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Zusammenfassung 

Das Streben nach nachhaltigen und umweltfreundlichen Energiequellen hat das 

Interesse an der Nutzung von Wasserstoff als möglicher Energiespeicher und -träger 

verstärkt. Diese Dissertation untersucht verschiedene Elektrokatalysatoren für die 

Wasserstoffproduktion und Energieumwandlungsprozesse, mit dem Fokus auf die 

Identifizierung effizienter Materialien, die nicht auf teure und seltene Edelmetalle 

angewiesen sind. 

Hoch-Entropie Legierungen (HEAs) und Dünnschichtmaterialien haben 

vielversprechende Eigenschaften bei der Katalyse kritischer elektrochemischer 

Reaktionen wie der Wasserstoffentwicklungsreaktion und der 

Sauerstoffreduktionsreaktion gezeigt. Diese Forschung untersucht das katalytische 

Potential verschiedener HEA-Zusammensetzungen, einschließlich neuer 

Kombinationen wie (TiNi)-Cu-Hf-Pd-Zr und zuvor untersuchter Zusammensetzungen 

wie Co35Cr15Fe20Mo10Ni20. Hochdurchsatz-Experimentiertechniken wurden 

eingesetzt, um die Leistung dieser Materialien schnell zu sichten und zu bewerten, 

was die Identifizierung vielversprechender Katalysatoren erleichtert. 

Der Einsatz einer Rastertropfenzelle ergab neuartige HEA-Materialsysteme mit 

signifikanten katalytischen Aktivitäten. Beispielsweise wurde festgestellt, dass 

überraschende Kombinationen von Elementen, die zuvor als nicht aktiv in der Katalyse 

galten, wie Ti, Hf und Zr, einen erheblichen Einfluss auf das katalytische Verhalten 

haben. Zusätzlich identifizierte das Hochdurchsatz-Screening von über 1000 

verschiedenen HEA-Zusammensetzungen innerhalb des CoCrFeMoNi-Raums 

spezifische Zusammensetzungen mit verbesserter katalytischer Aktivität für die 

Wasserstoffbildung. 

Darüber hinaus wurde die katalytische Aktivität von Dünnschicht-Molybdändisulfid 

(MoS2) mittels elektrochemischer Rasterzellmikroskopie untersucht. Diese Technik 

ermöglichte eine detaillierte räumliche Kartierung der katalytischen Aktivität, wodurch 

signifikante Leistungsvariationen von MoS2 sichtbar wurden. Diese Variationen 

wurden auf Polymerrückstände oder Grenzschicht Phänomene zurückgeführt, die 

während des Transferprozesses entstanden, und lieferten wertvolle Einblicke in das 

Verhalten des Materials. 
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Unabhängig davon wurde der Einfluss von mechanischer Spannung auf Platin (Pt)-

Filme untersucht. Die Integration von sogenannten Stress-Chips in den 

Versuchsaufbau der elektrochemischen Rasterzellmikroskopie ermöglichte die 

Untersuchung von Pt-Dünnschichten unter angelegter mechanischer Spannung. 

Diese Dissertation unterstreicht die Bedeutung von Hochdurchsatz-Methoden bei der 

schnellen Identifizierung und Optimierung von Elektrokatalysatoren. Die 

umfangreichen Datensätze, die durch diese Methoden generiert wurden, bieten eine 

wertvolle Ressource für zukünftige Anwendungen des maschinellen Lernens, die 

darauf abzielen, neue Katalysatorzusammensetzungen vorherzusagen und zu 

entdecken. 
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Abstract 

The pursuit of sustainable and environmentally friendly energy sources has heightened 

interest in using hydrogen as a potential energy storage and carrier. This thesis 

investigates various electrocatalysts for hydrogen production and energy conversion 

processes, focusing on identifying efficient materials that do not rely on expensive and 

rare precious metals. 

High entropy alloys (HEAs) and thin-film materials have shown promising properties in 

catalyzing critical electrochemical reactions such as the hydrogen evolution reaction 

and oxygen reduction reaction. This research explores the catalytic activity of various 

HEA compositions, including new combinations such as (TiNi)-Cu-Hf-Pd-Zr and 

previously studied compositions like Co35Cr15Fe20Mo10Ni20. High-throughput 

experimental techniques were employed to rapidly screen and evaluate the 

performance of these materials, facilitating the identification of promising catalysts. 

The use of a scanning droplet cell revealed novel HEA material systems with significant 

catalytic activity. For instance, surprising combinations of elements previously 

considered non-active in catalysis, such as Ti, Hf, and Zr, were found to have a 

substantial influence on catalytic behavior. Additionally, high-throughput screening of 

over 1000 different HEA compositions within the CoCrFeMoNi space identified specific 

compositions with enhanced catalytic activity for the hydrogen evolution reaction. 

Furthermore, the catalytic activity of thin-film molybdenum disulfide (MoS2) was 

examined using scanning electrochemical cell microscopy (SECCM). This technique 

allowed for detailed spatial mapping of catalytic activity, revealing significant variations 

in the performance of MoS2. These variations were attributed to polymer residues or 

interfacial phenomena formed during the transfer process, providing valuable insights 

into the material's behavior. 

Separately, the influence of mechanical stress on platinum (Pt) films was investigated. 

The integration of stress chips into the SECCM setup enabled the study of Pt thin films 

under applied mechanical stress. 

This dissertation underscores the importance of high-throughput methodologies in the 

rapid identification and optimization of electrocatalysts. The extensive datasets 

generated through these methods provide a valuable resource for future machine 

learning applications aimed at predicting and discovering new catalyst compositions. 
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1. Introduction 

The goal of making water an inexhaustible energy source and achieving independence 

from fossil fuels like coal or oil is widely shared among environmentally conscious 

people. This objective aims to mitigate or delay climate change from excessive CO2 

emissions.1–3 The effectiveness of hydrogen production and its utilization in energy 

conversion systems plays a crucial role in the advancement of the hydrogen economy. 

Currently, the widespread methods employed for commercial hydrogen production, 

such as catalytic steam reforming, partial oxidation, and coal gasification, contribute 

substantially to global CO2 emissions. While there is potential for purely thermal 

processes utilizing nuclear or solar heat concentration to generate hydrogen, these 

methods are still in the early stages of development.4,5 

Researchers are actively working on the efficient recovery, storage, and conversion of 

hydrogen, which is considered a clean energy source when used in conjunction with 

oxygen in fuel cells. A significant challenge in this field is the reduction of reliance on 

expensive and scarce precious metals, such as platinum, for catalytic purposes in 

electrochemical hydrogen generation and conversion.6,7 Consequently, numerous 

research groups worldwide are investigating cost-effective and resource-efficient 

materials that have the potential to serve as catalysts in fuel cells or electrolyzers.8–10 

To expedite the discovery and development of new materials essential for the 

successful establishment of a sustainable hydrogen economy, it is necessary to 

embrace disruptive concepts. These innovative approaches can revolutionize the 

traditional processes and methodologies, leading to accelerated advancements in 

material research.11–15  

High-throughput experimental methodologies are invaluable for expediting the 

synthesis and testing of materials to achieve optimized performance. These methods 

facilitate the rapid generation of high-quality experimental data, making them essential 

for identifying well-suited catalyst materials used in energy conversion processes. 

Effective catalyst characterization is crucial in the development of catalytic materials 

as it aids in identifying active catalytic phases or centers and provides insights into 

reaction mechanisms.16–18 
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The research presented in this thesis focuses on the investigation of electrocatalysts 

using high throughput techniques. Specifically, material libraries containing a range of 

high entropy alloy compositions are screened using a scanning droplet cell to evaluate 

their performance in the hydrogen evolution reaction (HER) and the oxygen reduction 

reaction (ORR). Additionally, the scanning electrochemical cell microscopy (SECCM) 

technique is employed to study the catalytic HER activity of thin film molybdenum 

disulfide, synthesized through a chemical vapor deposition (CVD) process and 

transferred onto a conductive substrate. Furthermore, the SECCM setup is used to 

investigate sputtered platinum (Pt) thin films on stress chips, enabling the application 

of external stress on the catalyst layer during electrochemical measurements. 

Scientific findings described in this thesis encompasses uncovering new 

electrocatalysts using screenings, as well as gaining a better understanding of the 

active areas of molybdenum disulfide using high-throughput measurements. In 

addition to that, this thesis also focuses on technical improvements which include 

enhancing the signal-to-noise ratio and implementing stress chip sample systems 

within the SECCM setup. 
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2. Fundamentals and State of the art 

This chapter provides an overview of the fundamental electrochemical reactions that 

were investigated in the experimental part of this PhD research, namely the hydrogen 

evolution reaction (HER) and the oxygen reduction reaction (ORR), which are crucial 

reactions for energy conversion processes. Additionally, three types of electrode 

materials that were analyzed are introduced: high entropy alloys, 2D materials with a 

focus on MoS2 as an example, and materials optimized for catalytic properties using 

strain engineering. Furthermore, the role of two high throughput techniques for 

electrochemical analysis is discussed: the scanning droplet cell (SDC) and the 

scanning electrochemical cell microscopy (SECCM). The chapter includes 

descriptions of the advantages and state-of-the-art examples of these techniques, as 

well as their general principles. 

2.1 Electrochemical energy conversion 

2.1.1 Hydrogen evolution reaction as part of Water splitting 

Water electrolysis involves using an electric current passed through an anode and 

cathode immersed in an electrolyte to facilitate the separation of hydrogen and oxygen. 

Although the fundamental principle remains unchanged, various types of electrolysis 

devices, such as polymer electrolyte membrane (PEM) electrolyzer,19 alkaline 

electrolyzer,20 and solid oxide electrolyzer,21 can be employed for hydrogen 

generation. These devices differ primarily in terms of ion transport mechanisms and 

the specific type of electrolyte used.19–21 Figure 1 illustrates the fundamental principle 

of an electrolysis cell operating under acidic conditions. The fundamental process 

remains consistent across all water electrolysis technologies: water is supplied to an 

electrochemical cell where, under the application of a sufficiently high voltage, 

hydrogen is generated at the negative electrode (cathode) and oxygen is generated at 

the positive electrode (anode). The charge difference is balanced by movement of ion 

molecules, in Figure 1 illustrated through movement of H3O+, representing ions in 

acidic electrolyte. 
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Figure 1: Schematic representation of the general principle of the water splitting reaction in acidic media. Hydrogen 
molecules are produced at the negatively charged cathode and oxygen molecules at the positively charged anode. 
Reproduced from 22 with permission from Elsevier. 

The following equation is representing the overall reaction happening during the water 

splitting: 

2𝐻2𝑂 ⇌ 2𝐻2 + 𝑂2. eq.  1 

Two water molecules are split to two hydrogen molecules and one oxygen molecule. 

The overall electrolysis reaction can be divided into two half-cell reactions taking place 

at the cathode and anode, involving reduction and oxidation processes, respectively. 

At the cathode, the hydrogen evolution reaction (HER) occurs, resulting in the 

evolution of hydrogen gas. On the other hand, at the anode, the oxygen evolution 

reaction (OER) takes place, leading to the evolution of oxygen gas. Water electrolysis 

can be carried out in both acidic and alkaline media. The following equations describe 

these reactions. 

Cathodic reaction (HER): 

Acidic conditions 4𝑒− + 4𝐻+ ⇌ 2𝐻2 eq.  2 

Alkaline conditions 2𝑒− + 2𝐻2𝑂 ⇌ 2𝑂𝐻− + 𝐻2 eq.  3 
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Anodic reaction (OER): 

Acidic conditions 2𝐻2𝑂 ⇌ 4𝐻+ + 4𝑒− + 𝑂2 eq.  4 

Alkaline conditions 4𝑂𝐻− ⇌ 2𝐻2𝑂 + 4𝑒− + 𝑂2 eq.  5 

The OER is a complex process that involves the transfer of four electrons and four 

protons, called proton-coupled electron transfer (PCET). It occurs through four distinct 

electron transfer steps and typically requires higher overpotentials compared to the 

HER.23,24 Although the OER is a fascinating area of research, it is not the focus of 

discussion in this particular thesis. Therefore, detailed explanations and analysis of the 

OER are not provided in this chapter. 

The HER is a half-cell reaction that takes place during the electrolysis of water. It 

entails the transfer of two electrons. In alkaline conditions, the reaction commences 

with the dissociation of water, followed by the adsorption of hydrogen and the transfer 

of one electron at a suitable surface site. Also known as Volmer step. In acidic 

environments, the Volmer step involves the direct adsorption and reduction of a proton 

from the electrolyte without prior water dissociation. The subsequent stage involves 

the generation and release of H2, which can be achieved either through the 

combination of the adsorbed hydrogen atom with another proton from the solution, 

occurring together with the transfer of one electron (Heyrovski step in alkaline 

conditions), or by the combination of two adsorbed hydrogen atoms (Tafel step in 

acidic conditions).25–27 

To initiate this process, a specific quantity of electric energy is required. This can be 

determined by formulating the redox potentials associated with each individual 

reaction. The difference between these two potentials establishes the reversible 

voltage of the overall reaction, denoted as 𝐸𝐻2𝑂
0 , which is 1.229 V25 and remains 

unaffected by the solution's pH value. These calculations pertain to electrolysis 

conducted at a temperature of 25 °C. To carry out isothermal electrolysis, the thermal 

energy of 48.652 kJ mol−1 must be overcome by applying a higher voltage, resulting in 

a voltage of 𝐸𝐻2𝑂
0,𝑒𝑛

 = 1.481 V25 for isothermal water electrolysis. Since water electrolysis 

is often conducted at elevated temperatures, it is necessary to account for 

temperature-dependent thermal energy, which accounts for the heating and 

evaporation of water. Additionally, during operation, the anodic and cathodic 

overpotentials ηa and ηc, as well as the ohmic drop iR, are included in the 
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thermoneutral electrolysis voltage 𝐸𝐻2𝑂
0,𝑖𝑛

.25 The ohmic drop iR signifies the voltage 

decline caused by the ohmic resistance of the electrolyte, while the anodic and 

cathodic overpotentials ηa and ηc arise from changes in reactant concentration during 

the electrochemical reaction.28 Consequently, the required operational voltage can be 

calculated using following equation.25 

𝐸 = 𝐸𝐻2𝑂
0,𝑖𝑛 + 𝜂𝑎 + 𝜂𝑐 + 𝑖𝑅 eq.  6 

 

To ensure energy-efficient operation of the process, it is desirable to minimize the 

Ohmic drop and overpotentials. This can be achieved by utilizing electrode materials 

with high activity, characterized by a higher exchange current density or a larger 

electrode surface area.25 Platinum (Pt) serves as an excellent example of a highly 

active electrode material. Additionally, electrode coatings with catalysts can be 

employed to enhance the activity or effective surface area of the electrodes. 

In the presence of a catalyst, the HER typically follows two reaction mechanisms, 

including the before described reaction steps and depicted in Figure 2 for Pt as model 

catalyst. These mechanisms exhibit varying dominance depending on the catalyst. The 

first mechanism is the Volmer-Heyrovsky mechanism (Figure 2b), where a hydrogen 

cation initially adsorbs onto the catalyst surface, followed by another hydrogen cation 

reacting with the adsorbed ion to form H2, which subsequently desorbs from the 

surface. The second mechanism is the Volmer-Tafel mechanism (Figure 2a), where 

two hydrogen cations adsorb on the surface in the first step, and then these adsorbed 

ions react with each other to produce H2, which desorbs from the surface.29 In the case 

of Pt, the Volmer-Tafel mechanism dominates during the HER process due to the high 

coverage of H+,30,31 which serves as the rate-limiting step for catalysis. 
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Figure 2: Two mechanisms proposed for the hydrogen evolution reaction (HER) on platinum surfaces: the Volmer-
Tafel mechanism (a) and the Volmer-Heyrovsky mechanism (b). In these mechanisms, the asterisk (*) represents 
an unoccupied active site, while H* denotes a hydrogen atom bound to the active site. (Adapted with permission 
from 29. Copyright 2012 American Chemical Society) 

2.1.2 Oxygen reduction reaction 

Proton exchange membrane fuel cells (PEMFCs) and rechargeable metal-air batteries 

(MABs) represent advanced energy devices with the potential for clean power 

generation.32,33 In the discharge process of PEMFCs or MABs, the cathode facilitates 

the oxygen reduction reaction (ORR), where O2 molecules undergo reduction through 

proton-coupled electron transfer. However, the electrochemical dissociation of the O2 

bond, which possesses a remarkably high bond energy of 498 kJmol−1,34 presents a 

significant challenge. To overcome this obstacle, the assistance of electrocatalysts 

becomes crucial, as they enable the activation and cleavage of the O2 bond, thereby 

lowering the energy barrier. In the cathode of PEMFCs, the ORR occurs at a 

significantly slower rate compared to the hydrogen oxidation at the anode in aqueous 

solutions. This substantial difference in kinetics is attributed to the complex nature of 

adsorption/desorption processes and reaction pathways, involving various O-

containing intermediates.35 

The ORR can proceed through two distinct pathways. The first pathway, commonly 

known as partial reduction, involves a two-electron process leading to the formation of 

adsorbed hydrogen peroxide (H2O2). In contrast, the second pathway, referred to as 
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full reduction, follows a more efficient four-electron process that does not involve the 

generation of H2O2.36–38 Given the enhanced efficiency of full reduction and the 

relatively high reactivity of hydrogen peroxide compared to water, catalysts that favor 

the full reduction pathway are sought after for ORR applications.39 In the following the 

reaction steps for both pathways are illustrated.40 

Two-electron pathway (partial reduction): 

Acidic conditions 
𝑂2 + 2𝐻+ + 2𝑒− → 2𝐻2𝑂2 eq.  7 

𝐻2𝑂2 + 2𝐻+ + 2𝑒− → 2𝐻2𝑂 eq.  8 

Alkaline conditions 

𝑂2 + 𝐻2𝑂 + 2𝑒− → 𝐻𝑂2
− eq.  9 

𝐻𝑂2
− + 𝐻2𝑂 + 2𝑒− → 3𝐻𝑂−

 eq.  10 

2𝐻𝑂2
− → 2𝐻𝑂− + 𝑂2 eq.  11 

Four-electron pathway (full reduction): 

Acidic conditions 𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂 eq.  12 

Alkaline conditions 𝑂2 + 2𝐻2𝑂 + 4𝑒− → 4𝑂𝐻−
 eq.  13 

In the industrial context, commercially available electrocatalysts utilized for the ORR in 

PEMFCs primarily consist of precious Pt-based nanomaterials, which contribute to a 

significant portion of the overall cost of PEMFCs.41,42 However, these Pt-based 

electrocatalysts face several challenges such as high cost due to limited availability, 

susceptibility to fuel crossover, and poor stability. Consequently, these limitations 

severely restrict their widespread application in PEMFCs or MABs. Therefore, it is 

imperative to prioritize the development of cost-effective, highly active, and stable 

electrocatalysts for the ORR as alternatives to Pt-based electrodes, facilitating the 

large-scale implementation of PEMFCs or MABs.43 

One approach of decreasing the number of noble metals in the catalyst is the alloying 

of noble metals like Pt with first-row, late transition metals like Fe, Co, Ni, Cu, etc. This 

approach has been shown to engender enhanced electrochemical performance 

relative to pure Pt.44,45 The improved performance is mainly attributed to changes in 
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the electronic structure of Pt atoms induced by the presence of foreign metal atoms. 

These modifications optimize the adsorption strength between Pt and reaction 

intermediates (OH, OOH) during the ORR.46–48 Such alloying strategies hold promise 

for developing cost-efficient and highly active ORR electrocatalysts that can serve as 

substitutes for Pt-based electrodes in large-scale applications of PEMFCs or MABs. 

Similar approaches for a design and optimization of catalyst materials are made using 

so called high entropy alloys, which is the topic of the next chapter. 
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2.2 Electrode materials for electrochemical energy conversion 

2.2.1 High entropy Alloys 

Polyelemental alloys, such as compositionally complex solid solutions (CCSS) or high 

entropy alloys (HEAs), have been extensively studied in electrocatalysis due to their 

superior activity compared to traditional electrocatalysts.49–52 CCSS consist of five or 

more elements, typically in the range of 5–35 at.%, and are stabilized by a high mixing 

entropy, resulting in a single phase structure.53 The surface composition of CCSS 

offers multiple atomic arrangements with different binding energies, leading to a higher 

density of optimal or near-optimal binding energies for specific reactions after suitable 

structure optimization.54 In recent years, a wide range of CCSS systems with diverse 

combinations of elements have been investigated for various electrochemical 

reactions, including the HER,55–61 ORR,62–64 OER,65–70 carbon monoxide reduction,63,71 

methanol oxidation,63,72 and ammonia synthesis and decomposition.49,73 

Löffler et al.64 demonstrated that certain compositions in the Co-Cr-Fe-Mn-Ni system 

exhibit higher activity for the ORR compared to Pt, whereas this was not observed for 

quaternary, ternary, or binary combinations of the same elements. Zhang et al.55 also 

reported that arc-melted Co35Cr15Fe20Mo10Ni20 shows comparable electrocatalytic 

activity for the HER to Pt in alkaline electrolytes.  

