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Abstract 

Electrochemical energy provision and storage systems can contribute to the development of 

eco-friendly and worldwide-accessible energy schemes. Still, an efficiency deficit hinders their 

widespread commercialisation, which is fundamentally caused by the slow kinetics of the 

oxygen catalytic reactions: the oxygen reduction reaction (ORR) and the oxygen evolution 

reaction (OER). A crucial factor in advanced catalyst design is the nature of the active sites, 

which offer optimal binding of the involved reactive species, and are therefore responsible for 

most of the overall activity. In this thesis, an electrochemical scanning tunnelling microscopy 

(EC-STM) technique is introduced and applied, which is capable of in-situ identifying the active 

centres. The underlying principle is the analysis of a more pronounced noise level of the EC-

STM signal if the scanning tip is positioned in active rather than inactive areas. The reason is 

the influence of an ongoing reaction on the local composition and structure of the electrolyte, 

which serves as the tunnelling medium. The electrodes of interest comprised state-of-the-art 

catalyst materials in acidic electrolytes: iridium oxide (IrOx) for the OER and platinum (Pt) 

alloys for the ORR. Results indicate that the OER on amorphous IrOx is not sensitive to the 

surface structure, and all surface sites of different geometries (terraces, steps, and concavities) 

showed similar activity. On the Pt alloys, the terraces were most active for the ORR. In contrast, 

spots located near the bottom of step edges showed less activity. This trend differs from the 

observations made on Pt(111). A brief explanation is that the binding conditions for the key 

reaction intermediates differ between Pt and the Pt alloy surfaces examined in this work. Since 

the aforementioned materials are scarce, carbon-based catalysts emerge as an abundant 

replacement. In this sense, a bifunctional carbon-based model system in an alkaline medium 

was investigated as an outlook. For both the OER and ORR, step sites and defects were most 

active. In total, this thesis shows the potential of the n-EC-STM technique for the in-situ 

identification of active centres with high resolution.
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Zusammenfassung 

Elektrochemische Energiebereitstellungs- und Speichersysteme können zur Entwicklung 

umweltfreundlicher und weltweit zugänglicher Energiesysteme beitragen. Bisher verhindert 

hauptsächlich die Ineffizienz der beteiligten katalytischen Sauerstoffreaktionen, der 

Sauerstoffreduktionsreaktion (ORR) und der Sauerstoffentwicklungsreaktion (OER), eine weit 

verbreitete Kommerzialisierung. Ein entscheidender Faktor der beteiligten Katalysatoren ist die 

Beschaffenheit ihrer aktiven Zentren. Diese besitzen optimale Bindungsenergien gegenüber der 

beteiligten reaktiven Spezies und machen daher den Großteil der Gesamtaktivität aus. In dieser 

Arbeit wird eine elektrochemische Rastertunnelmikroskopie (EC-STM) Technik an 

Modellsystemen aufgezeigt, die in der Lage ist, aktive Zentren in-situ zu identifizieren. Der 

Methode liegt eine Analyse des Rauschpegels des EC-STM-Signals zugrunde. Das Rauschen 

ist stärker ausgeprägt, falls die Abtastspitze über aktiven als über inaktiven Bereichen 

positioniert ist. Der Grund dafür ist der Einfluss einer elektrochemischen Reaktion auf die 

lokale Zusammensetzung und Struktur des Elektrolyten, der als Tunnelmedium dient. Die 

untersuchten Elektroden umfassten modernsten Materialien für saure Medien: Iridiumoxid 

(IrOx) für die OER und Platin (Pt)-Legierungen für die ORR. Die Ergebnisse belegen, dass die 

OER auf amorphem IrOx keine Sensitivität gegenüber der Oberflächenstruktur zeigt, da 

Oberflächenstellen unterschiedlicher Geometrien (Terrasse, Stufenkante, Konkavität) eine 

ähnliche Aktivität aufwiesen. Bezüglich der Pt-Legierungen für die ORR wurden die Terrassen 

als die aktivsten Stellen identifiziert. Im Gegensatz dazu zeigten Positionen nahe den unteren 

Stufenkanten tendenziell weniger Aktivität. Dieser Trend unterscheidet sich von den 

Beobachtungen, die an Pt(111) gemacht wurden. Als knappe Erklärung binden reines Pt und 

die in dieser Arbeit untersuchten Pt-Legierungen Reaktionsintermediate unterschiedlich stark. 

Da die untersuchten Materialien selten und damit kostspielig sind, bieten sich 

kohlenstoffbasierte Katalysatoren als Alternative an. Deshalb wurde als Ausblick ein 

bifunktionales kohlenstoffbasiertes Modellsystem in alkalischem Medium untersucht. Hierbei 

waren Stufenkanten und Defekte aktiv für sowohl die OER als auch die ORR. Insgesamt zeigt 
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diese Arbeit das Potenzial der n-EC-STM-Technik für die in-situ-Identifizierung aktiver 

Zentren mit hoher Auflösung. 
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1 Motivation and Scope 

Paris, December 12, 2015: 196 countries adopt a legally binding agreement to keep global 

warming well below 2 °C compared to pre-industrial levels. Further efforts are to be pursued 

to limit the temperature increment to 1.5 °C.[1] Projections indicate that reducing global 

warming to below 1.5 °C requires 80% zero-emission energy by 2030 and 100% by 2050.[2] 

Otherwise, in a business-as-usual manner, the average global temperature increase leads to 

rising sea levels, extreme weather and climate conditions, and a negative impact on the 

biological, social, and economic systems.[3] 

To turn the tide, a transition toward a clean, low emission energy system is necessary. However, 

an additional complication is the growing global energy demand, which is predicted to double 

by 2050.[4] Meanwhile, the supply of fossil fuels is declining with scarcity in oil and gas, which 

is anticipated to occur in the near future.[5, 6] While the requirement for energy is rising rapidly 

around the globe, oil and gas reserves are located in distinct regions, which poses the risk of 

international conflicts between hydrocarbon exporters and countries that rely on the supply.[7] 

As an alternative, two particular energy carriers show great promise for the decarbonisation of 

the energy sector: electricity and hydrogen. Zero-emission electricity can be provided from 

renewable sources such as wind, water, and sunlight.[2] Hydrogen is the most abundant element 

in the universe. However, it does not occur as a natural fuel on Earth.[8] 

There are three essential aspects connected to hydrogen in the energy transition: production, 

storage, and use. A possible large-scale scenario for a power system based on H2 is shown in 

Figure 1.[9] As hydrogen only occurs as an energy carrier in the form of chemical compounds 

such as hydrocarbons or water, chemical transformation to H2 is necessary. At present, the 

largest segment of hydrogen is produced from natural gas by steam reforming, which avoids 

neither the need for fossil fuels nor CO2 emission.[8] Instead, in electrolysis, hydrogen can be 

produced from renewable electricity and water without any emissions. In contrast to fossil fuels, 

water is abundantly distributed around the world, providing a more uniform access to hydrogen 

as a fuel.[8] After its production, hydrogen can be stored and transported at high energy density 
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in liquid or gaseous form. For a secured supply, functioning cross-border hydrogen 

infrastructures are essential. A major attraction of the hydrogen concept holds its application in 

the transport sector, for industrial purposes, and heating. Hydrogen can be directly combusted 

or fed to fuel cells to generate heat and electricity.[8] 

Today, a very popular topic is the use of electricity and hydrogen to decarbonise transport. 

Research and public interest focus on zero-emission technologies such as hydrogen-powered 

fuel cell electric vehicles (FCEV), battery electric vehicles (BEV), and hybrid approaches. Car 

companies such as Toyota,[10] Hyundai,[11] Honda,[12] Daimler[13] and BMW[14] have set their 

minds to the development of FCEVs. From the year 2021, two car models, the Toyota 

Figure 1 | Sketch of a concept for hydrogen production and usage. In a low-carbon 

economy, hydrogen can be generated via electrolysis from a renewable power source. 

Up to date, the primary use of hydrogen is in the oil refining and ammonia industries. 

Other emerging applications include fuel cell vehicles, metal refining, and synthetic 

natural gas production. Adapted from reference [9]. 
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Mirai[10, 15] and the Hyundai Nexo[11], are commercially available and able to outperform state-

of-the-art BEVs (e.g. the Tesla Model X[16]) in terms of re-fuelling time and distance. Car 

companies state that long distances (more than 600 km[10, 11]) can be overcome without the need 

to re-fuel. In turn, the re-fuelling process itself is relatively fast (3 to 5 min[11]), which is similar 

to current gasoline or diesel cars. However, a major obstacle is the lack of an H2 gas station 

network, which is needed especially for long-distance travel. On the merits, the installation of 

such a network could adopt and thus benefit from the already existing gasoline infrastructure.[3] 

Beyond the automotive industry, hydrogen offers undefeatable chances for purposes where 

direct electrification is not feasible: heavy-duty transport, non-electrified trains, overseas 

transport, and aviation. Only recenty, in December 2020, a collaboration between the University 

of Ulm and the German Aerospace Center (DLR) succeeded in the take-off of the world’s first 

four-seater hydrogen fuel cell aircraft.[17] On a larger scale, Airbus conceptualises the world’s 

first zero-emission commercial aircraft by 2035. The hybrid-hydrogen aircraft should be 

powered by hydrogen combustion through modified gas turbine engines and hydrogen fuel 

cells.[18]  

In summary, a great potential of hydrogen as an energy carrier lies in its production from 

renewable energies in water electrolysers and its use in zero-emission hydrogen fuel cells. Still, 

a deficit in efficiency hinders the widespread commercialisation of these technologies. A fuel 

cell, running with hydrogen produced from electrolysis (ca. 60-90% efficiency), reaches an 

overall efficiency of only 35-40%. This is substantially lower than in the case of Li-ion 

batteries, which achieve electricity-input to -output efficiencies of up to 80%.[19] A primary 

limit arises from the losses of the individual reactions of the water cycle, especially from the 

oxygen reactions. In a proton-exchange membrane fuel cell (PEMFC), besides the issue of the 

cost and stability of the membrane, the major complication is the large overpotential required 

for the oxygen reduction reaction (ORR) at the cathode. Similarly, the inverse reaction, the 

oxygen evolution reaction (OER) at the anode of electrolysers, suffers from slow reaction 

kinetics. The sluggishness of both ORR and OER arises from complex reaction mechanisms 

involving multiple electron-proton transfer steps and reaction intermediates. To date, state-of-

the-art catalysts are based on ruthenium and iridium oxide for the OER and platinum for the 
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ORR.[20] These metals are scarce, and thus their use should be optimised to reduce cost. In the 

presently available commercial PEMFC technology, 800 tonnes of platinum would be 

necessary for a peak capacity of 1 TW, which would be the prerequisite to playing a role in 

energy conversion.[21] Thus, the expansion of renewable hydrogen technologies requires 

interdisciplinary, atomic- or molecular-level insights in oxygen electrocatalysis to design 

advanced and economically viable electrocatalytic materials. 

