due to the unchanged 

maximum current density in the CVs it can be assumed that catalysis 

was overall limited by the electron conductivity of the PE and not the 

amount of catalyst on the electrode. Here I hypothesize two 

possibilities: Either the electrical resistances to the (later lost) 

ruthenium centres were from the very beginning too high to let them 

contribute to the catalytic current, or the overall supply of electrons 
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from the PE was too low to let all ruthenium centres participate at the 

same time. Nevertheless, in both cases the low conductivity of the PE 

is indicated to be the limiting factor. 

Besides 15−H2O@CNT@PE also 10−(H2O)2@CNT@PE showed an 

extremely stable performance and high activity during the 12 hours of 

OER as shown in Figure 3.2. Oligomeric catalysts did not only introduce 

an enhanced anchoring strategy, but simultaneously also increased the 

catalyst loading on the electrode, which led to an improved 

performance compared to the monomeric complex.  

The surface loading of catalyst was calculated based on the charge 

consumed during the reduction of the ruthenium centre, visible in the 

CVs. Due to the overlapping of the peaks, the gaussian peak shape 

mode of the potentiostat’s software (CHI 660C) was used for the 

analysis. In retrospective, this might have led to a slight 

underestimation of the surface loading. However, since the peaks 

merged, no other mode would have been applicable. In addition, the 

same conditions were used for calculating the surface loading at all 

times, so it is anticipated that the surface loading over time and the 

Figure 3.2: Stepwise CP of the different catalysts in pH 7. Each current 

was applied for two hours. CVs in between were used to determine the 

surface loading and the stability of the catalysts. The oligomeric catalysts 

15-H2O@CNT@PE and 10-(H2O)2@CNT@PE illustrated high activity 

and stability during the entire 12 h period. Reprinted with permission 

from ACS Appl. Energy Mater. 2021, 4, 10, 10534-10541. Copyright 

2021 American Chemical Society. 
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comparison of surface loading among the catalysts would not be 

affected by a possible minor deviation.  

The greatest limitation of the molecular anodes was proposed to be 

the low and unreproducible electron conductivity of the PEs as 

detected by the ohmic resistance compensation routine of the 

potentiostat. It is assumed that this hampered the activity of the 

catalysts significantly, since the well reported TOFmax could not be 

reached. Furthermore, higher potentials had to be applied to reach the 

desired current, which might have caused the degradation of the 

electrodes, especially for 1−H2O@CNT@PE. From the work in Paper II 

it became obvious, that the oligomeric catalysts were superior in their 

activity and stability, due to a larger number of active centres and the 

multiple CH−π interactions with the MWCTN, and hence would be 

more suitable to be implemented into a water splitting device. To 

confirm the PEs being the limiting factor, a reference experiment was 

conducted with a commercial carbon-based gas diffusion layer (GDL) 

as electrode.  

In Figure 3.3 (A) the comparison between 15-H2O@CNT on PE in red 

and on GDL in black, respectively, is illustrated. To exhibit a similar 

ohmic drop, the CV of the catalyst on PE taken from Paper II was fully 

iR compensated (iR ≈ 2815 Ω), whereas the CV of the same catalyst on 

GDL only to 85 % (iR ≈ 9 Ω). The influence of the electrode on the 

performance of the catalyst is clearly observable with 15-H2O@CNT on 

GDL reaching catalytic currents nearly 25 × higher than on PE. The 

influence of the electrode becomes even more pronounced when 

considering the amount of catalyst on both electrodes. With the 

analysis of the charge consumed in the RuIV/RuIII and RuIII/RuII 

reductions (visible the inset in (A)), the catalyst loading was quantified 

with 0.21 nmol for 15-H2O@CNT@GDL to be significantly lower than 

the 1.78 nmol for 15-H2O@CNT@PE. The lower loading for the former 

was anticipated, since it just served as a control experiment and only a 

little amount of catalyst was intended to be used. With foot of the wave 

analysis (FOWA)96,110 at the onset of the catalytic wave (highlighted in 

turquoise in (A)), the maximum turnover frequency (TOFmax) of 

15-H2O@CNT@GDL was estimated in (B) to be in the order of 

8 000 s−1, which agrees with the previously reported maximum 
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turnover frequencies of Ru(tda)-based catalysts.49,52,53 

3.3 PROMISING TO INTEGRATE INTO AN ELECTROLYZER CELL ? 

When considering the possible integration into an electrolyzer cell, 

several aspects have to be considered: 

1) Do we have a catalyst for the cathode working at the same pH? 

2) Can the electrolyzer cell work at higher current densities? 

Figure 3.3: (A) Comparison of the CVs of 15-H2O@CNT on printed 

electrode and on GDL. Both were taken in 1.0 M phosphate buffer (pH 7) 

with a scan rate of 10 mV s−1. Data on PE was taken from Paper II and 

fully iR compensated.109 The CV of the catalyst on GDL was 85 % iR 

compensated. The inset shows the reversible redox waves of the 

ruthenium centres and the lower loading of catalyst on the GDL. (B) 

With FOWA the TOFmax of 15-H2O@CNT@GDL was estimated as 

8 776 s−1. 
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3) Which parameters could possibly impose limitations? 

In order to answer those questions, a search in literature is helpful. An 

advantage of the molecular catalyst used in Paper II is their ability to 

split water in neutral pH. However, this limits the number of known 

active and stable catalysts for the HER.111 Nevertheless, cobaloximes 

are a famous family of cobalt-based molecular catalysts, which are 

reported to be active for HER in pH 7.112–115 In addition, Yin’s group 

presented a heterogeneous CoP/Co-MOF catalyst, which exhibits 

remarkable activity for HER in the same electrolyte as used in Paper II 

(1.0 M phosphate buffer, pH 7) and could be a possible choice in this 

hypothetical electrolyzer cell.116 Another interesting strategy for the 

future might be to combine the Ru-MWOC at the anode with for 

example Fe−Fe hydrogenase inspired biocatalysts at the cathode.117,118 

From this point of view there are already known promising catalytic 

materials for the hydrogen evolution reaction in the desired condition. 

This brings us to the next problem: High current densities. Electrolyzer 

cells usually operate in the range of several hundred mA cm−2. The 

resistance of the PEs is a clear restriction at the moment, however, 

assuming those electrodes are made highly conductive or are 

exchanged with a more conductive electrode as a GDL, this would 

result in a decrease of resistance. Furthermore, in pH 7 a buffer is 

needed to (among others) further decrease the solution resistance. 

With the addition of buffer also the counterion (usually sodium or 

potassium) is added. It is unclear to which extent the cations will 

increase the overall resistance and limit the diffusion of protons 

through a proton exchange membrane, however cations are reported 

to lower the conductivity of the membrane significantly.119 In general, 

compared to strongly acidic conditions, the neutral pH possesses a 

high resistance even with buffer, which significantly influences the 

potential necessary to reach high current densities. A too high applied 

potential might risk the degradation of a carbon-based anode or the 

Ru-MWOC. An additional strategy to reduce the overall resistance is 

to assemble the electrodes directly in contact with a membrane as 

Nafion® (zero gap configuration). This would clearly decrease the 

resistance but at the same time increase the local pH around the Ru-

MWOC, which would now approximate the pH of the membrane. I 

could imagine this could lead to a decrease in activity, which 
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corresponds to a higher potential applied to reach the desired current 

density.49,54  

Other limiting factors could be the upscalability. With a higher loading 

of catalyst, the potential to reach a desired current density could be 

decreased. However, the syntheses of Ru-MWOCs can be time and 

energy consuming and hence a high loading extremely challenging 

and not economically reasonable, especially in the case of an 

electrolyzer cell with several cm2 electrode area. 

3.4 ANCHORING STRATEGIES 

Regarding the anchoring strategy, the CH−π interaction seems highly 

promising. The proposal of this interaction was corroborated in the 

reports characterizing the catalysts by scanning tunnelling microscopy 

(STM), atomic force microscopy (AFM), grazing incident wide angle X-

ray scattering (GIWAXS), 1H-NMR spectroscopy and density-functional 

theory (DFT) calculations.52,54 Compared to π−π stacking, the 

adsorption of the catalyst via CH−π interactions onto the electrode 

seems to be enhanced, due to multiply anchoring points. Each 

equatorial ligand is proposed to contribute to the adsorption.52,54 For 

the Ru(tda)-based and Ru(bda)-based oligomers this means a higher 

number of attractive interactions and hence a proposed higher 

stability as compared to the monomeric Ru(tda) complex.  

Limited stability is also a drawback for other commonly used anchoring 

strategies as for example for the acidic-metal oxide interaction. Those 

acid-metal oxide bonds are known to be prone to hydrolysis, especially 

in low pH electrolytes, leading to a poor stability of molecular 

anodes.60,120 An additional drawback is that the acidic groups of the 

equatorial ligand participating in the catalytic cycle as initial proton 

acceptors would be needed to be protected from anchoring on the 

surface, else the activity for OER would be drastically inhibited.49,55 A 

more stable anchoring method would be via a covalent C−C bond 

between the catalyst and the carbon electrode by for example 

diazonium grafting.108,121 However, this method is proposed to add 

challenges to the integration of the catalyst into current devices.122 

Additionally, in some cases it might result in a slight increase of the 

charge transfer resistance between the electrode and the catalyst 
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compared to the non-covalent π−π stacking strategy.60 My hypothesis 

is based on the assumption of a misaligned π-system between the 

graphitic electrode and the diazonium crafted ligand. However, I 

expect it to be highly dependent on the ligand used and hence would 

be needed to be discussed for each system separately. 