In addition, it has been reported that HEA compositions containing noble metals can 

effectively reduce the total utilized amount of noble metals while boosting catalytic 

activity compared to using noble metals alone.74 Glasscott et al. demonstrated a 

method to synthesize CoFeLaNiPt using a nanodroplet technique, which resulted in a 

catalyst surpassing the activity of Pt alone, considered as the benchmark catalyst, for 

the HER.74 Following a similar approach, Li et al. explored Pt-based HEAs with various 

element combinations and discovered that the Al-Cu-Ni-Pt-Mn composition exhibited 

significantly improved activity for the ORR compared to pure Pt, thereby reducing the 

reliance on Pt content in the catalyst.75 

The broad range of applications for catalytic processes highlights the significant 

potential of utilizing HEAs as catalysts. Brian Cantor, a pioneer in HEA and complex 

solid solution research, explains that the unique feature of compositionally CCSS is 

their synergetic effect, which arises from the collective behavior of the highly entropic 

system. This effect goes beyond a simple combination of the individual properties of 
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the elements involved.76 In addition to the unique features of specific active sites that 

are synergistically optimized by the combination of four other elements, another 

advantage of HEAs lies in the presence of neighboring active sites with distinct 

properties. This arrangement enables follow-up reactions of primary reaction products 

to take place, utilizing closely localized active sites that possess ideal properties for 

both reactions. This characteristic is particularly valuable in catalytic reactions where 

products are formed through multistep or cascade reactions.11 Figure 3 illustrates three 

different possibilities of a model multistep reaction involving two reductions using two 

different active sites. 

 

Figure 3: Illustration of a cascade reaction at the surface of a CSS catalyst involving two consecutive reduction 
reactions with single coordinating intermediates. The active sites of the catalyst have different properties and are 
represented as atoms (a), three-fold coordinated adsorption (b), and bridge coordinated adsorption (c). The 
cascade reaction occurs at directly neighboring active sites, facilitating efficient conversion of reactants into 
products. Adapted with permission11. Copyright 2019 American Chemical Society 

While these aforementioned findings highlight the potential of CCSS as 

electrocatalysts, the exploration of CCSS materials is still limited, considering the vast 

materials space available. For instance, in the quinary Co-Cr-Fe-Mo-Ni system alone, 

there are over 4.5 million theoretically possible compositions, with each element varied 

in 1 at. % increments. Moreover, post-treatments, such as exposing alloys to elevated 

temperatures, further expand the potential for synthesizing new materials.77 

In recent investigations, a combination of simulation, machine learning, data-guided 

combinatorial synthesis, and high-throughput characterization has been employed to 

identify a CCSS catalyst with outstanding activity. This process, known as the iterative 

materials discovery loop, entails assessing computational predictions through 

experimental validation. These studies have unveiled that simplistic descriptors are 

inadequate for predicting the activity of electrocatalysts on CCSS surfaces. Thus, 
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substantial advancements in computational methodologies specific to CCSS are 

necessary to overcome this challenge.12 

Efficient research methods are needed to explore this vast space and discover novel 

catalysts. Combinatorial synthesis of thin-film materials libraries (MLs) has emerged 

as a promising approach for accelerated material discovery. MLs cover a wide 

composition range with defined composition gradients, facilitating high-throughput 

characterization methods.78,79 Co-sputtering confers the advantage of achieving 

atomic-level mixing during deposition, facilitating the simultaneous synthesis of high-

purity thin films in a singular process. In a single experimental run, continuous 

composition spreads can be generated, encompassing all possible combinations 

within ternary systems.80 

However, as the number of elements increases to quaternary and higher systems, the 

coverage of compositions within a single ML is considerably reduced. Combinatorial 

co-deposition of four or more elements results in varied composition gradients 

contingent upon the relative arrangement of deposition sources. Recently, a strategy 

was reported that effectively broadens the coverage of quinary systems by sequentially 

fabricating MLs with permutated arrangements of individual deposition sources.77 

Nevertheless, achieving comprehensive coverage of the entire composition space in 

multinary systems necessitates a substantial experimental undertaking, making it 

currently unfeasible to encompass the entire space. Considering the substantial 

experimental effort required to encompass significant portions of multinary composition 

spaces and the vast number of potential material systems, it becomes evident that a 

disruptive approach to materials discovery and screening is indispensable.12,77 
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2.2.2 2D-Materials 

Since 2004, extensive research has been conducted on the class of two-dimensional 

(2D) materials, which have garnered increasing attention due to their remarkably thin 

nature and outstanding mechanical,81 electrical,82 and optical83 properties. Among 

these materials, graphene, an atomically thin layer of carbon, has emerged as the most 

well-known representative. Although theoretical investigations of 2D graphite have 

been ongoing for many years, it was primarily regarded as an academic material.84 

Landau and Peierls' theoretical work questioned the thermodynamic stability of 2D 

materials, stating that thermal fluctuations could lead to atomic distortions on the scale 

of interatomic distances.85,86 This perspective was further supported by subsequent 

research conducted by Mermin and Wagner.87 

Experimental data at the time reinforced these theoretical notions, as a considerable 

decrease in the melting temperature with diminishing layer thickness was repeatedly 

observed. This phenomenon facilitated the formation of material islands and suggested 

that pure 2D materials lacked thermodynamic stability. However, the discovery of 

graphene in 200488 and subsequent findings on other 2D materials89 effectively refuted 

these prevailing views. The existence of 2D materials can be rationalized by their 

confinement in a metastable state, maintained by robust interatomic covalent bonds 

that resist thermal fluctuations and the formation of defects.85,87 Another perspective, 

put forth by Meyer et al., indicates that while graphene exhibits microscopically flat 

crystalline regions, its macroscopic surface appears undulated, thereby challenging its 

purely 2D character.90 According to this viewpoint, the gain in elastic energy, 

accompanied by the suppression of thermal vibrations, reduces the overall free energy, 

enabling graphene to achieve thermodynamic stability.91 

In addition to graphene, the group of two-dimensional transition metal dichalcogenides 

(2D TMDCs) has garnered significant interest, with MoS2 being the most renowned 

member of this family. Molybdenum disulfide (MoS2), a transition metal 

dichalcogenide, exhibits a layered crystal structure in which molybdenum atoms are 

covalently bonded to a plane of sulfur atoms. This arrangement gives rise to a 

monolayer consisting of three atomic layers, as illustrated in Figure 4.92 Each individual 

monolayer has an approximate thickness of 0.6-0.7 nm.92 
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Figure 4 Structure of 2H-MoS2 layers. Adapted from 92with permission from Elsevier. 

In crystalline MoS2, two distinct crystal structure symmetries are observed. In the 

monolayer form, there are two types: 2H-MoS2, which exhibits trigonal prismatic 

symmetry and displays semiconducting properties, and 1T-MoS2, which possesses 

octahedral crystal symmetry and exhibits metallic properties.93 Similar to graphite, bulk 

MoS2 is utilized as a solid lubricant in vacuum systems due to its weak van der Waals 

bonds between the layers, high melting temperature, and low reactivity.94 Moreover, 

MoS2 is a semiconductor with an indirect band gap of 1.29 eV in its bulk form. 

Interestingly, this value undergoes a change as the number of layers decreases, 

resulting in a direct band gap of 1.9 eV in single-layer MoS2.83 These semiconducting 

properties make MoS2 suitable for various applications, such as (opto-)electronics.95,96 

Additionally, the layer thickness of MoS2 can be determined by analyzing the 

frequencies of inelastically scattered photons in Raman spectroscopy.97 Furthermore, 

MoS2 serves as a catalyst for the hydrogen evolution reaction, which is discussed in 

more detail in the following. 

2.2.2.1 MoS2 as catalyst for HER 

As previously mentioned, MoS2 has gained significant interest in recent years due to 

its favorable catalytic properties for the hydrogen evolution reaction (HER). Efficient 

HER catalysis relies on a catalyst's ability to bind atomic hydrogen with a binding 

energy close to zero, similar to platinum (Pt). In the case of MoS2 nanoparticles, the 

moderate overpotential ranges between 0.1 V and 0.2 V.98 A study conducted by 

Jaramillo et al. in 2007 revealed that the catalytically active sites on MoS2 are primarily 

located at the material's edges.99 



 

15 
 

Furthermore, when comparing the current density with the edge length of MoS2, it was 

observed that there is a better correlation with a linear increase, rather than the surface 

coverage of MoS2.99 This suggests that the activity is more directly influenced by the 

presence of edges rather than the overall surface area. In a separate study conducted 

by Yu et al. in 2014, the influence of the number of layers of MoS2 on catalytic activity 

was investigated. It was discovered that the catalytic activity for the HER on MoS2 

catalysts decreases by a factor of approximately 4.47 for each additional layer of 

MoS2.100 These findings suggest that a MoS2 catalyst with a higher number of edges 

and fewer layers can achieve better activity. For MoS2 catalysts in HER, it is believed 

that the rate-limiting step is the reaction of the Volmer-Heyrovsky mechanism, primarily 

due to the relatively low coverage of H+ on the catalyst surface.30 Additionally, as 

mentioned earlier, thin materials such as two-dimensional MoS2 are advantageous for 

HER due to their strong electrical connection to the substrate material. 

Previous studies have often attributed the catalytic activity for the HER in thin layered 

MoS2 solely to the edge plane, considering the basal plane as inert.101 However, recent 

high-resolution electrochemical imaging studies have challenged this notion. These 

studies have shown that while the edge plane exhibits high activity for HER, directly 

observed at step edge features in few- to multi-layer MoS2, the basal plane also 

exhibits significant catalytic activity. Takahashi et al.102 conducted high-resolution 

scans on MoS2 flakes covering few micrometer sized areas that were transferred onto 

highly oriented pyrolytic graphite (HOPG) after synthesis using chemical vapor 

deposition (CVD). Figure 5 a) and b) illustrate maps of the currents and overpotentials 

for the HER respectively. The results demonstrate that the basal plane of MoS2 

contributes significantly to the overall activity, despite having lower activity compared 

to the edge plane. Figure 5 c) and d) depict the different activity regions observed 

within the scan and provide exemplary LSV experiments, respectively. Furthermore, it 

has been discovered that the activity of the BP can vary between different surfaces or 

crystals. However, it consistently demonstrates relatively lower activity compared to 

the edge plane, with an exchange current density (j0) of approximately 10-4 Acm-2 for 

edge plane.102,103 The exchange current density (j0) for the BP is approximately 3 10-6 

Acm-2, which is comparable to polycrystalline Au or Ni.104 
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Figure 5 SECCM scan of MoS2 flake a) current response, b) overpotential, c) 3 color mapping, d) exemplary 
LSVs. Adapted from 102with permission of Wiley. 
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2.2.3 Strain engineering for optimizing catalytic activity 

The inherent effectiveness of each catalytic site essentially adheres to the Sabatier 

principle, which is closely associated with the electrocatalyst's capacity to modulate 

the binding energies with reactants, intermediates, and products. For instance, when 

the adsorption of hydrogen on the active sites of an electrocatalyst maintains a 

moderate level of free energy (ΔGH), the catalyst exhibits the highest level of catalytic 

activity in facilitating the HER. Conversely, excessively strong or weak ΔGH on the 

active sites of an electrocatalyst hindering the HER process. Therefore, achieving the 

optimal HER performance necessitates finding the appropriate equilibrium in the 

strength of ΔGH. This described principle has been supported by numerous studies105–

109 highlighting the crucial role of ΔGH in determining catalytic efficiency. 

The interaction between electrons of a species and a metal active site during 

adsorption leads to the formation of new bonding and anti-bonding orbitals.110–112 

Figure 6 depicts the binding energy relationships for a transition metal, serving as an 

example. The anti-bonding orbital is energetically close to the Fermi level and is 

partially occupied.113 A higher energy anti-bonding orbital compared to the Fermi level 

indicates that more antibonding orbitals remain unoccupied, resulting in a more stable 

adsorption of the species. This stability is associated with a higher energy of the d-

band center of the metal active site. Hence, the d-band center of a metal site serves 

as a crucial parameter in determining the adsorption capability of a metal active 

site.114,115 

 

Figure 6: Schematic illustration of the d-band model depicting the interaction between an adsorbate adatom level 
and the s- and d-states of a transition metal surface. Adapted from 114with permission from Springer Nature 
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The position of the d-band can be effectively modified by adjusting the lattice strain of 

the metal crystal, providing a potential path for optimizing catalytic activity.116 Lattice 

strain refers to the variation in atom-atom distance on the surface or within a local 

region of a particle, which can deviate from the standard atom-atom distance found in 

the bulk material. This strain effect can either result in an increased (compressive 

strain) or decreased (tensile strain) atom-atom distance compared to the bulk material. 

The intensity of strain depends on the standard atom-atom distance in the lattice of the 

bulk material, as well as the atom-atom distance on the particle or local area surface. 

Thus, depending on the element of the atom, it is possible to observe either a 

compressive or tensile strain effect.117 

The catalytic reactivity of a metal surface is influenced by strain, which causes changes 

in the electronic structure.118,119 According to d-band theory,110,114,117–119 applying 

tensile strain to late transition metals results in shifting the d-band center closer to the 

Fermi level and narrowing the bandwidth. This shift leads to a reduction in electron 

occupation in the antibonding states of the metal-adsorbate interaction, ultimately 

leading to stronger adsorbate binding on the metal surface. 

Strain alteration is a significant factor in enhancing catalytic activity in various 

electrochemical reactions. One notable example of strain-induced activity 

enhancement is the utilization of core-shell structured materials.120–122 In a core-shell 

catalyst, there is a difference in lattice parameters between the metal in the core and 

the metal in the shell, leading to strain between the two lattice structures. The 

magnitude of this strain can be adjusted using various methods. By this controlling the 

strain state is of utmost importance in the design of core-shell catalysts. Specifically, 

the strain in the shell layer can be regulated by selecting an alloy with a tunable lattice 

parameter as the core. By carefully choosing the composition of the core material, the 

lattice mismatch between the core and shell can be adjusted, thereby influencing the 

strain state in the shell layer.117 Xie et al. employed octahedral structures of PtCo and 

conducted annealing processes to deposit thin layers of Pt on top of the octahedra. 

This approach resulted in a significant enhancement of the ORR activity.123 Liu et al. 

utilized Pd/Pt core-shell materials and employed hydrogen intercalation to induce a 

change in the lattice spacing of the Pd core, leading to lattice expansion of the Pt shell. 

This approach effectively promoted the alcohol oxidation reaction (AOR).124 He et al. 

employed a similar approach by utilizing Pd/Pt core-shell structures and phosphorizing 
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the Pd component. This allowed them to tune the lattice strain, either towards 

compression or tensile side, by manipulating the lattice tensions, resulting in increased 

HER activity.125  

Another approach for altering lattice strain involves changing the atom-atom distance 

within the support material of a layered structure. This can be achieved by 

mechanically bending the substrate, resulting in a modification of the strain in the layer 

deposited on top of the support. Yan et al.126 conducted a study where an elastic 

polymer electrode was coated with various metals (Pt, Cu, and Ni). The electrocatalytic 

activity for the HER was tested using a three-electrode setup, with the polymer 

electrode serving as the working electrode. The researchers observed that applying 

different external strains (compressive and tensile) to the polymer electrode resulted 

in a change in activity. This change could be explained by the shift in the d-band 

position and variations in adsorption energies. Deng et al.127 employed a similar 

approach and obtained similar findings with regards to Au and Pt. They utilized a piezo-

modulated polymer electrode as the support for the catalyst materials. 
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2.3 High throughput techniques as method for analysis of electrocatalysts 

The comparison between "conventional" and "high throughput" techniques plays a 

crucial role in this thesis. The conventional techniques, such as RDE and RRDE 

measurements, are highly reliable and produce qualitatively accurate results with well-

defined properties and a high reproducibility rate.128 However, when the objective is to 

screen a large number of catalyst sites or different catalyst compositions, these 

methods prove to be inefficient and time-consuming. In such cases, high throughput 

techniques offer an alternative approach that enables a significantly higher number of 

experiments to be conducted within a reasonable timeframe.129 These techniques 

enhance efficiency and deliver faster results, making them valuable tools for catalyst 

analysis in high-volume screening scenarios.78,130,131 

Voltammetric methods play a vital role in both conventional and high throughput 

techniques for investigating electron transfer kinetics, transport properties of 

electrochemical reactions, and characterizing the activity and other properties of 

electrocatalysts. These methods are essential for describing key features of the high 

throughput methods employed in this thesis. Specifically, cyclovoltammetry and linear 

sweep voltammetry will be briefly described in the following.132 

2.3.1 Voltammetric analysis methods 

The measurement process involves applying a voltage between a working electrode 

and a reference electrode, which are connected through an aqueous electrolyte. A 

current is then measured between the working electrode and a counter electrode (in a 

3-electrode setup) or a quasi-reference counter electrode (in a 2-electrode setup). By 

fixing the potential at the reference electrode and varying the potential at the working 

electrode, different currents corresponding to the working electrode potential can be 

measured.132,133 

Linear sweep voltammetry (LSV) is a technique that involves applying a fixed potential 

range, similar to potential step measurements. The potential is changed at a specific 

scan rate, which is determined by the rate at which the potential changes over time. 

By adjusting the time taken to sweep the potential range, the scan rate is modified. 

The recorded linear sweep voltammogram exhibits certain characteristics that are 

influenced by various factors, such as the rate of the electron transfer reaction, 

chemical reactivity of the electroactive species, and the voltage scan rate.132,133 
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The voltammogram obtained in linear sweep voltammetry (LSV) is influenced by the 

scan rate used. While the overall shape of the curve remains the same, the total current 

increases with higher scan rates. This can be explained by considering the size of the 

diffusion layer and the time taken to record the scan. The Gouy-Chapman-Stern 

model134 offers an approach to describe the behaviour of ions at the electrode surface. 

It proposes the presence of a compact layer close to the electrode surface, known as 

the Stern layer, which contains counter-ions that balance the surface charges on the 

electrode. Beyond the Stern layer, there is the diffusion layer where counter-ions 

diffuse due to thermal motion. These layers can be represented by two capacitors in 

series which is represented in Figure 7. The size of these layers depends on the 

electrode surface potential and the diffusion processes of ions.133–135 When the scan 

rate is decreased, the linear sweep voltammogram takes longer to record, resulting in 

a larger diffusion layer above the electrode surface. In contrast, a fast scan rate leads 

to a smaller diffusion layer.132,133,135 As a consequence, the flux of ions towards the 

electrode surface is significantly lower at slow scan rates compared to faster rates. 

Since the current is proportional to the flux towards the electrode, the magnitude of the 

capacitive current is lower at slow scan rates and higher at high rates. It is important 

to note that the voltage scan rate, and hence the time taken to record the 

voltammogram, strongly affects the observed behaviour in LSV. Although there is no 

time axis displayed on the graph, the scan rate influences the results. However, it is 

worth noting that while the capacitive current magnitude may vary, the positions of 

peaks on the voltammogram remain consistent. The occurrence of peaks at the same 

voltage is a characteristic of electrode reactions with rapid electron transfer kinetics, 

often referred to as reversible electron transfer reactions.132,133 
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Figure 7 : Schematic representation of the Gouy-Chapman-Stern model with a diffuse layer developed into the 

electrolyte due to the thermal motions of electrolyte ions. Adapted from 136 with permission from ASME. 

Cyclic voltammetry (CV) shares similarities with LSV. In CV, the voltage is swept 

between two values at a fixed rate. The forward sweep generates a response similar 

to that observed in LSV. Upon reversing the scan direction, the potential sweep is 

simply reversed, and the current now flows from the solution species back to the 

electrode, opposite to the forward sweep. Following the IUPAC convention, currents 

occurring from oxidation processes have positive values and reduction processes 

show negative currents.132 

Especially for the observation of oxidation and reduction processes of molecular 

species the use of CVs is of interest. The Nernst equation (eq. 14) connects the 

potential of an electrochemical cell 𝐸 to the standard potential of a species (𝐸0) and 

the activities of the oxidized (Ox) and reduced (Red) forms of the analyte at equilibrium. 