A strategy for catalyst optimisation is to disperse the often-precious materials into nanoparticles 

for an optimised surface-to-volume ratio. With modern synthesising techniques it is possible to 

manufacture nano-single crystals which expose well-defined crystal facets.[22‑24] Since both the 

ORR and OER are sensitive to the nanoscale- and atomic-level structure of the heterogeneous 

interface at which they take place, the activity can depend on facets, sites and edges.[25, 26] 

Therefore, the overall performance of such a catalyst can be traced back to so-called active 

sites, which offer optimal binding conditions to reaction intermediates.[25, 27‑30] A rational way 

of designing catalysts should thus first identify the optimal active sites and then engineer 

surfaces with a maximum density of such sites.[31] Model single crystal surfaces and ultra-high 

vacuum (UHV) techniques paved the way for experimental studies on the electronics and 

structure of catalytic centres. Advances in theoretical chemistry, such as density functional 

theory (DFT), evolved as a valuable complement to provide insights into heterogeneous 

catalysis.[32] The nature of the active sites can depend on the material composition, the surface 

structure, and the electrolyte.[30] 

To contribute a piece to solving the puzzle, in this work, an in-situ method to identify active 

sites on model catalyst surfaces is presented. The technique, which is based on electrochemical 

scanning tunnelling microscopy (EC-STM), can detect local activity levels by spatially 

confined noise in the EC-STM signal. The electrode surfaces of interest consisted of state-of-

the-art materials: iridium oxide for the OER, as well as Pt3Ni(111) and polycrystalline Pt-

lanthanide alloys for the ORR. As those materials are scarce, carbon-based materials appear as 

an abundant replacement. Therefore, a bifunctional carbon-based model system was 

investigated as an outlook. In all the studies, noise analysis in EC-STM (n-EC-STM) succeeded 
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in detecting the geometry of the active sites, and the findings were supported by calculations 

and/or literature reports. These insights are vital in rational catalyst design, and there is a need 

for suitable surface-sensitive techniques providing access to the active sites. 
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2 Introduction to Electrocatalysis 

A catalyst is a substance capable of improving reaction kinetics without appearing in the 

product and can thus act repeatedly. In heterogeneous catalysis, the catalyst is in a different 

phase than the reactants. As an example, a reaction between two fluid species (i.e. both either 

in the liquid or gaseous phase), A and B, in the presence of a solid catalyst is considered. Its 

characteristics, without and with the catalyst, are sketched in the potential energy diagram 

provided in Figure 2.[20] Even if the overall reaction from reactants to product is exothermic, 

an activation barrier of ΔG‡ has to be overcome. By contrast, the use of a catalyst reduces the 

activation energy. Additionally, the reaction pathway can alter, and the formation of “new” 

intermediates yields additional minima in the potential energy diagram. Figure 2 presents an 

example in which the reaction proceeds as follows: In the first step, species A adsorbs on the 

solid catalyst surface (first intermediate). In the second step, the reaction partner B reacts with 

the adsorbed species A (second intermediate). In the last step, the product A–B desorbs from the 

surface.[20, 33, 34] Note that the energy levels of the reactants and the product remain unaltered 

by the catalyst. In other words, a catalyst influences the reaction kinetics without affecting the 

thermodynamics.[33, 35, 36] Ideally, a catalyst should not rearrange its structure and composition 

comparing the state before and after the reaction. In reality, however, catalysts can change their 

shapes or agglomerate during the reaction, which can diminish their catalytic abilities. 

Therefore, a catalyst needs to possess adequate stability aside from activity and selectivity.[37] 

Fundamental concepts of electrocatalysis, which fall within the scope of this thesis, are 

recapitulated in the following sections. Electrocatalysts are heterogeneous catalysts, which 

accelerate the rate of electrochemical processes. Electrochemistry, in turn, is concerned with 

the interconversion of electrical and chemical energy. Hereby, charge transfer is promoted 

across an electrified solid-liquid interface.[38] 

The first part (Chapter 2.1) covers electrochemical reactions and all aspects, which play a role 

in their application. In the first paragraph (Chapter 2.1.1), devices capable of converting 
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electrical into chemical energy and back are introduced as well as losses in the process. 

Subsequently, Chapter 2.1.2 deals with the electrified solid-liquid interface. A set-up consisting 

of three electrodes immersed in an electrolyte can assess changes at said interface 

experimentally (Chapter 2.1.3). Finally, Chapter 2.1.4 is dedicated to the quantification of the 

Figure 2 | The potential energy diagram of a reaction between two species A and B. If 

no catalyst is used (black curve), a higher energy barrier has to be overcome to drive 

the reaction. A catalyst (blue line) lowers not only the activation energy but can also 

change the reaction pathway. In this example, two reaction intermediates are involved 

and are associated with the minima in the curve. Below, a possible reaction pathway 

is given. The reaction can take place upon adsorption of one of the reactants (e.g. of 

species A). The second reactant (species B) reacts with the adsorbed species and forms 

an adsorbed product (second intermediate). In the last step, the product desorbs from 

the catalyst surface. Image is adapted from reference [20] with permission from The 

Royal Society of Chemistry. 
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electrocatalytic performance of catalyst materials. The second part (Chapter 2.2) clarifies that 

the reaction does not necessarily take place uniformly across the surface but at a higher rate at 

active sites, which offer optimal binding conditions. Chapter 2.2.1 addresses types of 

adsorption for reactants on the catalyst surface. For surface-sensitive reactions, as discussed in 

Chapter 2.2.2, adsorption energies vary with the location at the surface. The knowledge of the 

nature of active centres is inevitable to engineer materials with a maximal active site density, 

which is referred to in Chapter 2.2.3. 

2.1 Electrochemical Reactions at an Electrified Solid-Liquid Interface 

Electrochemical conversion and storage devices can assist in environmentally friendly energy 

provision schemes. If using hydrogen as fuel, PEMFCs and proton-exchange membrane (PEM) 

water electrolysers are of particular interest. In such a type of electrochemical cell, two spatially 

separated redox reactions occur. The electrons transferred during the reactions flow through an 

outer circuit, which enables the conversion of chemical into electrical energy or vice versa. 

Losses in the process decrease the maximum electrical energy (voltage) that can be obtained or 

needs to be applied in such a device. The efficiency of the device and the voltage are thus 

related. The current is a measure of the reaction rate, since electrons, generated or consumed 

during the reactions, move through the outer circuit. Hence, voltage and current are of utmost 

importance.[39] 

In the following, the first subchapter is dedicated to the fundamentals of hydrogen fuel cells 

and water electrolysers and their efficiency. Since it is more convenient to examine only one 

electrode material at a time, it is common to investigate only one half-cell reaction taking place 

at the interface between an electrode and the electrolyte. To access the electrode potential, a 

set-up consisting of three electrodes is necessary. Finally, the last subchapter deals with 

measures to quantify the catalytic performance.
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2.1.1 Cell Potential and Overpotentials 

Hydrogen fuel cells and water electrolysers are capable of transforming chemical into electrical 

energy and vice versa. In such a device, two redox (half) reactions are separated spatially. The 

overall reaction balances stoichiometrically, which means the same number of electrons n is 

exchanged during each of the two half-reactions. Electrons flow through an outer circuit, 

whereas a membrane conducts the ions. In PEMFCs or electrolysers, the latter are protons or, 

more precisely, in the form of H3O
+ in a humidified system. 

At first, the case of the fuel cell is considered. Here, the Gibbs free energy of the reaction 

converts into the electric work. If losses are at first neglected, a fundamental relationship 

between the molar free energy of reaction ΔrG and the potential difference between the 

electrodes at open circuit E0 states: 

ΔrG = ‒ nFE0 Eq. 1 

where n is the number of electrons exchanged in a single event of the half-reactions and F is 

the Faraday constant. E0 corresponds to the maximum cell voltage of the overall cell reaction 

without accounting for losses. The zero indicates an equilibrium potential, which in general 

depends on the concentration of species involved in the reaction, the temperature and the 

standard electrode potential, and is described by the Nernst equation.[40] 

The overall fuel cell voltage is determined by the potentials of the anode and cathode 

reactions[41] 

Ecell = Ecathode ‒ Eanode. Eq. 2 

In the thermodynamic equilibrium, Eq. 1 holds for both half-reactions. However, in practice, 

the power output is lower due to losses. The potential difference between the thermodynamic 

E0 and the actual output voltage E is termed overpotential η. 

η = E0 ‒ E. Eq. 3 
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Figure 3 gives a typical current-voltage curve of a fuel cell. With increasing current drawn 

from the fuel cell, the voltage drops. At zero current, the open circuit voltage (Eoc) can be lower 

than the thermodynamically reversible one because of fuel crossover and internal electronic 

currents. Fuel crossover denotes the passage of fuel through the membrane and subsequent 

undesired parasitic reactions. In addition, electron conduction through the membrane would 

lead to a reduced open circuit voltage. These losses become less prominent at non-zero current 

densities. At higher current densities, additional factors are dominating and are listed in the 

following.[39, 42] 

Figure 3 | A schematic of a fuel cell polarization curve. In contrast to the ideal 

thermodynamically predicted voltage of a fuel cell (E0), the voltage of a “real” fuel 

cell is lower (solid line). The losses are assigned to the current region in which they 

are the most dominant. The open circuit voltage (Eoc) at zero current may be 

diminished compared to the thermodynamic optimum due to fuel crossover and 

internal electric currents. 1. Activation losses occur due to sluggish kinetics of the 

involved electrochemical reactions. 2. Non-ideal transport of ions dominates Ohmic 

losses between the electrodes through the electrolyte. 3. A finite supply of reactants 

governs mass transport losses at both electrodes. 
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1. Activation losses. At both electrodes, electrochemical reactions convert chemical into 

electrical energy. Sluggish reactions possess low rates and thus lead to small currents. 

Therefore, catalysts improve the reaction kinetics and minimise activation losses. 

Catalytic activity is discussed in more detail in Chapter 2.1.4. 

2. Ohmic losses. Each half-reaction involves the transfer of electrons and ions. The 

number of electrons and ions consumed at one electrode are to be produced at the 

opposed electrode. Thus, the transport of ions in the electrolyte and electrons in the 

external circuit is to be established. Electronic transport can be maintained by an 

electrical connection such as a wire between both electrodes, and the corresponding 

losses are commonly negligible. By contrast, ion conduction typically proceeds via a 

hopping mechanism, which is less efficient than the transport of electrons driven by an 

electric field. To reduce Ohmic losses, electrolytes of high ionic conductivity are 

required. Moreover, Ohmic losses can be mitigated by a decreased membrane thickness, 

which, however, eases fuel crossover. In PEMFCs, a state-of-the-art material is the 

sulfonated tetrafluoroethylene-based fluoropolymer-copolymer Nafion®. 

3. Mass transport losses. Continual reactions require the supply of reactants to the 

electrode surfaces and the removal of the products to prevent blocking of the electrode 

surface. This becomes more challenging at increasing current densities, which are 

equivalent to higher reaction rates. In practice, flow field plates combined with porous 

electrode structures account for these issues. 

All considerations hold analogously for electrolysers, except for the signs of each equation. E0 

is the minimum potential required to run the electrolyser, and thus the sign in Eq. 1 is positive. 