A reduced electron transfer from the catalyst to the substrate is 

reported also in the case of heterogenizing by alkylchain alignment.57 

In this strategy the ligands of the catalyst are modified with long 

alkylchains, which are supposed to self-assemble with the alkyl chains 

reaching from the electrode surface.57,58 The strength of interaction 

between the chains can be expected to rise with longer aliphatic chain 

lengths. Unfortunately, with increasing length the charge transfer 

resistance from the catalyst to the substrate increases 

simultaneously.57 

Another strategy to heterogenized molecular catalysts is to integrate 

them into a MOF. So far, even after overcoming difficulties in 

synthesizing the desired MOF with Ru(tda)-based molecular catalysts 

as linkers, the activation of the catalyst seemed to be not fully 

accessible until now.55,123 

Last but not least in this short comparison of anchoring strategies, 

electropolymerization of molecular catalysts with suitable axial ligands 

is an interesting strategy to anchor the catalyst and provide high 

loadings. Sadly, also here there are obstacles, which still have to be 

overcome, as for example the instability of the catalytic film on the 

electrode.56,124,125 

3.5 OUTLOOK 

For an improvement of the printed molecular anodes, the conductivity 

of the PEs has to be clearly increased. Furthermore, since the 

electrodes are expected to have a graphitic surface, the anchoring of 

the catalyst could be done directly on the electrode. It is uncertain how 

much the loading of catalyst would decrease due to the reduced 

available surface area by excluding the MWCNTs. Luckily, as shown in 

Paper II, the surface (and hence surface area) of the PEs can already be 

altered by the ink composition. Additionally, besides the tda and bda 
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equatorial ligands, there is a huge variety of others ligands reported in 

literature for Ru-MWOC, among others with phosphonic or sulfonic 

groups.48,51,126,127 Up to now, there are to the best of my knowledge no 

reports on oligomeric catalysts with those equatorial ligands. However, 

finding a strategy to successfully synthesize and subsequently 

characterize them seems only to be a matter of time. As a last remark, 

aside from the linear oligomers with 4,4’-bipyridine as axial ligand, also 

other ligands were successfully used to synthesize oligomeric 

compounds.128,129 In the near future, the combination of promising 

equatorial ligands with novel axial ligands might result in new 

benchmarking molecular catalysts with regards to activity and stability. 
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4 SINGLE ATOM CATALYST FOR THE HYDROGEN EVOLUTION 

REACTION (PAPER III AND PATENT I) 

In this chapter, the work on the single atom catalysts presented in 

Paper III is discussed. Subsequently, the integration into a device is in 

focus, which involves a short introduction of Patent I. With a catalyst 

operating in acidic media as well as being deposited on a gas diffusion 

layer, this setup could be readily integrated into a proton exchange 

membrane electrolyzer cell (PEMEC) and hence is quite close to an 

already established device. 

4.1 INTRODUCTION 

The idea of single atom catalysts (SACs) is, as described in the 

introduction, to utilize all metal atoms in the material as active centres. 

By embedding those atoms into a highly conductive matrix, a fast 

electron transport to the active site should be provided. There are 

several different strategies reported on the synthesis of such a catalyst, 

among others the carbonization of a zeolitic imidazolate framework 

(ZIF).65,66,130 ZIF-8 is known to exhibit a highly porous structure, 

providing a large surface area and hence illustrates a promising 

candidate as parent structure for SACs. In this ZIF, zinc ions are linked 

by 2-MeIm (2-MeIm is 2-methylimidazole) in a three-dimensional 

network. The fundamental idea in Paper III is to substitute some of the 

zinc nodes by a desired transition metal, followed by pyrolysis of the 

doped structure. In this step the organic linkers decompose into 

graphitic carbon and possibly reduce the metal ions, while zinc 

evaporates, leaving behind only the doping metal in the highly porous 

and conductive carbon matrix.130  

There are different possibilities to introduce the doping metal into the 

ZIF-8, among others with a post synthetical metal exchange.131,132 

However, we decided to not only integrate the transition metal directly 

into the material during the ZIF formation, but also to avoid the use of 

solvents during the whole SAC synthesis, neither in the synthesis of the 

ZIF structure, nor in a purification or acid leaching step. Hence, this 

synthesis protocol presents clear benefits in terms of industrial 
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upscaling and waste management.133,134 Luckily, Liu et al., already 

reported a solvent-free synthesis of Fe-SAC for the oxygen reduction 

reaction, which served us as blueprint.134 

The deposition of the SAC onto the electrode was conducted as for the 

state-of-the-art Pt/C catalyst, which enabled the usage of already 

known and established techniques. In short, the SAC powder was 

mixed with a Nafion® binder (a perfluorinated polymeric acid) and 

solvents to form a homogeneous catalytic ink, which was subsequently 

drop casted onto a carbon-based gas diffusion layer (GDL) as electrode 

with a volume equal to a SAC material mass loading of 0.5 mg cm−2. In 

this way, the catalyst is basically glued with Nafion® directly onto the 

electrode. 

4.2 ELECTROCHEMICAL PERFORMANCE OF SACS FOR HER 

In Paper III the catalytic activities for HER of four transition metal SACs 

were investigated in strong acidic media (0.5 M sulfuric acid). Based on 

X-ray photoelectron spectroscopy (XPS) and powder X-ray diffraction 

(PXRD), all doping metals, manganese, iron, cobalt and nickel, seemed 

to have been successfully integrated into the porous N-doped carbon 

matrix, without the formation of a significant number or size of 

nanoparticles. In fact, only with transmission electron microscopy 

(TEM) and the connected energy dispersive X-ray spectroscopy (EDX) 

technique, few nanoparticles were observed for the investigated Co-

SAC. 

Among all tested materials, Co-SAC showed the highest performance 

and a good stability for the HER in strong acidic media, already with a 

very low loading as illustrated in Figure 4.1. The initial decrease in 

performance observed in chronopotentiometry (CP) was attributed to 

the leaching of small nanoparticles, which were observed in the as-

synthesized material by TEM (Figure 4.1 (A)). Since the performance 

drop seemed to have happened only in the beginning of the 

measurement, it was hypothesized that the SACs likely have a higher 

stability compared to the nanoparticles containing the same element. 

As mentioned in Paper III, for a continuous leaching of the SAC metal, 

a continuous drop in performance would have been expected, which 

was not observed.  
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I would like to mention that the undoped carbonized ZIF-8 structure 

already illustrated a highly interesting feature in the cyclic 

voltammogram (CV) shown in Figure 4.1 (B), which was shortly 

described in Paper III. The fresh ink showed a reproducible crossing of 

the forward and reverse scan. This indicated an activation process 

happening on the forward scan, because of which the reverse scan 

illustrated a higher activity. An overall activation process would result 

in different performances of subsequent cycles, which was not visible 

in this case. It seems the activation of the forward scan got deactivated 

on the reverse, leading to the material being in the same conditions at 

the beginning and end of each scan. Unfortunately, the origin of this 

behaviour was not detected and after aging of the ink for one day, the 

phenomenon as well as the catalytic activity vanished for the undoped 

SAC. The decrease in activity with aging of the ink is hypothesized to 

be due to the agglomeration of particles to reduce the high surface 

energy of the material. This indicates the need for constant stirring and 

controlling of the ink. 

Figure 4.1: (A) Chronopotentiometric measurement at −10 mA cm−2 in 

0.5 M sulfuric acid for the different SACs with a mass loading of 

0.5 mg cm−2. Co-SAC illustrated the highest activity and a stable 

behaviour, indicating the enhanced stability of SACs. (B) CV of the 

different SACs with 10 mV s−1, showing the highest performance for Co-

SAC. Adapted from Paper III. 
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4.3 MEMBRANE ELECTRODE ASSEMBLY 

In order to integrate catalysts into a PEMEC, a subsequent step 

necessary to the deposition of the catalyst onto the electrode, is the 

assembling of the electrode(s) with a proton exchange membrane 

(PEM). This assembling process leads to a so-called membrane 

electrode assembly (MEA), which is referred to as the heart of an 

electrochemical cell. Inspired by a proton exchange membrane fuel 

cell, with this step, not only three components are combined to one, 

which facilitates the cell assembling, but also the performance is 

increased.14,135 In general, a closer distance between the anode and 

cathode is expected to decrease the cell resistance.14,136  

Up to now there are commonly two different MEA fabrication methods 

established. The catalyst can either be deposited onto the membrane 

(catalyst coated membrane (CCM)), or onto the electrode (catalyst 

coated substrate (CCS)).137,138 In both of them the electrodes and the 

Nafion® membrane are assembled by hot-pressing after the catalyst 

deposition step.137 The hot-pressing step is commonly conducted at 

temperatures in the range of 120 °C – 140 °C, which is above the glass 

transition temperature of Nafion®.139,140 The membrane is suggested 

to become more malleable at these temperatures, leading to an 

improved interfacial connection of the electrodes with the membrane. 

It becomes obvious that the entire process is heavily depending on 

Nafion®, or any other membrane material with a glass transition 

temperature in this range.  

Fortunately (for me), the provided sulfonated polyaryletherketone PEM 

seemed to not have a glass transition in this temperature range. In fact, 

only a small irreversible transition was detected at 245 °C by 

differential scanning calorimetry (DSC). Thus, assembling a MEA 

comprising this membrane material in a hot-pressing step was not 

successful and prompted the development of the process described in 

Patent I. 

The basic idea of the process is to deposit the catalyst ink onto the 

electrode and solidify the mixture by freezing. The solidification step is 

necessary, because the membrane starts to swell, roll and bend 

immediately, when in contact with a liquid. With a solidified mixture, 
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this swelling can be prevented or slowed down significantly, facilitating 

the positioning of the electrode with the membrane. After the 

positioning, the setup is fixed with external weights and the ensemble 

is heated above the freezing temperature of the solidified mixture. In 

this way the mixtures liquifies, and causes the membrane to swell into 

the electrode and/or attacks the surface of the membrane, resulting in 

strong connection between the electrode and the membrane (see 

Figure 4.2). As described in Patent I, the MEA seems quite stable and 

even immersing in water, which is expected to cause the expansion of 

the membrane by swelling, is not leading to a detachment of the 

electrode from the membrane. In addition, different membrane 

materials and liquid mixtures were successfully tested for the 

assembling. The optimization of the process conditions for each 

mixture composition was unfortunately not possible in the time frame 

given, which was also a reason for the inability to characterize the so 

gained MEA electrochemically. 