In this equation, 𝐹 represents Faraday's constant, 𝑅 is the universal gas constant, 𝑛 

denotes the number of electrons involved, and 𝑇 stands for the temperature.132 

𝐸 = 𝐸0 +
𝑅𝑇

𝑛𝐹
 𝑙𝑛

(𝑂𝑥)

(𝑅𝑒𝑑)
 Eq. 14 
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In application of the Nernst equation the formal potential, including adjusted conditions 

of the system, is often used instead of the standard potential and the activities are 

usually replaced by the concentration in case they are sufficient low.133 The Nernst 

equation is a useful tool for predicting how changes in species concentration or 

electrode potential will affect a system. In a CV experiment, as the electrode potential 

is varied, the concentration of species near the electrode changes over time, consistent 

with predictions made by the Nernst equation.132 

By analyzing and interpreting the shape of a CV curve the reaction at the electrode 

surface can be examined and understood. For a coherent interpretation of this curve 

identification of freely diffusing or adsorbed species involved in the electron transfer 

processes are important. For electrochemically reversible reaction involving freely 

diffusing species of the analyte the peak current 𝑖𝑝 within the CV can be described 

with the Randles-Sevcik equation (eq. 15). Aside to the aforementioned and defined 

constants also in eq. 14, 𝐴 is representing the electrode surface area, 𝐶𝑜
 is the bulk 

concentration of the analyte, 𝐷𝑜
 is the diffusion coefficient of the oxidized analyte and 

υ describes the scan rate used in the CV experiment.132,133 

𝑖𝑝 = 0.446𝑛𝐹𝐴𝐶0√
𝑛𝐹𝜐𝐷0

𝑅𝑇
 Eq. 15 

As the Randles-Sevcik equation is showing, for freely diffusing species the peak 

current in a CV experiment is proportional to the square root of the scan rate. In case 

of the electrochemical reaction with species that are adsorbed at the electrode surface, 

the peak current can be described by eq. 16, with Γ representing the surface coverage 

of the adsorbed species and the peak current being directly proportional to the scan 

rate.132,133 

𝑖𝑝 =  
𝑛2𝐹2

4𝑅𝑇
𝜐𝐴𝛤 Eq. 16 

Using those these formulars the CV experiments are valuable tools for the analysis 

and interpretation of electrochemical reactions. The position, height and shift of the 

oxidation and reduction peaks within a CV provide information about the diffusion 
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behaviour and type of the species which is probed with the CV aswell as the surface 

coverage in case of adsorbed species.132,133 
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2.3.2 Scanning droplet cell 

Linear sweep voltammetry and cyclic voltammetry are valuable methods for analyzing 

and comparing various catalyst materials to observe their current potential behavior. 

These techniques provide a reliable assessment of the respective properties but are 

limited to analyzing one catalyst at a time. In a screening process, each catalyst needs 

to be deposited on the electrode surface and measured individually, which can be time-

consuming for a measurement series involving multiple materials. To enable the 

screening of a larger number of catalysts, an automated setup would be ideal.129,131 

One example of such a setup is the scanning droplet cell, which is illustrated 

schematically in Figure 8. It consists of a conically shaped Teflon cell (6) connected to 

a head (5) with connections for the counter electrode (4), reference electrode (2), and 

a tube inlet and outlet (3) connected to a pump for controlling electrolyte flow. The tip 

opening of the cell can be positioned using automated step motors above a conductive 

sample surface, serving as the working electrode. Once the cell successfully 

approaches the surface, the force between the Teflon cell and the sample can be 

adjusted to ensure firm contact and sealing. The electrode surface area is defined by 

the diameter of the tip opening. After each measurement, the electrolyte is replaced 

with fresh electrolyte, and the cell automatically moves to another position on the wafer. 

This allows for the automatic acquisition of electrochemical data at different spatially 

resolved locations on the sample surface, utilizing a wide range of electrochemical 

techniques. By examining the trend in the generated activity data curves, the influence 

of the sample's composition on the film activity can be determined. In addition, it is 

feasible to incorporate a light source (1) within the scanning droplet cell (SDC) head to 

induce photo currents through photocatalytic reactions. 137,138 
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Figure 8: Schematic illustration of the Optical Scanning Droplet Cell (OSDC) setup, showing the components: (1) 
Optical fiber, (2) integrated double-junction Ag/AgCl/3M KCl reference electrode, (3) electrolyte in- and outlets, (4) 
Pt-wire counter electrode, (5) PMMA body, and (6) PTFE capillary tip. Adapted from 137with permission from Wiley. 

SDC is widely utilized by various research groups for the screening of materials 

targeting different electrochemical reactions.77,130,137–141 One common approach 

involves analyzing material libraries consisting of spatially distributed compositions on 

a single sample. These material libraries can be fabricated using various methods, 

including inkjet printing,142 electrodeposition,143 physical vapor deposition (e.g. co-

sputtering),12,78,80 or drop casting.144 The use of material libraries allows for the rapid 

screening of a large number of different material compositions, enabling efficient 

exploration of catalytic properties and reaction performance.  

In recent years, SDC technology has been employed for analyzing materials suitable 

for photocatalytic reactions. Gregoire et al. conducted a study using SDC to analyze 

thin-film catalyst libraries (Fe-Co-Ni-Ti)Ox, which were fabricated using inkjet printing. 

The study involved a total of 5456 unique sample compositions. Various techniques, 

including cyclic voltammetry and chronoamperometry, were performed under light 

exposures to evaluate the catalytic activity for OER.145 Similar methods were used by 

Schäfer et al.138 as well as Meyer et al.146 who both analyzed thin film material libraries 

sputtered in a co-sputtering process. Schäfer et al. focused on the electrocatalytic ORR 

using (Ti/Nb)Ox covered with a Pt layer. On the other hand, Meyer et al. investigated 

the photoelectrochemical current on (FeW)Ox with the SDC. 
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In addition to employing high-throughput electrochemical methods, some research 

groups have started to utilize coupled analysis techniques in combination with SDC 

measurements. This approach aims to expand the range of information obtained from 

the high-throughput data. The research group led by Karl Mayrhofer employed a SDC 

with an additional electrolyte output to transform the cell into a scanning 

electrochemical flow cell. This innovative technique allowed the detection of products 

from electrochemical measurements, expanding the information obtained beyond 

traditional electrochemical data. To achieve this, they coupled the SDC with an 

inductively coupled plasma mass spectrometer (ICP-MS), which analyzed the 

electrolyte after the electrochemical measurements. By using this approach, they 

successfully detected and analyzed various products, such as copper dissolution 

during corrosion experiments,147 hydrogen evolution during water electrolysis, and 

different products during CO2 reduction.139,140 Jenewein et al. employed a similar 

approach, utilizing a scanning flow cell coupled with an ICP-MS. Their study focused 

on the analysis of Fe-Ni and (Fe-Ni-Co)Ox material libraries, specifically investigating 

the activity for the OER, as well as the dissolution of the catalyst and its stability during 

the reaction.130 
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2.3.3 Scanning electrochemical cell microscopy 

Conventional electrochemical analysis methods like RDE and RRDE have a limitation 

as macroscopic characterization technique. They can only provide information about 

the bulk properties of the materials. However, a catalyst film on an electrode consists 

of numerous active sites of varying types, and RDE and RRDE measurements can 

only provide an average activity value.148 Furthermore, the properties of the catalyst 

film, including layer thickness, surface area, and porosity, can significantly impact the 

observed activity.149 

In order to obtain a thorough understanding of electrochemical systems, it is essential 

to utilize techniques capable of probing nanoscale aspects of electrocatalysts. The 

exploration of complex spatiotemporal dynamics at electrochemical interfaces plays a 

critical role in addressing both fundamental and practical inquiries, particularly in 

catalyst material research. A promising scanning probe technique, known as scanning 

electrochemical cell microscopy, has emerged as an effective method for directly and 

swiftly investigating nanoscale regions on a target surface with exceptional 

precision.15,150–152 

SECCM (Scanning Electrochemical Cell Microscopy) is a scanning probe technique 

similar to SDC that utilizes a mobile droplet to perform electrochemical 

characterizations of surfaces. However, there are key differences between SECCM 

and SDC. One distinction is the size, as the SECCM probe can be miniaturized to 

dimensions below 50 nm.102,150 Another difference is that the hanging drop in SECCM 

is not confined after the approach, unlike in SDC. SECCM was first introduced and 

extensively developed by the research group led by Patrick Unwin.153 In SECCM, a 

mobile meniscus is brought into contact with the sample surface using an 

electrochemical feedback loop. This meniscus forms an electrochemical cell, enabling 

localized electrochemical measurements. The scanning strategy in SECCM involves 

performing arrays of measurements through a hopping scanning regime. The hopping 

scanning regime in SECCM allows for the application of various electrochemical 

methods. After each measurement, the meniscus is completely detached from the 

surface and then repositioned to an adjacent area without overlapping with previously 

contacted areas. This approach ensures high-quality, statistically relevant, and 

independent electrochemical measurements. Additionally, the contacted area or 

meniscus footprint can often be visualized and analyzed after a scan, for example, 
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using scanning electron microscopy. One significant advantage of the hopping mode 

in SECCM is that it allows for the effective investigation of sites of interest on rough 

surfaces while minimizing the risk of tip crash. This makes SECCM a highly robust and 

versatile technique for electrochemical analysis.150,154–157 

SECCM can utilize either a single barrel or dual barrel pipette as a probe. The electrode 

preparation process is similar for both configurations, involving the fabrication of 

capillaries with different tip opening sizes using a laser puller. The main difference lies 

in the type of feedback employed to detect the approach to the surface and the required 

instrumentation for feedback reading. In the case of a dual barrel configuration, a bias 

potential (U1) is applied between the two barrels to generate a direct ion current (I1) 

across the meniscus (Figure 9a). This I1 is monitored to determine the positioning of 

the droplet. When the droplet contacts the surface, there is a change in the I1 due to 

the altered size and shape of the meniscus. Fine control over positioning and the 

pipette-sample distance is typically achieved by operating in the AC mode. In this 

mode, the dual barrel probe is vertically modulated at a specific frequency using a 

sinusoidal signal generated from a lock-in amplifier. The resulting oscillations cause 

the meniscus to vibrate, converting the initially described I1 into an alternating current. 

The lock-in amplifier extracts the magnitude and phase of this alternating current to 

accurately position the meniscus over the sample. This approach is particularly useful 

for samples with lower conductivity. The potential U1 is used to regulate the driving 

force for electrochemical reactions, while the working electrode current (I2) is measured 

as the electrochemical signal.153,158–162 

For the single barrel probe (Figure 9b), a small bias is applied between the quasi-

reference counter electrode (QRCE) and the working electrode surface. Upon contact 

with the surface, a change in I is used as feedback to halt further translation. Although 

single barrels do not provide complete control over the meniscus geometry, the 

instrumentation is relatively straightforward, and the feedback loop can be detected 

more rapidly. This allows for the implementation of faster scanning protocols.102,103 
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Figure 9: SECCM in a) double barrel configuration and b) in single barrel configuration. 

SECCM, as a highly effective characterization technique with exceptional lateral 

resolution, has been extensively employed for imaging electrochemical processes on 

heterogeneous surfaces. The primary emphasis of numerous SECCM investigations 

has been to visualize and understand the electrochemical behavior occurring at these 

complex surfaces.163–167 The independent nature of SECCM hopping mode 

measurements allows for the generation of statistically significant datasets, with the 

capability to perform up to thousands of measurements in a short period of 

time.102,164,166,168 These large electrochemical datasets can be visualized as maps or 

movies, providing information on the local electrochemical activity across the sample 

surface.104 Furthermore, these datasets can be correlated with structural information 

obtained from characterizations performed at the same locations such as AFM,169,170 

Raman sprectroscopy,171 XPS,170 EBSD150,172 or SEM165,173,174. This ability to establish 

structure-activity correlations is valuable in various disciplines, including 

electrocatalysis,102,175–181 crystallization,182,183 corrosion,184 and batteries185–188. By 

linking the electrochemical behavior to the underlying structure, insights into the 

functional properties and performance of materials can be gained. 
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The utilization of the SECCM is primarily concentrated in the realm of nanomaterials, 

specifically aimed at exploring the inherent properties of these materials. Its application 

is centered on the investigation of nanomaterials, enabling a comprehensive 

examination of their fundamental characteristics. SECCM facilitates the in-depth 

analysis of nanomaterials, unraveling their unique traits and behaviors at the 

nanoscale. This advanced technique provides researchers with valuable insights into 

the intricate details and distinctive aspects of nanomaterials, fostering progress in this 

field of research. The SECCM can be employed to investigate nanomaterials through 

the utilization of local ensemble measurements. In this method, the pipette probe is 

utilized to encapsulate and examine individual nanoparticles or small groups of 

particles that are situated on an electrochemically inert working electrode surface. 

Initial SECCM experiments utilizing ensemble measurements and encapsulating 

multiple nanoparticles employed relatively large probe sizes (30 µm). These studies 

focused on analyzing the activity of Pt nanoparticles on single-walled nanotubes for 

the ORR.189 This investigation enabled the analysis of the pristine state of the particles. 

Subsequent studies applied similar methodologies to Ni(OH)2-decorated carbon 

nanotubes for ORR activity, allowing for differentiation between the alpha and beta 

phases of Ni(OH)2.190 Tarnev et al. conducted an example analysis of smaller 

nanoparticles, specifically (ZIF-67) particles, to investigate their activity towards the 

OER.173 This study demonstrated that the OER current correlated with the number of 

nanoparticles within the encapsulated SECCM meniscus spot, while the turnover 

frequency slightly decreased. Quast et al. also employed a similar approach to analyze 

multiple Co3O4 nanocubes for the OER within the SECCM meniscus, and intrinsic 

activity comparisons were made using single-particle-on-nanoelectrode 

measurements.174 

Electrochemical imaging is another configuration of the SECCM, where spatially 

resolved measurements are conducted in a sequential manner at predetermined points 

across the surface of the sample. This approach enables the creation of a map 

depicting the distribution of electrochemical activity on the sample surface. This 

approach allows for the investigation of nanoparticles, nanosheets, and other 

nanostructures. Initial investigations focusing on electrochemical mapping of 

nanoparticles using the hopping mode were carried out by Takahashi et al.191 They 

conducted a study mapping the redox activity of LiFePO4, a crucial parameter in 
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lithium-ion batteries.191 Subsequent studies on the same particles revealed variations 

in the redox activity of individual particles, which were attributed to differences in their 

crystal structures.192 In this particular study, the SECCM configuration was utilized 

within a glovebox to maintain an inert atmosphere when working with Li-based 

materials. In the field of electrocatalysis, Au nanoparticles have been frequently 

employed as a subject of investigation in SECCM studies. Bentley et al. utilized high-

speed and high-resolution hopping mode techniques with probe sizes of 30 nm to 

analyze both polycrystalline and well-defined {111}-oriented Au nanoplates.193,194 

While the average electrochemical response was similar for all particles, individual 

electrochemical experiments within a single particle exhibited variations, suggesting 

the presence of sub-particle structural crystallographic heterogeneity. 

Within the realm of nanosheets, significant research interest lies in the class of 2D 

materials discussed in earlier chapters. Graphene nanosheets, in particular, were 

among the first 2D nanomaterials to be investigated using electrochemical imaging 

with SECCM.195 Studies focused on the reactions of various redox mediators, revealing 

differences between FcTMA+/2+ and [Ru(NH3)6]3+/2+ for different layer thicknesses. 

SECCM has been applied in the analysis of graphene, particularly in examining the 

effects of N/P co-doped holey graphene nanosheets.196 The research showed that the 

presence of holes in the graphene lattice generated active sites for the HER. Moreover, 

the introduction of doping led to an enhancement in the catalytic activity, which was 

attributed to the modification of edge structures following the doping process.196 

As previously mentioned, SECCM has been utilized by several research groups to 

investigate MoS2, providing insights into the identification of active sites for the HER 

and their impact on the overall catalytic activity.102,104 SECCM has also been applied 

to study other TDMCs, including WSe2. In these studies,197 the local 

photoelectrochemical activity of WSe2 was investigated using a light source that was 

directed through a transparent substrate. The findings revealed that the electron 

transfer rate was influenced by the thickness of the nanosheets. It was attributed to the 

limited ability of thin nanosheets to support independent space charge layers, leading 

to variations in the electron transfer kinetics. 

The SECCM exhibits a wide spectrum of capabilities, ranging from the generation of 

statistically evident datasets to the exploration of intrinsic properties in materials. It 
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serves as a versatile and robust measurement system, enabling comprehensive 

investigations across different research areas. 
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3. Motivation and aim of the work 

In the research to find efficient, sustainable and environmentally friendly energy 

sources and storage possibilities, the quest to find an optimal catalyst for different kind 

of electrochemical reactions is present. Nevertheless, the systematic screening of 

potential materials is hindered by the low throughput of manual or conventional 

measurement methods. To overcome this limitation, automated synthesis and 

screening techniques employing combinatorial methodologies have been developed. 

These approaches enable accelerated investigations into the effects of composition 

and structure on materials performance. By combining high-throughput preparation 

methods with high-throughput screening, a large number of different materials can be 

efficiently explored, facilitating the search for materials that meet the desired 

specifications. 

As discussed in Chapter 2, HEAs have demonstrated efficient catalytic activity for 

various electrocatalytic reactions, including the HER and ORR. However, the challenge 

lies in identifying catalysts with optimized activity, given the vast number of potential 

element combinations and compositions. To address this challenge, high throughput 

measurement techniques are essential for conducting experiments within a reasonable 

timeframe to discover efficient catalysts. The initial step in high throughput screening 

of HEAs involves strategically selecting a starting point. This work presents two 

different approaches for identifying catalysts based on HEAs. 

In the first approach, a catalyst comprising (TiNi)-Cu-Hf-Pd-Zr was employed for the 

HER and ORR, both being significant electrochemical reactions in energy conversion. 

This element combination consists of established electrocatalytic elements and less 

commonly used elements, with the intention of leveraging synergistic effects to 

enhance activity. 

In the second approach, a previously reported HEA composition, 

Co35Cr15Fe20Mo10Ni20, was chosen as a starting point. This composition had been 

identified by Zhang et al.55 as an efficient catalyst for the HER. Over 1000 different 

HEA compositions were synthesized using co-sputtering to create three material 

libraries. These compositions were then analyzed using SDC measurements to identify 

HEA compositions within the CoCrFeMoNi space exhibiting higher activities and to 

determine composition trends associated with enhanced activity. 
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As outlined in chapter 2, conventional techniques such as RDE or RRDE 

measurements provide information about the bulk properties of materials and offer 

averaged activity of the catalyst film on an electrode. However, these techniques are 

limited in their ability to identify and analyze the intrinsic activity of individual active 

sites. Understanding the underlying processes responsible for catalyst activity requires 

the characterization and analysis of intrinsic activity, which goes beyond the scope of 

macroscopic characterization techniques. 

SECCM measurements were performed to analyze the spatially resolved activity of 

thin film MoS2 flakes. These flakes were synthesized via chemical vapor deposition 

(CVD) on a non-conductive substrate and subsequently transferred to a glassy carbon 

support. The aim was to investigate the catalytic activity of these larger-sized MoS2 

flakes compared to previous studies in the literature. The SECCM setup used in the 

research group was optimized and rebuilt to improve sensitivity and signal-to-noise 

ratio. 

Lastly, the influence of stress in catalyst films on catalytic activity was studied. A stress 

chip, capable of measuring stress in films on cantilevers, was utilized as a support for 

Pt films. Pt was chosen as a model catalyst to assess the functionality of the setup. 

The electrochemical analysis was performed using SECCM. This part of the project 

involved integrating the stress chip into the SECCM setup and designing a holder 

system to induce bending of the cantilevers on the stress chip during SECCM 

measurements. The subsequent analysis aimed to measure and evaluate the impact 

of stress in the thin film on the stress chip on catalytic activity. 
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4. Results and discussion 

4.1 High entropy alloy compositions spreads on material libraries 

Two distinct combinations of high entropy alloys (HEAs), namely (TiNi)-Cu-Hf-Pd-Zr 

and Co-Cr-Fe-Mo-Ni, were subjected to analysis using the SDC technique. The 

resulting data was carefully examined and interpreted, leading to the publication of two 

research papers in peer-reviewed journals at the time of writing this thesis. The findings 

and contributions from these studies are presented in two separate subchapters, with 

the division of individual contributions outlined at the beginning of each respective 

subchapter. 

4.1.1 (TiNi)-Cu-Hf-Pd-Zr 

The following subchapter covers the studies of Krysiak and Schumacher et al.198 Parts 

of the text or paraphrases were taken from 198. Also, it covers the studies that were 

addressed within the scope of the DFG project “Exploring high-entropy alloys for the 

hydrogen evolution reaction in alkaline electrocatalysis: from compositional screening 

to strain effects - AN 1570/2-1” from the research groups of Prof. Dr. Corina 

Andronescu and Prof. Dr. Alfred Ludwig. The contribution in this study is divided as 

follows. SDC measurements were performed, and electrochemical data was analyzed 

and interpreted by Olga Krysiak (O.K.) and Simon Schumacher (S.S), O.K. being 

responsible for ORR measurements and S.S. for HER measurements. Fabrication and 

characterization of the MLs were performed by Alan Savan. Writing of the original 

manuscript draft was done by O.K. and S.S. Conceptualization, providing resources, 

supervision and project administration are attributed to Wolfgang Schuhmann, Alfred 

Ludwig and Corina Andronescu. Further data interpretation, discussion as well as 

review and editing of the manuscript were done by all coauthors. 

