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1 Summary 

Together with energy harvesting and distribution, energy storage technologies are essential to 

broadly establish renewable energy sources in a power grid. Chemical energy storage, e.g., 

through hydrogen, requires two conversion steps. Step one resembles the storage of electrical 

energy in chemical bonds (electrolyzer), and step two reverses this process (fuel cells). This 

work will introduce the technology of green hydrogen generation via water electrolysis and 

illustrate why efficient and sustainable catalyst systems based on non-toxic, abundant, and cost-

effective materials are required. 

For this purpose, the investigations focus on 2D layered materials, which have proven to be a 

versatile material class to facilitate the oxidative half-reaction of electrochemical water 

splitting, which is the oxygen evolution reaction (OER). This work will focus on the structure-

property relationship in such materials while also paying attention to the ecological aspects of 

the technology. The aim is to tailor catalytical systems, further improving their capabilities and 

scalability. 

In the scope of this work, the influence of composition, specifically iron-content, in layered 

double hydroxides is investigated concerning the triggering of grafting. That is the chemical 

bonding of interlayer anions to brucite-like layers. Due to the high importance of bimetallic 

iron-containing layered double hydroxides, it is crucial to understand which implication its 

incorporation bears for the structure and, ultimately, the catalytic performance. The systematic 

variation of Co/Fe composition within the layers showed that the presence of iron favors 

grafting, thereby inducing structural disorder in the form of random interstratification and 

planar defects. At the same time, having a minimum amount of Co in the structure is essential 

to ensure high catalytic activity. 

From the perspective of the structure-properties relationship, the question remains open as to 

what kind of effect the extent of grafting has. For this purpose, different brucite-type materials 

are compared. Three classes are chosen that feature inherently different interlayer constitutions, 

while the layers have similar compositions. These include metal hydroxides M(OH)2 without 

interlayer anions, layered double hydroxides with free interlayer anions, and hydroxynitrates 

with fully grafted interlayer anions. This work shows that an interlayer anion's chemical 

bonding can alter the metal centers' electronic structure. This is decisive for their oxidation 

potential, i.e., the potential at which the electrocatalytically active center forms. 

In the last part of this work, the previously gained knowledge is combined to achieve control 

of grafting within the same material. The all-iron electrocatalyst mössbauerite is known to 
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exhibit extensive grafting of interlayer anions. By employing a corrosion engineering approach, 

it is possible to obtain its precursor green rust on a steel plate as a large area electrode and 

control the ratio of grafted to ungrafted interlayer anions by choice of the oxidation method. 

This control of grafting in the same material allows for the first systematic study on the 

influence of grafting in mössbauerite. 

This thesis is presented as a cumulative work; therefore, the results are described thematically 

in the attached manuscripts. 
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2 Zusammenfassung 

Zusammen mit der Energiegewinnung und -verteilung sind Energiespeichertechnologien 

unerlässlich, um erneuerbare Energiequellen in einem Stromnetz auf breiter Basis zu etablieren. 

Die chemische Energiespeicherung, z. B. durch Wasserstoff, erfordert zwei 

Umwandlungsschritte. Schritt eins ist die Speicherung elektrischer Energie in chemischen 

Bindungen (Elektrolyseur) und Schritt zwei ist die Umkehrung dieses Prozesses (Brennstoff 

Zellen). In dieser Arbeit wird die Technologie der grünen Wasserstofferzeugung durch 

Wasserelektrolyse vorgestellt und erläutert, warum effiziente und nachhaltige 

Katalysatorsysteme auf der Grundlage ungiftiger, üppig vorhandener und kostengünstiger 

Materialien erforderlich sind. 

Zu diesem Zweck konzentrieren sich die Untersuchungen auf 2D-Schichtmaterialien, die sich 

als vielseitige Materialklasse erwiesen haben, um die oxidative Halbreaktion der 

elektrochemischen Wasserspaltung, die Sauerstoffentwicklungsreaktion (OER), zu erleichtern. 

Diese Arbeit wird sich auf die Struktur-Eigenschafts-Beziehung in solchen Materialien 

konzentrieren, wobei auch ökologische Aspekte der Technologie berücksichtigt werden. Ziel 

ist es, die katalytischen Systeme weiter zu optimieren, um ihre Eigenschaften zu verbessern und 

die Möglichkeit der Skalierbarkeit zu erfüllen. 

Im Rahmen dieser Arbeit wird der Einfluss der Zusammensetzung, speziell des Eisengehaltes 

in geschichteten Doppelhydroxiden, auf die Auslösung des Graftings untersucht. Das ist die 

chemische Bindung von Zwischenschichtanionen an Brucit-artige Schichten. Aufgrund der 

großen Bedeutung bimetallischer, eisenhaltiger Schichtdoppelhydroxide ist es von 

entscheidender Bedeutung zu verstehen, welche Auswirkungen ihr Einbau auf die Struktur und 

letztlich auf die katalytische Leistung hat. Die systematische Variation der Co/Fe-

Zusammensetzung innerhalb der Schichten zeigt, dass die Anwesenheit von Eisen das Grafting 

begünstigt und dadurch strukturelle Unordnung in Form von zufälliger Zwischenschichtung 

und planaren Defekten hervorruft. Gleichzeitig ist ein Mindestanteil an Co in der Struktur für 

eine hohe katalytische Aktivität unerlässlich. 

Offen bleibt die Frage, wie sich das Ausmaß des Graftings auf die Struktur-Eigenschafts-

Beziehung auswirkt. Zu diesem Zweck werden verschiedene Materialien des Brucit-Typs 

verglichen. Es werden drei Klassen ausgewählt, die von Natur aus unterschiedliche 

Zwischenschichtaufbauten aufweisen, während die Schichten ähnliche Zusammensetzungen 

haben. Dazu gehören Metallhydroxide M(OH)2 ohne Zwischenschichtanionen, geschichtete 

Doppelhydroxide mit freien Zwischenschichtanionen und Hydroxynitrate mit vollständig 
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gegrafteten Zwischenschichtanionen. Diese Arbeit zeigt, dass die chemische Bindung eines 

Zwischenschichtanions die elektronische Struktur der Metallzentren verändern kann. Dies ist 

entscheidend für ihr Oxidationspotential, d.h. das Potential, bei dem sich das elektrokatalytisch 

aktive Zentrum bildet. 

Im letzten Teil dieser Arbeit werden die zuvor gewonnenen Erkenntnisse kombiniert, um die 

Steuerung des Graftings im Material der gleichen Klasse zu erforschen. Der vollständig auf 

Eisen basierende Elektrokatalysator Mössbauerit ist dafür bekannt, dass er ein umfangreiches 

Grafting von Zwischenschichtanionen aufweist. Mit Hilfe eines korrosionstechnischen 

Ansatzes ist es möglich, seine Vorstufe Green Rust auf einer Stahlplatte als großflächige 

Elektrode zu erhalten und das Verhältnis von gegrafteten zu freien Zwischenschichtanionen 

durch die Wahl der Oxidationsmethode zu steuern. Die Steuerung des Graftings in ein und 

demselben Material ermöglicht diese erste systematische Studie über den Einfluss von Grafting 

in Mössbauerit. 

Bei dieser Arbeit handelt es sich um eine kumulative Dissertation – die Ergebnisse werden 

daher thematisch sortiert in den angehängten Manuskripten beschrieben.  
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3 Introduction 

This section gives a brief overview to outline the importance of energy storage technologies. 

Furthermore, it summarizes physicochemical key aspects of electrochemical water splitting, 

focusing on the OER, typical catalyst materials, possibilities for innovation, and current 

developments. The last section gives insights into three key research questions which form the 

foundation of this thesis. 

3.1 The way toward renewable energies 

Resolving energy and environmental issues has been perceived as the most critical challenge 

of the 21st century.[1] Since the early 2000s, it has become evident that rising CO2 levels, 

increasing severity and frequency of natural disasters, and environmental pollution create a 

formidable incentive on the topic.[2] Due to the limited number of countries with rich fossil fuel 

reserves, its broad usage further poses the risk of economic dependency and becoming a target 

of geopolitical interests.[3] This circumstance has led to an impressive manifestation of this 

dependency and triggered a political rethinking. Almost a third of advanced economies rely 

heavily on just three trade partners for more than 70% of their fuel imports, which is a 

significant portion of their economy.[4] With a renewable energy ratio of 49.6% in the power 

mix (Fig. 1), the Energy Transition Index (ETI) only ranked Germany as number 15 out of 31 

advanced economies regarding their energy performance. This rating includes the resilience 

and efficiency of generation, transmission, and progress to cleaner forms of energy.[5] 

 

Figure 1: Net public electricity generation in Germany in the year 2022. The energy mix of Germany 

is still heavily reliant on fossil fuels, with the share of renewables representing less than 50%. The source 

data is from Fraunhofer ISE.[6] 
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Recent investments in green energy technologies and CO2-neutral means of transportation have 

also led to the European Union's decision to ban all new internal combustion engines from 

2035.[7] However, this reliance on fossil fuels ranges further than only the transport sector. 