4.4 SO, USING SAC IN ELECTROLYZER CELLS ? 

With the employment of SACs in a MEA with the commonly used hot-

pressing method with a Nafion® membrane, or possibly after fine 

tuning the process suggested in Patent I, a cell with a hopefully low 

resistance between anode and cathode could be obtained. With this 

Figure 4.2: Pictures of a MEA manufactures according to the process 

described in Patent I. (A) Top view and (B) side view. 
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solution, one obstacle presented for the ruthenium-based molecular 

catalysts seem to be overcome. Could SAC be the solution we are 

hoping for? 

An aspect, which has to be critically reviewed when considering the 

use of SACs in electrolyzer cells, is the mechanism for the hydrogen 

evolution reaction accessible with SACs. In Chapter 1.2.2 the widely 

accepted steps for HER were presented. In short, the Volmer step 

describes the adsorption of a hydrogen atom onto the surface, the 

Tafel step the recombination and desorption of two adsorbed 

hydrogen atoms on the surface in close proximity, and the Heyrovsky 

step the electrochemical desorption of an adsorbed hydrogen atom 

by the interaction with a proton in solution. Assuming the transition 

metal is the site of adsorption, it becomes clear that the Tafel 

mechanism is highly unlikely. For SACs the active sites are expected to 

be homogeneously dispersed in the material and hence too far away 

from each other to enable a recombination of two adsorbed 

hydrogens.64 This means that the fastest mechanism proposed for the 

hydrogen evolution is impossible for SACs. In the best case these 

materials might follow the Volmer-Heyrovsky mechanism, which is 

proposed to only have a 10 mV dec−1 higher Tafel slope than the 

Volmer-Tafel mechanism and thus exhibits only slightly higher 

potentials at high current densities. As a quick approximation: Imagine 

that two materials have the same potential at 10 mA cm−2, but follow 

the two different mechanisms. At a current density of 1 A cm−2 the 

material following Volmer-Heyrovsky would only have a 20 mV more 

negative potential than the one following Volmer-Tafel. However, it 

should be noted that due to their similarity with molecular catalyst, 

SAC might follow a molecular pathway and hence the designation of 

the adsorbing site is uncertain.141–143 The assumption of SACs being 

similar to molecular catalysts with an undefined ligand is corroborated 

by high-resolution XPS analysis of the metal, revealing all metal sites 

being oxidized and not in a metallic state. It seems with SACs the lines 

between molecular systems and nanoparticles start to blur, which 

makes the classification and description of mechanisms complicated. 

Nevertheless, assuming the applicability of Tafel slope analysis, the 

potential required to reach the next decade of current density is often 

assumed to only depend on the mechanism of the rate determining 
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step (Volmer, Tafel or Heyrovsky). Tilak et al. suggested that this 

assumption might not be true.64,144 In their work they proposed that 

the surface loading of catalyst indeed has an influence on the Tafel 

slope with a decrease in surface loading leading to an increase in the 

slope. This might explain the deviation in the Tafel slope to higher 

values than the proposed 30 mV dec−1, 40 mV dec−1 or 120 mV dec−1 

for the Tafel-, Heyrovsky- or Volmer-step, respectively, as detected in 

other SACs publications.63,64,67 Thus, low numbers of active sites might 

result in a higher potential necessary to operate the electrolyzer cell at 

a desired current density and the need to increase the number of active 

sites seems unavoidable. 

Another issue needed to be considered is the anode compartment. 

When driving HER in strong acidic media and using a proton exchange 

membrane (PEM) as separator between the two half-cells, obviously 

also the anodic reaction will be driven in the same electrolyte. The 

acidity of the medium does not only impose a major limitation on the 

materials used for the current collectors, casings and other 

components of the whole electrolyzer cell, but also on the material 

used as catalyst for the anodic reaction. Up to now, iridium and 

ruthenium oxides are the most active catalyst known for the OER in 

acidic media. Both are rare metals and even though they suffer from 

dissolution at high potentials, other solid state catalysts are 

significantly less stable.19,20,145 Hence, active and stable OER catalysts 

based on earth abundant materials are highly needed. The group of 

Nørskov proposed based on density-functional theory (DFT) 

calculations possible promising catalysts, of which some were already 

successfully synthesized and reported.26,146  

A solution to avoid high material costs and rare and noble metals as 

catalysts for the anodic side would be to exchange the PEM with an 

anion exchange membrane (AEM) or a porous separator and run 

electrolysis in alkaline media.15 In these conditions many transition 

metals and oxides are known to be stable and highly active for 

OER.18,25,69 Unfortunately, HER in alkaline media is reported to by 

sluggish. Some transition metals, as those used in Paper III, are 

proposed to adsorb hydroxides on the surface, which might hamper 

the HER reaction.43,147,148 Furthermore, water is used as proton source, 

which requires water dissociation during the Volmer and Heyrovsky 
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step. Thus, this step is suggested to be rate limiting.43 The proposed 

oxophilicity of the transition metals leading to the hydroxide 

adsorption mentioned above, is suggested to promote the water 

dissociation step of neighboring sites and hence to accelerate the HER 

in alkaline conditions.43,147 Unfortunately, as for the Tafel step, in SACs 

materials the metal sites are likely too far away from each other to act 

in such a beneficial way. 

4.5 OUTLOOK 

An obvious disadvantage, which prevents the SACs of Paper III from 

being implemented into a device is its low loading of active sites. As 

an example, in Paper III the Co-SAC electrode had a mass loading of 

0.5 mg cm−2, of which only approximately 1.3 wt.% was cobalt. The low 

loading could be raised in two different strategies. Either increasing 

the mass loading on the electrode for a given SAC material, or 

increasing the intrinsic metal loading of such a SAC material. The 

former approach might lead to the burying of already existing active 

sites under inactive material by for example repetitive drop casting. 

Thus, the drop casting process would be needed to be optimized as 

well as the ink formulation. The second approach could be realized by 

increasing the amount of doping metal in the ZIF-8 synthesis. 

Unfortunately, this is expected to simultaneously lead to a more likely 

formation of nanoparticles. Thus, the synthesis parameters might need 

to be adjusted to decrease or supress the nanoparticle formation. 

However, as described in the previous chapter on ruthenium-based 

molecular water oxidation catalysts and also above with regard to the 

Tafel slope, a higher loading of active sites on the electrode is essential 

for an increased electrocatalytic performance. 

With the solvent-free synthesis of SACs, this process might spark 

interest for industrial production. However, when thinking about 

scaling up the synthesis process of such SACs, the high temperature 

required for the pyrolysis and the evolved gasses during the 

decomposition of the ZIF structure might present a drawback.149  

A component which was not discussed so far, but might have a 

significant influence on the electrochemical performance is the GDL. 

Those electrodes exist in different configurations, which can include an 
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additional microporous layer or PTFE treatment of the GDL to increase 

the hydrophobicity of the material. Since the aqueous electrolyte 

provides the reagent, it is uncertain how much the hydrophobicity of 

the electrode influences the electrochemical activity. However, 

Nafion® was used as binder in the ink and could compensate or 

counteract this property of the electrode. Nevertheless, it should be 

noted that besides the hypothesized influence on the catalytic 

behaviour, the hydrophobicity had an apparent effect on the ink 

deposition process. Drop casting in a previous experiment on an 

electrode without a microporous layer and PTFE treatment led to the 

ink running through the electrode with effectively less material being 

deposited on the electrode and highlights the benefit of such a 

microporous layer and hydrophobicity. In conclusion, the GDL with 

PTFE treatment or additional microporous layer, its integration into the 

device, the ink additives and overall composition as well as the 

deposition method have all to be adjusted to each other, in order to 

obtain the best performing electrode. 
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5 NANOPARTICLE CATALYSTS BASED ON NICKEL 

MOLYBDATE HYDRATES FOR THE OER AND HER (PAPER I 

AND PAPER IV) 

After the previous chapters revealing that a low number of active sites 

might not be desirable for an electrolyzer cell operating at higher 

current densities, this chapter covers the exploration of nickel 

molybdate hydrate-based nanoparticles as electrocatalyst for both the 

oxygen evolution reaction (OER) and hydrogen evolution reaction 

(HER). For this, Paper I and Paper IV lay the foundation for the 

discussion. In the following, Paper I focusses on the behaviour of the 

material in the electrolyte and during OER, while Paper IV targets the 

fundamental characterization of the two detected nanostructures. 

5.1 INTRODUCTION 

Due to the discussed challenges facing water electrolysis in neutral or 

strongly acidic pH, the alkaline region of the pH scale is here in focus. 