Considering the vast number of possible combinations of elements and their relative 

concentrations in HEAs, it is crucial to employ high-throughput screening methods to 

analyze the effects of composition, structure, and catalysis. These methods are 

essential for identifying potential catalysts with desirable electrocatalytic properties. By 

utilizing thin-film MLs containing continuous composition spreads of HEAs, where each 

constituent element ranges from about 10 at.% to 35 at.%, along with rapid 

electrochemical screening techniques such as the scanning droplet cell, a better 

understanding of the interactions and unexpected properties exhibited by quinary 
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element mixtures can be achieved. Additionally, this approach facilitates the efficient 

identification of suitable electrocatalysts for various reactions.138,139 

It is also valuable to include elements in unconventional combinations that have not 

been explored before due to the poor performance of individual elements. However, 

such combinations might contribute to synergistic effects in CCSS and consequently 

enhance electrocatalytic activity. Selecting an elemental composition as a starting 

point for high-throughput screening, without prior knowledge of how the interactions in 

a CCSS will influence the measured properties, particularly catalytic activities, remains 

a challenge. One approach is to start from known active metals or binary mixtures and 

assume that the combination of their properties will be relevant for the activity of HEAs 

based on five or six elements. Although this approach seems knowledge-driven, it falls 

short due to the complex and unknown interactions among different parameters. The 

alternative approach involves starting with a combination of metals, such as those with 

high activity for certain reactions, and another class of metals typically used as support 

materials in heterogeneous catalysis. In this study, latter approach is adopted.198 

In this study the composition-dependent activities of the hexanary system (TiNi)-Cu-

Hf-Pd-Zr for the ORR and HER in alkaline media were investigated. These reactions 

were selected as model reactions due to their significance in the field of energy 

conversion. The choice of elements was based on the intention to expand the range 

of elemental compositions tested for catalytic activity by combining commonly used 

catalytic metals (Ni, Cu, Pd) with elements that are not typically considered promising 

electrocatalysts (Hf, Zr, Ti). 

Two thin-film MLs (ML1 and ML2), generated using combinatorial co-sputtering from 

five confocal targets, exhibited nearly identical composition spreads. The sputtering 

process is described in more detail in chapter 6. The distinctions between ML1 and 

ML2 were limited to approximately 1 atomic percent (at.%) of specific elements. To 

analyze the electrochemical properties of various elemental compositions, a SDC was 

employed in 0.1 M KOH electrolyte. A detailed description of this analytical device and 

the measurement procedure can be found in chapter 6. This high-throughput 

electrochemical technique allowed the assessment of activity at 342 discrete 

measurement areas (MAs) within the ML, generating a data map that correlates 

electrochemical response with controlled composition trends. By maintaining 
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consistent measurement conditions and ensuring high data accuracy and reliability 

through automated non-manual operation, valid comparisons of activity between 

different MAs were made. 

Considering the potential surface oxidation of compositions containing Ti, Hf, and Zr, 

the start potential of the LSV was adjusted to prevent oxide formation. The focus was 

on reduction reactions where any surface-oxidized species would be re-reduced before 

reaching the potential range of the investigated reactions. Figure 10 displays 

electrocatalytic activity maps, which plot measured current values at specific potentials 

in relation to the location on the ML. A potential of 570 mV vs RHE was chosen for the 

ORR, while a potential of -700 mV vs. RHE was selected for the HER. This visualization 

allowed observation of activity changes throughout the studied composition space, 

revealing both general trends and the location of high-activity regions. For ORR, 

activity increased from the upper end of ML1 to the lower end, with three highly active 

regions situated on the center-left side of the ML. Conversely, for HER, the general 

trend indicated increased activity along the diagonal from the upper right side to the 

lower right side, with the high-activity area located on the upper left side of ML2. The 

lower panel of Figure 10 exhibits the measured LSVs for ORR and HER at selected 

MAs from regions with different activities (marked with squares in Figure 10). 
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Figure 10: Comparison of activity maps obtained for the ORR (a) and the HER (b). Individual LSVs of the selected 
MAs characterized by different electrochemical activities (indicated by squares) are presented on the bottom part 
of the figure. For the ORR the current at 570 mV vs. RHE and for the HER the current at −700 mV vs RHE (dashed 
lines) were selected as the measure of activity198 

To eliminate the possibility of systematic errors introduced by the automated 

measurement setup, we conducted a second measurement of the material library (ML) 

after physically rotating it by 90° (Figure 11). By comparing the results obtained before 

and after the rotation, we were able to verify that the observed changes in activity were 

indeed associated with the variations in the composition of the ML. This further 

supports the conclusion that the observed differences in activity are directly influenced 

by the specific compositions of the material library rather than any experimental 

artifacts. 
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Figure 11: Electrochemical activity maps obtained by plotting the current at -700 mV vs. RHE measured on ML2 
initially, and then subsequently after physical rotation of the sample by 90°.198 

The highest activity for ORR was observed in a small cluster located at the center of 

ML1, corresponding to the composition Ti14Ni17Cu16Zr21Pd17Hf15. Furthermore, 

the activity appeared to be enhanced with higher amounts of Ti and Ni, and slightly 

improved with increased Cu content. It is worth noting that the recorded LSV curves 

for ORR exhibited a multi-wave shape characteristic of high-HEAs, as described 

theoretically199 and confirmed experimentally.200 The random arrangement of elements 

in a CCSS leads to a continuous and distinct adsorption energy distribution pattern. 

When considering only on-top adsorption of reaction intermediates, the number of 

adsorption peaks corresponds to the number of elements, with each peak representing 

active sites containing a specific element at the center. However, when active sites 

formed by two or three atoms are considered, the number of adsorption peaks 

increases along with the number of possible centers. Each of these multiple adsorption 

peaks generates a current curve, whose activity depends on the peak's position 

relative to the optimal binding energy. The intensity of the current curves is determined 

by the molar ratio of elements, with activity influenced by the difference in peak position 

from the optimal binding energy. In some cases, electrochemical response waves 

corresponding to each adsorption peak may not be visible in the LSV due to low activity 

and high overpotentials. Consequently, plotting activity maps at different potentials can 

provide additional insights into catalytic activity. 

As shown in the top panel of Figure 12 a) and b), plotting the activity map of ML1 at 

820 mV reveals an opposite trend compared to 570 mV. At higher potentials, activity 

increases with higher amounts of Ni and Ti, whereas at lower potentials, activity 
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increases with decreased amounts of Ni and Ti and increased Pd content. Additionally, 

the small high-activity region near the center of the ML is no longer visible at 570 mV 

vs RHE. These results can be explained by the multi-wave shape of the LSV plots. The 

potential of 820 mV vs RHE falls within or close to the catalytic region of the first wave, 

while the potential of 570 mV vs. RHE corresponds to the second wave. This indicates 

that adsorption sites containing Cu, Ni, and Ti are responsible for the first wave, while 

the second wave corresponds predominantly to adsorption sites containing Pd, Hf, and 

Zr. 
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Figure 12: a) and b) showing further data interpretation for ORR and HER, respectively. Correlation of the amount 
of each element (middle row) at each of the measurement areas marked with the lines on MLs (top row) and the 
measured current at 570 mV and 820 vs. RHE for ORR and at −700 mV for HER (bottom row). Lines indicated in 
the activity maps (top row) determined the MAs used for this analysis, represented by their x coordinate.198 
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Regardless of the potential at which the activity map is measured (Figure 13), the 

overall trend for the HER remains consistent. The activity increases from the upper 

right side of the ML (starting from the high Pd content) to the lower left side (higher Ti, 

Ni, and Cu content), and a high-activity area is observed at relatively high levels of Hf 

and Pd (around 20 at.% to 25 at.%). Interestingly, this upward trend in activity along 

the diagonal of the ML is contrary to the Pd content, which is known to be an efficient 

HER catalyst.201 This finding suggests that the synergistic interactions among all the 

elements present in the HEAs are more significant for electrocatalytic activity than the 

individual element content. In the analyzed ML, the active sites containing mainly Cu, 

Ti, and Ni exhibit the highest activity. Alongside the diagonal activity trend, a narrow 

cluster with higher activity is situated at the center, slightly shifting toward the region 

with higher Hf content. This observation supports the notion of possible synergistic 

interactions contributing to the catalyst's activity since Hf is not typically recognized as 

a highly active HER catalyst. The composition Ti11Ni13Cu18Zr17Pd19Hf22 

demonstrates the highest activity for HER. 

 

Figure 13: HER activity maps of ML2 at a) -300 mV vs RHE and b) -500 mV vs RHE.198 

In conclusion, several key findings emerge from this subchapter. By combining 

elements commonly used in catalysis (Cu, Ni, Pd) with elements typically employed as 

support materials (Ti, Hf, Zr), previously unknown and unexpected compositions that 

exhibit remarkable activity for the HER and ORR could be discovered. Interestingly, 

the presence of supposedly non-active elements is essential for achieving these high 

activity levels. It is noteworthy that different compositions, characterized by varying 

relative amounts of the elements, enhance different electrocatalytic reactions. In the 

case of the ORR, the variation in Ti and Ni content plays a crucial role in determining 
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the activity, while for the HER, decreasing Pd content and a specific cluster within the 

material library exhibit higher activity. Due to the immense complexity arising from the 

countless possible compositions and unknown physico-chemical interactions, 

screening large numbers of material libraries is the only viable approach to unravel this 

complexity. The resulting extensive and expanding datasets will serve as a valuable 

foundation for machine learning techniques, enabling improved predictions and the 

identification of optimal starting compositions in future studies. 
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4.1.2 Co–Cr–Fe–Mo–Ni 

The following subchapter covers the studies of Schumacher and Baha et al.202 Parts 

of the text or paraphrases were taken from 202.Also it covers the studies that were 

addressed within the scope of the DFG project “Exploring high-entropy alloys for the 

hydrogen evolution reaction in alkaline electrocatalysis: from compositional screening 

to strain effects - AN 1570/2-1” from the research groups of Prof. Dr. Corina 

Andronescu and Prof. Dr. Alfred Ludwig. The contribution in this study is divided as 

follows. SDC measurements were performed, and electrochemical data was analyzed 

by Simon Schumacher (S.S). Fabrication and characterization of the MLs were 

performed by Sabrina Baha (S.B.) and Alan Savan. Writing of the original manuscript 

draft was done by S.S. and S.B. Conceptualization, providing resources, supervision 

and project administration are attributed to Alfred Ludwig and Corina Andronescu. 

Further data interpretation, Review and editing of the manuscript were done by all 

coauthors. 

 

The Co-Cr-Fe-Mo-Ni CCSS (Combinatorial Co-Sputtering System) was investigated 

as a potential source of new electrocatalysts for the HER in an alkaline environment. 

The exploration began by focusing on a nearly equiatomic composition, which served 

as the center point of the first material library (ML1). From this starting point, the 

composition range expanded linearly in five different directions on the ML. Additionally, 

ML2 and ML3 introduced new center points, further extending the composition space. 

ML3 specifically included the composition previously reported by Zhang et al.55 By 

utilizing high-throughput X-ray diffraction (XRD) and energy dispersive X-ray 

spectroscopy (EDX) characterization techniques, over 1000 different CCSS 

compositions were analyzed. Furthermore, high-throughput screening of 

electrocatalytic activity for HER using voltammetry in a SDC was employed. As a result, 

numerous Co-Cr-Fe-Mo-Ni CCSS compositions were identified that exhibited 

significantly higher electrocatalytic activity compared to those reported in the 

literature.55 

The chemical compositions of 342 measurement areas (MAs) on each ML are depicted 

in Figure 14, providing a comprehensive overview of the three libraries. The MAs are 

arranged in a well-defined manner, with the first MA starting from the lower-left corner 

and progressing from left to right. The final MA, MA342, is located at the top-right 
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corner of the ML. The center points of each ML, namely ML1-MA168, ML2-MA168, 

and ML3-MA167, possess chemical compositions of Co20Cr24Fe14Mo21Ni21, 

Co43Cr12Fe31Mo5Ni9, and Co36Cr16Fe20Mo8Ni20, respectively. 

 

Figure 14: Composition ranges of the MLs, measured by EDX in at%. The composition of each of the 342 MAs in 
the synthesized MLs is visualized as a color-coded pie chart. The measured composition in the respective center 
of the ML: ML1-MA168 Co20Cr24Fe14Mo21Ni21, ML2-MA168 Co43Cr12Fe31Mo5Ni9 and ML3-MA167 
Co36Cr16Fe20Mo8Ni20. The numbering of the MA starts at MA001 and runs from left to right, so that the last MA 
is MA342 in the upper right corner202 

Despite synthesizing and characterizing over 1000 compositions, it is important to note 

that the explored composition space remains limited compared to the vast number of 

possibilities offered by the quinary system. To visualize this, Figure 15 provides a 

schematic representation of the 5D space for ML1 (pink), ML2 (yellow), and ML3 (blue) 

in both 2D and 3D projections. The projections depict two different configurations of 

the deposition sources and offer a better understanding of the 5D element space. 

Figure 15 b) and c) highlight that ML1 and ML2 do not overlap in their compositions. 

Furthermore, in all the figures, ML3-MA167 is marked with a green point, representing 

a CCSS composition that closely resembles a composition previously reported in the 

literature as an active HER electrocatalyst.55 
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Figure 15: Representation of the 5D space as (a) and (b) 2D projections and (c) and (d) 3D projections of ML1 
(pink), ML2 (yellow) and ML3 (blue). The green point in a) represents the composition Co36Cr16Fe20Mo8Ni20 
(ML3-MA167), which was reported55 as a HER catalyst. Two different configurations of the deposition sources were 
chosen to visualize the 5D elemental space.202 

Figure 16 showcases the electrocatalytic HER activity as activity maps derived from 

the electrochemical measurements, along with selected electrocatalytic and 

compositional trends for each ML. The respective MAs from the three MLs are plotted 

based on the measured current at a potential of -250 mV vs RHE, with a specific color 

range utilized for visualization. The extensive evaluation of MAs allows for the 

identification of activity trends as a function of composition without any interpolation or 

data manipulation. The white areas in Figure 16 a) indicate MAs where no faradaic 

current could be recorded or extracted due to technical issues, such as gas bubble 

formation leading to cell disconnection and noisy current recordings. Upon comparing 

the activity maps at -250 mV vs RHE, it becomes evident that MAs with higher 

electrocatalytic HER activity are present on ML2 and ML3, surpassing those on ML1. 

Each activity map features a black arrow pointing from the MA with the lowest recorded 

current at -250 mV vs RHE to the MA with the highest current, illustrating the trend in 

electrocatalytic HER activities (Figure 16 a). While the trend is pronounced for ML2 

and ML3, it is less apparent for ML1. Consequently, for ML1, measurements of current 

at a higher overpotential (-400 mV vs RHE) were conducted. The results of 

electrocatalytic HER activity (Figure 16 b) and the corresponding elemental 

compositions (Figure 16 c) are plotted for individual MAs along the arrow shown in 

Figure 16 b). 
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Figure 16: Comparison of ML1, ML2 and ML3: (a) color-coded activity map, visualizing the current in mA at 250 mV 
vs. RHE for all MAs in dependence of x- and y-coordinates; the black arrow represents a direct path from the lowest 
current (blue square) to the highest current (red square); center of the ML (green square); (b) current (mA) and (c) 
content of each element (at%) in the MAs located on the black arrow with respect to the x- or y-coordinate.202 

The comparison of the three MLs reveals that high contents of Cr (>20 at%) have an 

inhibiting effect on the electrocatalytic HER activity. This finding explains the overall 

decreased activity observed in the Cr-rich ML1 in comparison to ML2 and ML3. 

Additionally, on ML2 and ML3, it is evident that the CCSS compositions with the highest 

Cr content exhibit decreased electrocatalytic HER activity. While Cr has been 

demonstrated to have a positive impact on stability,203 it does not contribute to 

enhanced HER activity in this context. Similar results have been reported for 

multimetal-based systems by McKay et al.204 

However, despite the relatively high Cr content in ML1, it is observed that the HER 

activity can be enhanced by increasing the Fe and Ni content while decreasing the Cr 

and Mo content, while maintaining a constant Co content. In the case of ML2 and ML3, 

the MAs primarily consist of higher amounts of Co and Fe compared to other elements. 

Nevertheless, an increase in the relative Co content, accompanied by a decrease in 
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the amounts of Cr and Ni while maintaining a relatively constant amount of Fe and Mo, 

leads to an increase in HER activity. The Co-rich area of ML2 and ML3 exhibits the 

highest HER activity, with ML3-MA057 displaying the highest recorded current (50 mA 

at -250 mV vs. RHE). This value is approximately ten times higher than the areas with 

the lowest activities in this screening. These results indicate that a substantially high 

Co content (>40 at%) has a boosting effect on the HER activity. 

The XRD patterns and LSV curves depicted in Figure 17 a) correspond to the selected 

MAs marked in Figure 16 a) using the same color code. The MAs with the highest HER 

activity (red) on the three MLs correspond to ML1-MA332, ML2-MA076, and ML3-

MA057. The center MAs of each ML are indicated in green (ML1-MA168, ML2-MA168, 

ML3-MA167), while the compositions with the lowest activity (blue) correspond to ML1-

MA075, ML2-MA136, and ML3-MA335. 

 

Figure 17: (a) XRD pattern of the MAs showing the highest (red) and the lowest current (blue) at -250 mV vs. RHE 
and the center MA (green) from each ML and (b) the corresponding recorded LSVs.202 

The XRD patterns reveal diffraction intensity maxima, which can be attributed to one 

or two textured fcc solid solution phases (fcc1, fcc2) as shown in Figure 17 a). For 

ML1, the fcc intensity peaks appear at 2θ = 45.00° and 2θ = 83.22°, for ML2, fcc1 is at 

2θ = 43.84°, and for ML3, fcc1 appears at 2θ = 43.79°. The results suggest that both 

crystallinity and composition have a complex influence on the catalytic activity. 

Generally, lower crystallinity (broad diffraction peaks with low intensity) is associated 

with poorer electrochemical activity, while higher crystallinity (sharp diffraction peaks 

with high intensity) indicates better activity in the respective ML. However, the 
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composition has a more significant effect, as observed in ML3. ML3-MA167 

(Co36Cr16Fe20Mo8Ni20) exhibits higher crystallinity compared to the MAs in the low-

activity region of ML3, but it does not possess the highest activity within the 

investigated composition range. The highest activity is observed for 

Co56Cr8Fe19Mo7Ni10 at -250 mV vs RHE (ML3-MA057), which exhibits comparable 

crystallinity in the XRD measurements. This suggests that the composition plays a 

more significant role in determining activity than crystallinity, although there may be 

complex interactions between these properties. 

Including ML3-MA057, a total of 349 compositions were discovered on ML2 and ML3 

that exhibit similar or higher catalytic activity than the composition reported by Zhang 

et al. (ML3-MA167). These results are illustrated in Fig. 5, where the corresponding 

compositions for the MAs with higher activity are highlighted in yellow on the two MLs. 

A dashed black line in Fig. 5 represents the currents recorded at 250 mV vs. RHE for 

comparison. Overall, the discovery of more than 300 active compositions 

demonstrates the advantage of high-throughput techniques over conventional 

methods that examine one composition at a time. 

 

Figure 18: LSVs of 349 MAs from (a) ML2 and (b) ML3. The LSVs are compared to the corresponding CCSS 
composition found by Zhang et al.55 (ML3-MA167, green). MAs with similar or better electrocatalytic activity are 
marked yellow in the activity maps which were plotted at -250 mV vs. RHE (insert). The most active MAs of ML2 
(ML2-MA076) and ML3 (ML3-MA057) are marked in red.202 

The Tafel slopes for all MAs were calculated and plotted on the MLs to provide spatial 

resolution (Figure 19) using a color code. The coefficient of determination (R2) was 

also calculated for all MAs to assess the quality of the linear fit. Tafel slopes in the 

range of 50 to 130 mV dec-1 were obtained for the MAs located on ML2 and ML3. 

These values are within the expected range of 40 mV dec-1 to 120 mV dec-1 for the 
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Heyrovsky and Volmer steps, respectively, which are considered rate-determining 

steps. By analyzing the catalyst composition, trends can be identified regarding the 

dominant limiting steps. Specifically, the Tafel slope values differ between the area 

with higher Cr content and lower HER activity, and the area with low Cr content and 

higher activity on ML2 and ML3. Compositions exhibiting lower activity and higher Tafel 

slope values indicate that the rate-determining step is the transfer of the first proton 

and electron, corresponding to the Volmer step. In contrast, compositions with 

relatively lower HER electrocatalytic activities exhibit hindered second proton and 

electron transfer in the Heyrovsky step. On ML1, where the MAs with the lowest 

catalytic activities were observed, Tafel slopes above 150 mV dec-1 were calculated. 

Such values, which deviate from the typical Volmer and Heyrovsky steps in HER, have 

been reported in the literature for catalyst materials with poor conductivity, as 

demonstrated by Chung et al.205 However, it is important to consider these values 

carefully as they do not provide relevant intrinsic values. 