Private household energy supply and the chemical, glass, and steel industries rely heavily on 

cheap power and chemicals from the petrol industry (e.g., hydrogen).[8] The critical aspect 

required to contain or even eliminate arising problems renders a transition to renewable energy 

sources an imperative for the years to come. 

While some forms of renewable energy sources (e.g., hydropower, geothermal, or biomass 

plants) can run with sufficient steadiness to act as a base load supplier in the electrical grid, 

most sources cannot. Base-load supply implies that they operate 24/7 to meet the minimum 

power demand. These technologies are not designed to respond to peak demands or 

emergencies. Regarding conventional energy sources, coal or nuclear power plants handle this 

task instead. Intermediate and peaking power plants handle everything beyond this minimum 

power demand, which can be adjusted to the demand more easily when needed.[9] 

However, it is apparent that solar and wind energy, which are typical examples of intermittent 

renewable energies, cannot fulfill either of these tasks in an electrical grid by themselves. Due 

to their output dependence on weather conditions and daily and seasonal variations, they can 

neither supply a steady base load nor respond quickly to meet peak power demands.[9] 

Due to the intermittent character of renewable energies, coupling with suitable storage 

techniques is vital to ensure a continuous, secure, and demand-oriented energy supply while 

minimizing curtailment.[9] Thus, establishing renewable energy sources in the grid is inevitably 

connected to the necessity of efficient energy storage to mitigate the cyclic but often offset 

nature of supply and demand. Therefore, excess supply can be harvested during a power 

generation surplus and utilized as an intermediate or peak supplier when required. Sufficient 

storage infrastructure in the grid can also provide a steady base load through this coupling of 

energy harvesting and energy storage.[9] Ideally, storage technologies are established beyond 

the primary grid to meet stationary, mobile, and portable demands.  

The establishment of application-oriented storage technologies entails optimization to vastly 

varying requirements. These different application areas quickly allow the conclusion that there 

is no single storage technology for all applications. Instead, all of them have their respective 

advantages and disadvantages. Requirements like conversion efficiency, scalability, 

storage/release time, transportability, acquisition and operational cost, safety, environmental 
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friendliness, infrastructure requirements, and many more must be considered. These 

technologies can be categorized into five main fields (Fig. 2): Electrical (e.g., electrical double-

layer capacitors EDLCs), mechanical energy (e.g., pumped hydro storage PHS), 

electrochemical (e.g., batteries), thermal (e.g., heat storage), and chemical storage (e.g., 

hydrogen fuel cells). 

 

Figure 2: Overview of different categories of storage technologies. Every method has advantages and 

disadvantages related to efficiency, cost, applicability, and others. Adapted from Fort Frances Power 

Corporation.[10] 
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3.2 Hydrogen 

Hydrogen-based storage technology belongs to the group of chemical storage, where the energy 

is stored in the form of chemical bonds. Hydrogen itself cannot readily be considered a clean 

energy source with a CO2-neutral footprint.[11] In fact, various types, often termed colors, are 

differentiated. Hydrogen obtained by fossil fuels (e.g., natural gas) is considered Grey 

Hydrogen if the CO2 generated during the production is released into the atmosphere. If it is 

supported by carbon capture and storage, it is termed Blue Hydrogen. Both cannot be regarded 

as sustainable energy storage.[12] 

Only hydrogen, where the educts originate from sustainable sources, with the conversion energy 

being supplied by renewable energies and no greenhouse gas release during the production, can 

be termed Green Hydrogen.[12-13] The required infrastructure comprises two complementary 

processes. The first part includes converting electrical energy into chemical energy using 

electrolysis.[14] In the second step, this fuel can then be used directly as a reagent in the chemical 

industry or to convert chemical energy back into electrical energy, e.g., to support power 

demand in the grid or run an electric motor via a fuel cell.[14-15] While various fuel cell types 

exist, with their particular application area, advantages, and disadvantages, most of them share 

the utilization of hydrogen as their primary fuel.[15] 

Due to the focus of this thesis on the generation of Green Hydrogen via water electrolysis, this 

part of the introduction aims to give an insight into the underlying challenges, setups, and 

benchmarks to research water electrolysis. It will focus on how to make the water splitting 

reaction more energy efficient, minimize losses during conversion, and make it more scalable 

and sustainable. Further challenges arising from the transport, medium- and long-term storage, 

and the utilization of a practical fuel cell will not be addressed in the scope of this thesis. 
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3.2.1 Thermodynamics of electrochemical water splitting 

Thermodynamics tells us that splitting water in its constituents' oxygen and hydrogen is an 

endergonic (i.e., non-spontaneous) process. However, the reaction can proceed when an 

appropriate driving force, e.g., thermal energy or electricity, is provided. Using the latter for 

the endergonic transformation is called electrolysis, and a setup typically consists of two 

electrodes separated by an ionic conductor, the so-called electrolyte. Electrical work to the cell 

is provided via these electrodes, allowing gaseous hydrogen and oxygen production. The 

individual half-cell reactions and their corresponding mechanisms depend on the pH of the 

electrolyte.[16] 

In acidic media, water splitting occurs according to the following reactions:[16-17] 

Anode: H2O(l) ➝ ½ O2(g) + 2 H+ + 2e- Ea
o = +1.23 V (Eq. 1a) 

Cathode: 2 H+ + 2e- ➝ H2(g) Ec
o = +0.00 V (Eq. 1b) 

Full: H2O(l) ➝ H2(g) + ½ O2(g)  (Eq. 1c) 

While in alkaline conditions, it proceeds according to:[16-17] 

Anode: 2 OH- ➝ ½ O2(g) + H2O + 2e- Ea
o = +0.40 V (Eq. 2a) 

Cathode: 2 H2O + 2e- ➝ H2(g) + 2 OH- Ec
o = -0.83 V (Eq. 2b) 

Full: H2O(l) ➝ H2(g) + ½ O2(g)  (Eq. 2c) 

The anodic reaction (oxidation) is termed oxygen evolution reaction (OER) due to the release 

of oxygen gas from there, and the cathodic reaction (reduction) is called hydrogen evolution 

reaction (HER) due to the release of hydrogen gas. In acidic and alkaline media, H+ ions and 

OH- ions are responsible for providing charge compensation by migrating through the 

electrolyte during cell operation. The overall standard cell potential in both media results from 

the difference between the individual reaction potentials:[18] 

 Eo = Ea
o - Ec

o = 1.23 V (Eq. 3) 

From a thermodynamic viewpoint, the amount of electricity (nFE) required at equilibrium to 

facilitate the reaction to split 1 mol of water can also be expressed by the change in Gibbs Free 

Energy (ΔGr) of the dissociation reaction.[18] 

 ΔGr = -nFE (Eq. 4) 

With n = 2 as the number of electrons being transferred during the electrochemical reaction, F 

being the Faraday constant, and E being the potential associated with reactions in the 

corresponding media (Eq. 1c, 2c).  
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For the given potentials, a standard pressure (po = 101.325 kPa) and standard temperature 

(To = 298.15 K) are assumed where water is liquid and the reaction products are gaseous. Thus, 

using literature values[18] for the Gibbs Free Energy, the thermodynamically required voltage 

to facilitate the electrochemical water splitting reaction results in the same as determined above 

from the individual half-cell reactions:[16, 18] 

 ΔGr
o(H2O) = 237.22 kJ mol-1 ➝ Eo = ΔGr

o(H2O) / (2 F) = 1.2293 V ≈ 1.23 V (Eq. 5) 

According to this solely thermodynamic point of view, the required potential would depend 

only on temperature, pressure, reactant concentration, and product concentration. In practice, 

this equilibrium cannot be reached once a current flow is involved, i.e., the electrochemical 

reaction proceeds at an appreciable rate. The higher the current, the greater the potential must 

be to maintain the flow of electrons. Consequently, this also bears kinetic implications which 

arise from transfer reactions, electronic and ionic conductivity limitations, and finite mass 

transport.[14, 17] Such phenomena give rise to so-called overpotentials, which are considered the 

irreversible part of the electrochemical reaction. They are defined as the offset of the potential 

of the electrode E from the reversible value Eo and cannot be regenerated. Thus, they are 

hampering the overall conversion efficiency.[16-17] Consequently, these overpotentials are 

regarded as a crucial evaluation criterion and design factor in evaluating the performance of 

new materials, which will be further discussed in chapter 3.3. 
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3.2.2 Oxygen evolution reaction 