Alkaline electrolyzer cells (AEC) are exhibiting already a mature 

technology and with transition metals and their oxides being stable in 

basic conditions a clear advantage in terms of range of applicable 

materials. Among the tested transition metals and transition metal 

oxides, nickel molybdenum alloys and nickel iron layered double 

hydroxides (NiFe-LDH) present outstanding electrocatalytic activities 

for HER and OER, respectively.18,24,73,78,79,81,150,151 Both are nickel-based 

compounds and can be synthesized from a nickel molybdate hydrate 

precursor, which is reported to appear in two different nanostructures, 

namely nanorod and nanosheets as illustrated in Figure 5.1.82,152–154 

Besides the benchmarking catalysts synthesized from nickel 

molybdates, there are additional motivations to investigate those 

materials. First, both, nickel and molybdenum are already used in AEC, 

which highlights the industrial interest in and viability of those 

elements. Second, in contrast to noble metals mentioned as oxygen 

evolution catalysts in Chapter 3 and Chapter 4, both, nickel and 

molybdenum were not listed as critical raw materials by the European 

Union in 2017.155  
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A further benefit is that those nickel molybdate hydrate-based 

nanostructures can be synthesized directly onto the electrode in for 

example a hydrothermal synthesis as shown in Paper I, neglecting the 

need for an anchoring strategy or deposition process of the catalyst 

onto the electrode. Usually, the hydrates are synthesized in the time 

span of a few hours in a temperature range of usually 

150 °C – 200 °C.78,81,152–154,156–159 Especially with a subsequent 

annealing step in a reducing hydrogen-containing atmosphere, this 

material has been shown to exhibit high catalytic activities especially 

for HER, but also OER.78,157–160 However, there are still uncertainties in 

literature regarding the origin of the high activity and the active 

site78,157–159,161 as well as for the fundamental characterization of the 

hydrate precursor.82,162,163 

The access to operando Raman spectroscopy fuelled the idea behind 

Paper I to elucidate the role of the different elements in NiMoO4·nH2O 

for electrocatalytic OER. With this knowledge, the influence of further 

synthetical steps as annealing or reducing, and even the improvement 

of the performance by substituting certain elements should have been 

targeted in subsequent steps. However, due to the outcome of Paper I 

that the different nanostructures are likely different compounds and 

can appear in the same synthesis, the focus was shifted to first 

characterize the two nanostructures fully, before continuing the 

investigation and their improvement as electrocatalysts. 

Figure 5.1: Scanning electron microscopy (SEM) images of the different 

nickel molybdate hydrate nanostructures. (A) Nanorods. (B) 

Nanosheets. Adapted from Paper IV with brightness and contrast 

adjusted for better visibility. 
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5.2 SELECTIVE MOLYBDENUM LEACHING IN ALKALINE MEDIA 

In order to investigate the role of the different elements of a catalyst 

and the nature of their enhancing effect on the catalytic activity, in situ, 

operando or post-catalysis measurements are imperative.  

One of the most important results of this thesis resulted from an 

observation with such a technique. With time-resolved in situ Raman 

spectroscopy the instantaneous molybdenum leaching from the nickel 

molybdate hydrate rods was detected in Paper I. Already without 

applied bias the vibrations assigned to the Mo−O modes vanished 

over the time span of a few minutes in the 1 M KOH electrolyte (Figure 

5.2). In contrast to the rod structure, the spectrum of the nickel 

molybdate hydrate sheet structure with its assigned Mo−O vibrations 

remained unaltered and suggested a superior stability in terms of 

molybdenum retainment in 1 M KOH. 

Figure 5.2: In situ Raman spectroscopy of hydrate nanorods and 

nanosheets on a nickel foam in 1 M KOH. The nanorod vibrations in 

green vanish over the time frame of three minutes. Only the vibrations 

of the nanosheets in the very back in panel (A) and in black in panel (B) 

remained. (A) Illustrates the change in the Raman spectra in a three-

dimensional plot for a better observation of the change over time. (B) 

Illustrates the same data in a two-dimensional plot for an improved 

identification of the Raman shifts. Adapted from ACS Nano 2021, 15, 8, 

13504 – 13515. Copyright 2021 The Authors. Published by American 

Chemical Society and licensed under CC BY 4.0. 

https://creativecommons.org/licenses/by/4.0/
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The leaching of molybdenum from the rods and the assignment of the 

different Raman spectra and X-ray diffraction (XRD) patterns to the 

nanostructures was confirmed by energy dispersive X-ray 

spectroscopy (EDX) mapping and inductively coupled plasma optical 

emission line spectrometry (ICP-OES). At this point it is still unclear, in 

which form molybdenum was leaching out from the rods in situ and 

from the sheets at sufficiently high applied potentials, as will be 

discussed below. It might have leached out already as a molybdate or 

possibly formed a molybdate in solution. However, as in Paper I, this 

process is further denoted here as molybdenum leaching. 

Selective molybdenum leaching (or etching) from the nanorod 

structure provided not only the possibility to unambiguously attribute 

the different Raman vibrations to the nanostructures (Figure 5.3), but 

also presents a strategy to probe the presence of nanosheets in a 

synthesis with nanorods, as shown in Paper IV.82 In retrospective, 

besides the assignment of the different Raman spectra and XRD 

patterns to the corresponding nanostructures, also the selective 

molybdenum leaching step represents an accomplishment of this 

thesis work with a possible great impact in the future. As described 

below and in Chapter 5.4 in more detail, this technique illustrates a 

strategy to probe the actual present nanostructures on the electrode 

and hence might help to elucidate or confirm the assignment of the 

activity to the nanostructures or active sites. Additionally, this 

technique might be also applicable for other compounds with similar 

pore forming agents and hence could be also used for other catalysts 

directly deposited on electrodes.  

As reported in Paper I, after removal of the molybdenum from the 

nanorods and hence turn them “Raman invisible”, Raman bands from 

the sheet structure were detected on a sample with initially no sheets 

observed by SEM. Only after mechanical removal of the rods by 

extensive ultrasonication, sheet structures were detected between the 

rods and the foam as shown in SI Figure 12 in Paper I and Figure 5.4 

below and hence explains the appearance of the signal in in situ Raman 

spectroscopy.82 

This is important since we were not the only one detecting the sheet 

signal on a foam with only rods assumed.80,81 Choi and co-workers as 
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well as Liu and co-workers reported the synthesis of nickel molybdate 

hydrate nanorods on a nickel foam. With in situ Raman spectroscopy 

both detected the appearance of −to them− unknown Raman 

vibrations. Instead of relating them to the hydrate sheets, both wrongly 

assigned the new bands to a change of the initial vibrational 

environment of the rods or to the dissolution of molybdenum 

oxide.80,81 The repetitive observations of nanosheet signals in 

syntheses, which proposed only nanorods on nickel foam, strengthens 

my following hypothesis: In most publications reporting only nanorods 

Figure 5.3: Investigation of the mixed nanostructure after selective 

molybdenum leaching. (A) SEM image of mixed structures and the EDX 

mapping of the different elements below. Molybdenum (red colour) was 

only found in the nanosheets (red circles). (B) Raman spectra before and 

after leaching/ etching, verifying the removal of the vibrations of the 

nanorods. (C) XRD pattern before and after molybdenum leaching/ 

etching. Adapted from ACS Nano 2021, 15, 8, 13504 – 13515. Copyright 

2021 The Authors. Published by American Chemical Society and licensed 

under CC BY 4.0. 

https://creativecommons.org/licenses/by/4.0/
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on nickel foam there is likely an undetected layer of nickel molybdate 

hydrate sheets below the rod structure, especially when a similar 

synthesis protocol as ours was followed. 

The detection of all present nanostructures is vital, since nickel 

molybdate hydrates are only precursors for the final catalyst. The 

assumption of solely one structure might lead to an incorrect 

assignment of the activity, as will be discussed below in Chapter 5.4, 

especially since the two nanostructures are detected to be different 

compounds, as presented in Chapter 5.5, and hence the present 

phases during catalysis on the foam might be fundamentally different. 

But first, the stability and the effect of anodic potentials on the hydrate 

nanostructures will be discussed. 

5.3 ORIGIN OF HIGH ACTIVITY OF NICKEL MOLYBDATE HYDRATES FOR 

OER 

With cyclic voltammetry the activity of the nickel molybdate hydrate 

nanostructures towards OER was investigated in Paper I. In subsequent 

cycles the increase of charge consumed during the NiII to NiIII oxidation 

peak was observed, indicating more nickel sites becoming exposed to 

Figure 5.4: Detection of nanosheet structures by SEM between the 

nanorods and the foam with different resolutions for (A) and (B). 

Adapted from ACS Nano 2021, 15, 8, 13504 – 13515. Copyright 2021 

The Authors. Published by American Chemical Society and licensed 

under CC BY 4.0. Brightness and contrast were adjusted for better 

visibility. 

https://creativecommons.org/licenses/by/4.0/
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the electrolyte with time. In addition, a large increase in double layer 

capacitance of the electrode was detected, which is assumed to be 

proportional to the electrochemical surface area (ECSA). Both trends 

could be rationalized with the formation of a highly porous structure 

by removal of molybdenum, which was confirmed by ICP-OES of the 

electrolyte, by in situ Raman spectroscopy of the electrode and post-

catalysis analysis of the nanostructures by EDX and X-ray 

photoelectron spectroscopy (XPS). With molybdenum leaching the 

nickel surface loading raised by 20 – 30 times, quantifying the increase 

on nickel sites exposed to the electrolyte. This led to overpotentials of 

less than 600 mV for a current density of 200 mA cm−2, normalized to 

the geometric electrode area and without iR compensation, and a 

quite stable behaviour over 500 cycles (Figure 5.5). However, it should 

be noted that the actual current density is strongly influenced by the 

thickness and porosity of the metal foam. This has to be taken into 

account when comparing activities among publications using porous 

electrodes.100 

Based on the amount of visible nanosheets assembled to nanoflower 

structures by SEM and the intensity of the corresponding Raman bands 

in the ex situ Raman spectra of the as-synthesized materials, the 

Figure 5.5: Electrochemical analysis of the nickel molybdate hydrate 

decorated nickel foams. (A) Cyclic voltammogram (CV) in 1 M KOH with 

10 mV s−1. (B) The double layer capacitance (Cdl) over the 500 cycles 

indicate a stable high electrochemical surface area. Adapted from ACS 

Nano 2021, 15, 8, 13504 – 13515. Copyright 2021 The Authors. 

Published by American Chemical Society and licensed under CC BY 4.0. 

https://creativecommons.org/licenses/by/4.0/
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different catalytic performances were assigned to the nanostructures. 

It was proposed that the nanorods are more active than the sheets. In 

retrospective, this attribution might be difficult, since the contribution 

of the nanosheet structures between the nanorods and the foam 

remains unknown. For a more valuable comparison, both 

nanostructures would have to be synthesized separately and 

characterized for example on a glassy carbon electrode.  