The overall cell voltage Eel still depends on the half-cell potentials according to 

Eel
 = Eanode ‒ Ecathode. Eq. 4 

Losses, which can be of the same origins as in fuel cells, increase the overall potential needed 

to drive the water-splitting reactions.[43] 
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2.1.2 The Electrified Solid-Liquid Interface 

For research purposes, it is more convenient to examine an individual catalytic material instead 

of the whole electrochemical cell. Therefore, consider the interface between a single electrode 

and a liquid electrolyte. In general, the potentials of the bulk electrode and the bulk solution are 

different. The electrode of interest, termed working electrode (WE), can be charged due to an 

ongoing reaction if being immersed into the solution and/or under an external potential.[40] 

Without loss of generality, assume a negatively charged metal electrode surface. By 

electrostatic interaction, solvated cations accumulate at the metal surface. The centres of these 

ions constitute the outer Helmholtz plane (OHP). This type of double layer can be modelled as 

a plate capacitor, with one plate being the electrode surface, the other one the OHP. Since the 

distance between the plates is the radius of the solvation shell, the capacitance is large, which 

is harvested in supercapacitors.[44] Due to thermal motion, the solvated cations are less ordered 

toward the bulk of the electrolyte. Still, an excess of ions with an opposite charge to the 

electrode is present in the so-called diffusion layer. A more sophisticated model of the double 

layer considers that ions can also adsorb on the electrode surface. Because of the characteristics 

of their van der Waals interactions, anions tend to undergo specific adsorption, irrespective of 

the charge of the electrode. These adsorbed ions establish a second layer, the inner Helmholtz 

plane (IHP). The final picture of the electrified double layer is given in Figure 4a.[40] 

2.1.3 Three-Electrode Configuration 

Direct measurement of the Galvani potential difference between electrode and electrolyte is not 

feasible.[40] Instead, a common way to access the processes taking place at the electrode-

electrolyte interface experimentally is the use of a three-electrode set-up. 

In general, the potential of the WE can only be given with respect to a reference electrode (RE). 

The Galvani potential of such an RE is defined as zero. As an example, the standard hydrogen 

electrode (SHE) is a platinum (Pt) sheet immersed in an aqueous solution containing H+ ions of 

unit activity and is exposed to hydrogen (H2) gas under standard conditions, T = 298.15 K, 
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pH = 0, pH2(g)
 = 1 atm. The equilibrium potential of the reaction in Eq. 5 defines a potential of 

zero, i.e., E0 ≡ 0 VSHE.[40, 45] 

2 H+
(aq) + 2 e‒ ⇌ H2 Eq. 5 

In this thesis, the index in the unit indicates the type of RE to which the potential value is 

referred. 

Figure 4 | a) A sketch of the electric double layer at a negatively charged electrode. 

Solvated cations accumulate at the electrode surface and build up the OHP. In addition, 

ions can adsorb on the electrode surface and thereby form the IHP. Further to the bulk 

electrolyte, less-ordered solvated cations constitute a diffuse layer due to thermal 

motion. b) The three-electrode configuration. The potential of the WE is measured 

with respect to the RE. Current flows between WE and CE, whereas no current runs 

through the RE. Below, the potential drop because of the electrolyte resistance (RS) is 

sketched. If passing a current I between WE and CE, the resistance of the electrolyte 

changes the potential measured at a certain position. This effect can be diminished by 

placing the RE close to the WE. However, an uncompensated resistance (RU) is 

unavoidable. 
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During an electrochemical experiment, current passes through the system. A two-electrode 

system, comprised of WE and RE, only provides reliable results if the current does not alter the 

potential of the RE. Therefore, the RE needs to be non-polarisable, of large area and possess 

high activities of the redox forms. Otherwise, an additional overpotential at the RE is required 

and leads to a change in applied potential.[46] To circumvent the demanding requirements of a 

two-electrode cell, a three-electrode set-up is conventionally used. As shown in Figure 4b, 

besides the WE and RE, a third electrode is implemented, which is termed counter electrode 

(CE). The current is then passed between WE and CE, whereas no current flows through the 

RE. The WE potential is referred to the RE. The CE can be any conductive, chemically inert 

material. 

Still, one has to account for the finite resistance (RS) of the electrolyte. If passing a current I, 

the potential deviates by IRS. To reduce that potential change, the three electrodes are arranged 

as depicted in Figure 4b; the RE is located in close vicinity to the WE, whereas the CE is 

positioned on the same side of the WE but further apart. As sketched in the potential curve 

below, this reduces the influence of the solution resistance on the potential at the position of the 

RE compared to the CE. The closer the RE is to the WE, the smaller the voltage drop will be. 

Fine tips called Luggin capillaries are designed to place the RE close to the WE.[45, 47, 48] 

Nonetheless, some fraction of IRS is unavoidably included, which is denoted as uncompensated 

resistance (RU). The uncompensated resistance can be corrected by an additional measurement 

such as impedance spectroscopy.[49] 

2.1.4 Assessment of the Catalytic Performance 

In describing the kinetics of electrochemical reactions, it is crucial to relate current density to 

potential changes and vice versa. For the following mathematical treatment of that problem, a 

one-step, one-electron transfer is assumed. Moreover, mass transport is neglected, which 

signifies that the reactant concentration near the electrode surface does not differ from the bulk 

solution. The resistance of the electrolyte is also not taken into account. In such a case, the net 

current density j produced in a reaction driven by an activation overpotential ηact is given as 
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j = j
0

(exp (
αFη

act

RT
) − exp (−

(1 − α)Fη
act

RT
)) Eq. 6 

where R and F are the universal gas constant and the Faraday constant, T is the temperature, j0 

is the exchange current density and α is the transfer coefficient.[48] Eq. 6 is known as the Butler-

Volmer equation. For the derivation, please see references [39, 40, 45, 48]. The following 

paragraph is instead dedicated to explaining the different constituents. 

Importantly, j is a net current density. If addressing the rate of a reaction, both forward and 

backward reactions occur at the same time. The currents of the forward (FW) and backward 

(BW) reactions thus give rise to the net current density: 

j = jFW ‒ jBW. Eq. 7 

In equilibrium (ηact = 0), the forward and backward reactions are balanced, and therefore the 

respective current densities are equal to the so-called exchange current density j0: 

j0 ≡ jFW = jBW. Eq. 8 

The exchange current density depends on the activation barrier of the forward reaction Ea and 

the concentration of the reactants c* in an Arrhenius trend, i.e., j
0
 ∝ c* exp (−

Ea

RT
). It can serve 

as a measure for catalytic activity. The larger j0, the more current can be drawn out of a reaction 

at a certain potential, and in turn, the faster the reaction kinetics.[45] 

Applying an overpotential allows to bias the system such that either the forward or backward 

reaction is favoured, which is described by the transfer coefficient α. The change in the energy 

barrier of the forward reaction is proportional to α, whereas the energy barrier change of the 

backward reaction scales with (1 – α). In an ideal symmetric case, α = 0.5. For most 

electrochemical reactions, α takes a value between 0.3 and 0.7.[48] 

The overpotential required for a particular current density value can describe the catalytic 

performance. As introduced in Chapter 2.2.1, in general, the overpotential is the potential 

difference between the experimentally applied potential and the thermodynamic potential, and 
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thus relates to losses. The activation overpotential must be de-coupled from Ohmic and mass 

transport losses in order to link the overpotential to the catalytic activity. The former can be 

done by IRU compensation (see Chapter 2.1.3), the latter by evaluating the catalyst performance 

at low reaction rates. As an example, hydrogen evolution reaction (HER) and OER catalysts 

are typically compared at a current density of 10 mA cm-2.[50] For the ORR, the activity is 

commonly measured at a potential of 0.9 VRHE (RHE stands for reversible hydrogen 

electrode).[51] In addition, the WE can be rotated to enable a steady flow of reactants to the 

electrode, allowing for a well-defined mass transport (cf. Chapter 4.1).[52] 

Consider the overpotential to be large; or more fundamental if j ≫ j
0
. Large overpotential often 

means ηact larger than 50-100 mV at room temperature. In this case, the second term in the 

Butler-Volmer equation can be neglected. This implies the first term, the forward reaction, 

dominates, and the overall reaction can be seen as irreversible. The overpotential can be written 

in the form of 

ηact = a + b log j. Eq. 9 

This equation is known as the Tafel equation, and b is referred to as the Tafel slope. It can be 

used as a descriptor of the catalytic activity and can also assist in predicting the reaction 

mechanism.[39] 

Besides current density, exchange current density, overpotential and Tafel slope, another 

measure for catalytic activity is the turnover frequency (TOF). It is defined as the number of 

reaction events per active site and per time unit for a fixed set of reaction conditions 

(temperature, pressure, reactant concentration).[53] 

TOF =
dNe

 dt
∙

1

Na

 Eq. 10 

In Eq. 10, Ne denotes the number of reaction events, Na is the number of active sites, and t is 

time. 
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During a single reaction event, a fixed number of electrons n is transferred. Since the sample 

current I measures charge Q per time, it accounts for the number of reaction events per time. 

Dividing the current by the number of electron transfers per event and the elementary charge e 

is equal to the number of reaction events per time. 

| I | =
dQ

dt
=

dNe

dt
∙ e ∙ n Eq. 11 

Combination of Eq. 10 and Eq. 11 yields[54] 

TOF =
| I |

ne Na

. Eq. 12 

For a monometallic surface in a well-defined atomic arrangement, one can equate the number 

of active sites on the surface with the total number of atoms on the surface. In the case of a 

crystal surface in a face-centred cubic (fcc)-(111) orientation, the number of surface atoms can 

be expressed as the fraction of sample surface area AS and the area of the unit cell, according to 

Na =
AS

d
2

sin α
  Eq. 13 

where d is the shortest atom-to-atom distance and the angle α = 60° for an fcc arrangement. 

Inserting this expression in Eq. 12 yields 

 TOF =
| j | d2

sin α

ne
 Eq. 14 

with the geometric current density j. 
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2.2 Structural Effects in Electrocatalysis 

The electrocatalytic reactions introduced in the last chapter do not necessarily take place 

uniformly across the catalyst surface. Noteworthy, for structure-sensitive reactions, dissimilar 

surface sites show different reaction kinetics. These local differences in the activity stem from 

diverging adsorption properties of the structural motifs with respect to the reaction 

intermediates. To achieve the maximum activity, the binding needs to be balanced. While a too 

weak binding is insufficient for activation, a too strong binding poses the danger of catalyst 

poisoning.[55] Therefore, sites of ideal binding govern the overall activity. These active centres 

can arise, for example, from the geometric arrangement of the surface atoms or the composition 

of the catalyst.[56] The knowledge of their nature is vital for rational catalyst design, as a 

maximal number of active sites exposed on the surface is required for optimal performance. 

This chapter highlights the origin of structure-sensitive reactions. Section 2.2.1 gives principles 

of reactant adsorption on the catalyst surface. Section 2.2.2 explains the meaning of optimal 

binding, formulated as the Sabatier principle, and its role in predicting catalytic performances. 

Section 2.2.3 elucidates the importance of active sites, their properties, and a means for their 

identification. 

2.2.1 Physisorption, Chemisorption, and Dissociation 

A heterogeneous reaction between two reactants can proceed in two different pathways. In the 

first way, each of the reactants adsorbs on the surface. In the next step, they migrate towards 

each other and react to form the product, which subsequently desorbs (Langmuir-Hinshelwood 

mechanism). In the second way, only one of the reactants adsorbs on the surface. Afterwards, 

the reaction partner from the fluid (gas or liquid) phase reacts directly with the adsorbed species 

(Eley-Rideal mechanism). Finally, the product desorbs from the surface.[33] Both mechanisms 

are possible and discussed in Chapter 3 for the reactions of interest in this thesis. 

The surface interactions between adsorbate and catalyst surface hold the key to catalyst activity, 

selectivity, and stability.[37] If a reactant comes close to the catalyst surface, it interacts with the 
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potential energy built up by the constituent metal atoms. At medium distances of a few 

angstroms, the reactant can induce dipole-dipole interactions (van der Waals forces) with the 

surface, which can lead to physisorption. If approaching the surface further, chemical bonds 

can be established between the reactant and the catalyst (chemisorption). Thereby, molecules 

can be chemisorbed as a whole. Stronger interactions with the surface eventually lead to the 

dissociation of molecules and subsequent adsorption of single atoms. The latter is subject to the 

following paragraph.[34] 

In the following, the changes in the electronic properties of a diatomic molecule approaching 

the surface of a transition metal are considered to understand qualitatively why transition metals 

are an attractive class of catalysts. For more details and a quantum-mechanical view of 

molecular orbitals and band structure, see references [57, 58]. 