Practically, the overall potential required to drive the electrochemical splitting of water includes 

irreversible kinetic contributions from both the anodic and cathodic reactions. The HER is a 

two-electron transfer reaction and typically features low overpotentials.[19] A variety of different 

catalyst systems are reported, resulting in overpotentials as low as 27 mV for Pt on carbon.[20] 

Compared to the HER, the OER is subject to sluggish kinetics and thus exhibits an intrinsically 

lower efficiency.[21] This comparably complex reaction system originates from a coupled, 

multi-electron process, resulting in a higher kinetic barrier as the transfer of four electrons per 

O2 is necessary to facilitate oxidation.[14, 17] Since only a single electron can be transferred with 

each step and various electrode surface reactions are involved, the process is forced to proceed 

in multiple steps with distinct intermediates. Various intermediary products are passed through 

depending on the employed catalyst and media.[17, 22] 

Various research groups have proposed many possible mechanisms for both acidic[23] (Fig. 3) 

and alkaline[24] (Fig. 4) media, and the topic remains frequently discussed.[25] There exists 

consensus about the presence of MOH and MO intermediates, but there are discrepancies 

regarding the exact mechanisms, particularly related to when and from which intermediate the 

oxygen is released.[17] Two pathways are widely accepted. The first supposed pathway includes 

the formation of oxygen due to a direct reaction of two MO intermediates. Alternatively, a 

MOOH intermediate can form, ultimately decomposing to release O2.
[14, 17] 

 

Acidic conditions: 

M + H2O(l) ➝ MOH + H+ + e- 

MOH ➝ MO + H+ + e- 

MO ➝ M + ½ O2(g) 

MO + H2O(l) ➝ MOOH + H+ + e- 

MOOH ➝ M + O2(g) + H+ + e- 

 
Figure 3: OER mechanism under acidic conditions.[17] Adapted from Cai et al.[14] 
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Alkaline conditions: 

M + OH- ➝ MOH 

MOH + OH- ➝ MO + H2O(l) + e- 

MO ➝ M + ½ O2(g) 

MO + OH- ➝ MOOH + e- 

MOOH + OH- ➝ M + O2(g) + H2O(l) + e- 

 

Figure 4: OER mechanism under alkaline conditions.[17] Adapted from Cai et al.[14] 

 

While the most common application of OER is in heterogeneous catalysis, examples of 

homogeneous catalysis or even biocatalytic reaction also exist.[26] This circumstance renders 

adsorption interactions between catalysts and educts, bonding within the possible intermediates 

(MO, MOOH, MOH), and desorption behavior of the products from the catalyst crucial factors 

for the overall performance.[14, 16-17] 
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3.2.3 Measurement setup 

The primary measurement setup to obtain crucial performance parameters is described in this 

section. The parameters themselves will be described in more detail in the following chapter. 

Information about the catalyst system can be obtained by measuring the current passing through 

the electrode as a function of the applied potential over the cell. The typical testing cell consists 

of three electrodes, thus being called the three-electrode setup. A current is passed through the 

working electrode (WE) and counter electrode (CE). Changes in the working electrode's 

potential are measured against a reference electrode (RE) in a secondary circuit. Latter carries 

practically no current and thus provides a steady reference potential irrespective of the current 

load on the WE and CE. This constant reference potential is essential as the potential of the CE 

may change substantially. Due to possible alterations in CE potential, a two-electrode setup is 

considered unsuitable to perform such half-cell testing with sufficiently high data reliability. A 

typical choice for such RE is the reversible hydrogen electrode (RHE) or an Ag | AgCl | KCl 

electrode.[27] 

Uncontrollable or severely limited mass transport can compromise accuracy and lead to non-

reproducible results. Therefore, the previously described system is usually combined with a 

rotating disc electrode (RDE) as the WE (Fig. 5). Through rotating the electrode in solution, 

rather than agitating the solution by stirring or gas bubbling, efficient transport of educts to the 

electrode and detachment of products from the electrode can be achieved.[16, 27] The RDE is 

composed of a cylindrical metal rod that is embedded in an insulating cylindrical plastic holder. 

The outer holder usually consists of Teflon or polyether ether ketone (PEEK) due to their high 

chemical inertness and insulating properties. The bottom end of the electrode is attached to the 

respective electrode material, exposed to the solution, and polished flush with the surrounding 

holder. The typical electrode material for electrocatalytic investigations for the OER is glassy 

carbon (GC). 

Therefore, the RDE setup with a GC electrode fulfills multiple important characteristics for 

benchmarking OER catalysts. The most important feature is the provision of a so-called 

uniformly accessible surface. It implies that the rate of mass transport to the surface is uniform 

despite the different rotational velocities depending on the distance from the center of rotation. 

Another fundamental property is that the flow of the solution to the surface has a laminar 

character up to high rotation rates, thereby underlining the possibility of obtaining highly 

reproducible results from RDE measurements.The electrode area typically must be minimal to 

reach such high stability.[27-28] 
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Figure 5: Typical three-electrode RDE setup for OER measurements. It consists of a working electrode 
(WE), a counter electrode (CE), and a reference electrode (RE). Charge flow proceeds between the WE 

and CE, while the potential difference is measured between the WE and RE. The WE is rotated to 

facilitate more effective mass transport. It has a glassy carbon bottom to apply the catalyst material. 

The use of GC as the electrode material is widespread because it is highly (electro)chemically 

resistant at both oxidizing and reducing potentials. It features a low electric resistance and low 

intrinsic activity in the facilitation of the OER, thus rendering it an ideal material for the 

application as a current collector in benchmarking OER catalysts employing an RDE.[16, 27] 

In a 3-electrode setup without an RDE, other current-collectors can also be employed, e.g., 

carbon cloth,[29] carbon paper,[30] nickel foam,[31] iron foam,[32] Cu foam,[33] indium tin oxide 

(ITO),[34] and gold.[35] Care has to be taken as the choice of substrate can significantly influence 

the observed activity of the respective catalysts.[36] Some can even make a notable contribution 

to the measured currents either through synergistic effects or dissolution and, thus, unintentional 

doping.[37] 

A typical catalyst benchmark measurement includes the (repeated) linear variation of the 

potential to probe the onset of the electrochemical reaction in a 1 M KOH solution. If a single 

potential sweep is performed, the method is called linear sweep voltammetry (LSV), while 

multiple, continuous sweeps are termed cyclic voltammetry (CV). Other standard measurement 

techniques include the application of a constant current (chronopotentiometry, CP) or a constant 

potential (chronoamperometry, CA) to assess any changes in current or potential during 

prolonged operation.   
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3.3 Critical factors in catalyst development and design 

Electrocatalysts facilitate electrochemical reactions such as the previously described 

electrochemical water splitting. In this process, they can either aid the reaction at the surface of 

an electrode or act as an electrode itself. The mechanism of action can be manifold such as 

promoting the reactant adsorption, assisting the electron transfer between the electrode and the 

reactant, and allowing efficient desorption of reaction products.[38] 

Benchmarking corresponding catalyst materials includes kinetic performance parameters, such 

as the overpotential (η), Tafel slope, or behavior under long-term operation, which will be 

covered in this section.[39] To assess the overall versatility and scalability, economic and 

ecological aspects should also be considered as well due to the difficulty of transferring catalyst 

testing performed on the lab scale to standards demanded by industrial electrolysis applications. 

Overpotential 

The overpotential (η) is one of the most widely used indicators to evaluate an electrocatalyst's 

performance.[40] Ideally, for an electrochemical reaction, the required potential to facilitate the 

reaction should equal the potential of the reaction at equilibrium. Nevertheless, this idealized 

view breaks down once additional resistances of the wiring and kinetic hindrances due to multi-

electron transfer reactions, bubble overpotential (i.e., impeded desorption of products from the 

electrode/catalyst surface), and ionic transfer resistances are considered. In practice, the applied 

potential is much higher than the equilibrium potential (Eo = 1.23 V), primarily due to the 

kinetic barriers of the reaction.[14] 

The overpotential quantifies the collective contribution of such. It defines the difference in 

potential between the half-cells thermodynamically determined potential Eo and the 

experimental observation of the redox event E (Eq. 6).[41] 

 η  = E - Eo (Eq. 6) 

Thus, it quantifies at which relative potential a specific electrocatalytic activity can be observed 

for a target reaction. This definition raises the necessity to state how great this activity should 

be relative to the catalyst mass or the area covered by the catalyst. Therefore, an area-

normalized current (i.e., current density) is typically used to quantify the rate of the reaction. 