The ability to investigate the electrodes spectroelectrochemically did 

not only detect the sudden molybdenum leaching process from the 

nanosheets upon the NiII to NiIII oxidation, but also enabled the 

detection of the active phase during water oxidation. During the 

oxidation of NiII to NiIII, the Raman bands of the nanosheet vanished 

while the Raman spectra of γ-NiOOH emerged, which was also the only 

phase detected during catalysis (Figure 5.6). Hence, the data indicated 

that in fact for both nanostructures nickel molybdate hydrate is only 

the precursor, which turned into γ-NiOOH as the active phase for OER. 

This was also observed by Choi et al. and Liu et al..80,81 The latter work 

detected with extensive transmission electron microscopy (TEM) 

Figure 5.6: Molybdenum leaching from nanosheets and formation of γ-

NiOOH observed by in situ Raman spectroscopy at 1.4 V vs RHE in 1 M 

KOH. (A) Illustrates the change in the Raman spectra in a three-

dimensional plot for a better observation of the change over time. (B) 

Illustrates the same data in a two-dimensional plot for an improved 

identification of the Raman shifts. Adapted from ACS Nano 2021, 15, 8, 

13504 – 13515. Copyright 2021 The Authors. Published by American 

Chemical Society and licensed under CC BY 4.0. 

https://creativecommons.org/licenses/by/4.0/
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tomography the phase transformation step by step, and did not only 

confirm the presence of γ-NiOOH in the nanorod structure, but also 

an influence of the temporal separation of the molybdenum leaching 

and nickel oxidation step on the final γ-NiOOH morphology. 

Subsequent leaching and oxidation responded in the formation of γ-

NiOOH nanosheets, whereas a simultaneously leaching and oxidation 

resulted in smaller nanoparticles with enhanced OER activity.80 This 

observation explains the roughened surface with a sheet like structures 

of the rods, detected by SEM post-catalysis in SI Figure 26 in Paper I 

and Figure 5.7 here.164 

The conclusion of Paper I regarding the role of molybdenum was that 

it initially acts as a structure forming agent during the synthesis, 

followed by being a pore forming agent in situ and during the NiII to 

NiIII oxidation. Since it was not present anymore in the structure during 

catalysis, electronic effects were excluded and the enhanced OER 

activity was proposed to only derive from the high number of active 

sites, as also suggested for other transition metal molybdates or 

compounds with other pore forming agents as in nickel iron 

diselenide.72,73 

Nickel molybdenum-based compounds are also reported to be 

excellent hydrogen evolution catalyst, making this material highly 

interesting for both half-cell reactions.18 

Figure 5.7: SEM image of the roughened nanorod surface after catalysis. 

Adapted from ACS Nano 2021, 15, 8, 13504 – 13515. Copyright 2021 

The Authors. Published by American Chemical Society and licensed 

under CC BY 4.0. Brightness and contrast were adjusted for better 

visibility 

https://creativecommons.org/licenses/by/4.0/
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5.4 HYDRATE VERSUS ANHYDRATE SHEETS FOR HER 

In order to achieve high catalytic activity for HER, the nickel molybdate 

hydrate nanostructures are usually annealed in a reducing hydrogen-

containing atmosphere.78,157–159,161 Independent on the nanostructure, 

the active site and high activity of the reduced nickel molybdate 

compounds were previously assigned to MoNi4 formed in this 

process.78,157,159 Worth mentioning is that there is some disagreement 

in literature about the stability and nature of the contribution of 

molybdenum to the HER activity for MoNi4.78,161 

However, with this annealing step, the in situ molybdenum leaching of 

the rods is inhibited and the presence of sheets on an electrode with 

annealed or reduced rods cannot be probed by selective molybdenum 

leaching in combination with Raman spectroscopy anymore. Instead, 

one would need to investigate the foam – rods interface by for 

example SEM. Based on a proposal from Paper I, it is uncertain, if the 

nanorod structure can be exclusively synthesized on nickel foam 

without the formation of nanosheets. Since the reduced nanosheet 

structure has also been reported to reach high activity for HER,157 their 

contribution to the overall HER activity might be overseen, which is 

often solely (and maybe falsely) attributed to the reduced rod 

structure.78,159 The unambiguous assignment of the activity to the 

nanostructure is essential for further developing and tailoring the 

catalyst.  

The aim behind this project was to take a step back and first compare 

the hydrate nickel molybdate with the anhydrate nickel molybdate 

towards HER in alkaline media. The sheet structure was selected 

because of several reasons. First, Paper I suggested that a synthesis of 

only nanorods on a nickel foam would be uncertain whereas from 

experience the exclusive synthesis of sheets seemed accessible. 

Second, molybdenum was proposed to have a beneficial influence on 

the HER activity. In contrast to the rods, the nanosheets have been 

detected to retain molybdenum in their structure in alkaline media, if 

not oxidized, and hence presented the more interesting hydrate 

structure for HER. In addition, TEM analysis of the sheet structures in 

Paper IV has revealed very small crystalline regions in the sheets of the 

hydrate, whereas the anhydrate nanosheets consisted of larger 
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crystalline areas with possible nickel rich precipitates. It was 

hypothesized that the larger crystals might facilitate the electron 

transport while the precipitates could act as active sites, which might 

lead to a higher activity.  

Here it should be noted that the annealing step was conducted under 

air and not in a reducing atmosphere. Therefore, no extremely high 

HER activities were expected. Nevertheless, with growing the hydrate 

sheets onto the nickel foam an increase in activity was observed 

(Figure 5.8). However, the enhancement is only minor and additional 

experiments are required for a deeper understanding of the material 

and further improvement of the catalyst. In stark contrast to the 

hydrate sheets, with the subsequent annealing step the HER activity 

was surprisingly completely hampered.  

The most straight forward interpretation would be that the annealed 

sheets are simply not catalytic active. In addition, the annealing step 

might have caused a partial delamination of the nanostructure from 

the foam, as observed around cracks in the nanostructure layer by 

SEM. This might not only increase the charge transfer resistance from 

the foam to the catalyst layer, but might actually make some nickel 

sites on the anhydrated sheets electrically inaccessible and hence 

Figure 5.8: CV of the nickel foam electrode (grey), decorated with nickel 

molybdate hydrate sheets (green) and after annealing to form the nickel 

molybdate anhydrate sheets (brown). CVs taken in 1 M KOH with 

10 mV s−1 and 90 % iR compensation. 
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additionally decrease the available number of active sites. 

From the electrochemical experiment it was suggested that the 

hydrate and anhydrate have fundamental different activities. Hence, 

they should be clearly denoted as either hydrate or anhydrate in 

scientific reports. However, since the anhydrate sample suffered from 

cracks, it might not be representative for all anhydrate samples in 

literature and other synthesis parameters have to be explored before 

making a final statement. Second, the reduction step is clearly essential 

to establish high catalytic activities. Nevertheless, first the synthesis 

and annealing parameters have to be improved, since it is doubtable 

that the addition of hydrogen in the annealing process would prevent 

crack formation or delamination. 

A possibility to avoid crack formation due to annealing could be to 

avoid this step completely and instead deposit and reduce the material 

electrochemically. Thus, in order to synthesize the desired sheet or rod 

nanostructure via electrodeposition, it should be helpful to have the 

structures fully characterized first. This might lead to a deeper 

understanding of the materials and hence to the development of 

suitable electrodeposition conditions for the two nanostructures. 

5.5 DIFFERENT NANOSTRUCTURES ARE DIFFERENT MATERIALS 

As suggested in Paper I, the different hydrate nanostructures exhibit 

not only different Raman spectra, but also different chemical stabilities, 

crystal structures and elemental compositions. Thus, it becomes 

obvious that the sheets and rods are not just two different 

nanostructures of the same material, but two fundamentally different 

materials. Hence, the distinction between the two materials seems 

important and should be implemented in the scientific community. 

The motivation behind Paper IV was to first fully characterize the 

different nickel molybdate hydrate nanostructure compounds to gain 

a deeper understanding of the materials and their synthesis conditions, 

before returning to their electrochemical application. After 

synthesizing the isolated hydrate nanostructures successfully, as 

shown above in Figure 5.1, they could already be distinguished by bare 

eye. The nanorods exhibited a yellow colour, whereas the nanosheets 
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had a bright green colour. 

With traditional TEM in bright field mode and with selected area 

electron diffraction, large monocrystalline rods were detected for the 

hydrate rod structure. Since there are some discrepancies between the 

XRD and electron diffraction pattern and the reported crystal structure 

for nickel molybdate hydrate ICDD: 04-017-0338,162 three-dimensional 

electron diffraction was employed to propose together with powder 

XRD a new crystal structure. At the moment of writing this thesis, this 

refinement is still ongoing. 

In stark contrast to the rods, the extremely thin sheets (< 1.9 nm 

thickness) seemed to consist of small crystalline and amorphous 

regions, explaining the weak diffraction intensity in XRD. Based on the 

similarity of the morphology and the XRD pattern to nickel hydroxide 

sheets, and the reported possible intercalation of vanadate anions in 

between nickel hydroxide sheets, it seems plausible that the nanosheet 

compound could have a layered crystal structure with molybdate 

either intercalated or as part of the layers.83,165–168 

The difference in elemental composition as proposed by Paper I, was 

confirmed by EDX, XPS and ion beam analysis (IBA) techniques. For the 

latter, time-of-flight elastic recoil detection analysis (ToF-ERDA) and 

Rutherford backscattering spectrometry (RBS) were combined to 

detect the elemental bulk composition of Ni, Mo, O and H. With 

thermogravimetric analysis (TGA) the amount of crystal water was 

subsequently proposed, suggesting a stoichiometry of approximately 

NiMoO4 · 0.6 H2O for the hydrate nanorod and Ni3MoO5 · 2.3 H2O for 

the hydrate nanosheet material.  