 

Figure 19: Comparison of the colormaps of the current at -250 mV vs RHE, the Tafel slope in log(i)-range 2.5 – 3.5 
and the R²-values of the linear fitting of the corresponding Tafel slopes.202 
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To highlight the different Tafel slopes of the MAs, they were further presented for the 

MAs discussed in Fig. 4. Fig. S2† shows that the MAs with the lowest electrocatalytic 

HER activity on ML1 exhibit extremely high Tafel slope values, indicating high 

resistance of the sample. The corresponding LSVs presented in Fig. 4 for ML1 show 

an almost linear increase at lower overpotential, suggesting high resistance of the 

MAs. On ML2 and ML3, the Tafel slope values range from 65 to 80, indicating the 

highest electrocatalytic activity. This may suggest a combination of the two possible 

limiting steps (Volmer and Heyrovsky steps) and a potential variation in coverage of 

the multiple active sites, which are expected to be present in a HEA material, 

contributing to these results. 

 

Figure 20:Tafel-plots from the LSVs with the highest (red) and the lowest current (blue) at -250 mV vs RHE and the 
center MA (green) from each ML.202 

In this study, more than 1000 compositions of the Co–Cr–Fe–Mo–Ni system were 

evaluated using high-throughput screening of thin film material libraries (MLs). Among 

these compositions, 349 were found to exhibit similar or better HER activity compared 

to a recently reported catalyst composition for the system. Through the evaluation of 

three different MLs, trends in HER activity were identified and correlated with 

crystallinity and chemical composition. It was observed that high contents of Fe and 

Co in the CCSS contribute to enhanced HER activity, while an increasing amount of 

Cr has the opposite effect. Moreover, it was found that Co–Cr–Fe–Mo–Ni CCSS 

compositions with higher HER activity tend to exhibit higher crystallinity. However, the 

composition of the CCSS was found to have a stronger influence on the HER 

electrocatalytic activity compared to crystallinity. Overall, there is a complex interaction 

between compositions and phases that affects the activity of HER in this system. 
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4.2 SECCM investigations on thin-film molybdenum disulfide 

As previously reported in chapter 2, initial findings on MoS2 were conducted by other 

research groups using SECCM. These studies consistently utilized exfoliation 

techniques or chemical vapor deposition (CVD) to create thin films, resulting in small 

flakes ranging from nm to a few µm in size. However, the current focus of this PhD 

study is on the investigation of larger MoS2 thin film flakes grown through CVD and 

subsequently transferred onto a conductive substrate. The materials were fabricated 

by the group of Prof. Dr. Marika Schleberger and were characterized as received. 

Furthermore, this chapter also presents technical enhancements made to the SECCM 

setup used in previous studies, leading to results that have been published in a peer-

reviewed journal. 

4.2.1 Initial setup measurements 

In first initial experiments the setup was in a state described by T. Tarnev in his PhD 

thesis 158 and in several research articles.159,173.This setup was utilized in those studies 

to analyze the catalytic activity of ensembles of particles within the spot size of a single 

SECCM measurement. To achieve this, a probe size of approximately 1 µm was 

deemed sufficient, resulting in lower demands for the required signal-to-noise ratio 

compared to using smaller tip sizes for higher-resolution experimental data. 

For this study, MoS2 thin layer flakes were synthesized via a Chemical Vapor 

Deposition (CVD) process. These flakes were subsequently transferred from the 

synthesis substrate (Si/SiO2) to a conductive glassy carbon (GC) substrate, allowing 

for the creation of a suitable working electrode for electrochemical measurements. The 

synthesis and transfer process are described in more detail in chapter 6. Following the 

transfer, SECCM scans were performed on the MoS2 sample using double barrel 

capillaries. Detailed information regarding the SECCM experiments with double barrel 

capillaries can be found in chapter 6. After the SECCM scan, the scanned area was 

carefully examined using scanning electron microscopy (SEM) to observe and analyze 

the residual electrolyte footprints left by the SECCM tip approaches. Figure 21 

presents the results obtained from the conducted SECCM scan. In Figure 21 a), the 

SEM image showcases the scanned area, revealing the triangular-shaped MoS2 flake 

along with the residuals of the SECCM scan's electrolyte. The SECCM scan pattern is 

characterized by a division into lines and points, as indicated in Figure 21 a). It is 
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evident from the image that the residuals of the scan gradually increase starting from 

line 4, denoted by a green frame. Beyond this point, the capillary experienced an 

accidental collision with the substrate, leading to larger residuals in subsequent spots. 

For comparative analysis, the third line is selected, as it represents measurements 

before the capillary crash, encompassing spots on both the glassy carbon substrate 

and the transferred MoS2. Following the landing of the SECCM tip, CV measurements 

were conducted in the potential range between 0 V and -1.0 V vs RHE. The 

corresponding polarization curves are depicted in Figure 21 b) for Spots 1-6 in line 3 

(highlighted with a yellow frame in Figure 21 a) and in Figure 21 c) for Spots 7-11 in 

line 3 (highlighted with a red frame in Figure 21 a). As observed in the SEM image, 

Spots 9-11 are situated on a single MoS2 flake, while all other spots lie on the glassy 

carbon substrate. This spatial distinction is also evident in the CVs of these spots. 

Specifically, the current responses for the landing spots on glassy carbon reach a 

maximum of approximately -150 pA at -1.0 V vs RHE. Conversely, the spots on the 

MoS2 exhibit higher activity for the HER, with current responses ranging from -200 pA 

to -250 pA at the same potentials. 
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Figure 21: SECCM scan on MoS2 transferred on GC, a) SEM image of scan, b) and c) polarization curves of 
measurements. 

While the discrimination of activity between the transferred MoS2 flake and the 

underlying glassy carbon substrate marks an initial achievement, it does not constitute 

novel advancements in the realm of SECCM on MoS2. To gain more profound insights 

into the electrochemical properties, further higher-resolution mappings are imperative, 

surpassing the simple differentiation between being on the MoS2 or not. The resolution 

in a SECCM scan is determined by two key factors: the hopping distance between 

different SECCM spots and the size of the probe utilized. 

In the utilized setup, the conventional capillary tip size typically falls within the range of 

approximately 500 nm to 1000 nm in diameter. However, to effectively visualize and 

dissolve active sites on the MoS2 flakes, the possibility of using smaller SECCM 

capillary tip sizes becomes crucial. To achieve this, transitioning from double-barrel to 
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single-barrel capillaries was the initial step in enhancing the setup's resolution. As the 

reduction of tip size is more feasible with single-barrel capillaries, and the approach 

follows a more straightforward principle, this switch was deemed essential. Further 

details of the experimental modifications are elucidated in Chapter 6. Initial attempts 

of SECCM measurements were carried out using single-barrel capillaries with tip sizes 

less than 100 nm. 

The primary challenge in this SECCM configuration was the inadequate signal-to-noise 

ratio for currents occurring after approaching with a tip smaller than 100 nm. Figure 22 

a) depicts the current signal before the SECCM meniscus contacts the working 

electrode, displaying a peak-to-peak noise of approximately 17 pA. However, upon the 

approach towards the surface, the process is interrupted as the capillary tip crashes 

into the surface, enlarging the tip opening and enabling a larger approach current to 

emerge. A failed scan with a capillary crashed into the surface is illustrated in Figure 

22 b). In this case, electrolyte from the capillary leaks onto the surface, overlapping 

with other spot sites, rendering the mapping of electrocatalytic activity unfeasible. 
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Figure 22: a) Current signal during the approach of a SECCM capillary tip, b) electrolyte and glass residuals of a 
failed SECCM scan. 

4.2.2 Noise reduction 

The SECCM is aiming to detect current responses from extremely small electrode 

areas to resolve high resolution activity maps. This means the detection of very small 

currents with an optimized signal-to-noise ratio is desirable for a meaningful result. 

Optimization is done in this case by reducing the noise in the current signal as much 

as possible. Electrical noise in general, as defined by Motchenbacher (1993), is “any 

unwanted disturbance that obscures or interferes with a desired signal.” 206 In this work 
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the desired signal is an electrical current resulting after an electrochemical reaction 

which in the case of the SECCM can vary in between nA- to fA-range depending on 

the probe size. 

Electrical noise refers to random fluctuations in currents and voltages that occur in 

electronic systems. These fluctuations arise from various sources, including the 

thermal motion of electrons and the quantized nature of electric charge. As a result, 

noise is an inherent characteristic of electronic circuits and can be observed in any 

electrical system.207  

For optimizing the signal-to-noise ratio of a current amplifier, which is used to convert 

the current signal from an electrochemical reaction to a voltage signal, the parameter 

of interest is the transimpedance. This device amplifies the magnitude of the input 

current by a fixed multiple and passes it to the succeeding circuit or device, thus 

performing current amplification. To achieve a high sensitivity of the amplifier, the 

bandwidth and rise time are crucial factors. The bandwidth should be small enough to 

avoid capturing high or low-frequency noise sources, while the rise time should be 

appropriate to capture the speed of the electrochemical reactions, allowing them to be 

displayed accurately by the device. 

Initially, the ELC-03XS from NPI,208 a typical patch clamp amplifier, was used to record 

the current between the QRCE and the WE. However, due to its high complexity, this 

setup configuration resulted in unacceptable noise rates (Figure 22). To overcome this 

issue, a simpler setup was implemented, replacing the ELC-03XS with a variable gain 

low noise transimpedance current amplifier with high bandwidth from FEMTO, known 

as the DLPCA-200.209 This amplifier has a transimpedance gain ranging from 103 to 

1011 V/A, with input noise as low as 4.3 fA/√Hz and a bandwidth up to 500 kHz. The 

rise time has a minimum value of 700 ns. With the implementation of the DLPCA-200 

amplifier, the need for a separate preamplifier was eliminated, reducing the number of 

electrical nodes. The QRCE is now directly connected to the input of the amplifier using 

a short shielded pickup cable, minimizing the possibility of capturing additional noise 

from the environment before being led into the current amplifier. 

Through the implementation of the new setup configuration with a capillary size smaller 

than 100 nm, a substantial reduction in the signal to noise ratio was successfully 

achieved. The presented Figure 22 illustrates an exemplary LSV measurement utilizing 
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this improved setup, while maintaining a similar sample configuration as in Figure 21. 

The temporal evolution of the current signal during the approach, waiting time, LSV 

measurement, and retraction stages is displayed. Remarkably, the noise level has 

been significantly decreased to approximately 1.1 pA. Comparatively, in Figure 21, the 

majority of current features, such as the approach current and the LSV signal, would 

have been indistinguishable from the noise observed in the previous setup 

configuration. 

 

Figure 23: Exemplary current response of a SECCM experiment including approach, waiting time, LSV experiment 
and retraction after the system optimization. The experiment was performed using a capillary size of approximately 
100 nm, Ag/AgCl wire as QRCE and 0.1 M HClO4 as electrolyte. The scan rate of the LSV was 2 V/s. The approach 
and retraction were performed as described in chapter 6.5.3. 

The enhanced setup configuration now allows for the realization of more ambitious 

high-resolution scans, enabling a deeper investigation of electrochemical properties 

with increased precision and accuracy. 

4.2.3 Revealing the heterogeneity of large‐area MoS2 layers in the 

electrocatalytic hydrogen evolution reaction 

The following subchapter covers the studies of Schumacher et al.210 Parts of the text 

or paraphrases were taken from 210.The contribution in this study is divided as follows. 

SECCM measurements were performed, and electrochemical data was analyzed and 
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interpreted by Simon Schumacher (S.S). Fabrication and transfer of the MoS2 sheets 

were performed by Lukas Madauß. SEM measurements after the SECCM scan were 

performed by S.S. Writing of the original manuscript draft was done by S.S. and Corina 

Andronescu (C.A.). Further data interpretation was done by S.S. and Yossarian 

Liebsch. Conceptualization, providing resources, supervision and project 

administration are attributed to Marika Schleberger and C.A. Review and editing of the 

manuscript were done by all coauthors. 

In this study, the surface of large areas of single-sheet MoS2 that were grown by 

chemical vapor deposition (CVD) was evaluated. These MoS2 sheets were transferred 

onto a glassy carbon (GC) electrode using a polymer-assisted method.211 A total of 

4941 different spots within a 30 µm x 40 µm area were probed, with approximately 

4400 spots located on the MoS2 sheet. During the investigation, we observed 

variations in the electrocatalytic activity for the HER across the surface of the MoS2 

sheet. The increased lateral heterogeneity in HER activity was observed. 

A GC electrode was used to establish the electrical connection (in the so-called bottom-

contacted mode) and was further used as a working electrode (WE) in SECCM 

experiments. The mode of contacting the MoS2 layers was shown to impact the 

measured electrocatalytic activity of MoS2 by SECCM, since different pathways for the 

electrons transport are established. 104,212 In top contact, the lateral electron transport 

along the layer occurs, while in bottom contact, the electron transfer occurs from the 

substrate to the upper MoS2 sheet, where the reaction takes place. For example, in 

the case of bulk MoS2, measuring with a top contact proved to be beneficial as 

compared to measuring with a bottom contact, as it prevented the recording LSVs with 

artefacts.104 On the other hand, for single to few-layer MoS2, the bottom contact was 

successfully used to perform SECCM.212 For the large single-sheet MoS2 used in this 

study, the recorded LSVs during the SECCM measurement show no artefacts (Figure 

S1), indicating that electrical conductivity between the MoS2 sheet and the GC current 

collector is not limited. 

A GC electrode was utilized to establish the electrical connection (in the so-called 

bottom-contacted mode) and was further used as a working electrode (WE) in SECCM 

experiments. The mode of contacting the MoS2 layers was shown to impact the 

measured electrocatalytic activity of MoS2 by SECCM, since different pathways for 
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electron transport are established.104,212 In the top contact mode, the lateral electron 

transport along the layer occurs, while in the bottom contact mode, the electron transfer 

occurs from the substrate to the upper MoS2 sheet, where the reaction takes 

place.104,212 For example, in the case of bulk MoS2, measuring with a top contact 

proved to be beneficial as compared to measuring with a bottom contact, as it 

prevented the recording of LSVs with artifacts.104,212 On the other hand, for single to 

few-layer MoS2, the bottom contact was successfully used to perform SECCM.212 

SECCM measurements were performed with a capillary size of 55 nm in a hopping 

mode with a hopping step of 500 nm (Figure 24).  

 

Figure 24: Schematic illustration of the SECCM hopping mode with a hopping distance of 500 nm. 

For the large single-sheet MoS2 used in this study, the recorded LSVs during the 

SECCM measurement show no artifacts (Figure 25), indicating that electrical 

conductivity between the MoS2 sheet and the GC current collector is not limited. 
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Figure 25: Linear sweep voltammograms recorded in the SECCM experiment presented in Figure 2 in 0.1 M HClO4 
using a scan rate of 2V/s and a SECCM nano-pipette having an opening of ~ 55 nm (left). The currents recorded 
at a potential of -0.89 V vs RHE are plotted in a histogram (right) 

Based on the recorded LSVs, current maps are derived by plotting the currents 

recorded at defined potentials. At lower overpotential (-0.6 V vs RHE, Figure 26 b), 

slightly higher currents are recorded on the GC compared with the MoS2 sheet. 

However, at overpotentials lower than -0.6 V vs RHE, a sudden increase in the currents 

recorded on the MoS2 sheet compared to the GC is observed (Figure 26 b). 

 

Figure 26: a) SEM image of the MoS2 sheet transferred on the GC on which the SECCM scan; Corresponding 
currents maps of the area marked in a) derived by plotting the currents extracted from the recorded LSVs as a 
function of the measured position at b) -0.6 V and c) -0.89 V vs RHE respectively. 

Overall, over the MoS2 sheet, a high variation of currents at -0.89 V vs RHE is seen, 

ranging from -20 to -60 pA (Figure 25, histogram), corresponding to current densities 

ranging from -0.45 to -1.36 A/cm2 (Figure 27), in agreement with the results of Bentley 

et al.104 
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Figure 27: Current densities derived map at -0.89 V vs. RHE assuming the size of the electrochemical cell having 
the diameter of the nanopipette (55 nm). 

Exemplary LSVs from different locations are illustrated in Figure 28 c). To confirm the 

technical robustness of our experiment, we compared the currents recorded on the GC 

at the beginning of the scan with those at the end of the scan (white and black areas 

marked in Figure 28 b). The histogram (Figure 28 d) shows that on GC, currents 

ranging between -7 and -24 pA are recorded, with an average of -15±3 pA. Thus, we 

can confirm that no technical error occurred during the SECCM scan performed over 

4941 landing sites, and the high current variation is caused by the MoS2 structure only. 

Over the scan, lateral streaking can be observed over the scan direction, indicating 

changes in the droplet size. Such changes can be caused by differences in the 

surface's hydrophobicity/hydrophilicity due to residual polymers/water layers remaining 

on the MoS2 after its transfer. 
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Figure 28: a) SEM image of the MoS2 sheet transferred on the GC on which the SECCM scan, containing 61 x 81 
measured points, was performed. The SECCM scan spreads over an area of 40 µm x 30 µm with a hopping distance 
of 500 nm and a nanopipette tip size of ~ 55 nm. b) Corresponding currents maps of the area marked in Figure a) 
derived by plotting the currents extracted from the recorded LSVs as a function of the measured position at -0.89 V 
vs RHE. c) Exemplary LSVs from different regions of the scan (GC top: X = 19.5 µm, Y = 1 µm; GC bottom: X = 
29.5 µm, Y = 24 µm; MoS2 high activity: X = 34 µm, Y = 15.5 µm; MoS2 lower activity: X = 9.5 µm, Y = 23.5 µm). 
d) Histograms showing the number of measured points for which different currents are recorded at -0.89 V vs RHE 
in the areas marked with pink and red. The currents marked with white and black bars are currents recorded on the 
GC electrode.e) SEM images of the areas marked with pink in which the presence of multiple MoS2 layers 
(highlighted in Figure 3a) can be observed and SEM image of the area marked with red where no multi-layer MoS2 
can be identified. 

For instance, in the region marked with pink in Figure 2b), the recorded currents at -

0.89 V vs RHE range between -20 to -40 pA, while in the red marked area higher 
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currents between -40 to -60 pA are recorded. While the MoS2 sheet shows relatively 

homogeneous catalytic activity locally in an area of a few 1-2 µm2, significant 

differences are observed over extended ranges, as seen in Figure 28. 

SEM analysis of the transferred MoS2 layers revealed the presence of additional 

triangular-shaped MoS2 layers with ~1 µm length on the MoS2 single layers (Figure 28 

e) and Figure 29 a). 

 

Figure 29: a) SEM image of the MoS2 sheet transferred on the GC after performing the SECCM experiment on 
which one can observe the areas in contact with the electrolyte droplet as well as the additional MoS2 layers present 
on the large-area MoS2, which are marked for a better identification; b) the SEM areas and the corresponding 
activity maps derived by plotting the currents recorded at -0.89 V vs RHE as a function of the measured pixel for 
the marked regions in which single or multilayered MoS2 are evaluated in the SECCM experiment. 

During the SECCM scan, several landings occurred on top of the multilayer MoS2 

regions, leading to LSVs recorded on a single or multiple MoS2 layers. The footprint of 

the SECCM landing spot on the multilayered MoS2 is marked by a red circle in the 

SEM image, and the corresponding current with a red square in the resulting SECCM 

color map in Figure 29 b). Comparing the recorded currents at the same potential, we 

do not observe significant differences between the single-layer or the multilayer MoS2 

activities. This indicates that the recorded catalytic activity on the transferred large-

area MoS2 is strongly influenced by the electron transfer between the GC electrode 

and the first MoS2 sheet. This finding is consistent with results reported by Takahashi 
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et al. on small-sized MoS2, where no difference was noticeable in the HER 

electrocatalytic activity or the Tafel slope for single, two, or three layers of MoS2.102 

Based on the analysis of the areas containing single or multilayered MoS2, we can 

conclude that the observed heterogeneity in catalytic activity in Figure 28 is not due to 

the presence of MoS2 multilayers. Polymer residues may still be present on top of the 

sample, equally affecting single and multilayers. Another possible factor is the 

existence of a water layer/gas bubbles between the transferred MoS2 and the GC 

surface, as previously reported. These intercalated water layers are commonly found 

in 2D samples exposed to ambient conditions and can affect the electronic properties. 

Tafel analysis can provide information regarding the reaction mechanism and was 

extensively used to identify the rate-limiting step in electrocatalytic-driven processes. 

The Tafel slopes were automatically derived in the log(i)-range 2.5 to 3.5 and plotted 

similar to the activity maps (Figure 30 a). To ensure a good quality of the data fitting 

used to derive the Tafel plots, the value of the coefficient of determination (R2) was 

checked and points with R2 values outside the range of 0.9 to 1 were removed (white 

points in Figures 30 a, 30 b). 

 

 

Figure 30: Tafel plot analysis of the SECCM scan presented in Figures 25 and 28 a) Tafel slopes and b) their 
corresponding coefficient of determination (R2) as a function of the position in the SECCM scan. 