At first, the focus is set on the electronic structure of a diatomic molecule such as e.g. hydrogen. 

If two atoms approach each other, the two corresponding electronic wave functions start to 

overlap. Thus, the molecule possesses two “new” electronic wave functions obtained from 

linear combinations of the two atomic orbitals. The energies of the molecule split into a bonding 

and an antibonding level. This is sketched on the right side of Figure 5, where exemplarily two 

atomic s-orbitals split into a bonding (σ) and antibonding (σ*) molecular orbital. The higher the 

overlap between the two atoms, the greater is the energy difference of the molecular orbitals. 

The stability of the bond can be estimated via the occupancy of the energy levels. If only the 

bonding level is filled with electrons, the molecule is stable. If both bonding and antibonding 

levels are filled, the bond between the atoms is weak, and the dissociation of the molecule is 

easy.  

Second, the band structure of a solid, comprised of one type of atom, is considered. Analogue 

to the diatomic molecule, the atomic orbitals of adjacent atoms overlap. The electron wave 

functions of the crystal are combinations of the wave functions of the constituent atoms. Since 

the number of atoms in a solid is much higher than in a single molecule, the energy levels of 

the crystal lie close to each other in terms of energy. Therefore, they can be considered as energy 

bands, and their width is given by the extent of the overlap between neighbouring atomic 
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orbitals. The shapes of the energy bands in the solid depend on the properties of the single 

atomic orbitals. If the atomic orbital possesses a pronounced shape and orientation, the overlap 

to a neighbouring orbital of the same type is small. In a crystal, this results in the formation of 

a narrow band. Here, many states are located in a small energy interval, which is equivalent to 

Figure 5 | A schematic of the interaction between a diatomic molecule (right) and a 

transition metal surface (left). Occupied states are coloured in red, unoccupied in 

white. The states of the transition metal are filled up to the Fermi level (EF). (1) The 

energy levels of the adsorbate are modified upon the interaction with both the sp- and 

d-bands of the transition metal. The former leads to a broadening of the molecular 

orbitals (σ, σ*) and a downshift in energy, which implies a stabilisation of the 

adsorbate on the metal surface. In addition, the strong interplay with the transition 

metal d-band induces a splitting of the molecular orbitals. (2) At closer distances, both 

effects combine and result in a partial filling of the former antibonding molecular 

orbital. In consequence, the bond between adsorbate and surface strengthens, whereas 

the intramolecular bond of the adsorbed molecule destabilises. Therefore, a transition 

metal surface can dissociate a diatomic molecule, such as H2 or O2. Reproduced with 

permission from reference [34]. Copyright © 2016 John Wiley and Sons. 
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a high density of states (DOS). Vice versa, a significant overlap between atomic orbitals results 

in a wide band and a small DOS. In transition metals, both types of orbitals exist. Tightly bound 

d-electrons overlap little with the d-orbitals of adjacent atoms and yield narrow d-bands. The 

outer s- or p-electrons experience less interaction with the atomic core, which allows large 

overlap. Therefore, a wide sp-band establishes. On the left side of Figure 5, the corresponding 

DOS of a transition metal is sketched. Herein, the bands are filled with valence electrons up to 

the Fermi level (EF). 

After the discussion of the energetic properties of a crystal and a diatomic molecule, the focus 

is now on the diatomic molecule approaching the surface of a transition metal. In such a 

situation, the two molecular orbitals (σ and σ*) interact with the broad sp-band and the narrow 

d-band of the transition metal. The first yields broader molecular orbitals, which are 

downshifted in energy. Thereupon, the adsorbate stabilises on the metal surface. The second 

interaction type with the d-bands is stronger and able to split the adsorbate levels into pairs of 

bonding and antibonding orbitals. At closer distances between adsorbate and metal, the 

combination of both effects eventually results in a partial filling of the former antibonding 

molecular orbital, as illustrated in Figure 5. Consequently, the bond between adsorbate and 

surface is strengthened, whereas the intramolecular bond of the adsorbed molecule is 

destabilised. This is the key to understand the reason for molecular dissociation at a transition 

metal surface.[34] 

2.2.2 Sabatier Principle and Volcano Plot 

The previous discussion about interaction types between adsorbates and the catalyst surface 

sets the stage for understanding catalyst optimisation. To improve reaction kinetics, the binding 

strength between adsorbate and catalyst should balance. Sufficiently strong adsorption is 

necessary to dissociate bonds and form reaction intermediates. By contrast, if the adsorption is 

too strong, the reaction intermediates cannot leave the surface, which leads to a blocking of the 

catalyst surface.[34, 35] This rule was first stated by Sabatier in 1911 as a purely qualitative 

trend.[55, 59, 60] An empirical concept closely related to the Sabatier principle is the volcano 

curve, which is obtained from plotting the activity of a catalyst versus the catalyst’s ability to 
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form chemical bonds to reactants, reaction intermediates, or products.[35, 60] In accordance with 

the Sabatier principle, a catalyst with an optimal binding shows the highest activity in 

Figure 6a. Stronger or weaker binding leads to diminished activity towards the left or right of 

the volcano top, respectively. Such volcano plots constitute valuable guidelines for identifying 

active catalyst materials. However, its accuracy depends on the fundamental parameter on its 

x-axis, also named “descriptor”, which is connected to the catalytic activity on the y-axis. 

A Descriptor of Bond Strength. In a volcano plot, the catalytic activity (see Chapter 2.1.4) is 

plotted versus a suitable “descriptor”. The latter provides a link to the fundamental properties 

of the catalyst surface or the electrochemical interface.[61] Ideally, the descriptor should be an 

integral part of the rate law.[62] Therefore, the adsorption energies of intermediates are 

commonly employed descriptors.[60] The strength of the adsorbate-surface bond can be 

experimentally accessed via the heat of formation.[61] However, only modern computational 

approaches allowed for a theoretical determination of descriptors, such as adsorbate binding 

energies.[60, 63] 

The d-Band Model. A theoretical model used to predict activity trends is the d-band model. 

The electronic properties of transition metals, which are widely used catalysts, are governed by 

the structure and occupancy of their sp- and d-band states. A short introduction to the DOS of 

a transition metal is given in Chapter 2.2.1. Among different transition metals, the s- and p-

bands behave similarly. Therefore, the bond between a specific transition metal surface and an 

adsorbate is determined by the interaction between the d-band states of the metal and the 

adsorbate orbitals. Only a single adsorbate orbital is considered for simplicity, as would be in 

the case for an atomic adsorbate. As discussed in Chapter 2.2.1, upon interaction with a 

transition metal, the adsorbate orbital will broaden in energy (sp-band interaction) and split into 

a bonding and antibonding state (d-band interaction, see Figure 5). A strong bond between 

adsorbate and catalyst is established if the occupancy of the antibonding states is low and vice 

versa. In turn, the occupancy of the antibonding orbital is set by the d-band centre (εd) in terms 

of energy relative to the Fermi level EF. The higher the d-band centre, the higher is the position 

of the antibonding states (d-σ)*, the lower its occupancy, and thus the stronger the bond between 
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catalyst and adsorbate.[64] The relation between the d-band centre and the bonding strength 

between catalyst and adsorbate turns the former into a valuable descriptor. Figure 6b gives an 

example for a volcano plot depending on the d-band centre.[65] Herein, the experimentally 

obtained activity (red) is compared to the activity predicted by DFT calculations (black). Within 

Figure 6 | a) Schematic of a volcano plot as quantification of the Sabatier principle. A 

descriptor for electrocatalytic activity is plotted against a descriptor for “bond 

strength” (e.g. heat of adsorption). According to the Sabatier principle, too strong 

binding leads to the inability of product desorption, whereas too weak binding may 

fail in reactant activation. Thus, intermediate binding yields optimal catalytic 

performance. Image adapted with permission from [60]. Copyright © 2015 Elsevier 

Inc. b) ORR activity against the d-band centre of the catalyst. Herein, εd was 

experimentally determined and is given relative to Pt. A higher d-band centre (as for 

pure platinum) translates to stronger binding of reaction intermediates. Therefore, 

alloying can lower the d-band centre and thus optimize binding. Reprinted with 

permission from reference [65]. Copyright ©2006 WILEY‐VCH Verlag GmbH & Co. 

KGaA. 
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the d-band model, the catalyst surface is assumed to consist of equal surface sites, which is 

insufficient to describe a real catalyst surface. 

Scaling Relations. So far, a single adsorbate was accounted for. Nonetheless, there is not only 

a single type of adsorbate in many reactions, but various adsorbates and intermediates are 

important. In principle, a suitable descriptor comprises the interactions between the catalyst 

surface and all the intermediates. The binding energies of adsorbates often scale linearly with 

each other.[66, 67] If so, it is possible to use the adsorption properties of a single intermediate as 

the descriptor. The simplified explanation for the correlation between the adsorption energies 

of different intermediates is that they adsorb through the same atom type. As an example, 

*O,*OH and *OOH adsorb by an oxygen-metal bond on the surface. Scaling relations can 

provide restrictions in catalyst design. Consider a reaction, which first involves the dissociation 

of a molecule (e.g. O2), and last the desorption of the product, which is bound to the surface 

through the same kind of atom (e.g. *O). For the first step, a strong interaction between the 

surface and adsorbate is desirable for dissociation (see Chapter 2.2.1). However, at the same 

time, a weak interaction between the adsorbate and the surface is beneficial for product 

desorption. Thus, efforts have been made to break the scaling relations by adding foreign 

substances or creating three-dimensional structures.[68‑70] A catalyst with changing geometry 

during the reaction would be capable of breaking the scaling relations as well. In nature, 

enzymes can do so.[71] 

In summary, the Sabatier principle coupled with theoretical predictions serves as a valuable tool 

in material selection and catalyst design. 