In order to achieve charge neutrality under the assumption of oxygen 

in oxidation state −II, nickel and molybdenum in the nanorods would 

need to be in +II and +VI, respectively, which was indicated by high 

resolution XPS and zero field cooled and field cooled (ZFC-FC) 

measurements. However, for the nanosheet compound high resolution 

XPS proposed the presence of a mixed valence molybdenum in +V and 

+VI state (Figure 5.9 (A)). This would require nickel to be also in a 

mixed valence with oxidation states +I and +II, which still has to be 

confirmed by ZFC-FC. 
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With Raman spectroscopy the proposed Raman bands for the 

nanostructures by Paper I were confirmed (Figure 5.9 (B)). In contrast 

to the suggestion of Paper I that the different wavenumbers for the 

symmetric Mo−O stretching originates from a possible polymolybdate 

formation in the rods and monomolybdate in the sheet structure, it 

now seems more likely that in both nanostructures a monomolybdate 

could be present. The different Raman shifts might be explained by the 

assumption of the molybdate anion being surrounded by NiO6 

octahedrons in the rods, while in the sheets the molybdate anion might 

be integrated in/between Ni(OH)2 sheets. A polymolybdate formation 

for the rods seems discarded, due to an equimolar nickel to 

molybdenum ratio as suggested by Paper IV. The superior chemical 

stability in 1 M KOH of the sheet compound over the rod compound 

was corroborated by selective molybdenum leaching. 

As mentioned in the previous chapter, this leaching process offers an 

important strategy to confirm the presence of one or the other isolated 

nanostructure: the molybdenum leaching of the nanorods makes this 

material Raman invisible, while the stable sheets retain their spectra. 

Hence, molybdenum leaching in combination with Raman 

spectroscopy can be employed to suggest the isolated synthesis of 

rods without the sheet structure. On the other hand, the XRD pattern 

and the Raman bands of the nanorods are so intense, that nanorods 

in a synthesis of nanosheets can be expected to be detected by those 

Figure 5.9: (A) Molybdenum 3d high resolution XPS spectra of the 

different hydrate nanostructures showing a mixed valence for the 

nanosheets. Green fit corresponds to Mo6+ and purple fit to Mo5+. (B) Ex 

situ Raman spectra of the different nanostructures confirm the 

assignment proposed in Paper I. 
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techniques. I propose to employ this strategy in future work on nickel 

molybdate hydrate-based catalysts, especially when directly grown on 

the electrode. As indicated in Paper I and Paper IV, when probing a 

mixed material, the high intensity XRD pattern and high intensity 

Raman bands of the rod compound might cover the signal of the 

sheets and hence might falsely suggest only rods to be present. 

The analysis of the different hydrate nanostructures revealed that in 

fact those are two fundamentally different materials and should be 

reported like that. The hydrate nanorod structure is the commonly 

referred to nickel molybdate hydrate (NiMoO4 · 0.6 H2O), whereas the 

nanosheet structure is likely a layered nickel (hydroxide) molybdate 

structure (Ni3MoO5 · 2.3 H2O). Furthermore, both nickel and 

molybdenum are proposed to be present in mixed valence oxidation 

states in the hydrate sheets, which illustrates an additional clear 

difference to the rod compound. 

It seems unlikely that with annealing or reducing two fundamentally 

different compounds transform into the same material. Thus, 

anhydrated or reduced compounds originating from the hydrate 

nanorod or hydrate nanosheet structures can be expected to present 

differences. As proposed by Paper IV, the hydrate nanorod compound 

transforms during an annealing step in air to α-NiMoO4, whereas the 

hydrate nanosheets transforms in a mixed structure of α-NiMoO4 and 

likely small nickel rich precipitates. XPS analysis furthermore suggest 

molybdenum still being present in a mixed valence state for the sheet 

structure, which could have an effect on the catalytic activity.158 

5.6 WILL NICKEL MOLYBDATE HYDRATE-BASED NANOPARTICLE 

CATALYSTS BE THE FUTURE? 

As suggested by literature, nickel molybdate hydrate as precursor can 

lead to extremely active oxygen evolution catalysts and hydrogen 

evolution catalysts with Faradaic efficiencies close to 100 %.157,159 With 

the ability to directly grow them on the electrode in a fast and facile 

synthesis, this material seems to be highly promising as pre-catalyst 

for future electrolyzer cells.  
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When discussing its suitability in an actual device, the actual emerging 

catalysts have to be considered. For the OER, γ-NiOOH is the actual 

active phase, as highlighted in Paper I and several other recent 

studies.80–82 Iron doping illustrates a known straight forward strategy 

to increase the intrinsic activity significantly and most probably will be 

the catalyst used in such a device.81,156 As indicated by the work of 

Diaz-Morales et al., nickel oxyhydroxide needs to be deprotonated to 

be active and hence only operates at high pH values.169 In highly 

alkaline regimes, usually porous separator are used in the mature 

alkaline electrolyzer cells (AEC) to separate the anodic from the 

cathodic compartment. Besides possible gas crossover, also an 

increased solution resistance imposes limitations on such a cell. 

Especially the latter is tried to be compensated by increasing the KOH 

concentration.14,16,170 

As for a device in neutral pH, also in alkaline pH resistance 

management is pivotal for a cell running at high current densities. Due 

to the usage of highly porous and three-dimensional metal foams as 

electrodes, a high catalyst loading per geometric area and hence the 

possibility to reach high current densities can be achieved. However, 

an increased foam thickness could simultaneously lead to an increased 

solution resistance, which is not desired. 

A strategy to decrease the resistance between the electrodes is 

adopted from the proton exchange membrane electrolyzer cell 

(PEMEC). By substituting the porous separator with an anion exchange 

membrane (AEM) not only the cell resistance could be reduced, but 

also the gas purity could be increased. Unfortunately, some AEM suffer 

from instability issues and this device architecture is not mature 

yet.15,170,171 Additional complications might rise from the desired 

molybdenum leaching step of the rod or sheet structure of the nickel 

molybdate hydrate-based catalysts for OER. Since AEM shuttle anions, 

the presence of molybdate anions in solution might affect the 

hydroxide conductivity of the AEM negatively, similar to the decrease 

of proton conductivity in PEMs by other cations (as discussed in 

Chapter 3.3). To prevent this, either the molybdenum leaching would 

have to be carried out before the integration of the electrode into the 

cell, or the electrolyte would have to be renewed after the formation 

of the catalyst. Undesired additional anions in the electrolyte might not 
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only originate from the intended molybdenum leaching process for 

the oxygen evolution catalyst (OEC). It could also be due to 

molybdenum leaching of the MoNi4 hydrogen evolution catalyst (HEC) 

during operation or of another NiMo-based material at open circuit 

potential.161,172 

For the integration into a device, the stability of the catalysts plays a 

major role. Since the conditions applied in the laboratory are not the 

same as in an industrial electrolyzer cell, the stability of the catalyst 

also under these conditions have to be analysed. For example, Liu et 

al. proposed that their α-NiMoO4 rod catalyst would be stable in 1 M 

KOH at 20 °C, but suffers from molybdenum leaching at temperatures 

above approximately 50 °C.173 In industrial electrolyzer cells the 

temperature is usually elevated to 50 – 80 °C and the electrolyte has a 

KOH concentration of around 6 M, which is significantly higher 

concentrated than in usual lab experiments.14,16 Hence, it is unclear if 

the stability of catalytic materials suggested under laboratory 

conditions represents their stability in an industrial setup. However, if 

the desired performance of the cell is already reached at laboratory 

conditions, there is no pressing need for higher electrolyte 

concentrations or temperatures. 

Besides altering the electrode to obtain a high surface area by default, 

also the versatility of nanostructures and synthesis methods enable 

high surface areas and a high number of exposed active sites on the 

electrode. However, metal oxides are generally poor electron 

conductors and a too thick catalyst layers or too sprawling 

nanostructures might not be beneficial for catalysis. Hence, an efficient 

strategy proposed is to synthesize a core-nanostructure with increased 

conductivity, on which a thin layer of catalyst is deposited.158,159,174 In 

addition, for increasing the activity by nanostructuring, Seh et al. have 

proposed the existence of an upper limit.25 At some point charge and 

mass transport are expected to impose limitations on the overall 

activity.  

The importance of resistance management in alkaline media was 

recently demonstrated by Hodges and Hoang et al..24 By among others 

decreasing the solution resistance between anode and cathode as well 

as avoiding bubble formation on the electrodes, they reached 
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remarkable activities with an energy efficiency of 93 % for a current 

density of 1 A cm−2 at 85 °C. Based on the successful resistance 

management illustrated in the mentioned work, high current densities 

could indeed be achievable for anion exchange membrane electrolyzer 

cells operating in alkaline conditions. Since highly active OEC as nickel 

iron layered double hydroxide used in this publication, could possibly 

be synthesized from a nickel molybdate hydrate-based 

precursor,81,157,158 and MoNi4 HEC synthesized from a nickel molybdate 

hydrate precursor reached electrocatalytic activities similar to 

platinum,78,157–159 I believe nickel molybdate hydrates are promising 

precursors for catalysts in future water splitting devices. 