The distribution of calculated Tafel slopes over the SECCM scan is depicted in Figure 

31, showing Tafel slopes with values ranging between 80 to 120 mV/dec for the 

majority of measured points. These values suggest that the Volmer step or the 

Heyrovsky step at high coverage rates are the rate-determining steps. However, a 

limited number of points, mainly located on the GC surface, exhibited higher Tafel 

slopes than theoretically expected. Overall, the recorded Tafel plots support the HER 
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activity of the basal planes, which is consistent with previous reports showing that the 

basal planes of pristine MoS2 are not highly electrocatalytically active but similar to 

those of Au and Cu.104 

 

Figure 31: Histogram representing the Tafel slopes calculated in the log(i) = 2.5 -3 range based on the LSVs 
recorded (Figure 25) in the SECCM scan analyzed in Figure 28 

In conclusion, the SECCM analysis of large single layers of MoS2 grown by CVD and 

transferred to a GC electrode revealed high lateral heterogeneity, which becomes 

significant over longer ranges. The lack of difference in activity between single and 

multilayer MoS2 suggests that the observed lateral heterogeneity is likely due to the 

presence of polymer residues or the existence of a water layer/gas bubbles between 

the MoS2 sheet and the GC formed during the transfer process. The recorded Tafel 

slopes and current densities indicate a moderate HER activity of the large-area MoS2 

transferred onto the GC, similar to that of exfoliated MoS2 layers reported in the 

literature. 
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4.3 Design, Construction and Evaluation of SECCM configuration for 

strain induced optimization of the electrocatalytic activity for HER 

The following chapter covers the studies that were addressed within the scope of the 

DFG project “Exploring high-entropy alloys for the hydrogen evolution reaction in 

alkaline electrocatalysis: from compositional screening to strain effects - AN 1570/2-1” 

from the research groups of Prof. Dr. Corina Andronescu and Prof. Dr. Alfred Ludwig. 

The contribution in this study is divided as follows. SECCM measurements were 

performed, and electrochemical data was analyzed by Simon Schumacher (S.S). 

Design and construction of the stress chip holder as well as implementation in the 

SECCM setup was done by S.S. Armin Lindner from the fine mechanics workshop of 

the RUB provided support for the visualization and construction of the stress chip 

holder. Fabrication, coating and characterization of the stress chip samples were 

performed by Sabrina Baha (S.B.). Conceptualization, providing resources, 

supervision and project administration are attributed to Alfred Ludwig and Corina 

Andronescu. 

4.3.1 Idea of the project 

For better understanding, the following subchapter presents the idea of the project 

“Exploring high-entropy alloys for the hydrogen evolution reaction in alkaline 

electrocatalysis: from compositional screening to strain effects - AN 1570/2-1”. This 

was drafted by Prof. Dr. Corina Andronescu and Prof. Dr. Alfred Ludwig. The following 

subchapter 4.3.1 represents a rephrasing of parts of the project proposal. 

The project involves investigating the influence of stress on the catalytic activity of a 

metallic catalyst layer for the HER. For this purpose, a stress chip213 fabricated from 

silicon was used as the supporting substrate for a sputtered thin film of a metallic 

catalyst, Pt in this case, serving as the model catalyst for the HER. Initially designed 

for measuring intrinsic stress in sputtered thin films, the stress chips were modified to 

function as tools for applying external stress to the thin films on the chip. These stress 

chips, integrated into the SECCM setup along with a cantilever bending system, 

allowed the analysis of the catalytic activity for the HER under various induced external 

stress states on the stress chip using the SECCM technique. 

Thin films will be fabricated and deposited onto stress chips to induce changes in their 

stress levels during electrochemical measurements. The stress manipulation will be 
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achieved by applying a load at the free end of the cantilever, resulting in deflection and 

strain on the surface. The catalytic behavior will be characterized at the fixed end of 

the cantilever, where the strain on the surface is most pronounced. By employing the 

design of the stress chip and bending the cantilever, surface strains of up to 

approximately 1% can be attained. The surface strain εs is determined by the distance 

x from the fixed end of the cantilever, taking into account its length L and thickness t, 

which is calculated using the following formula:214 

𝜀𝑆(𝑥) =
3𝑢𝑧𝑡

2𝐿3
(𝑥 − 𝐿) eq.  17 

The vertical deflection uz is imposed at the free end of the cantilever. By applying a 

deflection uz of approximately 150 µm in the vertical direction, a surface strain of about 

0.5% can be achieved. When considering a thin film deposited on a rigid cantilever and 

assuming the thin film approximation, the surface strain gradient along the cantilever 

is entirely transmitted to the thin film.215,216 

4.3.2 Design and construction of the stress chip holder 

During the design and construction of the stress chip sample holder, a significant 

challenge was encountered in achieving complete independence between the bending 

of the cantilever on the stress chip and the movements of the SECCM. To overcome 

this challenge, an additional 3-axis moving system was integrated and installed on top 

of the SECCM positioner. This new moving system enabled the independent bending 

of the cantilever, providing the necessary level of control required for SECCM 

experiments. As part of the design process, an initial draft of a potential holder was 

created. 

As shown in Figure 32 a), which is representing a first draft of the design, three 

micrometer screws were used to move a bending tip in 3 dimensions (X,Y and Z). For 

the Z dimension a piezoelectric micrometer screw (Figure 32 b)) was used to move the 

tip with high accuracy to bend the cantilever after a rough approach with the 

micrometer screw. To enlarge the possible bending distance using piezo electric 

equipment, a piezo element with a range of 100 µm was used to bend the cantilever 

after contact with the bending tip in this range with an accuracy of 0.2 nm.217 In addition, 

the designed holder is fixing and at the same time electrically contacting the top of the 

stress chip. Therefore, the stress chip is placed in a small pit that the top of the chip is 



 

70 
 

in the same height as the holder plate. For fixing and contacting the chip a copper plate 

is used to press the chip down gently. 

After bending the cantilever, the SECCM capillary is approached with an individual 3-

axis movement system close to the surface of the stress chip (Figure 32 c) and d)) and 

SECCM experiments can be performed independently of the bending position. In order 

to bend the cantilever on the stress chip in both directions (up and down for having 

compressive or tensile stress in the film respectively) a draft of the holder with free 

space and a hole under the stress chip was designed (Figure 32 e) and f)). 
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Figure 32: First draft of the stress chip holder: a) Overview of the holder, b) piezoelectric screw, c)-d) zoom-in 

towards the stress chip and contacting area, e)-f) possible realization of a lifting up technique for the cantilevers. 

The cantilever holder/bending system was designed and built in the fine mechanics 

workshop at the RUB. Armin Lindner from the fine mechanics workshop provided 

support for the visualization and construction of this holder. The result is shown in 

Figure 33.  
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Figure 33: Constructed stress chip holder (Illustration made by Armin Lindner, fine mechanics workshop RUB): a) 

Overview of the holder, b) zoom into the contacting area. 

4.3.3 Integration of Gas-/Ar-chamber 

Figure 34 illustrates a gas-tight chamber prototype that was developed and integrated 

into the SECCM setup to examine the impact of altering the atmosphere surrounding 

the electrolyte drop on current responses in the CV. The prototype consists of a sample 

box that encloses the base plate and copper plate, effectively creating a sealed 

environment around the stress chip. Positioned on the top surface of the sample box 

is a hole through which the SECCM capillary tip enters above the stress chip. This hole 

serves a dual purpose, allowing for easy observation of the capillary tip with a camera 

during the approach towards the surface. It is designed to be of appropriate size, 

providing clear visibility while preventing air leakage back into the chamber. To ensure 

airtightness, the edges of the box are covered with Teflon. Additionally, a continuous 

flow of argon (Ar) is introduced into the chamber through a tube connected to an inlet 

at the bottom of the Ar chamber. This purging flow of Ar prevents air leakage inside 

the chamber. Furthermore, to maintain humidity and prevent the drying out of the 

hanging drop at the capillary tip, the Ar flux is directed through a bubble counter filled 

with water. 

Since Pt was used as a model system sputtered on the stress chip, the electrocatalytic 

reactions occurring on Pt has to be analyzed from the recorded CVs. The aim of the 

project is to find catalysts for the hydrogen evolution reaction occurring at potentials 

between -0.1 V and 0 V vs RHE representing the activity area of most Pt-based 
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catalysts for HER7 which is why the focus on analyzing the CV is in the potential area 

close to 0 V vs RHE. In this area on the one hand the HER and hydrogen adsorption 

and desorption is happening. On the other side, Pt is also an efficient catalyst for the 

ORR which is occurring in potentials starting with 0.8 V vs RHE increasing in reductive 

potentials.218 This means that for experiments performed in air (oxygen containing) the 

HER, hydrogen adsorption, desorption and ORR are overlapping in same potential 

ranges. To obtain CV and LSV measurements on Pt which show comparability within 

one scan and with experiments provided by literature the experiments are run in Ar 

atmosphere instead of air. 

 

Figure 34: Prototype of the Ar chamber – A sample box surrounds the base plate and copper plate, enclosing the 
space around the stress chip. The hole on the top surface allows entry for the SECCM capillary tip and facilitates 
observation with a camera during tip approach. To prevent air leakage, a continuous flow of argon (Ar) is purged 
into the chamber through a tube connected to the bottom inlet of the Ar chamber. A bubble counter filled with 
water is used to humidify the dry Ar stream and prevent drying of the capillary tip. Teflon is sealing the box from 
the sides. 
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Figure 35: SECCM scans on stress chip sputtered with Pt (SID: 0005069) with and without oxygen suppression; 
current responses with scan rates of 200, 500 and 1000 mV/s in yellow, red and blue respectively for 3 exemplary 
landing spots (L1P3, L2P1 and L2P6) in air ( a), b), c)) and in Ar (f), g), h)); corresponding heatmaps of current 
responses at -0.63 V vs Pt in 0.1 M HClO4 in  SECCM scan in air ( d) and e)) and Ar (i) and j) for anodic and cathodic 
CV scan direction respectively. 

Figure 35 depicts the outcomes of SECCM experiments conducted on stress chips 

featuring a sputtered layer of Pt, aiming to assess the influence of different atmospheric 

conditions surrounding the SECCM capillary tip. The SECCM experiments were 

conducted using a single barrel capillary configuration and employed a hopping mode 

for scanning. The SECCM experiments utilized a single barrel capillary constructed 

from quartz glass. The capillary was fabricated using a laser puller, resulting in a size 

of approximately 600 nm. To evaluate the functionality of the gas chamber, a Pt wire 

was utilized as a quasi-reference counter electrode (QRCE). It is important to note that 
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the Pt wire does not serve as a traditional stable reference electrode since redox 

reactions at the QRCE can cause changes in the reference potential.219 However, 

considering the relatively short time intervals during which each spot is measured, the 

Pt wire provides a sufficiently stable response, allowing for a comparison between 

different atmospheric conditions and ensuring overall experiment reproducibility. The 

potential provided is referenced against Pt in 0.1 M HClO4, which corresponds to a pH 

of 1. Two sets of scans, comprising 2 x 6 spots, were performed both with and without 

argon (Ar) purging. Each spot underwent three cyclic voltammetry (CV) experiments, 

employing different scan rates (200, 500, and 1000 mV/s), and encompassing five 

cycles each. The final cycle of three exemplary spots from the SECCM scan carried 

out under an air atmosphere is presented in Figure 35 a), b), and c). On the other hand, 

Figure 35 f), g), and h) showcase the results obtained from experiments with Ar 

purging. 

Overall, the CVs obtained at various scan (Figure 35) rates exhibit an increasing trend 

in current values as the scan rate increases. This observation can be attributed to 

diffusion processes occurring at the surface of the working electrode as described in 

chapter 2.3.1.132 Although the current peaks associated with redox reactions occur at 

the same potentials, their magnitudes differ at various scan rates. Both of these 

phenomena are clearly evident in the recorded CVs. For the analysis of different 

activity regions on samples with heterogeneous activity distribution considering 

hydrogen adsorption and desorption processes and the hydrogen evolution reaction it 

is advisable to examine the CVs obtained at the highest scan rates. This choice is 

based on the fact that, considering the small surface area of the electrode (tip size of 

the capillary), higher current values facilitate signal identification. In addition, an easier 

comparison of activity is also feasible due to the potential dependence of the reactions 

because with higher currents the detection of small potential differences caused by 

different activity becomes easier to detect. 

The CV profiles obtained under the same atmospheric conditions for both air and Ar 

exhibit remarkable similarity within a single scan for all three locations, demonstrating 

the reproducibility of the SECCM experiments. However, a noticeable disparity in 

current responses is observed when transitioning from an air atmosphere to an Ar 

atmosphere between -0.2 V and 0.85 V vs Pt in 0.1 M HClO4. In the potential range 

mentioned, the CVs recorded in air reveal an increased negative current for both the 

cathodic and anodic branches, in contrast to the CVs obtained in an Ar atmosphere. 
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Additionally, when suppressing oxygen during the experiments, a discernible increase 

in negative current at the anodic side (sweep from positive to negative potentials) and 

positive current at the cathodic side is detected, particularly for more negative 

potentials. These observations can be effectively depicted using activity maps, which 

visualize current values for specific potentials using a predefined color code. Figure 35 

d) and e) present the anodic and cathodic currents, respectively, during the last cycle 

of the CV at a potential of -0.63 V vs Pt in 0.1 M HClO4 for experiments conducted in 

an air atmosphere. Conversely, Figure 35 i) and j) illustrate the equivalent results for 

experiments performed under an Ar-purged environment. 

The CVs obtained in Ar atmosphere exhibit characteristics consistent with those 

reported for Pt.220,221 While there are no distinct peaks associated with specific 

adsorption or desorption processes on particular crystal phases, as observed in 

conventional electrodes,222,223 the overall shape of the CVs aligns with reported 

experiments on Pt nanoelectrodes with comparable electrode area sizes.220,221 Within 

the CVs, the processes of hydrogen adsorption and desorption become apparent at 

potentials ranging from -0.85 to -0.5 V vs Pt in 0.1 M HClO4, while Pt oxidation and 

reduction reactions occur between -0.3 V and 0.5 V vs Pt in the same electrolyte 

solution. A visible double-layer region can be observed in the potentials spanning from 

-0.3 to -0.5 V vs. Pt. 

The different values of current responses potentials close to -0.63 V vs Pt in 

0.1 M HClO4 are indicating the hydrogen adsorption and desorption before the 

hydrogen evolution reaction.220–222 Since Pt is an efficient catalyst for the oxygen 

reduction reaction,223 the potential area in which this reaction is happening is 

overlapping with the hydrogen adsorption and desorption, which is causing the 

increased negative currents in Figure 35 e), f), g). 

The visual representation of these observations can be seen in the color maps. In the 

absence of oxygen suppression, the color map displays a consistent dark blue shade, 

indicating negative current values. On the other hand, in the Ar-purged experiments, 

the color map exhibits less negative currents for the cathodic side, represented by 

shades of green, and positive currents for the anodic side, depicted by shades of 

yellow. The utilization of color maps provides a significant advantage when comparing 

current values at the same potentials, as it enables an immediate visual response for 

analysis. By employing color mapping, variations in current magnitudes and directions 

can be easily observed and compared, facilitating the interpretation of experimental 
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results. This visual representation enhances the efficiency and effectiveness of data 

analysis, allowing for quick insights and identifying patterns or discrepancies in current 

responses.224,225 

Since suppressing the oxygen reduction reaction and providing comparable CVs 

results with those found in the literature was proven, an Ar chamber was constructed 

in a robust and easily accessible manner, facilitating the convenient exchange of 

different stress chips. Furthermore, the use of a consistently constructed chamber for 

each experiment provides a high level of reliability and stability. The chamber's 

construction ensures that it consistently delivers the same argon flux and moisture 

conditions for every experiment. This reliability and stability contribute to the overall 

consistency of experimental conditions, allowing for more accurate and reproducible 

results across different experimental runs. The Ar chamber was fabricated at the fine 

mechanics workshop (RUB, Armin Lindner) and is illustrated in Figure 36. The 

chamber consists of a base plane with indentations designed to securely hold the 

stress chip in place to prevent any movement once it is positioned. Additionally, a gas 

inlet was incorporated to allow for connection to an argon supply tube. As the stress 

chip holder has the capability to bend the cantilevers of the stress chip either up or 

down, another base was created, featuring a hole beneath the stress chip indentation 

to enable bending of the cantilevers from beneath the sample. 

For the chamber enclosure, a top made of acrylic glass was utilized, providing visibility 

inside the chamber. To prevent any leakage between the base plate and the top, a 

rubber sealing frame is employed. This rubber frame serves as a barrier, ensuring a 

tight and secure seal between the base plate and the top of the chamber, effectively 

preventing any unwanted air or gas leakage. A circular opening with a diameter of 0.5 

cm was incorporated to accommodate the SECCM capillary tip. This opening serves 

the dual purpose of allowing proper camera observation of the tip for precise 

positioning while also preventing significant air leakage into the chamber. Additionally, 

a reservoir for filter papers soaked in water was included next to the gas inlet to ensure 

a moist gas atmosphere within the chamber. The entire construction was designed to 

fit onto the columns of the stress chip holder, effectively replacing the initially 

constructed base plate. 
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Figure 36: Ar chamber fabricated in the fine mechanics workshop (Armin Lindner) with different bases: a) top view 
and b) side view of the sample holding assembly with Ar chamber, c) upside down view of and d) top view of the 
base. 

4.3.4 Bending the cantilever on the stress chip 

Since the aim of this experimental configuration is to strain a metal film on a cantilever, 

the bending needs to be achieved with utmost precision. As previously described, a 

thin metal pin is utilized to bend the cantilever on the stress chip. The metal pin is 

affixed to an acrylic glass holder, which is connected to a piezoelectric micrometer 

screw (Figure 32 b). Through this rigid connection, which results in a negligible bending 

of the pin holder, the bending pin can be moved up and down in direct correlation to 

the displacement of the micrometer screw. Thus, the bending movement is accurately 

determined by the distance covered by the micrometer screw. 

For precise bending, it is necessary to establish a reference position that sets the initial 

bending distance of the cantilever to zero. This reference position is determined by the 

contact between the metallic pin and the surface of the metal film. To fix this position, 

the electrical contact between the pin and the surface is utilized. The pin is electrically 

connected to a copper wire through soldering (Figure 36 b)). By using a digital 

multimeter, the position of the electrical contact between the pin and the stress chip 

surface is identified and secured. From this fixed position onwards, the bending 

distance is measured and recorded accurately. 
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Prior to conducting measurements on the stress chip, an initial breaking test was 

conducted to determine the bending area of the cantilever. As previously described, 

the bending tip was brought into contact with the cantilever. Subsequently, the 

micrometer screw was used to gradually bend the tip and, consequently, the cantilever 

downwards. At intervals of 10 µm, photos were taken to document the bending 

process. Figure 37 displays all the captured photos until the point of breaking. It is 

noteworthy that the cantilever broke after reaching a bending distance of 140 µm.  

 

 
Figure 37: Photographs of the stress chip with different bending stages of one cantilever. 

4.3.5 Bending the cantilever on the stress chip and measuring with SECCM 

The primary objective of the project is to analyze the catalytic activity of the hydrogen 

evolution reaction under various strain states. These strain states are achieved by 

bending the cantilever on the stress chips, thereby inducing external stress within the 

cantilever structure. It can be inferred that the same value of stress is present in the 

catalyst film on top of the stress chip as in the Si cantilever which is serving as support. 

This inference is based on the thin thickness of the film relative to the height of the 

cantilever. 

The concept behind analyzing the catalytic activity based on the strain state involves 

bending the cantilever using a bending tip positioned at the free end, and subsequently 
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conducting LSVs and CVs at the fixed end. According to strain simulations,215,226 this 

location represents the area of highest stress on the bent cantilever. 

In an initial experiment, the cantilever on the stress chip was subjected to two different 

strain states to observe differences in the recorded current response during CVs. For 

this test, the cantilever was brought into contact with the bending tip (Figure 38 b), red), 

using the approach method described before to verify the contact point. A CV 

measurement was recorded at this contact position, referred to as “contact position”. 

Subsequently, the cantilever was further bent by an additional 50 µm (Figure 38 b), 

green), and another CV measurement was conducted at this position. After this initial 

reference position was fixed, these measurements served as initial investigations to 

assess whether different bending states would yield distinct electrochemical 

responses. 

In the initially conducted experiments involving two different bending modes, an 

Ag/AgCl wire was employed as a QRCE in 0.1 M HClO4. This setup allowed for the 

conversion of the potential to the RHE scale. During the experiment, three CV cycles 

were performed with a scan rate of 500 mV/s. 

The CVs exhibit the characteristic shape expected for a Pt working electrode.220,221 

The third cycle of the CVs is shown in red for the bending mode in contact position and 

in green for the bending mode at 50 µm. Hydrogen adsorption and desorption occur 

within the potential range of 0.2 V vs RHE to 0 V vs RHE, while HER takes place at 

0 V vs RHE. This potential window is depicted in Figure 38 a) as an inset. The data is 

plotted without any additional modifications or averaging. 