2.2.3 Active Sites and Structure Sensitivity 

The Sabatier principle and the considerations stated in Chapter 2.2.2 assist in finding well-

performing catalyst materials. However, they do not discern where on the surface the reaction 

takes place. A catalyst surface is not an ensemble of identical surface sites but can rather be 

seen as a “checkerboard”.[72] In other words, the adsorption energy towards intermediates can 

differ from site to site because of dissimilarities in electronic and/or geometric structure. 

https://www.dict.cc/?s=accounted
file:///D:/Arbeit/Doktorarbeit/Heterogeneous%23_CTVL001870c23a5d76742d5b316e29a610beacd
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Therefore, the surface does not necessarily contribute uniformly to the overall activity, but only 

certain “active sites”.[27] Such active sites provide optimal binding towards reaction 

intermediates. An active site can be a single atom or an arrangement of atoms. Reactions that 

only take place at a specific surface site are termed “structure sensitive”.[73, 74] 

The nature of active sites depends on structural and electronic factors. Geometric factors may 

come into play, such as the coordination of surface sites. As an example, for the ORR active 

sites on Pt(111), sites of higher coordination than the “regular” terrace sites bind weaker. Such 

features can be found near the bottom of step edges or at concavities. Vice versa, spots of lower 

coordination, such as at the top of step edges or on convex nanoparticles, bind stronger.[31, 75, 76] 

Another structure-related factor is the occurrence of strain on the catalyst surface. Dissimilar 

atoms in the subsurface can influence the lattice spacing on the surface and induce strain. Again 

referring to the example of ORR intermediates on Pt surfaces, compressive strain leads to 

weakening the binding interactions. Conversely, tensile strain results in the opposite.[34, 77] 

Since only the ORR is considered here, it is important to point out that even if the surface 

geometry affects the binding conditions, the type of adsorbate is crucial as well. As a side note, 

certain surface motives, e.g. steps and terraces of a specific orientation, can bind different kinds 

of adsorbates, such as *OH, *OO,*CH, *CO, etc., to a different extent. This subject is discussed 

in references [56, 73]. The electronic structure of a catalyst can be tuned by dissimilar atoms 

on the surface or subsurface (ligand effect).[78] An ensemble effect may arise if the active site 

constitutes dissimilar atoms.[79] For nanoparticulate catalysts, additionally, the size and shape 

of the particle and its interactions with the support come into play.[25, 78, 80] Besides, the 

properties of the electrochemical interface and the electrolyte composition should not be 

neglected.[78, 81] 

The knowledge of the active sites for a specific reaction and catalyst material is essential since 

the performance can be optimised by maximising the number of exposed active sites on the 

surface. Computational and experimental procedures have been established to assess the nature 

of active centres. Since the adsorption properties depend on the spatial distribution of the 

electron density, binding energies can be modelled with DFT and used as suitable activity 
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descriptors. In an ideal experiment, it would be possible to resolve both the surface morphology 

and the chemical composition of the surface in situ. 

For obtaining vital information, it is important to choose suitable model systems. A particular 

class of such surfaces are extended single crystal surfaces and thin films. Since they have a 

limited number of different structural motifs, the overall behaviour, e.g. the activity of the whole 

surface, can be assigned to said feature. Consequently, different single crystal surfaces with 

distinct properties can directly be compared to each other. An example of such a motif is the 

crystal orientation of the surface. Cutting a crystalline lattice in certain principal axis results in 

Figure 7 | Crystal planes in a cubic unit cell: a) (100), b) (110) and c) (111). 

Schematics of a d) (100), e) (110) and f) (111) surface and the shape of nanoparticles 

comprising the respective crystal facets: d) cubic, e) rhombic dodecahedron and f) 

octahedron. The images in d-f were created with the help of references [82] and [84]. 
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a well-defined surface, as exemplarily shown in Figure 7.[82, 83] Since nanoparticles of 

particular shapes demonstrate well-defined crystal facets[84], studies on model extended 

surfaces can yield insights for real-world catalysts. Examples of such particles are given in 

Figure 7 next to the respective extended surfaces. Cubic nanoparticles are comprised solely of 

(100) planes, rhombic dodecahedra of (110) planes and octahedra of (111) planes. However, as 

size effects and the interaction with the support may additionally influence the nature of active 

sites, transferring findings from extended model surfaces to nanoparticles requires precaution. 

Nonetheless, such model surfaces yield valuable insights. Due to their periodicity, they can also 

be modelled more easily, which can elucidate the binding properties of the surfaces. 

In the next chapter, reactions related to electrolysis and fuel cell applications are discussed in 

detail. Findings on the actives sites on model systems are given for each respective reaction.
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3 Catalytic Reactions on Model Surfaces 

in Fuel Cells and Electrolysers 

In the centre of interest are the electrochemical reactions involved in PEMFCs and water 

electrolysers, which are sketched in Figure 8 for the case of an acidic electrolyte. In such 

electrochemical devices, the redox reactions are spatially separated to take place at the two 

interfaces. While the electrons flow through the outer circuit, the membrane establishes ion 

conduction and prevents an electric shortcut. This thesis widely employs acidic media, where 

protons (H+) are exchanged between the electrodes. Therefore, in the following, all reactions 

are given for acidic media. 

In an electrolyser, an external potential is applied to drive the water-splitting reactions, i.e., the 

HER and the OER. 

anode (HER) 4 H+ + 4 e‒ → 2 H2 Eq. 15 

cathode (OER) 2 H2O → O2 + 4 H+ + 4 e‒ Eq. 16 

overall reaction 2 H2O → 2 H2 + O2 Eq. 17 

A fuel cell harvests the free energy of water formation from hydrogen and oxygen in the form 

of electricity. In reality, this process is accompanied by losses, which lead to the release of 

waste heat.[85, 86] The reactions are termed hydrogen oxidation reaction (HOR) and ORR. 

anode (HOR) 2 H2 → 4 H+ + 4 e‒ Eq. 18 

cathode (ORR) O2 + 4 H+ + 4 e‒ → 2 H2O Eq. 19 

overall reaction 2 H2 + O2 → 2 H2O Eq. 20 



CATALYTIC REACTIONS ON MODEL SURFACES IN FUEL CELLS AND ELECTROLYSERS 

 

42 

For completeness, it is mentioned that water electrolysers and fuel cells can also operate in 

alkaline media. In alkaline electrolysers, hydrogen evolves from water, whereas oxygen is 

produced from hydroxyl anions (OH‒), which are exchanged between the electrodes. The 

respective reverse reactions occur in the alkaline fuel cell. Because of the less demanding 

conditions, less noble and thus less costly catalysts could be employed. However, liquid alkaline 

systems pose a lack of safety and reliability due to caustic soda circulating in the cell. The use 

of an alkaline polymer electrolyte membrane would overcome these issues. However, their 

performance is, to date, still lower than their pendant in acidic media.[19, 87] 

Figure 8 | A sketch of a PEM electrolyser and a fuel cell in an acidic medium. In each 

device, two separated redox reactions occur at each electrode-electrolyte interface. 

The devices convert chemical into electrical energy or vice versa. a) In an electrolyser, 

water splits into hydrogen (grey) at the cathode and oxygen (red) at the anode driven 

by an electric potential. b) In a fuel cell, hydrogen and oxygen are fed to the electrodes 

and are converted into water and electricity. Each of the reactions involves the transfer 

of electrons (yellow) through the outer circuit and protons (green) through the 

membrane. 
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In the next chapters, all four reactions are discussed in more detail for acidic media with a focus 

on the ORR and OER. More  information on the materials investigated in this thesis is given in 

the respective chapters, which are iridium oxide (IrOx) for the OER and platinum (Pt) and Pt 

alloys for the ORR.

3.1 Hydrogen Evolution Reaction 

The overall reaction of the HER is given in Eq. 15. A schematic of the HER reaction mechanism 

in an acidic medium is shown in Figure 9a,b. It is widely accepted that the HER occurs in two 

consecutive steps.[48, 88, 89] The first step involves the adsorption of a hydrogen atom (Volmer 

step, Eq. 21). Here, a proton (H+) adsorbs on a free catalytic site (denoted as “*” in the 

following). Upon a subsequent electron transfer from the catalyst, the proton is reduced to 

adsorbed atomic hydrogen (*H). After this so-called Volmer step, the HER can occur via two 

different pathways. The first possibility is the Tafel mechanism (Eq. 22). In this case, a second 

atomic hydrogen atom is adsorbed on the surface analogously to the Volmer step. In the end, 

both adsorbed hydrogen atoms migrate to each other on the surface, react and form molecular 

hydrogen (H2), which subsequently desorbs. The alternative is the Heyrovsky mechanism 

(Eq. 23). Thereby, the second proton-electron charge transfer mechanism takes place directly 

at the first adsorbed atomic hydrogen. In the last step, molecular hydrogen (H2) desorbs from 

the surface. 

Volmer H+ + e‒ → *H Eq. 21 

Tafel *H + *H → H2 Eq. 22 

Heyrovsky *H + H+ + e‒ → H2 Eq. 23 

For each system, the HER mechanism depends on the properties of the electrified solid-liquid 

interface. The Tafel slope (see Eq. 9 in Chapter 2.1.4) can serve as an indication for the rate-

determining step.[45, 48, 90]. For Pt, it has been stated that at low overpotential, the recombination 

step determines the rate, whereas the initial discharge step is fast. As the overpotential increases, 

the coverage of adsorbed hydrogen increases. Therefore, atom-atom recombination is fast, and 

accordingly, the initial discharge step determines the rate.[45] 
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Figure 9 | HER mechanism in acidic media. In the first step, the adsorption of a proton 

(green) on an empty active site of the catalyst surface couples to an electron (yellow) 

transfer, which leads to an adsorbed hydrogen atom (grey). Hydrogen formation may then 

occur via two different pathways. a) In the Heyrovsky mechanism, the second proton and 

electron react directly with the adsorbed hydrogen atom and release a hydrogen molecule. 

b) Alternatively, in the Tafel step, the second proton adsorption-electron transfer leads to a 

second adsorbed hydrogen atom. In the last step, the reaction of both adsorbed hydrogen 

atoms produces molecular hydrogen. c) HER volcano plot as predicted by Trasatti et al. in 

1972.[91] The descriptor is the bond strength between atomic hydrogen and the metal catalyst 

surface E(M-H). Reprinted with permission from [62]. Copyright © 2016 Wiley‐VCH 

Verlag GmbH & Co. KGaA. 
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Hence, the initial discharge step (Eq. 21) and the subsequent recombination step (Eq. 22 or 

Eq. 23) can both limit the rate. These steps involve the ad- and desorption of hydrogen, 

respectively. According to the Sabatier principle (Chapter 2.2.2), an ideal catalyst should be 

able to balance the hydrogen binding strength, E(M‒H). The latter can be a suitable descriptor 

for the HER, as shown in the volcano plot in Figure 9c.[91] Herein, noble metals (e.g., Pt) are 

located close to the top of the volcano, showing hydrogen bond strengths slightly larger than 

optimal. On the right branch are the early transition metals, which bond even stronger. Vice 

versa, the sp-metals with weak hydrogen bonding are placed on the left side of the volcano.[62] 

First reports describing the promising electrocatalytic properties of Pt toward the HER already 

date back to the beginning of the 19th century.[92, 93] However, due to its limited availability and 

high costs, promising alternatives have been investigated. Among them are Pt group metal-

alloys, transition metal-chalcogenides (e.g., MoS2), transition metal-carbides (e.g., tungsten and 

molybdenum carbides) and metal-free materials.[50, 94, 95] 

3.2 Hydrogen Oxidation Reaction 

The overall HOR is given in Eq. 18. It proceeds via the same consecutive steps as the HER 

described before. HER and HOR can be considered as symmetric forward and backward 

reactions, i.e., the transfer coefficient of the Butler-Volmer equation (Eq. 6 in Chapter 2.1.4) 

can be set to α = 0.5.[96] Therefore, the same descriptors and trends for the HER also apply to 

the HOR. Accordingly, a suitable descriptor for the HOR is the binding interaction between 

adsorbed hydrogen and the catalyst surface.[97‑99] 

The state-of-the-art catalyst for the anode reaction of a PEMFC is Pt. Even though Pt is a 

precious material, the catalyst loading required in fuel cell application is low. In numbers, 

0.05 mgPt cm-2
geo is sufficient to catalyse the HOR without efficiency losses, i.e., at 

overpotentials smaller than 5 mV.[39, 100, 101] Besides pure Pt, alloys of Pt such as Pt-Ru are 

promising HOR catalysts. However, rather because of their increased CO tolerance than 

performance gains.[102] In the search for less noble HOR catalysts, transition metal carbides and 

oxides play an important role. Still, they cannot compete with Pt yet.[103] In total, due to the 
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high mass activity of Pt towards the HOR, the current research focus in fuel cell applications is 

mostly set to the cathode reaction and the development of the membrane materials.[39] 

3.3 Oxygen Evolution Reaction 

The sustainable production of fuels like hydrogen from water or hydrocarbons from CO2 

requires a counterbalancing electron-donating reaction. Currently, the most sustainable and 

available candidate is the OER. However, the OER is a complex multistage reaction, which 

includes four proton-electron transfer steps. Therefore, even if using benchmark catalysts, a 

considerably large overpotential is required.[87] 

Hence, it is essential to understand the fundamentals of the OER to design well-performing 

catalyst materials. In the past, different hypotheses on the OER mechanism have been proposed. 