With operating in alkaline conditions, not only earth abundant 

elements can be used as OEC and HEC, but also the whole cell could 

avoid the employment of expensive components required for a device 

using acidic media. This might lower capital costs of these electrolyzer 

cells and could offer the widespread use, which is imperative for a 

transition to a circular energy society.15,17 

5.7 OUTLOOK 

The full characterization of the different nanostructure materials is still 

ongoing and essential to elucidate the most suitable nickel molybdate 

hydrate-based compound for the different reactions. The crystal 

structures of the nickel molybdate hydrates are (so far) not fully 

resolved. A possible helpful characterization method could be X-ray 

absorption spectroscopy, which could give valuable inside among 

others on the coordination environment, but also the oxidation states 

of the elements and the interatomic distances.175  

In general, first the two nanostructures should be electrochemically 

characterized independently. The fundamental difference between the 

hydrate rod and sheet compounds could play a major effect. It seems 

the sheet compound could provide more active nickel sites and also 

has an initial higher surface area compared to the rods. However, the 

rods contain more molybdate, so a more porous structure might be 

formed.  
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In a next step, in order to increase the activity of the hydrate structures 

towards OER, the integration of iron directly in the synthesis of the 

nickel molybdate hydrate nanostructures could be put in focus. An iron 

doped sheet structure was already successfully synthesized in a one-

step hydrothermal process.156 However, to the best of my knowledge, 

the iron doped version of the rod structure was only obtained with an 

anion exchange step subsequently to the synthesis of the rods. Hence 

the direct synthesis of an iron doped nickel molybdate hydrate rod 

structure still remains to be demonstrated.81  

Since the reducing step is expected to inhibit the molybdenum 

leaching, this step might be undesired for OER. On the other hand, it 

might enable a faster electron transport and/or synergetic effects of 

molybdenum present during catalysis. Hence also the reduced 

nanostructures could illustrate improved, but different activities for 

OER. For HER the active site of the reduced nickel molybdate hydrates 

was proposed to be MoNi4. This could lead to different activities of the 

two nanostructures, since it is a nickel rich precipitate (advantage sheet 

compound). However, a possibly simultaneously formed MoO3−x core 

is suggested to enhance the electron transport to the active site and 

might contribute with synergetic effects (advantage rod 

compound).158,159  

Once the desired nanostructure is synthesized on the electrode, the 

isolated synthesis should be verified. For proposed exclusive synthesis 

of the rod structure, this could be done by either selective 

molybdenum leaching in combination with Raman spectroscopy or 

XRD for the hydrate rod form, or by investigating the interfacial layer 

between the anhydrate rods and the foam. From my point of view, the 

verification of the presence of only one compound is vital for the 

correct assignment of the electrochemical activity and future 

developments of the catalysts. 

The employment of different electrodes might offer the possibility to 

further optimize the cell performance and might be important for the 

transition into an industrial relevant device. While metal foams would 

be the electrode of choice for the anodic compartment, both, metal 

foams and carbon-based gas diffusion layers could be implemented 

on the cathodic side. Among others, electrode thickness and porosity 
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could have an influence on the electrochemical surface area, cell 

resistance and mass transport limitations. In addition, different 

electrodes might enable the isolated deposition of the desired 

structure, which should be confirmed by the methods mentioned 

above. 

To further promote the large-scale implementation of the material, 

alternative synthesis routes of the catalyst or pre-catalyst might be of 

interest. With the hydrothermal synthesis utilized in Paper I and 

Paper IV, precipitation aside the electrode seems inevitable, hence 

electrodeposition might be a more suitable method to deposit catalyst 

only on the electrode. In addition, this process neither requires high 

temperatures, a reducing atmosphere nor several hours for the 

synthesis of the HEC and hence demonstrates some advantages 

regarding upscaling.151,176–178 However, translating the synthesis of a 

known compound from the hydrothermal to an electrodeposition 

process might come along with some challenges. 

Molybdenum leaching was detected with the subsequent formation of 

a higher surface area electrode, which was suggested to be the origin 

for high catalyst activities. With the reduction step, the nickel 

molybdate-based compound might lose the ability to do so. Luckily, 

besides molybdenum also other elements are reported to act as pore 

forming agent, for example selenium, aluminium or zinc.73,74,79 Thus, 

with the addition of such an element mentioned above, the porosity 

and high surface area of the reduced compound might be able to be 

reintroduced. 

Based on nickel molybdate hydrates, both, highly efficient and active 

catalysts for HER and OER can by synthesized, which seem to be very 

promising candidates for the integration into an alkaline electrolyzer 

cell, preferably with an anion exchange membrane. As indicated 

before, the long-term stability of MoNi4 nanoparticles is still under 

discussion and would need to be resolved at industrially relevant 

conditions as temperature or electrolyte concentration, before a final 

recommendation can be made. Once the stability uncertainty is fully 

resolved and the most suitable nanostructure for the different 

reactions is detected, this Ni−Mo precursor system might be able to 

make a change and could be implemented in a widespread electrolyzer 
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cell. 
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6 SUMMARY AND OUTLOOK 

In this thesis work, different classes of catalysts and their suitability for 

integration into an electrolyzer cell have been investigated. 

Ruthenium-based molecular catalysts in Paper II showed high activities 

and stabilities for water oxidation at neutral pH. Especially the 

oligomeric catalysts exhibited a superior performance. The electrical 

conductivity of the electrode was discovered as a limiting factor on the 

catalytic activity of such a molecular anode. In addition, the low 

loading of catalyst on the electrode and the low conductivity of the 

electrolyte at neutral pH, might impose further limitations to reach 

high current densities at reasonable potentials and hence illustrates a 

drawback for the widespread use of such an electrolyzer cell. Possibly, 

further development of molecular catalysts with different equatorial 

and axial ligands could give rise to even higher activities and might 

partially compensate the low loading. Additionally, to integrate those 

catalysts in a device, one might have to move away from the traditional 

device architectures and would have to develop a setup more suitable 

for this class of catalysts. 

Among the tested transition metal single atom catalysts synthesized 

by pyrolyzing transition metal doped ZIF-8 structures in Paper III, 

cobalt showed the highest activity for hydrogen evolution and a stable 

behaviour in acidic pH. The enhanced stability of single atomic sites 

compared to the corresponding nanoparticles was proposed. Only a 

low number of nanoparticles was suggested to have been formed 

during the solvent free synthesis. Hence, this process might present an 

interesting strategy for the large-scale synthesis of single atom 

hydrogen evolution catalysts. However, also for this class of catalyst, 

the low number of active sites is a challenge to address. To increase 

the amount of catalyst sites, either the mass of catalytic material on 

the electrode could be increased or the percentage of active sites in 

the material. In addition, also the availability of only noble metal-based 

catalysts for the anodic site and higher material costs for a device 

operating in acidic pH risk to hamper the widespread use of such an 

electrolyzer cell.  
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With the novel method to fabricate a membrane electrode assembly 

presented in Patent I, the usage of expensive Nafion® membranes 

could possibly be avoided, which could reduce the cost of such a 

device. With this new process so far impractical membrane materials 

might be applicable. In addition, also new membranes could be 

developed with properties adjusted to this fabrication method. Such 

an approach could lead to membrane electrode assemblies with 

enhanced electrocatalytic performances. However, before this novel 

method might lead to a MEA in a device, process parameters as liquid 

mixture composition, heating time and temperature would have to be 

adjusted and optimized first. 

Both of the as-prepared nickel molybdate hydrate nanoparticle shapes 

– sheets and rods – have been proposed in Paper I to transform in an 

electrochemical activation step into γ-NiOOH as active phase for the 

oxygen evolution reaction in alkaline pH. Due to the removal of 

molybdenum, either by immersing the rod structure in the electrolyte 

or by oxidizing the sheet structure from NiII to NiIII, a high 

electrochemical surface area with a large number of exposed nickel 

sites was indicated to be the origin behind the high catalytic activity of 

the system. Molybdenum was suggested to only serve as structure and 

pore forming agent. In addition, the attribution of different XRD 

patterns and Raman bands to the two nanoparticle structures was 

confirmed by Paper IV. Even for the sample on nickel foam with only 

rods initially visible by electron microscopy, the signal of the 

compound in the sheet structure was observed after selective 

molybdenum leaching and could be traced back to the intermediate 

layer between the foam and the nanorods. Due to the presence of both 

nanostructures, it is difficult to assess the exact catalytic activities 

towards the oxygen evolution reaction to both compounds. However, 

preliminary results indicated a higher activity for the compound in the 

rod structure. The nanosheet layer between the rods and the foam 

might be an interesting observation for further work concerning 

nanorods on the electrode and the attribution of the catalytic activity. 

For an exact assignment, the different nanostructures should be 

isolated electrochemically characterized on for example a glassy 

carbon electrode. However, an essential outcome and proposal of 

Paper I was that when synthesizing a nickel molybdate rod structure 
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on an electrode, the absence of the sheet structure should be verified, 

which could be done by either selective molybdenum leaching 

combined with Raman spectroscopy or XRD, or by investigating the 

volume between rods and the electrode with SEM. 

With Paper IV the fundamental differences between the 

nanostructures were characterized with various techniques, indicating 

strongly that those are two different compounds. The crystal structures 

of the two nanostructures are not fully resolved yet, but hopefully once 

refined will lead to a deeper understanding of the materials. Different 

stoichiometries were proposed with a mixed valence nickel and 

molybdenum for the sheet structure. 

For the hydrogen evolution reaction in alkaline media, the hydrate 

sheet structure exhibited a higher activity compared to the anhydrate, 

but clearly a reduction step is necessary to access the outstanding 

catalytic activity reported.  

Among all the investigated classes of catalysts, those inorganic 

nanostructured catalysts seem to be the most promising ones for a 

successful integration in a large scale electrolyzer cell for widespread 

use, especially, once the stability of the catalysts and the anion 

exchange membrane is resolved. However, nickel molybdate hydrate 

needs a reduction process to be highly active for HER and Fe doping 

should be considered for boosting the OER significantly. Besides 

tuning the catalyst, also different electrodes might be helpful to 

increase the activity of the device. For a large-scale implementation, 

the transition from a hydrothermal synthesis to electrodeposition 

might be worth considering. 

For tackling climate change, the development and widespread use of 

electrolyzer cells, ultimately powered by renewable energies, is only 

one aspect. In order to counteract global warming, humankind has to 

reduce the greenhouse gas emission in general and live in a more 

sustainable way.  