In terms of activity differences, which would be reflected by higher or lower current 

values at the same potentials, there is no significant difference observed in the plotted 

data between the two bending modes. This applies to both the hydrogen adsorption 

and desorption processes, as well as the hydrogen evolution reaction. However, a 

distinction can be made in terms of noise, with the 50 µm bending mode displaying a 

higher noise level compared to the contact position bending mode. 
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Figure 38: Comparison of two CVs in two different bending modes. Two electrode configuration with Ag/AgCl- wire 
as QRCE in 0.1 M HClO4, making the conversion to RHE scale possible. Scan rate of the CV was 500 mV/s and 
the atmosphere was Ar. 

The analysis of the CVs is influenced by the dynamic nature of the cyclic voltammetry 

measurement. Another approach to analyze the electrochemical reaction at the 

working electrode in the context of bending mode changes is to employ 

chronoamperometry. This technique involves observing the current signal at a constant 

potential, such as in the region where the HER occurs. By using chronoamperometry, 

the impact of bending on the current at a specific potential can be isolated, excluding 

the effects of dynamic measurements. Additionally, it allows for the examination of any 

noise changes that may arise from bending the cantilever on the stress chip. 

To explore the relationship between the HER activity and the stress within the catalyst 

film, chronoamperometric measurements were conducted. Prior to performing the 

chronoamperometry, a CV was conducted to identify an appropriate potential for the 

HER analysis from the CV shape. The CV data, illustrating the potential range of 

interest, is shown in Figure 39 a). As shown in the inset of Figure 39 a), the hydrogen 

adsorption and desorption processes occur within the potential range of 0 to 

0.3V vs RHE. The onset of the HER occurs at 0 V vs RHE. The selection of the 

potential for chronoamperometry depends on the expected magnitude of the effect. 

Considering the low effect size observed in the literature when studying the relationship 

between stress and HER activity,126 it is recommended to choose a potential range 

where small differences in overpotential result in a significant difference in current 
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response. Hence, the potential region where HER is clearly taking place, specifically -

0.082 V vs RHE (refer to Figure 39 a), was chosen for the chronoamperometry 

measurements. 

In Figure 39 b), the results of the chronoamperometry measurements are presented. 

The experiment began with the SECCM capillary tip approaching the surface, followed 

by the initiation of current measurement between the QRCE and the working electrode. 

Due to the measurement software settings, the first applied potential was 0 V, 

referenced to the Ag/AgCl QRCE in 0.1 M HClO4. Considering an open circuit potential 

(OCP) of the QRCE as 0.040 mV, the potential shift to the RHE scale is 0.309 V, 

resulting in the first potential applied as 0.309 V vs RHE. Comparing this value with the 

CV in Figure 39 a), it is evident that the first potential lies in the non-Faradaic region 

where no electrochemical reaction occurs. 

Subsequently, the potential was switched to the HER region at -0.082 V vs RHE. As 

depicted in Figure 39 b), the current response initially decreases to -400 pA. However, 

the current response then exhibits an increasing trend, following a saturating pattern, 

rather than remaining constant. This behavior can be explained by the Nernst equation. 

Since the reaction at the working electrode involves H3O+ ions, the reduction of these 

ions influences the activity coefficient of the reactants. A simplified explanation 

suggests that the change in cation concentration corresponds to a change in pH, 

resulting in a deviation of the applied potential from the reference potential. The 

consideration of the change in protons and its impact on the potential value is crucial, 

particularly due to the small volume of electrolyte in the hanging drop from the SECCM 

tip. This observation highlights the significance of this factor in data analysis. Similar 

effects have been reported in the literature for SECM experiments.227 Therefore, taking 

into account the influence of cation (H3O+) concentration on the potential is essential 

to ensure accurate interpretation and analysis of the experimental results. 
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Figure 39: Electrochemical measurements on Pt cantilever at the position of highest possible stress, two electrode 
configuration with Ag/AgCl- wire as QRCE in 0.1 M HClO4. a) CV with scan rate of 500 mV/s, potential of highest 
measured current at HER reaction marked with yellow line, inset visualizing a zoomed in image of the characteristic 
CV shape of Pt, b) Chronoamperometric measurement performed at -82 mV vs RHE. 

To separate the effects of activity and pH change caused by the bending of the 

cantilever on the stress chip, a periodic bending approach is employed. This is 

achieved by applying a sinusoidal function using a function generator. By doing so, the 

pH changing effect and the sinusoidal magnitude can be isolated by fitting the current 

signal with an exponential function and correcting the current signal with the fitting 

values. This allows for the identification of the specific effect of stress variation on the 

HER activity, independent of the pH change. Through this approach, the influence of 

the stress-induced changes on the catalytic activity can be analyzed more accurately. 

To perform the experiment, the procedure remains the same as before. The SECCM 

capillary is approached to the surface, and the current is measured at a constant 

potential of 0.309 V vs RHE. Then, the potential is switched to the HER 

region (-0.082 V vs RHE). However, in addition to this, the cantilever on which the 

SECCM tip is positioned, is subjected to sinusoidal bending using a function generator. 

This bending is applied as an alternating voltage signal to the piezo element moving 

the bending tip, resulting in a periodic bending motion of the cantilever. The applied 

bending pattern is shown in Figure 40 b) in red. A frequency of 100 mHz is used to 

bend the cantilever in a piezo displacement variation between 30 and 70 µm at the free 

end of the cantilever. The accurate moving distance of the bending tip is assured by 

the accuracy of the piezo element.217 This periodic bending allows for the isolation and 

analysis of the effects of stress variation on the HER activity. 
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The sinusoidal bending of the cantilever resulted in a sinusoidal current response 

(Figure 40 b, black). Figure 40 c) represents the correction of the current signal using 

an exponential fit and subtracting the value of this fit which is corresponding with the 

pH dependent effect from the current signal. The resulting corrected current 

(Figure 40 c, green) is showing the current magnitude of 42 pA between 30 and 70 µm 

bending, which is getting smaller while oscillating until it reaches 17 pA after 8 

oscillation cycles. Although the current signal is giving a clear response in accordance 

with the sinusoidal bending, a complete isolation of the stress effect on the activity is 

not given because both, a changing of the drop size covering the sample aswell as 

electromagnetic fields could cause a similar effect on the current signal. 

Figure 40: Electrochemical measurements on Pt cantilever at the position of highest possible stress, two electrode 

configuration with Ag/AgCl- wire as QRCE in 0.1 M HClO4 using sinusoidal bending. a) CV with scan rate of 500 

mV/s, potential of highest measured current at HER reaction marked with yellow line (-82 mV vs RHE), inset 

visualizing a zoomed in image of the characteristic CV shape of Pt, b) Chronoamperometric measurement 

performed at -82 mV vs RHE, current signal (black) with sinusoidal bending starting at approximately 65 s after 

starting the experiment and piezo displacement representing the bending of the cantilever (red), c) Correction of 

the current signal using an exponential fitting (blue) to receive the current magnitude (green) of the bending effect 

separated from the pH dependent effect. 

To address the complexity and challenges associated with the simultaneous changes 

and isolation of factors in the bending system, a different approach is introduced to 
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investigate the dependency of stress in the catalyst film and catalytic activity. The 

SECCM system offers a significant advantage in terms of high throughput, allowing the 

scanning of a large number of spots on a sample surface within a reasonable 

timeframe. 

One key aspect utilized in this approach is the presence of a stress gradient within the 

cantilever when it is bent on the stress chip. It has been observed that bending induces 

varying strains at different spots along the cantilever, which are transferred to the thin-

film catalyst layer deposited on top of it.215 The idea is to perform a scan alongside the 

cantilever using the cantilever on the stress chip. This eliminates certain limitations of 

the system, such as changes in drop size during cantilever bending, as the activity 

comparison can be made within a single scan with similar or comparable spot sizes. 

Moreover, the electrical signals do not overlap due to the dynamic bending of the 

cantilever, because there is no change in applied voltage for the piezoelectric screw. 

Furthermore, the high throughput nature of SECCM experiments provides statistical 

evidence by itself, increasing the reliability of the results. 

Based on simulations and mechanical experiments, it has been observed that when a 

cantilever is bent, a gradient of external stress is generated along the cantilever, with 

the maximum stress occurring in the region of the fixed side of the cantilever.215,226 In 

contrast, the stress chip area, which is not influenced by the bending, virtually no 

external stress during the bending process. Taking advantage of the high throughput 

capabilities of SECCM, specifically its spatial resolution and ability to measure a large 

number of spots, a strategy can be employed to exploit the significant difference in 

external stress within a single scan area. By scanning across the fixed side of the 

cantilever, the SECCM can capture measurements on both the bent region of the 

cantilever and the stress chip area that is unaffected by bending. This approach allows 

for a comparative analysis of the catalytic activity between the strained region of the 

cantilever and the stress-free region on the stress chip. By examining the activity 

differences between these two areas, it may be possible to discern the influence of 

external stress on the catalytic activity of the hydrogen evolution reaction. 

In Figure 41, the results of the experiments following the alternative approach are 

presented. A series of five SECCM scans were conducted in the same area of the 

cantilever, with each scan consisting of a grid of 6 x 26 measurement spots. The long 

scan direction was aligned alongside the cantilever, allowing for the observation of the 

stress gradient along the cantilever. By performing multiple scans in the same area, it 
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was possible to capture the variations in external stress across different regions of the 

cantilever. Additionally, having six measurement spots in each scan provided the 

opportunity to average the data and reduce potential measurement errors. Due to the 

size limitation of the piezo cube, the scan area covered a distance of 20 x 100 µm, with 

a hopping distance of 4 µm between each measurement spot in both lateral directions. 

After each scan, the middle of the scan grid was shifted by 2 µm in one direction. This 

ensured that for every scan, the same area of the cantilever was targeted, but with a 

slightly different position due to the relative movement of the scan grid. As a result, 

each scan covered a fresh sample surface, introducing a slight neglectable variation 

in the scanned surface position by a few micrometers. Despite the small variation in 

the scanned surface, the stress gradient induced by the bending of the cantilever 

remained consistent within each scan. This allowed for a comparative analysis of the 

stress-induced effects on the catalytic activity across different spots within the same 

scan. 

Figure 41 b) depicts the experimental setup, showing a photograph of the cantilever 

on the stress chip (represented in black and white) and the region where the SECCM 

scans were conducted (represented in yellow and blue). The SECCM scans covered 

a specific area, with each scan slightly shifting the middle point by 2 µm in one 

direction. This ensured that the same stress gradient induced by the cantilever bending 

was observed within each scan, despite slight variations in the scanned surface. 

During each scan, a LSV was performed at every spot using a scan rate of 2.0 V/s in 

the HER region. The LSV measurements covered a potential range from 0 V vs RHE 

to -0.18 V vs RHE. Figure 41 a) displays the spatially illustrated recorded current data 

specifically at -0.18 V vs RHE using a color code. The SECCM scan direction for the 

activity map was from top to bottom, starting from the upper left corner and switching 

between right and left direction for each line, as illustrated in Figure 41. 

The investigation involved a series of scans to detect changes in activity caused by 

bending the cantilever and inducing stress in the film. The procedure consisted of the 

following steps: First, a scan was conducted in the specified area without bending the 

cantilever of the stress chip. Subsequently, the cantilever was bent downward by 60 

µm at the free end. Another scan was performed with a relative lateral displacement of 

2 µm. Following this, the bending was released, and a subsequent scan was taken. 

These steps were repeated five times in total. Additionally, the entire procedure was 

repeated at least twice to ensure the reliability and consistency of the results. By 
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comparing the scans obtained from different bending modes and repetitions, the aim 

was to determine whether changes in current were solely attributed to the bending of 

the cantilever or influenced by the repetition of the experiments. 

Figure 41 a) displays the results of the experiments, depicting the recorded current 

data at a potential of -0.18 V vs RHE. The color-coded representation provides a visual 

representation of the spatial distribution of current values across the scanned area. 

Accompanying Figure 41 a), the corresponding LSVs, showcasing the current 

response as a function of the applied potential for each spot in the scan. During the 

first scan of the experiments in the non-bent mode, a noticeable abrupt change in 

current magnitude is observed in the middle of the scan. This phenomenon is 

commonly observed in the initial SECCM scans following the preparation of the 

experiment and can be attributed to sudden changes in the capillary, such as the 

presence of an gas bubble or variations in wetting properties. It is worth noting that 

these occurrences, if present, tend to happen primarily at the beginning of the 

experiments and subsequently remain relatively constant without further sudden 

changes. To facilitate a more accurate comparison, only lines 4 to 6 from the first scan 

were selected, reducing the number of data points while still retaining significant 

information. Upon examining the subsequent scans performed following the 

aforementioned procedure, it is evident that with each scan, the current response at 

the potential of -0.18 V vs RHE increases in the scan direction (from top to bottom). 

This trend results in an overall incremental rise in the current magnitude from one scan 

to the next. 

Tracking changes in activity caused by the bending of the cantilever in the x-direction 

(cantilever direction) of the SECCM scan is not as evident. It may be challenging to 

observe distinct variations solely attributed to the bending-induced stress in the 

catalyst film. Other factors, such as experimental noise, variations in the electrolyte, 

and potential fluctuations, could overshadow the specific effects of the cantilever 

bending on the catalytic activity. Therefore, it may require further analysis and careful 

interpretation to identify and quantify the influence of cantilever bending on the activity 

in the x-direction. 
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Figure 41: SECCM scan at the area of highest strain in film at different bending modes, two electrode configuration 
with Ag/AgCl- wire as QRCE in 0.1 M HClO4, a) photographs of the bent cantilever (black and white) and the position 
of the SECCM measurements, b) activity maps of SECCM scan representing the current signal recorded in a LSV 
with scan rate of 2.0 V/s for 5 different bending modes. 

To analyze the effect of cantilever bending on the catalytic activity, another procedure 

is applied to the five measured scans. Each scan is divided into three sections along 

the y-direction, which corresponds to the cantilever direction where changes in stress 

are expected during bending. The sections are labeled as "fixed side," "middle," and 

"cantilever side," representing their positions on the cantilever of the stress chip. For 

each section within a scan, the current values are plotted in a histogram and fitted with 

a Gaussian distribution. The arithmetic mean and median of the current values are 

then calculated. The objective of this analysis is to compare the differences between 

the median and arithmetic mean of the fixed side, where minimal stress is expected, 

and the cantilever side, which experiences the highest stress due to bending. The 

“middle area” is taken out of the analysis. By comparing the differences in current 

between the bent mode and non-bent mode scans, it becomes possible to identify any 

variations in current that may be attributed to the cantilever bending-induced stress in 
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the catalyst film. This analysis approach aims to provide an objective assessment of 

the current differences, independent of subjective perception. 

Figure 42 illustrates the analysis procedure applied to the five SECCM scans in 

different bending modes. The histograms were created using the current values 

obtained from the LSV measurements at -0.18 V vs RHE, and Gaussian distribution 

curves were fitted using Matlab. In Figure 42 b this procedure is explained 

schematically. The arithmetic mean, representing the center of the Gaussian 

distribution, is shown as a straight line in each histogram for easier identification. The 

differences for both the arithmetic mean and median are plotted as a function of the 

LSV potential for each scan. Negative values of the differences indicate lower current 

values on the cantilever side compared to the fixed side, suggesting a decrease in 

activity due to bending. 

 

Figure 42: Further statistical analysis of the SECCM experiments represented in Figure 41. a) Activity maps of 
SECCM scan at the area of highest strain (centre of the scan at the position represented in Figure 41 b) film at 
different bending modes, two electrode configuration with Ag/AgCl- wire as QRCE in 0.1 M HClO4, b) schematical 
explanation of the data procession using histograms of the current distribution of the LSVs (scan rate:2.0 V/s) at a 
potential of -0.18 V vs RHE for 2 zones within the SECCM scan, c) differences (differentiated between arithmetic 
mean and median) of the averaged currents in the area with lowest stress (blue frame) and the area with highest 
strain) green frame. 

The comparison of the arithmetic mean and median reveals a consistent trend of 

decreasing change for every scan, regardless of the bending mode. Figure 42 c) 

specifically shows the differences in the arithmetic mean and median values at a 

potential of -0.18 V. However, no significant correspondence between the not bend 

and bent modes is observed, and there is variation between the median and arithmetic 
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mean. It should be noted that this approach to data processing may have limitations 

due to the loss of information in the statistical error. 

Another approach to detect differences in the catalytic activity of the hydrogen 

evolution reaction (HER) along the cantilever on the stress chip is to perform a SECCM 

scan with cyclic voltammetry (CV) measurements and analyze the area of hydrogen 

adsorption at different bending states. 

To investigate the influence of stress on the activity change, a specific potential range 

of 0 V to 0.2 V vs RHE, where hydrogen adsorption occurs, was examined. In addition 

to the fixed side of the cantilever, two more regions alongside the cantilever were 

investigated, one at a distance of 105 µm and the other at 900 µm towards the 

cantilever fixation. Based on stress simulations and experiments, it was expected that 

the stress in the cantilever direction would decrease, potentially resulting in a different 

activity change if detected. 

In each of the designated regions, the experimental procedure involved performing a 

LSV after the approach at each spot, followed by a CV with three cycles, with particular 

focus on the last cycle. The results of these experiments, specifically the LSV 

measurements in the HER region, are presented in Figure 43. 

The replicated experiments aimed to reproduce the previous findings, but similarly did 

not reveal any noticeable difference along the cantilever in the HER potential area. 

However, there was a difference observed in the scans performed at the cantilever 

side. Interestingly, the current response of the electrochemical cell appeared to overlap 

with the expected current response of an ohmic resistance. 

Figure 43 illustrates the average of all CV responses from one scan, compared with 

scans from different bending modes or positions on the cantilever. Only the cathodic 

side of the CV, which represents the current associated with hydrogen adsorption, is 

shown in the plots. No clear difference corresponding to the bending mode is observed. 

It is worth noting that in the last scan, considering the measurement time, there 

appears to be a small difference (for the unbent mode after bending). However, this 

could also be attributed to a shift in the OCP) of the QRCE during the course of 

successive scans. 
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Figure 43: Multiple CV experiments within several SECCM scans in different regions of the cantilever of a stress 
chip coated with Pt. Experimental conditions: capillary tip size 125 µm, in Ar atmosphere, 0.1 HClO4, cantilever bent 
with 60 µm at the free end, scan size 11x6 point (100 x 50 µm), 3 µm in between scans a) schematic representation 
of the scan within another scan to avoid measuring the same spot twice, b) regions of the scans on the cantilever 
of the stress chip, c) Average of cathodic scans of the CV experiments (scan rate 1 V/s) for 3 bending modes and 
3 regions on the cantilever, blue frame representing a zoom-in into the region of hydrogen adsorption. 

4.3.6 Problem analysis of the SECCM experiments on the stress chip samples 

Despite the various approaches taken to investigate the relationship between strain in 

the catalyst film and catalytic activity in the hydrogen evolution reaction, no significant 

evidence of a direct correlation could be detected. Several factors contribute to the 

complexity and challenges faced in the measurement system, including potential shifts 

of the QRCE, variations in residual oxygen concentration within the electrolyte, and 

differences in spot size of the hanging drop at the cantilever tip. Additionally, issues 

related to the stress chip sample and the bending system introduce additional sources 

of noise and potential surface distortions. 
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The overall inaccuracy in the measurement system likely leads to the loss of sensitivity 

in detecting the expected change in activity, which may be relatively small. Moreover, 

it is possible that certain properties within the sample itself hinder the transmission of 

the strain induced by the cantilever bending to the surface of the stress chip. These 

sample-related factors can further contribute to the lack of observed correlation 

between stress and catalytic activity.  
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5. Conclusion and outlook 

In the pursuit of discovering optimized electrocatalysts for energy conversion-related 

reactions, high-throughput experimentation techniques have proven to be invaluable 

tools in the analysis of electrocatalysts for energy conversion processes. By rapidly 

synthesizing and testing a wide range of materials, these techniques enable the 

generation of vast experimental datasets, providing critical insights into catalytic 

performance. The use of scanning droplet cell and scanning electrochemical cell 

microscopy has allowed for the screening of various electrocatalytic reactions, such as 

the hydrogen evolution reaction and oxygen reduction reaction, on diverse material 

configurations. 

Through this high-throughput approach using the scanning droplet cell, novel high-

entropy material systems and composition-dependent activity profiles have been 

discovered including (TiNi)-Cu-Hf-Pd-Zr and Co–Cr–Fe–Mo–Ni. Surprising 

combinations of elements previously considered non-active in catalysis such as Ti, Hf 

and Zr, have demonstrated significant influence on the catalytic behavior. The 

understanding of how different compositions affect the electrocatalytic reactions has 

been crucial in identifying optimized catalysts for specific energy conversion 

processes. Two successful approaches have been utilized to discover starting points 

in the vast search space of HEAs. In the first approach elements known for their 

catalytic activity are combined with elements which have not shown any significant 

catalytic activity. Another strategy for discovering new catalytically active HEA that was 

established using the element combination Co–Cr–Fe–Mo–Ni was to choose one 

specific HEA composition out of literature which was shown to be active and spread 

the composition space using high throughput methods for fabrication and 

characterization of the HEAs. These two approaches have resulted in promising HEA 

compositions and valuable insights for future investigations. 