The overpotential is then reported at a value of 10 mA cm-2. 

In practice, both the OER and the HER feature an overpotential ηa and ηc, respectively. For 

previously discussed reasons (chapter 3.2.2), the contribution of the HER is often negligible 

compared to the one of the OER. The practical, complete overpotential of an electrolyzer 
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resembles the joint contribution of both ηa and ηc (Fig. 6), while for investigative purposes, the 

two contributions can be investigated separately in the discussed three-electrode setup. 

 

Figure 6: Depiction of the anodic and cathodic processes during the electrochemical water splitting. 

The hydrogen evolution reaction (HER, —) runs at the anode, while the oxygen evolution reaction 

(OER, —) is facilitated at the cathode. The corresponding reverse processes are the hydrogen oxidation 

reaction (HOR, ----) and the oxygen reduction reaction (ORR, ----). The potential E is greater than the 
electrochemical standard potential Eo and is required to drive the reaction. This higher potential is 

necessary due to the overpotentials of the HER (ηc) and OER (ηa). These are recorded at an electrode 

current of 10 mA cm-2 and represent an irreversible loss. 

Tafel slope 

For practical applications, operating the electrolyzer at high current densities is necessary. 

Faraday's law of electrolysis describes that the molar quantity of reaction products is directly 

proportional to the amount of total electric charge passed through the electrode during the 

reaction. Electric current resembles the number of charges passing in a specific time; therefore, 

it should be high to facilitate a fast turnover.[18] Since higher currents are subject to greater 

overpotentials, it is desirable to have catalysts that only feature a shallow increase in 

overpotential when increasing the current density. This property is described by the Butler-

Volmer equation, which can be simplified into the more elementary form of the Tafel equation 

(Eq. 7).[17-18]  

 ii ≈ i0 exp (
αnFη

RT
) (Eq. 7) 

The parameters i and i0 represent the current and the exchange current, respectively. The 

parameter α expresses the anodic transfer coefficient, and n is the number of transferred charges. 

The temperature is designated by T, R is the universal gas constant, and F is the Faraday 

constant. Logarithmic translation of the Tafel equation yields a simple form in which 

voltammetry data can be plotted (Eq. 8).[17-18] 
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  η = 𝑏 ⋅ log (
i

i0
)            with         b =

∂η

∂ log(i)
=

2.303RT

αF
 (Eq. 8) 

The Tafel slope b indicates how fast the overpotential increases with the current i. It is typically 

given in mV/dec expressing the build-up of overpotential when the current is stepped up by one 

decade. Consequently, a smaller Tafel slope represents better electrocatalytic properties due to 

fewer irreversible losses.  

Long-term stability analysis 

Besides the initial activity of an electrocatalyst, the versatility of a catalyst material also 

expresses itself by its performance under permanent load. To assess this property, it is required 

to perform long-term stability measurements. This investigation can be performed in either two 

modes – while applying a constant current (chronopotentiometry), where the change in potential 

is observed, or under a constant potential (chronoamperometry), where the alteration of the 

current is measured. The decisive difference compared to linear sweep voltammetry (LSV) and 

cyclic voltammetry (CV) analysis is that the material is subjected to a constant current/potential 

over a prolonged time ranging from hours or sometimes even days.[21b] This aids in assessing 

the presence and severity of aging under operation and is one key parameter to rate the 

versatility of catalysts for industrial use. 

Post-mortem analysis 

A secondary sphere to derive information about the employed catalysts involves a structural 

assessment after the catalytic experiments. Post-mortem analysis is a versatile step in the 

development process that comprises several techniques. Firstly, the catalyst itself can be 

investigated for structural changes.[42] These can be induced by intrinsic restructuring to a more 

stable phase under the given conditions,[43] through the incorporation of ions from the 

electrolysis solution,[44] or through a loss of material during operation.[45] These alterations often 

lead to a change in morphology and potentially a loss of active sites.[46] However, in other cases, 

an initial restructuring can also lead to the in-situ formation of a more stable and active 

catalyst.[47] Thus, a detailed analysis is necessary to identify the active catalyst phase. These 

investigations are typically performed using bulk techniques (e.g., powder X-ray diffraction; 

PXRD), surface techniques (e.g., X-ray photoelectron spectroscopy; XPS), and methods to 

determine changes in morphology (e.g., scanning electron microscopy; SEM), or by 

determining material loss to the electrolyte (inductively coupled plasma atomic emission 

spectroscopy; ICP-AES).[21b, 48] 
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Economic and ecologic aspects 

Like many lab-scale experiments, they are not routinely scalable for commercialization. As the 

eventual goal for catalyst development is an industrial application, research must also be 

designed to meet these demands and requirements.  

Experiments are almost exclusively performed on the previously introduced RDE 

(chapter 3.2.3). It aids in alleviating several limitations during the measurement but does not 

resemble a scalable setup. At low current densities like 10 mA cm-2, effects of catalyst 

degradation, educt transport limitations, and gas evolution are kept to a minimum. Still, this 

current density is relatively low considering that commercial alkaline electrolyzers typically 

operate at 100-400 mA cm-2 and sometimes even up to 2 A cm-2.[49] Although the turnover 

increases when choosing higher current densities, efficiencies drop. The operating conditions 

of the electrolyte significantly differ from the lab scale. While small-scale experiments employ 

a 1 M KOH solution, commercial electrolyzers utilize a 6.5 M-7.8 M (25-30 wt-%) KOH 

solution at temperatures typically between 5°C and 100°C and pressures ranging from 25-

40 bar.[49a] 

The development of catalyst systems cannot merely focus on performance but should also 

consider other industry-relevant requirements. The electrodes should be producible on a large 

scale with high uniformity, at an affordable cost, and eventually, allow for long-term operation 

to avoid the frequent exchange of the electrode. Particularly the anodic side exposes the catalyst 

to a highly corrosive environment, which often compromises the stability leading to irreversible 

phase changes or dissolution, thus hampering the catalytic activity.[14, 50] Therefore, it is 

desirable to resort to non-toxic, abundant, and recyclable materials that can either be reused or 

where catalytic capabilities can be restored. Catalysts featuring a complex preparation route or 

catalysts relying on expensive educts are unsuitable for commercial applications.[14, 50] 
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3.4 Materials for OER 

To mitigate the high overpotentials of the OER and thus increase the efficiency when 

considering the energetic perspective of employing the technology as an energy storage 

technology, various catalyst material classes have been extensively investigated. Studies focus 

on how to improve electrode kinetics and stability in different environments.[38, 51] 

One class exhibiting excellent OER activity in acidic and alkaline media are so-called noble 

metal-based catalysts (NMBCs). For instance, rutile-type RuO2 and IrO2 exhibit high activity 

in the OER catalysis but suffer from intrinsic drawbacks that hamper their applicability. Both 

are highly unstable under elevated anodic potentials due to the extremely oxidizing 

environment. RuO2 undergoes oxidation to RuO4, which ultimately dissolves into the 

electrolyte solution.[17] This loss of catalyst inevitably results in a loss of activity. Although 

more stable at high anodic potentials in both acidic and alkaline electrolytes, the use of IrO2 

entails a similar issue where the catalyst undergoes oxidation to IrO3 before also being subject 

to dissolution. They are also composed of noble metals, making such materials impractical and 

undesirable for large-scale applications in industrial processes.[17] 

To deal with these intrinsic drawbacks of the presented NMBCs, the search for viable, low-cost 

transition metal-based catalysts has raised increasing attention to be used under alkaline 

conditions. They have proven to exhibit both satisfactory intrinsic activity and stability for the 

OER.[52] As this thesis covers the alkaline OER, only the relevant materials for this medium 

will be discussed in the scope of this chapter. Popular investigated electrocatalysts include Co-, 

Ni-, Fe- and Mn-containing materials demonstrating the possibility of replacing NMBCs. These 

include Ruddles-popper oxides,[53] rock salt oxides,[54] rutiles,[55] high-entropy alloys,[56] 

perovskites,[57] metal oxides,[58] spinels,[59] layered double hydroxides (LDHs),[60] and 

hydroxides.[61] Most notably, LDHs have shown outstanding OER performances, 

straightforward synthesis routes, and a wide range of further improvements.[62] 