Involved in the reaction are key intermediates such as *O, *OH and *OOH. For illustration, 

two exemplary OER pathways are presented here. In the first step of the OER, water is oxidised 

on the catalyst surface, which yields adsorbed hydroxyl species (*OH) as given in Eq. 24. 

Subsequently, *OH undergoes deprotonation and becomes *O (Eq. 25). Lastly, the catalyst 

liberates oxygen gas, cf. Eq. 26.[104] An alternative pathway was proposed by DFT 

calculations[67, 105, 106] and was experimentally confirmed[107]. Here, via an associative 

mechanism, the oxidation of a second water molecule forms *OOH on the surface (Eq. 27). At 

last, deprotonation leads to the release of oxygen (Eq. 28). 

I H2O + * → *OH + H+ + e‒ Eq. 24 

II *OH → *O + H+ + e‒ Eq. 25 

III a 2 *O → 2 * + O2 Eq. 26 

  or   

III b *O + H2O
 → *OOH + H+ + e‒ Eq. 27 

IV b *OOH  → * + O2 + H+ + e‒ Eq. 28 
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As for the HER and HOR, the binding energies of intermediates can be employed as descriptors 

to predict activity trends. For the OER, three descriptors play an important role involving the 

OER key intermediates: ΔG*O, ΔG*OH and ΔG*OOH. However, these binding energies are not 

independent of each other but interrelated via scaling relations (see Chapter 2.2.2). The 

following relation has been stated to hold irrespectively of the catalyst surface: 

ΔG*OOH ‒ ΔG*OH = 3.2 eV.[67, 73] The existence of a constant value for different materials 

implies that *OH and *OOH adsorb preferentially at the same type of binding sites. It can thus 

be concluded that only two binding energies suffice to describe activity trends in the OER, such 

as e.g. the difference of the two binding energies ΔG*O – ΔG*OH. An example of a volcano plot 

using ΔG*O – ΔG*OH as the descriptor is given in Figure 10a.[105] The theoretical overpotential 

ηthe was used as the activity descriptor. It was determined by the difference between the reaction 

free energy of the rate-determining step and the thermodynamic equilibrium, i.e. 1.23 eV for 

the OER. Towards the left of the volcano, the materials bind oxygen species too strongly, and 

therefore the third step (*OOH formation, Eq. 27) is the potential limiting one. Vice versa, on 

the right of the volcano, the catalyst surfaces bind too weakly, and hence the second step, the 

Figure 10 | a) OER volcano plot predicted by DFT calculations. Reprinted with 

permission from [105]. Copyright © 2011 WILEY‐VCH Verlag GmbH & Co. KGaA. 

b) ORR volcano plot for single metal catalysts. Reprinted with permission from [132]. 

Copyright © 2004, American Chemical Society. 
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deprotonation of *OH species, is the limiting one (Eq. 25). Close to the optimum, ruthenium 

oxide (RuO2) is located.[105, 108] 

OER Mechanism on Iridium Oxide Surfaces 

Besides catalytic activity, stability is one of the key properties of a catalyst. Even though 

possessing lower intrinsic OER activities, the stability of Ir oxide catalysts outperforms their 

Ru-based counterparts.[109‑111] This paragraph is therefore dedicated to Ir oxide (IrOx) catalysts. 

Compared to rutile Ir oxide, it has been shown that the amorphous and hydrated character of 

IrOx, which is formed during electrochemical cycling, is beneficial for OER activity.[112‑117] It 

was stated that an increase in crystallinity is equivalent to a decrease in OER activity.[112, 113] 

The oxidation states of the active Ir atoms and the OER mechanism itself have been subject to 

many studies. Still, ongoing controversies on these themes can be observed in the scientific 

community. 

Generally, the proposed OER mechanisms on the Ir oxide surface can be divided into the two 

pathways introduced above: a) a coupling mechanism (Eq. 24‒Eq. 26) and b) an acid-base 

mechanism (Eq. 24, Eq. 25, Eq. 27, Eq. 28). In the coupling pathway, the formation of the O-

O bond takes place via two *O on adjacent adsorption sites. During this step (Eq. 26), no 

electrons are transferred. A possible pathway is a transition between IrIVO2, IrVO2OH and 

HIrIIIO2.
[118] At high potentials (>1.6 VRHE), even IrV to IrVI transitions were predicted.[118] Many 

efforts have been made to identify IrV species either ex situ or under potential control.[119‑121] 

Even though IrV and IrVI species could be isolated from the crystalline bulk[122], it remains 

unclear if such species can as well build up on the surface of IrO2. In the case of an acid-base 

mechanism, an interesting model has been proposed by Schlögl et al. for the OER on 

amorphous Ir oxide.[123‑125] Herein, the presence of Ir-vacancies contributed to the formation of 

active “OI- species”. Such electrophilic oxygen species are prone to nucleophilic attack. This 

implies that the OER is taking place via the adsorption of an *OOH group after the oxidation 

of the “first” water molecule. 
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To date, none of the above-mentioned mechanisms was confirmed or dismissed. Nonetheless, 

it can be mentioned that the Ir species located at a binding energy of 62.5 eV in X-ray 

Photoelectron Spectroscopy (XPS) measurements were assigned as active.[123‑126] Even though 

their oxidation state remains under debate, their ratio has even been proposed as a suitable OER 

descriptor.[127] In contrast to the oxidation state, little is reported on the coordination or surface 

structure of the OER active sites on IrOx. To fill this void, IrOx is subject to the studies reported 

in this thesis (Chapter 6). 

3.4 Oxygen Reduction Reaction 

Similar to the OER (Chapter 3.3), the ORR can also be considered a complex multistage 

reaction. It includes the transfer of four electrons, the cleavage of the O-O bond and the 

consecutive protonation via several steps and intermediates. A controversy exists over the exact 

reaction mechanism. Two conceivable pathways are introduced and illustrated in Figure 11a. 

In the first, oxygen (O2) is directly reduced to water via a four-electron transfer (Eq. 19, step 

(1) in Figure 11a). Alternatively, the ORR proceeds in two successive two-electron transfer 

steps involving hydrogen peroxide (H2O2) as an intermediate or side product (Eq. 29-Eq. 30, 

step (2-3) in the sketch). Therefore, the indirect pathway includes the competing side-reaction 

of the H2O2 formation (step (4) in Figure 11a).[128] 

 O2 + 2 H+ + 2 e– → H2O2 Eq. 29 

 H2O2 + 2 H+ + 2 e– → 2 H2O Eq. 30 

The ORR activity and pathway both strongly depend on the cleavage of the O-O bond.[129] 

Experiments suggest that within the series pathway, it takes place in the second step (Eq. 30 

and step (3) in Figure 11a).[130, 131] In general, the O-O bond can be broken via an associative 

mechanism, where *OOH is formed before the O-O bond cleavage or via a dissociation 

mechanism, in which the O-O bond is cleaved before *OH is formed.[132] The process of the 

ORR is primarily governed by the surface properties of the catalyst material in question. Despite 

intensive research, the reaction mechanism is challenging to access because experimental 
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techniques cannot capture all intermediates involved in such a complex process. Moreover, 

electron transfer can only be studied in the activation region, which is limited to a small 

potential range near the onset of the reaction.[133] Independent of the exact pathway, the key 

intermediates of the ORR include oxygen (*O), hydroxyl (*OH) and superhydroxyl (*OOH) 

species. As for the OER, the binding strength of these intermediates to the catalyst surface can 

be suitable descriptors for activity trends.[66, 132, 134] In addition, scaling relations are to be 

considered (see Chapter 2.2.2). Figure 10b shows such a volcano plot using the oxygen binding 

energy (here denoted as ΔEO) as the descriptor.[132] 

Today, Pt-based catalysts achieve the highest ORR performances. However, as shown in 

Figure 10b, Pt binds stronger than optimal. A promising route to reduce the binding strength 

of Pt and to lower the Pt content is to alloy Pt with, e.g., transition metals. The following 

chapters review the use of Pt and its alloys for ORR electocatalysis. 

3.4.1 Platinum 

The ORR on Pt surfaces is structure-sensitive, so the activity depends on the geometric and 

electronic properties of its surface.[135] Activity measurements can determine the geometry of 

active sites on model surfaces with well-defined crystal planes.[56, 132, 133, 136] In the following, 

the outcomes of these studies are summarised. Here, the focus lies on the reaction taking place 

in an acidic electrolyte. Importantly, the nature of active sites  also depends on the used 

electrolyte.[81, 135, 137] 

In weakly-adsorbed electrolytes such as perchloric acid (HClO4), the following activity trend 

was stated for low-index surfaces: Pt(100) < Pt(111) < Pt(110).[138] To access high-index 

planes, systematic studies on stepped single crystals were carried out.[139‑142] They revealed that 

the ORR activity is highly dependent on the orientation of the steps and terraces on the surface. 

As an example, the ORR activity trends on Pt[n(111)x(hkl)] have been measured for (hkl) = 

(111) and (100).[139, 141, 142] In this way of notation, n denotes the terrace width of orientation 

(111), and (hkl) defines the facet of the monoatomic steps. The outcome of the report is 
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summarised in Figure 12a.[143] From these observations, the ORR activity is increasing with 

increasing step density.[142] 

An elegant complement to understand the experimental trends reported for stepped single 

crystals is to relate the geometry of a certain surface site to its activity. Thereby, “coordination-

activity” plots can be obtained.[31, 76] In this approach, the generalised coordination number CN̅̅ ̅̅  

can function as a descriptor for the binding strength of adsorbates.[75] The generalised 

coordination number of a site i with ni nearest neighbours can then be calculated using 

Eq. 31.[31, 75, 76] 

CN̅̅ ̅̅  is defined as the sum over the number of nearest neighbours, where each neighbour j is 

weighted by its coordination number cn(j). The sum is then normalised to the maximum number 

of nearest neighbours in the bulk cnmax to ensure that the generalised coordination numbers lie 

between zero and cnmax. The conventional coordination number cn is the sum of the nearest 

neighbours of a certain site. In a bulk fcc single crystal such as Pt, cnmax = 12. Coordination 

numbers below 12 are typical for surface sites. As an example, a terrace site (t) of the (111) 

surface possesses six nearest neighbours on the surface (cn = 9) and three in the bulk (cn = 12). 

This leads to a generalised coordination number of CN̅̅ ̅̅ t = (6×9 + 3×12)/12 = 7.5. 