In addition, I strongly believe that we should not aim for only one 

electrolyzer device, but keep investigating and developing all kind of 

catalysts and systems. Similar to transportation nowadays, in which we 
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have different vehicles for different purposes, I envision we will have 

different devices and catalysts for different purposes in a circular 

energy society. Last but not least, carbon capturing and other 

electrochemical reactions as carbon dioxide reduction or nitrogen 

reduction are expected be vital process on our way in a more 

sustainable future. 
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7 RESUME 

Ce travail porte sur la synthèse et la caractérisation de différentes 

classes de catalyseurs et de leur intégration comme électrodes de 

travail pour une cellule d'électrolyse. 

Les électrodes à base de complexes moléculaires de ruthénium 

fabriquées par sérigraphie (Article 2) présentent des activités et des 

stabilités élevées, à pH neutre, vis-à-vis de l'oxydation de l'eau. Les 

catalyseurs sous forme d’oligomères montrent des performances 

supérieures. La conductivité électronique de l'électrode est le facteur 

limitant l'activité catalytique d'une telle anode moléculaire. De plus, le 

faible chargement en catalyseur sur l'électrode associé à la faible 

conductivité ionique de l'électrolyte à pH neutre imposent des 

limitations supplémentaires pour atteindre des densités de courant 

élevées à des potentiels raisonnables. Ce travail illustre donc les 

inconvénients majeurs pour une utilisation à grande échelle de telles 

électrodes dans une cellule d'électrolyse. 

L’étude de matériaux catalytiques, composés d’un Métal de transition, 

d’Azote et de Carbone (Article 3) montre que celui contenant du cobalt 

a la plus grande activité pour la production d’hydrogène en milieu 

acide tout en montrant une certaine stabilité. Cette dernière s’explique 

par la présence de sites atomiques uniques, au détriment de la 

formation de nanoparticules, obtenus par une méthode de synthèse 

sans solvant. Ce procédé présente donc une stratégie intéressante 

pour la synthèse à grande échelle. Cependant, l’augmentation du 

nombre de site catalytiques dans le matériau reste une difficulté à 

surmonter.  

Une méthode (Brevet I) de fabrication des assemblages membrane-

électrode a aussi été mise en place. Elle permet le remplacement des 

membranes coûteuses couramment utilisées et la réduction du coût 

de fabrication des dispositifs d’électrolyse. Cette méthode devrait 

permettre aussi la mise en œuvre de différents polymères pour la 

fabrication de nouvelles membranes aux propriétés ajustées.  

Deux structures de Molybdate de Nickel ont été synthétisées (Article 
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1) pour fabriquer, après électro-activation, des nanoparticules de γ-

NiOOH actif envers la production d'oxygène en pH alcalin. 

L'élimination du molybdène, soit par immersion de la structure en 

bâtonnets dans l'électrolyte ou soit par oxydation du Ni2+ en Ni3+ de 

la structure en feuille, conduit à une surface électrochimique élevée 

avec un grand nombre de sites de nickel exposé et explique l'origine 

de l'activité catalytique élevée. La présence de Molybdène sert donc ici 

d’agent structurant et porogène. Les différences de structures de 

Molybdate de Nickel ont été mise en évidence par des analyses Raman. 

Grâce à ces attributions, il est possible de montrer que le dépôt en 

forme de bâtonnets (mis en évidence par microscopie électronique) 

fabriqué sur une mousse de Nickel comporte aussi le signal de la 

structure en feuille après l’éviction du molybdène. La présence de cette 

structure s’explique par une couche intermédiaire entre l'électrode en 

mousse et les bâtonnets visibles par microscopie électronique. En 

raison de la présence des deux nanostructures, il est donc difficile 

d'évaluer les activités catalytiques intrinsèques vis-à-vis de la réaction 

d'évolution de l'oxygène. Cependant, les résultats semblent indiquer 

une activité plus élevée pour la structure en bâtonnets. Un résultat 

essentiel de cette étude est que lors de la synthèse d'une structure en 

bâtonnets de Molybdate de Nickel sur une électrode, l'absence de la 

structure en feuille doit être vérifiée. Les différences fondamentales 

(Article 4) entre les nanostructures ont été caractérisées plus en détail 

à l'aide de diverses techniques : MEB, DRX et Spectroscopie Raman. 

Bien que les structures cristallines des deux nanostructures ne soient 

pas encore totalement résolues, les analyses montrent clairement qu’il 

s’agit de deux matériaux différents avec leurs propriétés. En effet la 

structure hydratée en feuille présente une activité supérieure à celle 

déshydratée pour la production d'hydrogène en milieu alcalin. Il est 

clair qu'une étape de réduction préliminaire est nécessaire pour 

accéder à l'activité catalytique exceptionnelle rapportée. 

Parmi les différentes classes de catalyseurs étudiés, les catalyseurs à 

nanoparticules semblent être les plus prometteurs pour une 

intégration réussie dans une cellule d'électrolyse à grande échelle. 

L’utilisation généralisée de ce type de matériau pourra être envisagée 

une fois que la stabilité des catalyseurs et de la membrane échangeuse 

d'anions sera résolue. 
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8 POPULAR SCIENTIFIC SUMMARY 

My doctoral journey experienced with the COVID-19 pandemic and 

the Russian invasion of Ukraine two earth shattering events. In both, 

the importance of collaborations between countries and continents to 

face global crises has been made visible. Especially in case of the 

COVID-19 pandemic, collaboration between scientists and institutions 

to provide a solution has been proven to be pivotal for the existence 

and future of humankind. One can only dream how fast such a focus 

and commitment of global governments and decision makers could 

resolve another existence threatening crisis: Global warming. 

With the usage of fossil fuels in for example transportation or industry, 

carbon dioxide is emitted into the atmosphere. To this end, hydrogen 

presents a promising alternative to fossil fuels, which can not only be 

used in fuel cells to generate electricity, but is already employed as 

feedstock in important industrial processes as Haber-Bosch, Fischer-

Tropsch or the production of green steel. Unfortunately, the vast 

majority of hydrogen (≈ 95%) is nowadays produced from natural gas 

with the simultaneous evolution of the greenhouse gas carbon dioxide 

in the process.15 

To avoid the emission of carbon dioxide during the production of 

hydrogen and to generate it from renewable sources, water electrolysis 

presents a promising technique. With this approach electricity is used 

to generate hydrogen and oxygen from water by immersing two 

electrical conductors (electrodes) in an aqueous bath and apply an 

electric potential between them. The oxygen evolution is essential, 

since it provides the reagents necessary for hydrogen to evolve, but 

unfortunately is also more challenging than the hydrogen evolution 

reaction. In order to facilitate and accelerate both reactions (the 

hydrogen evolution at one electrode and the simultaneous oxygen 

evolution at the other) different so-called catalysts are needed. 

Obviously, in order to make an impact on the global situation, first 

those electrodes and catalysts have to be integrated into a water 

electrolysis device. And second, a large-scale implementation of those 

devices should be reasonable, which means the materials used should 
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not be too expensive and should be stable for a long time under 

operation. For this purpose, experts on the different components of 

such a device would need to work together. 

With the eSCALED project an attempt was made to realize exactly this. 

With 13 other fellow PhD students and 27 researchers in 11 

institutions, universities and companies in 8 countries within Europe, 

and 3.6 Million Euro funding from the Horizon 2020 Marie-

Skłodowska-Curie Actions Innovative Training Network, I spent the last 

four years trying to make an impact and contribute to future 

generations having a life without a planet on fire. 

Focusing on the water electrolysis device, the aim of my PhD was not 

only to develop and characterize different types of catalysts, but also 

to examine their possible integration into a device. Following the order 

of the chapters in this thesis, the different types of catalysts can be 

described as highly efficient, but difficult to synthesize to less efficient 

but easy to synthesize. 

In the here presented work I have investigated known ruthenium-

based catalysts with two different anchoring strategies for the oxygen 

evolution reaction in neutral medium. The “catalysts chains” with more 

anchoring points have shown to not only be stable, but also to be more 

active compared to the isolated “single chain link” catalyst. It was 

concluded that the higher activity was due to the increased number of 

catalyst present. In addition, how good the electrode conducts 

electricity has shown to have a clear influence on the overall activity of 

the catalyst. For the integration of such a catalyst into a device a highly 

conductive electrode is necessary. 

The subsequent chapter concerned catalyst with different single 

dispersed non-noble chemical elements for the hydrogen evolution 

reaction in strong acidic medium, in which cobalt was shown to be the 

most active one. Besides different activities for different elements, also 

the increased stability of single elements as catalysts compared to the 

corresponding nanoparticles was proposed. Furthermore, all catalysts 

were made without producing any solid or liquid waste, which presents 

an interesting strategy for synthesising them in large quantities. 
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In a related project I developed a novel way to glue the electrodes to 

a spacer. As mentioned above, during the oxygen evolution reaction 

at one electrode the necessary reagents for the hydrogen evolution 

are produced, which have to travel through the spacer to the other 

electrode. By gluing the electrodes onto the spacer this travel is 

accelerated. With the new method more spacer materials can be used 

than up to now. 

In the last chapter I have shown the versatility of nickel molybdate 

hydrate nanostructures for both the hydrogen evolution reaction and 

oxygen evolution reaction in strong alkaline medium. I could show that 

two different shapes (nanorods and nanosheets) built up from the 

same elements are fundamentally different compounds. Not only was 

the ratio among the elements different, but also how they arranged 

and positioned themselves with respect to each other. Furthermore, I 

detected that for the oxygen evolution reaction both materials 

released molybdenum into the alkaline surrounding. With the removal 

of molybdenum, both materials transformed into a highly porous 

nickel compound with a sponge-like structure, at which the oxygen 

evolution reaction took place. With this observation I was able to 

explain why those materials were so active for the oxygen evolution 

reaction. Basically, previously covered nickel sites became accessible, 

which increased the number of catalytic sites present. 
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