Due to their unique structural and compositional features to facilitate the OER, this chapter will 

introduce brucite-like layered materials in more detail. Here, a particular focus will lay on LDHs 

and hydroxynitrate salts to cover various aspects regarding their compositional possibilities, 

structural constitution, and electrocatalytic capabilities. 
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3.4.1 Layered Double Hydroxides (LDHs)  

3.4.1.1 Structure 

In general, the compositions of LDHs can be described by the generic formula 

M2+
1-xM

3+
x(OH)2(A

n-)x/n ∙ z H2O. The crystal structure is composed of edge-sharing octahedral 

sheets with divalent (M2+; e.g., Ca2+, Ni2+, Mn2+, Co2+, Fe2+) and trivalent metal cations (M3+; 

e.g., Al3+, Cr3+, Mn3+, Fe3+, Ga3+, Co3+, Ni3+) with similar ionic radii and hydroxide ligands 

extending into the interlayer space.[23a, 62f, 63] Structurally, they resemble brucite-like (Mg(OH)2) 

layers, whereas the isomorphic substitution of M2+ with M3+ generates an excess charge. Anions 

in the interlayer space compensate for this additional charge (An-; e.g., NO3
-, SO4

2-, CO3
2-, 

Cl-).[23a, 63a, 63b] The ratio (x = 0.17-0.33) of M2+/M3+ can be varied within certain boundaries,[64] 

but a ratio of 2:1 (x = 0.33) is generally assumed to be the most favorable composition.[65] The 

individual layers are held together by electrostatic interactions and hydrogen bonds between 

the brucite-like layers and the interlayer anions, forming the three-dimensional structure 

(Fig. 7).[66] 

 

Figure 7: (a) Schematic visualization of the layered structure of a bimetallic carbonate LDH of the 
fougèrite group. Interlayer anions and water separate the layers. (b,c) The layers are composed of M2+ 

(green) and M3+ (yellow) being octahedrally coordinated by hydroxide ligands. The figure is based on 

the reported crystal structure of Dionigi et al. for a NiFe-CO3 LDH.[67] 

Various synthetic methods have been applied to obtain LDHs, with the most widely known 

being coprecipitation. Conditions can vary significantly from precipitation at low or high 

supersaturation, with separate nucleation and aging steps, or via an urea hydrolysis route.[68] 

The ion exchange method[69] is chosen when the primary metal ions react with the desired 



Introduction 

- 21 - 

interlayer anion or when they are unstable in an alkaline solution. Other methods include the 

rehydration of mixed-metal oxides, hydrothermal synthesis, electrodeposition, sol-gel 

approaches, or more specialized strategies.[68] 

However, most LDHs can be obtained by relying on a one-step precipitation synthesis where 

the divalent metal-ion might undergo further oxidation by atmospheric or dissolved oxygen 

when susceptible to oxidation.[63c] While versatile for some LDHs, this oxidation can be a 

considerable obstacle when, for instance, obtaining pure iron LDHs without any side phases.[70] 

This issue will be further discussed in section 3.4.1.3. 

3.4.1.2 Application in OER catalysis 

The first metal hydroxide identified to exhibit catalytic capabilities with respect to the OER 

was α-Ni(OH)2.
[71] Further investigations revealed that doping with other suitable metal cations 

further improves the electrocatalytic OER activity.[44, 72] Since then, also transition metal-based 

LDHs[73] (e.g., containing Mn, Fe, Co, and Ni) and their topotactic derivatives[74] (e.g., 

oxyhydroxides) have been further investigated. Their excellent OER capabilities originate from 

their highly controllable structure[75], intensive host-guest interactions[76], and highly dispersed 

single-atomic sites.[62f, 77] The performance of such bimetallic, transition metal-based LDHs as 

OER catalysts can be evaluated by comparing their respective overpotential and Tafel slope 

(Fig. 8).[70, 78] 

 

Figure 8: Tafel slope and overpotential of representative studies for a given transition metal 

combination in LDHs.[70, 78] The IrO2 benchmark (blue) performance is shown as a reference. The best-

performing catalysts are located on the bottom left of the plot, while the ones with inferior performance 

are on the top right. 
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The choice of transition metals for LDHs is mainly focused on those with high redox activity. 

Therefore, combinations of Fe2+/3+, Ni2+/3+, and Co2+/3+ metal cations are extensively 

researched.[62f, 63c, 63d] Among those, NiFe-LDHs excel with high activity and stability and are 

qualified for use as a cost-effective material for large-scale utilization. Despite the impressive 

catalytical capabilities, the active site of the material was subject to controversial discussion.[62f] 

The earliest studies suggested that the Ni atoms are the origin of the high OER activity, while 

Fe was acknowledged to increase the acidity of OHx moieties coordinating with the Ni centers. 

Thereby, the reduction potential for the Ni3+/4+ couple can be lowered, increasing the population 

of Ni4+ and thus aiding the OER activity.[79] Later results indicate that surface Fe exhibited 

lower overpotentials leading to the conclusion that these should be the active centers.[80] 

However, oxyhydroxides with more than 55 at-% of Fe have failed to show any attractive OER 

activity.[62a] In fact, density functional theory (DFT) investigations indicated that the OER 

overpotential of a single Fe site is considerably higher than experimental data suggests.[62a, 62f] 

In-operando Mössbauer spectroscopy studies indicated that the formation of localized Fe4+ is 

the reason for the observed performance, while surrounding Ni-ions exhibit a stabilizing 

effect.[81] Thus the synergistic interaction between Fe and Ni in NiFe-LDHs is the reason for 

the excellent OER performance.[23a] 

Other possibilities for further optimization have been explored, including nanostructuring, 

vacancy creation, partial cation substitution, hybridization with conductive material, and anion 

replacement.[63c]  

Nanostructuring aims to increase the number of active sites, facilitate a more efficient 

electrolyte diffusion, adsorption of educts, and desorption of products.[14, 82] This can, for 

example, be achieved by exfoliation and utilization of LDH nanosheets as the respective OER 

catalysts.[78a] It is important to note that the higher number of active sites does not only originate 

from a higher surface area. It is consensual knowledge that the edge sites dominate the OER 

performance in bulk, and there are only minor contributions from defect sites in the basal 

plane.[83] However, the exfoliation process introduces additional defects that contribute to OER 

performance. Concomitantly, different etching techniques can also be used to purposefully 

create vacancies and provide additional active sites in the same manner.[60b, 63c, 84]  

Another approach resembles the transition from bimetallic to trimetallic LDHs, which aims to 

increase the number of OER active sites in the catalyst material.[85] Due to the intrinsically low 

conductivity of LDHs, increasing the number of active sites alone is insufficient to boost the 

performance significantly. Therefore, strategies aim to composite them with conductive 
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material, grow LDH on them, or create heterostructures.[63d, 86] Anion replacement impacts the 

widening of the interlayer space, potentially increasing the number of accessible active sites 

and improving OER performance by modifying the electronic surface structure of the 

catalyst.[63a, 87] 

Despite the apparent focus on performance aspects, it is essential to reconsider the economic 

and ecological aspects discussed previously. From this viewpoint, the use of Ni and Co should 

be considered carefully due to competing interests in the material with the manufacturing 

industry of Li-ion batteries. Especially the use of Co, which is toxic and bears geopolitical risks, 

has to be seen critically as more than half of the worldwide Co is produced in the Democratic 

Republic of Congo under hazardous and socioeconomically questionable working 

conditions.[88] These circumstances have created a research interest in the exclusive use of 

inexpensive and abundant iron in OER catalysis.[89] One example is the all-iron oxyhydroxide 

mössbauerite derived from an LDH, which will be further introduced in the next section. 
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3.4.1.3 All-iron OER catalyst: Mössbauerite 

Besides high-performance catalysts from the LDH family, its compositional richness also 

allows access to a cost-efficient and green catalyst material based only on inexpensive and 

abundant iron. Usually, Fe-based alkaline OER catalysts are mainly subject to high 

overpotentials or dissolution.[90] The unique structural advantages of LDHs allow the synthesis 

of the mixed-valence mineral green rust (GR) with an idealized formula of 

Fe4
2+Fe2

3+(OH)12CO3 ∙ 3 H2O. Unfortunately, structural Fe2+ species are prone to oxidation at 

ambient oxygen fugacity. Thus, aerial or dissolved oxygen triggers the oxidation from Fe2+ to 

Fe3+. This reaction induces the transformation into various ferric oxyhydroxides like goethite, 

feroxyhyte, and lepidocrocite.[70] If the oxidation is performed through a quick and defined 

chemical process using H2O2, the oxidation has been shown to yield the ferric oxyhydroxide 

and OER catalyst mössbauerite (GR*) Fe6
3+(O)4(OH)8CO3 ∙ 3 H2O. The oxidation reaction 

proceeds topotactically, and deprotonation provides the required charge compensation.[29b] The 

carbonate ions, which are situated in the interlayer space, stabilize the structure.[70] With an 

overpotential of 400 mV at 10 mA cm-2, the catalyst is not competitive with high-performing 

mixed-metal transition-metal LDHs (Fig. 8), but efficiently boosts the low activity of iron-only 

catalysts through incorporation in this particularly beneficial layered structure.[70] Mössbauerite 

exhibits additional structural peculiarities worth investigating concerning the structure-property 

relationship. 