In general, surface atoms have a higher tendency to form bonds to compensate for the lack of 

coordination. It turned out that the adsorption energy on Pt surfaces towards *O, *O2, *OH, 

*OOH, *H2O, and *H2O2
 increases linearly with CN̅̅ ̅̅ . The lower the coordination of a surface 

site, the stronger the binding towards intermediates, and vice versa.[75] 

  

CN̅̅ ̅̅ (i) = ∑
cn(j)

cnmax

ni

j=1

 
Eq. 31 



OXYGEN REDUCTION REACTION 

 

52 
 

Figure 11 | a) ORR pathways as introduced by Wroblowa et al.[128] Oxygen can either 

(1) be directly reduced to water or (2-3) in a series of two successive two-electron 

transfers, which involves hydrogen peroxide as an intermediate. The latter pathway 

competes with (4) the side reaction of the hydrogen peroxide evolution. 

b,c) Generalized coordination numbers can be geometric descriptors for bond strength 

and are defined in Eq. 31. For the ORR on Pt(111), CN̅̅ ̅̅  ≈ 8.3 was predicted as 

optimum. Two examples of one-layer-deep concavities with CN̅̅ ̅̅  close to that value are 

given here. Image reprinted with permission from [31]. Copyright © 2015, American 

Association for the Advancement of Science. d) Surface sites of different coordination 

as they appear near a monoatomic step on a Pt(111) surface. Flat terrace sites (black) 

bind ORR intermediates stronger than optimal. Sites of lower coordination near the 

top of the step edge (red) bind even stronger and thus lead to even lower activity as 

shown in the volcano plot. Vice versa, sites of higher coordination near the bottom of 

the step (blue) bind weaker and thus are postulated to be more active. The bottom of 

the step (blue cross) is unlikely to contribute to the reaction due to steric hindrance. 

Image reprinted with permission from [76]. Published by The Royal Society of 

Chemistry. 
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The principle of generalised coordination numbers has subsequently been employed to predict 

the geometry of active bindings sites for the ORR on Pt(111) surfaces. DFT calculations showed 

that Pt sites with CN̅̅ ̅̅  ≈ 8.3 yield optimal reaction energies. This implies that ideal binding sites 

should possess more nearest neighbours than (111) terrace sites. However, sites with a higher 

number of first-order nearest neighbours acquire generalised coordination numbers between 

8.75 and 9.5. Therefore, they are located on the weaker binding side of the volcano and are 

problematic due to steric hindrances. Instead, superior binding sites have the same amount of 

first-order nearest neighbours as (111) terraces but more second-order nearest neighbours. 

Promising sites approaching the ideal generalised coordination number are one-layer-deep 

cavities. Examples are given in Figure 11b and c. In Figure 11b, the site highlighted in blue 

possesses six nearest neighbours with cn = 10 on the surface (yellow) and three with cn = 12 in 

the bulk (white). Therefore, CNb)
̅̅ ̅̅ ̅̅   = (6×10 + 3×12)/12 = 8.00. In Figure 11d, the concavity 

(blue) possesses four nearest neighbours with cn = 10 and two with cn = 11 on the surface 

(yellow), and three in the bulk (white). Thus, CNc)
̅̅ ̅̅ ̅̅  = (4×10 + 2×11 + 3×12)/12 = 8.17.[31] 

Engineering particles or extended surfaces with such types of concave defects has led to 

significant activity improvements.[22, 31, 144‑150] Noteworthy, it is not the undercoordinated sites 

that improve the ORR activity of Pt surfaces but the highly coordinated sites in their vicinity.[76] 

This explains why stepped single crystals show superior ORR activities.[139‑142] In agreement 

with these findings, using n-EC-STM, the ORR active sites on Pt(111) were monitored near 

step edges.[54, 151] 

The relation between the geometry of surface sites and their ORR activity is summarised in 

Figure 11d for Pt(111). In line with previous reports[65, 132, 152], terrace sites, coloured in black, 

bind stronger than optimal. Sites of higher coordination bind weaker and vice versa. Therefore, 

sites near the top of a step edge (st, red) bind stronger than terrace sites, whereas sites near the 

bottom of the step (sb, blue) bind weaker. The sites marked by the blue cross are unlikely to 

contribute to the reaction due to steric hindrance.[76] 

For completeness, trends obtained via activity measurements on stepped single crystals in 

alkaline media are mentioned as well. In 0.1 M NaOH, Pt(111) showed the highest ORR 
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activity compared to Pt(100) and Pt(110). Here, the activity decreased with increasing step 

density.[153] In line with these findings, n-EC-STM identified terrace sites as active in an 

alkaline medium.[154] 

3.4.2 Platinum Alloys 

Even though Pt is the best-performing single-metal ORR catalyst, it does not offer optimal 

binding conditions from experimental measurements and a theoretical point of view. Instead, 

*O and *OH, which both play an important role in the ORR rate-determining steps, should be 

bound to Pt(111) by ca. 0.2 eV and ca. 0.1 eV weaker, respectively.[65, 132, 152] A promising 

approach that lowers the intermediate binding energy is the alloying with early (e.g. Sc, Y) or 

late (e.g. Fe, Co, Ni) transition metals (M).[152, 155‑157] Among them, a record-high ORR activity 

has been reported for the extended Pt3Ni(111) surface in an acidic medium, which was almost 

ten times higher than on Pt(111). The surface of this alloy binds *OH ca. 0.13 eV weaker than 

Pt(111) which is close to the predicted optimum.[148] Inspired by these findings, many 

researchers have synthesised PtxNi nanoparticles with high performance.[147, 158‑160] 

Furthermore, lanthanides have been considered as alloying elements, which, due to their 

negative heat of formation, tend to be more stable in an acidic environment.[158, 161, 162] Type 

and amount of the alloying material have a considerable impact on the ORR (detailed summary 

in reference [163]). 

The better performance of Pt alloy catalysts compared to pure Pt can be related to the so-called 

ligand and strain effects. Ligand effects arise from the combination of Pt with dissimilar 

neighbouring atoms, which influence their electronic structure and adsorption behaviour.[164] 

Strain effects originate from a mismatch in lattice parameters between the surface and the 

bulk.[165‑167] A pure Pt layer forms on the surface of a PtM bulk by electrochemical cycling in 

an acidic medium. The compressive strain introduced in the Pt surface leads to a downshift of 

the d-band centre[148], weaker binding of the ORR intermediates[77, 168, 169] and, in turn, to a 

higher ORR performance. Moreover, the dissolution of the transition metal atom 

(“de-alloying”) during electrochemical cycling can induce significant changes in activity due 
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Figure 12 | ORR activity trends on Pt alloy surfaces. a) Summary of studies on stepped 

single crystal surfaces with (111) orientation of the terraces. The volcano plot can assist in 

accessing the geometry of the active sites, be they related to terrace or step sites. Image 

reprinted with permission from reference [128]. Copyright © 2016, American Chemical 

Society. b) Maximal reported relative activities of Pt alloy catalysts toward the ORR, at 0.9 

VRHE, in comparison to the corresponding Pt catalyst, plotted versus the empirical radius of 

the solute metal. Open symbols and asterisks denote spherical nanoparticles, bold symbols 

extended surfaces. Image reprinted with permission from references [128] and [243]. 

Copyright © 2016, American Chemical Society and © 2018 Elsevier B.V. The data point 

for the concave Pt5Pr nanoparticle (diamond symbol) stems from reference [111]. 
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to the formation of a strained Pt overlayer.[170] 

Even if it is widely accepted that ligand and stain effects play a key role in the ORR performance 

of Pt alloys, the geometry of active sites remains inaccessible. Inspired by its outstanding 

performance, the focus of this discussion lies on Pt3Ni single crystal surfaces. For comparing 

low-index Pt3Ni(hkl) surfaces, the order of activity was determined to be Pt3Ni(100) < 

Pt3Ni(110) ≪ Pt3Ni(111).[148] The high activity of Pt3Ni(111) surfaces also holds for 

nanoparticles. Here, it was reported that Pt3Ni particles of octahedral shape exposing (111) 

facets are superior to cubic shapes exposing (100) facets.[171] While there are indications of the 

high activity of (111) terrace sites, the role of the step sites in the catalytic process is more 

difficult to extract. In this regard, studies on model single crystal surfaces were 

undertaken[171, 172] and are summarised for Pt3Ni and Pt3Co in Figure 12a.[143] For Pt3Ni stepped 

single crystals, Hoshi et al.[172] state that the occurrence of (111) step sites on a (111) surface is 

detrimental to the ORR activity. On the other hand, the series Pt3Ni[n(111)–(100)] showed a 

theoretical optimum for n = 4. The corresponding crystal, however, seemed too unstable to be 

synthesised. From their experiments, they concluded that (100) step sites are more active than 

(111) step sites. Still, from Figure 12a, it is difficult to establish a clear connection between 

step density and activity. The determination of the active sites would be helpful for 

understanding but remains still under debate for this system. Therefore, n-EC-STM was applied 

to Pt3Ni(111) and is reported in Chapter 8. 

Besides single-crystalline alloys, polycrystalline alloys have been subject to several research 

studies in the past. As mentioned previously, the operation under ORR conditions in an acidic 

medium drives the less noble metal (M) to dissolve from the surface of the alloy. Since this so-

called “de-alloying” process takes place predominantly at defect sites, polycrystalline surfaces 

are more prone to de-alloying.[173, 174] Following this process, the electrode surface is thus 

stabilised by the formation of an overlayer consisting solely of Pt.[161] The thickness of the Pt 

overlayer was determined to multiple atomic layers.[158, 175] Since ligand effects were shown to 

be negligible after only three atomic layers[176, 177], it can be deduced that strain is the dominant 

factor in the ORR activity of polycrystalline alloys[143]. Since the strain is introduced by the 
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lattice mismatch of the Pt overlayer and the alloyed core, a simple approach is to use the atomic 

radius of the alloying partner as a descriptor. This is shown in Figure 12b for multiple extended 

and nanoscale polycrystalline Pt alloy surfaces. The activity enhancement factor is given with 

respect to the pure Pt reference sample. All values were recorded in 0.1 M HClO4, and the 

nanoparticles showed a “classical round” shape. A clear relation between the solute element 

radius and the activity can be seen, which manifests itself as a “double volcano”. Starting from 

Pt and moving to the left, solute atoms with small radii introduce compressive strain, which 

lowers the binding energy toward adsorbates. At a certain point (close to Cu), the binding is 

optimal, and the activity is maximal. Further introduction of strain lowers the binding energy 

too much and is detrimental to the activity (the grey area on the left). Similar trends occur for 

alloying Pt with metals of large radii. Moving from Pt to larger radii, the activity reaches a 

maximum (near yttrium). It decreases for elements with larger radii since the introduction of 

too much compressive strain leads to a too weak binding (the grey area on the right).[155] The 

fact that atoms with a larger radius than Pt introduce compressive stain may seem counter-

intuitive at first. The reason for this behaviour is that the Pt overlayer is not epitaxial to the core, 

but the shell rather forms a distinct structure which leads to the Pt shell atoms to lie closer to 

each other compared to the unstrained Pt fcc surface.[178] However, the exact mechanism of the 

surface relaxation remains unclear. In summary, using structural descriptors to explain the ORR 

activity of Pt and its alloys is a valuable approach. Direct assessment of the geometry of active 

sites would be beneficial to understand the behaviour of these model systems. Motivated by the 

literature report, n-EC-STM was applied to polycrystalline Pt5Pr and Pt5Gd surfaces, which is 

given in Chapter 7.
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4 Experimental Techniques and 

Instrumentation 

The scope of this thesis is to identify active sites using EC-STM. As this technique cannot 

distinguish the elementary composition or the crystalline orientation of the surface, 

complementary procedures are necessary. In this chapter, an introduction to the working 

principles of each method is provided alongside the instrumentation and the materials used in 

this work. 