Furthermore, the large and growing datasets obtained through high-throughput 

experimentation, in this case especially scanning droplet cell measurements, serve as 

valuable resources for future machine learning applications. Machine learning 

techniques can utilize these datasets to make improved predictions and identify 

promising starting compositions for further exploration. 
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In the specific case of MoS2, high-throughput methods, such as scanning 

electrochemical cell microscopy, have provided valuable insights into the 

electrocatalytic behavior of this 2D material. In this work SECCM allowed for the 

investigation of lateral heterogeneity in large single-layer MoS2 samples, which were 

grown using chemical vapor deposition and subsequently transferred onto conductive 

substrates. Through SECCM activity maps, the identification of significant variations in 

the catalytic activity of MoS2 over extended areas was possible. Also, the comparison 

between single- and multilayer of the material could be investigated. Since no 

difference in activity was recorded between single-layer and multi-layer MoS₂, the 

observed lateral heterogeneity can be attributed to the presence of polymer residues 

or a layer of water or gas bubbles that formed between the MoS₂ sheet and the GC 

during the transfer process. These findings shed light on the spatial distribution of 

catalytic sites within the material, crucial for optimizing the performance of MoS2-based 

electrocatalysts.  

The investigations on strained stress chips have been a valuable learning experience, 

even though clear dependencies of the strained cantilever on the stress chip 

influencing the catalytic activity of the HER were not evident. The process of exploring 

the potential of the stress chip involved significant achievements, including 

successfully integrating it into the SECCM setup, establishing a functional atmosphere 

chamber for SECCM measurements, and implementing various methods for analyzing 

the stress chips. However, further optimization of the technical aspects of the SECCM 

setup and the sample configuration is still necessary to obtain conclusive and reliable 

findings. It is important to acknowledge that unexpected results and failures are an 

inherent part of the research process. Despite encountering obstacles, every step 

taken in the pursuit of knowledge brings us closer to the goal. 

In the end, it is the collective efforts, even the smallest ones, that propel scientific 

progress forward. The journey of exploration and discovery continues, and with 

perseverance and dedication, we move towards a deeper understanding of 

electrocatalysis and energy conversion processes. These endeavors contribute to the 

advancement of sustainable technologies and ultimately pave the way for a greener 

and more sustainable future. 
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6. Experimental procedures 

In this subsequent chapter, the methods and tools employed to obtain the results 

presented in this thesis are detailed. The aim is to provide a suitable context for the 

results by describing all the synthesis, preparation, and characterization methods 

utilized in the studies presented. In cases where methods were conducted by other 

researchers, it will be explicitly mentioned at the beginning of the corresponding 

subchapters. 

6.1 Materials/Tools Used 

6.1.1 List of chemicals 

Ar gas 99.999 %  Air Liquide (Germany) 

HClO4 Sigma-Aldrich (Germany 

KCl VWR (Germany) 

KOH Carl Roth (Germany) 

O2 Air Liquide (Germany) 

 

6.1.2 List of materials 

Aluminium tape 3M (Germany) 

Blu tack Bostik (Germany 

Capillaries, quartz double-barrel with 

filaments 

Friedrich & Dimmock (USA) 

Carbon tape Plano (Germany) 

Copper wire Conrad Electronics (Germany) 

Copper tape Conrad Electronics (Germany) 

Parafilm Pechiney Plastic Packaging (USA) 

Platinum mesh electrode Goodfellow (Germany) 

Platinum wire (0.22 mm) Goodfellow (Germany) 

Soldering tin Stannol (Germany) 

Silver wire Goodfellow (Germany) 
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6.1.3 List of devices 

Laser puller (S-2000) Sutter (USA) 

MicroFill (MF34G-5) World Precision Instruments 

Microscope (BX41) Olympus (Germany) 

Multimeter (UT70A)  Uni-T, Reichelt (Germany) 

pH meter (CP-411) Elmetron, PCE Group (Germany) 

Power supply for AgCl deposition (DC 

Power Supply) 

Voltcraft, Conrad (Germany) 

SEM (Quanta 3D FEG ESEM)  FEI, Thermo Fisher Scientific (Germany) 

Soldering station (LF-3200)  XYtronic, Reichelt (Germany 

Water purification system SG Water (Germany) 

 

6.1.4 List of software 

LabVIEW (2017, with FPGA and Real-

Time modules) 

National Instruments (Germany) 

Origin (2016-2018b) Origin Lab Corp. (USA) 

TDMS-Extract Dr. Tsvetan Tarnev. Analytical 

Chemistry, RUB (Germany) 

WEC-SPM (modified) Prof. P. R. Unwin, University of Warwick 

(United Kingdom) 

MATLAB (2020a – 2022a) MathWorks (USA) 

6.2 Sample and probe fabrication and preparation 

6.2.1 Sputtering process 

The sputtering processes were carried out by Sabrina Baha and Alan Savan from the 

Chair of Materials Discovery and Interfaces at the RUB lead by Prof. Dr. Alfred Ludwig. 

Thin-film material libraries were fabricated using a commercial sputter system (CMS 

600/400 LIN, DCA Instruments) by co-sputtering from five confocal sources. The 

substrates used were polished single crystal, (100) orientation Si wafers (Siegert 

Wafer, Germany) with a diameter of 100 mm, which were positioned at the confocal 

sputtering position. To prevent any potential reactions with the substrate, a 500 nm 

thick wet thermal SiO2 layer was deposited as a barrier. 
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For the fabrication of (TiNi)-Cu-Hf-Pd-Zr: 

The sputter targets used were single elements, including Cu (99.99%), Hf (99.95%), 

Pd (99.99%), Zr (>99.2%), and a custom-made TiNi469 (FHR). The substrates were 

loaded into the deposition chamber through a loadlock system. The chamber had a 

base vacuum of 7 × 10−7 Pa, and the deposition was carried out at a pressure of 0.67 

Pa in pure Ar (99.9999%) at room temperature (25 °C) without intentional heating. The 

power applied to each cathode was adjusted to achieve a desired composition, 

resulting in a centerpoint composition of Ti 14 at.%, Ni 17 at.%, Cu 16 at.%, Zr 21 at.%, 

Pd 17 at.%, and Hf 15 at.%. The total deposition rate was maintained at 0.1 nm/s. 

For the fabrication of Co–Cr–Fe–Mo–Ni: 

The sputter targets used were single elements, including Co (99.99%), Cr (99.95%), 

Fe (99.99%), Mo (99.95%) and Ni (99.995%). The chamber had a base vacuum of < 

3.6 × 10−7 Pa, and the deposition was carried out at a pressure of 0.67 Pa in pure Ar 

(99.9999%) at room temperature (25 °C) without intentional heating. The power 

applied to each cathode was adjusted to achieve a desired composition, resulting in 

following centerpoints: ML1: Co 20 at.%, Cr 24 at.%, Fe 14 at.%, Mo 21 at.%, Ni 21 

at.%; ML2: Co 43 at.%, Cr 12 at.%, Fe 31 at.%, Mo 5 at.%; Ni 9 at.%; ML3: Co 36 at.%, 

Cr 16 at.%, Fe 20 at.%, Mo 8 at.%, Ni 20 at.%. The average of the layer thickness of 

each ML is approx. 150 nm. 

6.2.2 CVD process 

The CVD and Transfer processes were carried out by Dr. Lukas Madauß from the 

Faculty of Physics (AG Schleberger) of the UDE. 

The CVD process involves the utilization of a three-zone tube furnace. This furnace 

comprises three heating zones where sulfur (S) and droplets of ammonium 

heptamolybdate (AHM) solution are independently heated to their respective 

evaporation temperatures. To facilitate faster cooling of the samples and precise 

placement within the tube, the furnace can be opened. At the left end of the tube, air 

is introduced through a metering valve to heat the tube furnace from the outside. In a 

typical CVD process, argon gas is introduced through this end. The flow of argon is 

regulated by a mass flow controller, which is controlled by a computer. At the right end 
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of the tube, the argon gas and any remaining carrier gas residues are expelled through 

a connecting piece in the exhaust air. 

 

Figure 44: Three phase tube-furnace used for CVD process.(Adapted with permission of the work group 
Schleberger (Faculty of Physics, UDE) Image of the furnace were  provided by Dr. Andreas Reichert, while the C4D 
illustrations were created by Dr. Lukas Madauß.) 

6.2.3 Transfer of MoS2 

Initially, the MoS2 samples, prepared through the CVD process, are cut into smaller 

pieces measuring approximately 1 x 0.5 cm. These substrate pieces are then placed 

with the MoS2 side facing downwards on a watch glass, ensuring that only the corners 

of the substrates make contact with the glass. The back of the substrates is cut to an 

appropriate size of around 0.5 cm2. To eliminate any dust or dirt particles adhering to 

the substrates, a nitrogen gun is employed for cleaning. 

Next, a liquid PMMA is applied to coat the substrates using a spin coater. In order for 

the photoresist to dry, the coated substrates are subjected to a hot plate set at 100 °C 

for a duration of 5 minutes. To remove the PMMA present on the back of the substrate, 

the substrates are placed on wipes soaked in acetone. Subsequently, the substrates 

are positioned with the MoS2 side facing upwards on the surface of a KOH solution, 

where they float due to the surface tension of the solution. The substrates remain in 
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the solution until the PMMA dissolves, thereby detaching from the SiO2 substrate while 

still holding the MoS2. 

Once the PMMA has separated from the substrate, it floats on the solution's surface. 

The PMMA/MoS2 stack is then transferred to a water container with minimal KOH 

solution content, and excess alkaline solution is removed by gently agitating the stack 

using a spoon. This washing process involves changing the water 2-3 times and 

allowing the samples to soak for several hours. After washing, a glassy carbon 

substrate that has been cleaned in an ultrasonic bath is placed in a watch glass 

containing water, allowing the PMMA/MoS2 stack to gradually adhere to the glassy 

carbon surface. Finally, the PMMA is dissolved in acetone, and the sample undergoes 

additional cleaning by immersion in a bath of isopropanol. 
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6.3 Sample and probe characterization 

6.3.1 Scanning electron microscopy 

SEM images were captured using a Quanta 3D FEG microscope (FEI, Thermo Fisher 

Scientific, Germany) at either 20 or 30 kV, employing a spot size of 4.5 and maintaining 

a working distance of approximately 10 mm under high vacuum conditions. The 

samples were affixed to aluminum stubs using conductive carbon tape to ensure 

reliable electrical contact. 

The SEM was utilized to examine the dimensions of the openings at the capillary tips 

and to observe any remaining electrolyte residuals after conducting a SECCM scan on 

a scanned MoS2 sample. 

6.3.2 Preparation of Ag/AgCl QRCE 

A 0.25 mm thick silver wire was subjected to roughening by using abrasive paper and 

then submerged in a 3 M KCl solution. The wire was subjected to an applied potential 

of 5 V vs. a circular platinum electrode mounted around the silver wire for a duration 

of 2 minutes, followed by an applied potential of 10 V for ten minutes. After the 

electrochemical treatment, the wire was thoroughly washed with water. 

6.3.3 Preparation of SECCM probes (capillaries) 

The capillaries used for the experiments were cleaned externally with acetone to 

ensure uniform heating and then inserted into the CO2-laser puller (P-2000, Sutter 

Instruments). Various capillaries and programs were employed for the pulling process. 

For the initial measurements on MoS2 (Chapter 4.2.1), quartz theta capillaries (double 

barrel) with filaments (WAR-QTF-120-90, Friedrich & Dimmock) having dimensions of 

1.2 mm outer diameter, 0.9 mm inner diameter, and 10 cm length were utilized. The 

following two-line pulling procedure was implemented and was leading to a tip size of 

approximately 750 nm: 

Line 1: HEAT 800, FIL 4, VEL 40, DEL 130, PUL 0 

Line 2: HEAT 650, FIL 3, VEL 30, DEL 130, PUL 90 

Single-barrel SECCM capillaries were fabricated from quartz filamented capillaries 

(ZQF-120-90-10, Science Products) for all other experiments. Different pulling 
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procedures (one-line pulling procedures) were used to achieve capillaries with various 

tip sizes: 

d ≈ 50 nm HEAT 790, FIL 4, VEL 40, DEL 130, PUL 110 

d ≈ 150 nm HEAT 780, FIL 4, VEL 40, DEL 130, PUL 110 

d ≈ 300 nm HEAT 760, FIL 4, VEL 40, DEL 130, PUL 100 

d ≈ 600 nm HEAT 730, FIL 4, VEL 40, DEL 130, PUL 100 

6.3.4 Filling of the capillaries 

The capillaries were filled using a MicroFill needle, and any air bubbles in the thin part 

of the tip were removed by either flicking the capillary or applying air pressure. Other 

possibilities of removing air bubbles from the tip was gently heating with a heating plate 

or cooling them down. 

6.3.5 Checking the OCP of the QRCE 

Before each SECCM measurement, the open circuit potential of the quasi-reference 

counter electrode (QRCE) was determined. To do this, the capillary filled with 

electrolyte and the QRCE were inserted into a vessel filled with electrolyte. A 

commercial reference electrode (Double junction Ag/AgCl/3 M KCl, Metrohm) was also 

inserted into the vessel. Using a digital multimeter, the potential difference between 

the QRCE and the reference electrode was measured. This potential value was later 

used to convert the applied potential during SECCM measurements to the reversible 

hydrogen electrode (RHE) scale using following equation: 

𝐸𝑅𝐻𝐸[𝑉] = 𝐸𝐴𝑔|𝐴𝑔𝐶𝑙|3𝑀𝐾𝐶𝑙 + 0.210 + 0.059 × 𝑝𝐻 + 𝑂𝐶𝑃 eq.18  
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6.4 SDC experiments  

6.4.1 SDC experiments on (TiNi) -Cu-Hf-Pd-Zr 

The electrochemical analysis of the material libraries (MLs) was conducted using a 

scanning droplet cell, which automatically evaluated 342 measurement areas (MAs) 

on each ML. The formation of the electrochemical cell occurred when the droplet cell 

made contact with the ML, ensuring proper contact by monitoring the applied pressure 

force. The electrochemical cell comprised three electrodes: the ML served as the 

working electrode, an Ag|AgCl|3M KCl reference electrode, and a Pt wire as the 

counter electrode. The electrolyte used was a 0.1 M KOH solution, which was 

automatically replaced before evaluating each MA. In the case of the oxygen reduction 

reaction (ORR), linear sweep voltammetry (LSV) experiments were conducted over 

the potential range from 1 V to 200 mV vs. the reversible hydrogen electrode (RHE), 

with a scan rate of 10 mV·s−1. For the hydrogen evolution reaction (HER), LSV 

measurements were performed in the potential range from 0 V to -700 mV vs. RHE. 

For data analysis, the conversion from the Ag|AgCl|3M KCl scale to the reversible 

hydrogen electrode (RHE) scale was performed using the given equation: 

𝐸𝑅𝐻𝐸[𝑉] = 𝐸𝐴𝑔|𝐴𝑔𝐶𝑙|3𝑀𝐾𝐶𝑙 + 0.210 + 0.059 × 𝑝𝐻 eq.19 

where 𝐸𝐴𝑔|𝐴𝑔𝐶𝑙|3𝑀𝐾𝐶𝑙is the applied potential vs the reference electrode (Ag|AgCl|3 M 

KCl), 0.210 V is the standard potential of the Ag|AgCl|3 M KCl at 25 °C, while 0.059 V 

is the result of (RT)*(nF)-1, where R is the universal gas constant, T the temperature at 

25 °C, F the Faraday constant and n equals 1. 

6.4.2 SDC experiments on Co-Cr-Fe-Mo-Ni 

Same procedure as in 6.4.1 is applied for the HER measurements. 
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6.5 SECCM experiments 

6.5.1 Initial SECCM setup 

The SECCM system how it was used for the initial experiments on MoS2 (chapter 4.2.1) 

consists of several components, including a precise positioning system, fast current 

acquisition devices, and a system to oscillate the capillary and detect the resulting AC 

signal. For high-resolution imaging with small pipette diameters, a piezo-based 

positioning system is employed, using a piezo cube (P-611.3S nanocube, 

PhysikInstrumente) and an analogue amplifier (E-664, Physik Instrumente). The 

sample can be moved laterally in x-y directions and vertically in the z direction using 

the piezo cube. Additionally, a separate piezo rod (PSt 150/5/60 VS10, 

Piezomechanik) with an amplifier from Piezomechanik (LE150/100/EBW) mounted on 

the capillary holder can be used to oscillate the capillary with a small amplitude to 

create the AC signal via changing of the meniscus shape. 

The AC perturbation signal for piezo vibration is generated by the internal oscillator of 

a lock-in amplifier (7280 DSP, SignalRecovery). A coarse positioning system is 

employed to bring the tip close to the investigated surface and within the overall travel 

range of the piezo actuators (100 µm for the piezo cube). Prepositioning can be by 

computer-controlled devices, facilitated by a microscope camera (DMK 21AU04, The 

Imaging Source) with external lighting from a cold light source (KL1500 LCD, Schott). 

To isolate the SECCM from external noise, the positioning system and the 

electrochemical cell are located in a Faraday cage equipped with a thermal isolation 

panel (Vaku-Isotherm) to prevent temperature drift during measurements. The setup 

is built on a vibration damping table (RS 2000, Newport) set on four S-2000 stabilizers 

(Newport) to decouple it from building oscillations. Data acquisition and instrument 

control are achieved by an FPGA card (PCIe-7852R, National Instruments) connected 

to a computer running a modified version of LabVIEW software (WEC-SPM) provided 

by the University of Warwick. The FPGA card enables fast data acquisition and control 

of the tip position and electrode potentials through embedded instructions. Two 

commercial current amplifiers, VA-10 and ELC-03XS from NPI, are used for the AC 

double barrel approach. The first amplifier measures the current between the two 

QRCEs in the barrels of the capillary, while the second measures the current between 
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one of the QRCEs and the sample. The measured currents are forwarded to the lock-

in amplifier for further analysis. 

6.5.2 SECCM setup optimization 

As described in chapter 4.2.2, the current amplifier in the SECCM setup was replaced 

with the FEMTO DLPCA-200 to optimize the signal to noise ratio. This change also 

involved transitioning from the double barrel approach to SECCM experiments with 

single barrels. Consequently, devices used for the double barrel approach, such as the 

lock-in amplifier, rod piezo, and headstage of the other current amplifier, were removed 

from the setup. Additionally, the piezo cube for fine movement was fixed upside down, 

and the probe was fixed to it. The relative movement between the sample and the 

probe is the critical factor, and it does not matter which part is moving. The details of 

this setup change will be discussed further in chapter 6.5.5. 

6.5.3 SECCM experiments on MoS2 

A nanopipette with an opening diameter of approximately 55 nm was used in the 

SECCM experiments. The nanopipettes were filled with 0.1 M HClO4 using a MicroFil 

syringe, and a Ag/AgCl wire served as the quasi-reference counter electrode (QRCE) 

during the SECCM measurements. The Ag/AgCl QRCE was prepared by immersing a 

polished Ag wire (diameter: 0.125 mm, Goodfellow, 99.99%) in a 3 M KCl solution and 

applying a potential of +5 V versus a Pt electrode for 10 minutes. The open-circuit 

potential of the QRCE was measured before and after the SECCM measurement using 

a Ag/AgCl/3 M KCl reference electrode. The SECCM workstation used a sample holder 

supporting the GC/MoS2 sample mounted on a 3-axis step motor microscrew system 

(Owis) controlled by an L-Step PCIe controller card (Lang) for coarse positioning. The 

filled single-barrel capillary with the QRCE was mounted on a 3-axis piezo 

nanopositioner (P-611.3S nanocube, Physik Instrumente) for fine positioning of the 

pipette tip above the surface, using an analog amplifier (E-664, Physik Instrumente). 

In the electrochemical experiments, the MoS2 sample transferred on the GC served as 

the working electrode (WE), while the Ag/AgCl wire acted as the QRCE in a 2-electrode 

system. The electrochemical cell was formed when the MoS2/GC made contact with 

the hanging drop of the filled nanopipette. The surface contact was detected by 

measuring the current between the WE and the QRCE, stopping the approach 

immediately after a current threshold of 2 pA was recorded using a low-noise current 
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amplifier (DLPCA-200, FEMTO). The size of the formed electrochemical cell was 

estimated based on the size of the nanopipette opening. A hopping-mode 

measurement protocol was employed for spatial resolution, measuring 61×81 

individual spots with a distance of 500 nm, resulting in a map of 30×40 μm. 

6.5.4 SECCM experiments on stress chips 

Due to the weight of approximately 1 kg of the holder for the stress chip holder, the 

piezo cube is unable to support such a heavy load. When excessive weight is placed 

on the piezo, it starts to oscillate, leading to a loss of precision in measurements. As a 

result, it is crucial to avoid exceeding the piezo's weight capacity to ensure accurate 

and reliable measurements. 

Same procedure as in 6.5.3 is applied for the HER measurements. 
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