A detailed characterization of the mössbauerite structure is indispensable to understand why – 

despite the topotactic nature of the transformation – the diffraction pattern of GR* features less 

and significantly broadened reflections compared to GR.[70] As typical for layered materials, 

massive defects hamper the understanding of the real structure and, thus, the structure-property 

relationship of brucite-type compounds in general. DFT calculations have shown that upon 

oxidation of the mixed-valent precursor GR to GR*, bonding of the interlayer anions to the 

octahedrally coordinated Fe3+ species is triggered.[91] This phenomenon, termed "grafting", has 

been described for several anionic species such as carbonates[92], phosphates[93], molybdates[94], 

and chromates[95] in various systems. The process proceeds exothermically for the oxidation of 

GR to GR*, thus resembling the driving force of this spontaneous bonding to the layers.[91] 

Investigations conclude that in mössbauerite, both carbonate species, grafted to the layer and 

free in the interlayer space, are present. The arrangement of these, however, is not systematic 

and expresses itself in a random interstratification of layers with various grafting degrees. Thus, 

the material can only be described in a model composed of random interstratification and 

turbostratic planar disorder.[91]  
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3.4.2 Nitrate double salts 

3.4.2.1 Structure 

Hydroxy double salts (HDS) are closely related to LDHs. Synonymous terms include basic salts 

and layered hydroxide salts.[96] Their composition can be expressed as 

[(M2+
1-x, M

2+
1+x)(OH)3(1-y)]A

n-
(1+3y)/n ∙ z H2O.[96b] They are composed of divalent metal ions 

(M2+) octahedrally surrounded by hydroxide ions, resembling a structural derivative of the 

brucite structure (Fig. 9).[96c] The denoted M2+ ions can either be the same or different ionic 

species. In this case, however, only a difference of 0.05 Å in ionic radii r is tolerated, which 

resembles a lower tolerance than that for LDHs.[97] The most common mono-ionic HDSs 

include compounds based on Zn2+ (r = 0.74 Å), Ni2+ (r = 0.69 Å), Co2+ (r = 0.72 Å), and Cu2+ 

(r = 0.72 Å). The respective bimetallic materials also exist as long as the previously stated rule 

of ionic radii difference is satisfied.[97] The interlayer anion can either be monovalent, such as 

Cl-, NO3
- or CH3COO-, or divalent, such as SO4

2-, or CO3
2-.[96b, 98] Notably, this interlayer anion 

is bound directly to the metal ion, thus defining the structural identity. This grafting 

phenomenon was also found for some LDHs described in the previous chapter.[91-92] HDSs form 

layered structures, with either a planar layer arrangement or layers with vacancies where the 

metal ion is relocated in a tetrahedral position, thus expressing the relation to LDHs and the 

parent brucite. [96c, 97, 99] The latter vacancy-type arrangement is often found for Zn or Zn-rich 

compounds and is an exception as it does not exhibit this grafting characteristic.[100]  

 
Figure 9: (a) Schematic visualization of one possible layered structure of a nitrate HDS. The layers are 

separated by interlayer anions, which are grafted to one layer. (b,c) The layers are composed of M2+ 
(green) octahedrally coordinated by hydroxide and nitrate ions (blue). The graphic is based on the 

reported crystal structure of Bovio et al. for Cu2(OH)3NO3 (gerhardite).[101] 
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The structural richness, particularly for Co, Ni, and Cu HDS is well investigated, and various 

synthetic methods have been presented in the literature.[102] The most versatile route is simple 

alkaline precipitation by adding a base to a metal-salt solution containing the desired metal and 

anion.[103] Other synthesis methods include the reaction of a soluble metal salt with an insoluble 

oxide,[104] electrosynthesis,[105] mechanochemical synthesis,[106] hydrothermal synthesis[107], or 

via urea hydrolysis[103b, 108]. The latter method works by inducing the precipitation through a 

constant release of NH3 and the subsequent slow pH increase. 

3.4.2.2 Application in OER catalysis 

Unlike transition metal-based hydroxides, oxyhydroxides, and LDHs, HDS have received less 

attention as OER catalysts. Reports include Co-hydroxycarbonate on carbon paper (η = 240 mV 

at 10 mA cm-2)[109] or Ni-foam (η = 332 mV at 10 mA cm-2)[110], CoZn-hydroxysulfate 

(η = 370 mV at 10 mA cm-2) [111], and CoMn-hydroxycarbonate on Ni-foam (η = 294 mV at 

30 mA cm-2).[112] Among all investigated catalysts, Ni-hydroxynitrate on Ni-foam exhibited the 

lowest overpotential (η = 231 mV at 50 mA cm-2) reported for hydroxy double salts.[113] 

Analogous to the strategies elaborated for LDHs, the improvement of the HDS usually aims to 

utilize the compositional flexibility and move from mono-metallic catalysts to compounds 

employing two different transition metals. This incorporation can happen either through small-

scale doping or by replacing a significant amount of the divalent cation with another.[114] Other 

approaches aim to deposit them on a conductive or high-surface-area substrate to boost 

electrical conductivity and the accessible surface area.[114b, 115] 

While care should be taken when investigations are performed on substrates other than a GC to 

avoid additional contributions (chapter 3.2.3), the material class has been proven to be a 

versatile candidate for further development. However, the origin of the electrocatalytic activity 

regarding the structure-properties relationship, similarities, and differences to other brucite-type 

catalysts has been mostly disregarded.  
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3.5 Scope of this Thesis 

The motivation for this work was to gain a deeper understanding of the OER electrocatalyst 

structure-performance relationship to develop efficient energy storage technologies based on 

green hydrogen. Employing innovative strategies, current research aims to develop efficient, 

environmentally friendly, and scalable methods to store the energy harvested from renewable 

resources. Here, different 2D electrocatalyst systems were further investigated. Particular 

attention was paid to structural details resulting from the interaction between the interlayer 

anion and the layer through grafting. This effect has not been systematically studied with 

respect to its impact on the electrocatalytic capabilities of the given materials. The major 

incentive of the performed studies was to elucidate how catalysts can be tailored not only with 

a focus on efficiency but also towards sustainability and applicability. 

A stepwise approach ensures the correct understanding of what these alterations look like and 

which consequences they imply for the structure and performance. For this purpose, the 

presented investigations dealt with three key questions, further outlined in chapter 4. 

Grafting represents a versatile parameter to tailor electrocatalysts' capabilities. The chemical 

bonding of interlayer anions not only results in structural alterations but also influences the 

electronic structure, which is similarly responsible for the activity of the OER catalyst. While 

it is known that grafting is triggered in mössbauerite,[70] the influence of iron incorporation in 

other LDHs has only been investigated from a purely electrocatalytic point of view. Therefore, 

connecting the LDH composition with the observation of grafting and the catalytical properties 

is necessary to conclude on the structure-property relationship.  

➢ What are the structural and electrochemical effects of Fe incorporation and, thus, the 

Co/Fe ratio in CoFe-LDHs? 

Despite the structural similarities of brucite-type materials, they all feature vastly different 

electrocatalytic properties. A decisive difference between such layered hydroxides, layered 

double hydroxides (LDH), and hydroxy double salts (HDS) is the interlayer anion's presence 

and binding mode. To derive conclusions on the effect of interlayer anion grafting, it is thus 

crucial to investigate different members of this material family and compare them regarding 

their structural peculiarities and properties. 

➢ How does the interlayer anion binding state influence the OER activity in different 

brucite-type materials? 
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To further improve the capabilities of a catalyst, the previously gained knowledge about the 

beneficiary of grafting can be combined to control the extent of grafting within the same 

material class. Particularly for a material very prone to grafting, i.e., mössbauerite, it is crucial 

to control the grafting behavior of interlayer anions by influencing the driving force for this 

reaction. 

➢ Can modulation of the synthetic procedure influence the presence of grafted and 

ungrafted interlayer anion species in mössbauerite? How does it impact the structure 

and the electrocatalytic capabilities of the material? 
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4 Synopsis 

The presented cumulative thesis consists of three publications (Fig. 10). These pick up the key 

questions stated in chapter 3.5. The first focuses on the effect of Fe-content in CoFe-LDHs from 

a structural and electrocatalytic point of view. The second work deals with the effect of 

interlayer anion grafting and its influence on the observed catalytical performance of the 

material. In the third publication, the previous knowledge is applied to obtain the iron-only 

electrocatalyst mössbauerite with different degrees of grafting via an electrochemical route. 

 

Figure 10: Graphic synopsis of all presented publications of this cumulative thesis. 
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In chapter 4.1, the successful synthesis of a variety of compositions of CoFe-LDHs is described 

ranging from Fe-poor (33.3 at-%) to Fe-rich (83.3 at-%) samples. In terms of structure, the 

publication finds that the oxidation of mixed-valence Fe-LDHs triggers partial grafting of 

interlayer carbonate to the brucite layers. The study indicates that a minimum of 20% of Co is 

required in these structures to obtain high current densities up to 200 mA cm-2 at potentials 

below 1.7 V. Based on these experimental findings, underlined by preceding theoretical 

investigations,[91] it is apparent that grafting can play a crucial role in OER catalysis. 

The study performed in chapter 4.2 provides a more in-depth analysis of this effect in the scope 

of a systematic study of brucite-type layered compounds. For this purpose, both Co- and Ni-

based materials from this class are investigated. The work includes the corresponding metal 

hydroxides M(OH)2 without an interlayer anion, LDHs with free interlayer anions, and 

hydroxynitrates with fully grafted interlayer anions. The investigations confirm that Ni- and 

Co-hydroxynitrates display notably earlier formations of the electrocatalytically active species, 

and particularly Co-hydroxynitrates exhibit lower overpotentials (0.34 V at 10 mA cm-2 and 

0.40 V at 100 mA cm-2) than their other brucite-type relatives. 

Chapter 4.3 presents a scalable, cheap, and time-efficient route to prepare the all-iron OER 

catalyst mössbauerite on steel. The preparation is based on an electrochemical corrosion process 

to obtain the mixed Fe2+/Fe3+ precursor green rust. The subsequently used oxidation method to 

obtain the ferric mössbauerite determines the degree of interlayer anion grafting. Apparent 

differences in interlayer spacing and the change of observable stacking disorder indicate that 

grafting can be reduced using an electrochemical oxidation route. The direct deposition of the 

OER catalyst onto a steel plate, which acts as an iron source and the current collector, allows it 

to outperform the bare steel substrate. The obtained material can reach 100 mA cm-2 at 

potentials of 1.82 V and 1.84 V, depending on the degree of grafting. 
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4.1 Structural and electrochemical effects of Fe incorporation in LDHs 

As discussed in chapter 3.4.1, the class of LDHs exhibits high flexibility toward substitution 

patterns and enables the partial replacement of metal ions. These properties allow for the 

systematic variation of their composition and their respective oxidation products, the 

oxyhydroxides. For the mixed-valent all-iron LDH green rust, previous studies indicated that 

oxidation triggers partial grafting of interlayer carbonate to the brucite-like layers.[91] The iron 

in the layers favors the occurrence of this grafting process, inducing major stacking disorder 

observed through non-systematic peak broadening and an irrational 00l-series. Therefore, it is 

sensible to assume that partial grafting will also be triggered above certain iron contents in 

mixed-metal LDHs known for their versatile OER catalytical capabilities. 

To investigate the structural changes and the variation in OER activity, different Co/Fe ratios 

were screened in carbonate LDHs. In terms of composition, the thermodynamically most stable 

LDH composition of M2+:M3+ = 2:1 was chosen, where a dense packing of flat-laying carbonate 

anions in the interlayer was achieved.[65] To strictly stick with this composition even at different 

Co/Fe ratios, both divalent and trivalent Fe-species were used, resulting in LDHs having the 

general composition of [M2+
6-xM

3+
x(OH)12](CO3

2-)x/2 ∙ n H2O with M2+ = Fe2+, Co2+ and 

M3+ = Fe3+. To eliminate the influence of uncontrolled aerial oxidation of ferrous Fe in the 

obtained products, they were subjected to fast oxidation using H2O2, which allowed the 

conversion of the material to contain only ferric Fe species. By employing this strategy, it was 

possible to obtain LDH-type catalysts ranging from an iron content of 33.3 at-% to 83.3 at-% 

on the transition-metal position. 

The successful synthesis of the obtained CO3
2--LDH products with the desired structure, 

morphology, and composition was proven by X-ray diffraction (XRD), Fourier-transformed 

infrared spectroscopy (FT-IR), scanning electron microscopy (SEM), and atomic absorption 

spectroscopy (AAS).  

The XRD investigations allowed the observation of significant peak broadening when the Fe-

content exceeds 75 at-%. This value is lower than in reference studies which can most likely be 

attributed to the strict adherence to the composition of divalent and trivalent cations of the 

highest stability.[116] Through variation of the Co/Fe ratio, a shift of the 003 reflections could 

be observed, accompanied by variations in rationality and peak width. In line with previous 

reports, these findings could be attributed to the fact that oxidation of the mixed-valent LDH 

triggered partial grafting of carbonate of the brucite layers.[91] Models have indicated a lower 

d-spacing for LDHs with fully grafted compared to ungrafted interlayer anions.[91] Therefore, 
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the observed shifts were attributed to an interstratified real structure composed of random 

interstratifications of varying amounts of grafted and non-grafted layers, explaining both 

irrationality of the 00l-series and variation in peak width. The simultaneously occurring planar 

defects in the stacking of adjacent layers are clearly influenced by the composition. Fe-poor 

samples featured intense and symmetrical reflections, while Fe-rich samples featured less 

intense, lambda-shaped reflections indicating turbostratic stacking, i.e., no defined phase 

relationship between the stacking layers. 

To further prove the origin of these structural alterations by relating them to grafting, FT-IR 

spectroscopy measurements were employed to assess the binding mode of interlayer anions. 

For Fe-rich samples, the presence of grafted carbonate anions was evidenced through an 

energetic splitting of the ν3 band, indicating a symmetry lowering from D3h to C2v. This splitting 

further proved that the previous PXRD observations indeed originated from carbonate grafting. 

Despite the structural alterations, based on the choice of Co/Fe-ratio, it also had a notable 

impact on the OER electrocatalysis. It was found that a minimum of 20 at-% Co is necessary to 

achieve high current densities in the order of 200 mA cm-2 at potentials lower than 1.7 V vs. 

RHE. The highest electrocatalytic OER activities were determined for the CoFe layered 

(oxy)hydroxide material with a Fe-content of 50 at-% and 66 at-%. Thereby, synergistic effects 

could be exploited in LDHs composed of these two transition metals. However, it was 

underlined that the gradual replacement of Co with Fe also bears structural alterations based on 

a higher tendency of interlayer carbonate grafting to the brucite-like layers. 
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4.2 Influence of Grafting on the electrocatalytic capabilities of layered materials 

The studies presented in chapters 3.4.1.3 and 4.1 showed that the grafting of interlayer ions 

might play a vital role in the structural constitution of an OER catalyst, its activity, and its 

stability. Despite the significant relevance of brucite-type materials for OER catalysis, the effect 

of grafting anions to these brucite-type layers was never systematically investigated.  

This study aimed to provide a more profound insight into the effect of grafting concerning the 

activity of materials to be used as OER catalysts. For this purpose, Co- and Ni-based materials 

from the class of brucite-type layered compounds were investigated. These samples included 

the corresponding metal hydroxides M(OH)2 without interlayer ions (Fig. 11a), LDHs with free 

interlayer ions (Fig. 11b), and hydroxynitrates with interlayer anions bound to the layers 

(Fig. 11c). All compounds were synthesized, structurally characterized by means of X-ray 

diffraction (XRD) and Fourier-transformed infrared spectroscopy (FT-IR), and studied in terms 

of their catalytic capabilities to facilitate the OER. 

 

Figure 11: Chemical binding of interlayer ions, i.e., grafting to brucite-like layered materials, influences 

their electrocatalytic capabilities. Three Ni- and Co-compounds were assessed: (a) Brucite-type M(OH)2 

(no interlayer ions), (b) LDHs (free interlayer anions), and (c) hydroxynitrate (fully bonded interlayer 
ions). Formal substitution of OH− with NO3

− allowed for a widening of the interlayer space and a reduced 

electron density at the metal centers to induce the onset of the OER at lower potentials.[117] [Copyright 

2021 Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.] 

The metal hydroxide representatives Ni(OH)2 and Co(OH)2 expectedly featured the lowest 

interlayer distances with 4.6 and 4.7 Å. The distance is the narrowest of all investigated 

materials due to the absence of an interlayer ion. The interlayer space of LDHs and 

hydroxynitrates was thus significantly higher due to the steric demand of the corresponding 

ions. For LDHs, considerably larger interlayer distances of 7.5 and 7.6 Å was found for NiAl-

CO3 and CoAl-CO3, respectively. Compared to the other classes, hydroxynitrates featured a 

lower spacing between their layers due to the grafting of interlayer nitrate anions, which 
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allowed for a contraction of the layers. Here, 6.9 and 7.0 Å were determined for the Ni- and 

Co-hydroxynitrate, respectively. 

FT-IR investigations of the materials expectedly indicated the absence of any interlayer anion 

in the M(OH)2 samples but exhibited additional bands for the interlayer anions in both LDH 

and hydroxynitrate samples. However, the bonding mode of the interlayer anions was inherently 

different. Direct bonding to the layer compared to free interlayer anions was evidenced by the 

symmetry of the interlayer anions. For LDHs, intercalated carbonate anions exhibited D3h 

symmetry in both LDHs, while the symmetry in the hydroxynitrates was reduced to C2v through 

grafting to the layer. This was concluded based on the presence of two distinct v1 and v4 modes 

at 1300 and 1500 cm-1, respectively, with a characteristic wavenumber difference of 200 cm-1. 

The presence of these nodes indicated that one oxygen of nitrate was directly bound to the metal 

cation completing its octahedral coordination shell and provided direct experimental evidence 

for the nitrate grafting in both Ni- and Co-hydroxynitrate. 

Indeed, the bonding situation between the layers and the interlayer ions proved to influence the 

electronic structure and thus the observed OER activity. Notably, hydroxynitrates allowed the 

formation of the electrocatalytically active species at significantly lower potentials than the 

other compounds studied. Grafted nitrate anions influenced the oxidation of Ni2+, allowing its 

conversion to the active OER species, i.e., Ni3+ at more cathodic potentials.[58a] This indicated 

the highest intrinsic activity among all Ni-containing materials tested but was unfortunately 

hampered due to the lower number of active sites. Similar findings for the Co-hydroxynitrate 

confirmed this trend. Here, the oxidation peak associated with the Co2+ oxidation was found to 

be ~0.15 V and ~0.20 V lower compared to the corresponding β-Co(OH)2 and CoAl-CO3 LDH. 

In the case of Co-hydroxynitrate, current densities of 10 and 100 mA cm-2 could already be 

achieved with overpotentials of only 0.34 and 0.40 V, respectively.  

Additional galvanostatic testing confirmed the high stability of hydroxynitrates under 

continuous load and thereby underlined the potential of this compositional flexible material 

class as an electrocatalyst. These results led to the conclusion that there were two significant 

influences on the redox activity of the compounds studied. Firstly, the widening of the interlayer 

spacing for better accessibility of the catalytically active centers. More accessibility to such 

active sites resulted in increased net activity. Secondly, the electron-donor capability of the 

interlayer anion, by formally replacing the metal center's hydroxide ligand. This alteration in 

the bonding situation also significantly influenced the electronic structure and, thus, the redox 

activity of the compounds studied.  
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4.3 Grafting control – OER catalysis through a scalable Fe-corrosion process 

The results summarized in chapter 4.2 evidenced that the electrocatalytic capabilities within 

one material class can be optimized by choosing the extent of grafting. This finding and the 

pursuit of designing a scalable, sustainable, and non-toxic electrocatalyst led back to the all-

iron OER catalyst mössbauerite. For this material, a detailed study regarding the driving force 

and structural consequences of grafting was discussed previously.[91] Nevertheless, these 

synthetic routes never allowed obtaining different amounts of grafted interlayer ions for the 

same material. 

For this purpose, the study aimed to remove or minimize the driving force of grafting, i.e., the 

exothermic reaction of the mixed-valent precursor with H2O2. The developed electrodeposition 

through a scalable corrosion process of commercial steel allowed to obtain the mixed-valent 

green rust (Fe4
2+Fe2

3+(OH)12CO3·3 H2O) before the critical step of oxidation to the monovalent 

Fe3+ catalyst mössbauerite (Fe6
3+(O)4(OH)8CO3·3 H2O). The corresponding catalyst was 

successfully yielded by performing the oxidation either chemically (with H2O2) or 

electrochemically. The obtained materials were subjected to structural, morphological, and 

electrocatalytic OER tests using X-ray diffraction (XRD), Fourier-transformed infrared 

spectroscopy (FT-IR), Mössbauer spectroscopy, scanning electron microscopy (SEM), cyclic 

voltammetry (CV), and chronopotentiometry testing (CP). 

Notably, the product obtained by electrochemical oxidation featured less contraction of the 

interlayer space and a reduction of observable stacking disorder. This was evidenced by XRD 

measurements which related variations in the apparent basal spacing to a random 

interstratification of grafted and intercalated domains. The higher reflection intensity and d-

value observed for the electrochemically oxidized sample indicated significantly fewer grafted 

domains. Consequently, more intercalated (i.e., ungrafted) domains contributed to random 

interstratification, resulting in an overall higher observed basal spacing of 7.3 Å. For chemical 

oxidation, the typically featureless XRD pattern[70, 91] with broad reflections and the absence of 

the 002 reflection was observed. Here, extensive grafting of interlayer anions led to a 

contraction of the interlayer space decreasing from 7.5 Å of the parent green rust to 7.1 Å. Thus, 

it could be concluded that electrochemical oxidation induced less interlayer CO3
2- grafting due 

to a smaller driving force for grafting than chemical oxidation. 

Apparent characteristics for reduced grafting in the electrochemically oxidized sample were 

also found by performing FT-IR investigations. Similar to the analysis described in chapter 4.2, 

bonding to the brucite-like layer is accompanied by a symmetry reduction of the carbonate ion 
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from D3h to C2v, resulting in a pronounced v3 band splitting upon grafting. Therefore, it was 

possible to distinguish between grafted and intercalated carbonate anions. Comparing the 

chemically and electrochemically oxidized sample, the band splitting and, thus, the presence of 

grafted carbonate was evident in either sample. However, the relative intensity of the respective 

bands presented qualitative evidence that the ratio of grafted to ungrafted species was higher 

for the chemically oxidized sample. This finding provided further evidence to support the 

previous XRD findings that the degree of grafting could be reduced by electrochemical 

oxidation. 

SEM analysis of both samples indicated a typical morphology of platy crystals which are often 

intergrown with smaller platelets. These morphological changes to the surface of the bare steel 

plate also allowed for increasing its number of active sites by a factor of 2.4 to 2.7 for the 

chemically and electrochemically oxidized samples, respectively. This property was evidenced 

by the analysis of the electrochemically active surface area (ECSA).  

Electrocatalytic testing concluded that a current density of 100 mA cm-2 could be reached at 

potentials of 1.82 V and 1.84 V for the chemically and electrochemically oxidized samples, 

respectively. Thus, both outperformed the bare steel plate (1.88 V) when being operated in a 

1 M KOH solution. Long-term measurements also showed a slower performance degradation 

for the electrochemically oxidized sample compared to the bare steel plate. Interestingly, the 

chemically oxidized sample exhibited a faster degradation. This difference in catalysts was 

attributed to the harsh conditions during chemical oxidation which ultimately may give rise to 

the loss of electrical contact between the catalyst and the current collector. In contrast, the mild 

electrochemical oxidation allowed for the formation of percolation paths, effectively delaying 

the degradation.  In general, the increase in overpotential was an indicator of degradation and 

the loss of active sites, which was confirmed by post-mortem analysis. The bare steel plate 

exhibited discoloration after the experiment, likely due to the formation of inactive corrosion 

products that block access to active centers. The morphology of the catalyst-coated samples 

was generally preserved while they exhibited rounded corners and secondary deposits on the 

surface, likely originating from reprecipitation. 

Besides improving the electrocatalytic capabilities of the steel plate, the direct electrodeposition 

of the catalyst on a conductive substrate also enabled the first systematic study of the impact of 

grafting on the performance of mössbauerite in the OER.   
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