4.1 Cyclic Voltammetry and Rotating Disc Electrode Experiments 

Cyclic voltammetry (CV) can access processes at the electrified solid-liquid interface. It is 

carried out using a three-electrode configuration (Chapter 2.1.3). Hereby, a potential is applied 

to the WE in a triangular waveform. That means that the potential is linearly ramped up and 

down at a fixed scan speed between a lower and higher potential limit. Simultaneously, the 

current is recorded and typically plotted versus the potential.[40] 

An example of a CV of Pt(111) in 0.1 M HClO4 is given in Figure 13a.[31] In such a CV, several 

ad- and desorption processes can be identified. The shape and position of the corresponding 

peaks are characteristic of a certain material and the orientation of the surface. Close to 0 VRHE, 

the onset of the HER can be seen. As in Figure 13a, the subsequent plateau between 0.07 and 

0.35 VRHE is caused by the ad- and desorption of hydrogen (grey area). If applicable, additional 

peaks in this plateau would be explained by additional contributions of facets other than (111) 

on the surface.[25] Between 0.35 and 0.6 VRHE, the electrified solid-liquid interface behaves like 

a capacitor. This region is called the double layer region. At ca. 0.8 VRHE, a pair of sharp peaks 

can be found, which are denoted as “butterfly” peaks (green area). This feature can be assigned 

to a disorder-order transition[179] and reflects the generation of PtOH likely to occur in two steps. 

Eventually, at potentials between 1.0 and 1.15 VRHE, a well-defined peak grows until an 
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organised PtO layer is acquired (red area). The application of higher potentials (not shown in 

the CV in Figure 13a) drives the OER.[133] 

Besides CV measurements to understand the electrochemical properties, rotating disc electrode 

(RDE) experiments can assess the activity. In an RDE set-up, the WE rotates with constant 

speed, which enables steady-state mass transport investigations. The sides of the sample are 

covered with an inert material such as polytetrafluoroethylene (PTFE) to establish a well-

defined surface area, which is in contact with the electrolyte. Due to forced convection, a 

constant flow of electrolyte to and from the surface is ensured.[40] An example of a polarisation 

curve carried out on a Pt(111) surface in O2-saturated 0.1 M HClO4 at a rotational speed of 

1600 rpm is shown in Figure 13b.[180] 

In general, since the reactant is consumed at the WE surface, the surface concentration is lower 

than in the bulk of the electrolyte. The current decreases, if the reactant concentration on the 

electrode surface is low (mass transfer limitation). Thus, the limiting current density jlim is the 

maximal current density, which can be obtained in an RDE experiment. It depends on the 

angular velocity of the WE ω and the bulk reactant concentration c0 according to[40] 

Figure 13 | a) CV of Pt(111) recorded in Ar-saturated 0.1 M HClO4 at 50 mV s-1 scan rate. 

b) Polarization curve of Pt(111) in O2-saturated 0.1 M HClO4, performed at 50 mV s-1 scan 

rate and 1600 rpm rotational speed. Data reprinted from references [31] and [180]. 
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The absolute value of the limiting current jlim can assess the intrinsic activity of a catalyst and 

eliminate mass transfer effects. The so-called kinetic current jkin is connected to the measured 

current density j and the limiting current via[181, 182] 

It is common to give the ORR activity as the kinetic current density in the anodic scan of the 

polarisation curve at a potential of 0.9 VRHE, where the kinetic information is available[183], and 

to rotate at a speed of 1600 rpm.[181, 182] 

In this thesis, CV measurements were conducted in Ar-saturated electrolytes (Argon 5.0, 

Westfalen). The RDE (Pine Instrument Company) experiments were performed in O2-saturated 

electrolytes (Oxygen 4.5, Linde). Results were 85 % iR-corrected for the electrolyte resistance 

obtained from electrochemical impedance spectroscopy. Potential control was given by a 

BioLogic VSP-300 potentiostat (BioLogic, France) with the corresponding EC-Lab® software 

(V11.30). Potentials were recorded either against a mercury-mercurous sulphate (MMS, Schott, 

Germany) or against a reversible hydrogen electrode (RHE, HydroFlex®, gaskatel). A Pt wire 

CE (99.9 %, Goodfellow, Germany) completed the electrochemical set-up. The cell was 

regularly cleaned with “Caro’s acid”, a solution of 3:1 ratio of H2SO4 (96 %, Roth) and H2O2 

(30 %, Roth), and subsequently rinsed with boiling ultrapure water multiple times. The acidic 

electrolyte was prepared by diluting perchloric acid, HClO4 (Merck Suprapur®, 70%), with 

ultrapure water. For the alkaline medium, potassium hydroxide pellets, KOH (99.99%, Sigma 

Aldrich) were dissolved in ultrapure water (18.2 MΩ) from an Evoqua Ultra Clear 10TWF 30 

UV (Evoqua, Germany) water purification system. 

  

jlim ∝ ω1/2 c0. Eq. 32 

1

j
=

1

j
kin

+
1

j
lim

. Eq. 33 



SCANNING TUNNELLING AND ATOMIC FORCE MICROSCOPY 

 

62 

4.2 Scanning Tunnelling and Atomic Force Microscopy 

As a complement to the electrochemical techniques discussed before, scanning probe 

techniques were used in this work to access the surface morphology. 

Scanning tunnelling microscopy (STM) can map the electronic topology of the sample. The 

STM is the ancestor of all scanning probe microscopes. It was introduced in the early 1980s as 

the first technique capable of achieving atomic resolution of a surface in real space.[184, 185] For 

its invention, Gerd Binnig and Heinrich Rohrer were awarded the Nobel Prize in Physics in 

1986.[186] A sketch of the set-up is given in Figure 14a. An ideally atomically sharp tip is 

brought close to a (semi-) conductive surface. Typical tip-sample distances are 1 nm or less. At 

such distances, the electron wave functions of the tip and sample atoms overlap. A bias (Vtun) 

can then be applied between tip and sample to induce a tunnelling current (Itun). The electrons 

can tunnel from the last atom on the apex of the tip to individual atoms on the sample surface. 

Therefore, STM can inherently provide atomic resolution of the surface.[187] 

In a standard STM set-up, as shown in Figure 14a, the movement of the tip is controlled in 

three dimensions by the use of piezoelectric elements. An electronic controller in a feedback 

loop provides adjustment of the tip-sample distance to the tunnelling current. A low noise 

current-to-voltage converter with high amplification is required to record the tunnelling current, 

which usually lies in the range of nA. For precise measurements, the set-up must be shielded 

from mechanical vibrations.[187] 

With such a set-up, two types of operation modes are possible. In constant current mode, the 

tunnelling current is maintained constant while the tip scans across the surface. Dependent on 

the electronic structure of the surface, the tip-sample distance is continuously adjusted to 

maintain a constant tunnelling current. The corresponding movement of the tip (or, in some set-

ups, the movement of the sample) is controlled by the piezoelectric elements. The feedback of 

the piezoelectric sensors is thus giving rise to a “conductivity” map. In constant height mode, 

the tunnelling current is recorded at a fixed tip-sample distance. The STM image contains the 

topologic trace of the surface, which is affected by local variations in the electronic structure.[48] 
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Atomic force microscopy (AFM) monitors the electrode surface topology and surface forces. 

A typical set-up is shown in Figure 14b. A sharp tip of less than 10 nm diameter in the apex is 

mounted on the free end of a cantilever of 100 – 500 µm length.[188] The forces between tip and 

surface cause the tip to move closer or further apart from the surfaces. At distances of 10 nm, 

those forces are electrostatic and can be either repulsive or attractive. Subsequently, the regime 

of attractive van der Waals forces holds at a tip-sample spacing of ca. 3 nm. Eventually, the 

forces become repulsive at even smaller distances (“contact mode”).[48] The movement of the 

tip causes the cantilever to bend. The cantilever position is measured by the deflection of a laser 

beam, which is impinged on the cantilever. Thus, a map of surface topography can be acquired 

by scanning the tip across the sample. In this work, the AFM experiments were performed in 

Figure 14 | a) In an STM, a voltage Vtun is established between a conductive sample and a 

sharp tip. The hereby-induced tunnelling current Itun is recorded. The sample-tip distance 

and the tunnelling current set point are controlled by the piezoelectric sensors and the 

feedback loop. b) In an AFM, the tip is mounted on a cantilever. Forces lead the tip to 

approach or repel from the surface. The motions of the tip and cantilever are detected as the 

deflection of a laser beam. 
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tapping mode, where the tip is tapping the surface. The image is then determined by deviations 

from the oscillation set point, which is to be held constant by the feedback system.[188] 

In this thesis, the STM and AFM experiments were conducted using a commercial MultiMode 

EC-STM/EC-AFM scanning probe microscope (Veeco Instruments) connected to a 

NanoScope III scan feedback controller. STM tips were mechanically ripped from a Pt80Ir20 

wire (GoodFellow, Ø = 0.25 mm). AFM tips were commercial n-doped Silicon tips (Bruker 

RTESP-300). To isolate the set-up from mechanical vibrations, an air table (Newport) and a 

heavy stone slap were installed. The measurements were recorded with the Nanoscope 5.31r1 

software (Veeco Instruments). The data was evaluated with the WSxM 5.0 Develop 9.4 

software. [189] 

Low-temperature scanning tunnelling microscopy (LT-STM) was performed with a CreaTec 

instrument under UHV conditions (p ≈ 10−10 mbar) and at a temperature of 6 K. For tip 

functionalisation, carbon monoxide (CO) was dosed onto the cold sample and transferred to the 

tip. The STM images were recorded in constant current mode and subjected to standard 

corrections such as plane-subtraction and brightness/contrast adjustments. 

4.3 X-ray Photoelectron Spectroscopy 

XPS is a surface-sensitive tool to identify elements and their oxidation states. Monochromatic 

X-rays impinge on the surface and eject electrons from the sample. Typically, electrons from 

the surface until ca. 2 nm depth can escape without undergoing inelastic scattering. The initial 

energy of the X-ray beam hν is thus transferred according to 

The kinetic energy of the electron Ek is detected in the experiment. Each electron had to 

overcome the binding energy Eb to escape from the atom it was bound to. Besides, the work 

function of the spectrometer Φsp has to be taken into account. The type of element present on 

the sample surface can then be detected according to the binding energy, which can be assigned 

hν = Eb + Ek + Φsp. Eq. 34 
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to a certain atomic core level of a specific element. Information of the oxidation state is 

accessible since the binding energy of a given orbital is altered by its electronic surrounding.[48] 

In this work, XPS was measured with a SPECS XR50 X-ray source (SPECS GmbH) and a 

hemispherical energy analyser PHOIBOS 150. The sample was probed by the Al emission line 

at an energy of 1487 eV. The spectra were fitted using the CasaXPS software. 

4.4 X-ray Diffraction 

X-ray Diffraction (XRD) experiments can address the degree of crystallinity of a sample. Here, 

a monochromic X-ray beam impinges on the sample. The X-ray beam is scattered at the crystal 

planes under specific reflection angles following Bragg’s law, which yields a characteristic 

pattern. With this pattern, crystal orientations can be detected.[48] 

In this work, XRD measurements were conducted on an X’Pert PRO (Malvern Panalytical 

GmbH, Germany) instrument. The samples were impinged with a Ni-filtered Cu Kα radiation 

(λ = 1.5406 Å) and scanned in 0.78° min-1 steps. A scanning region of 10-87° was chosen. 

4.5 Low Energy Electron Diffraction 

Low Energy Electron Diffraction (LEED) allows for  evaluating the unit cell size and its 

symmetry. In this technique, a single-crystalline sample is bombarded with a collimated beam 

of monochromatic electrons with energies between 10 and 300 eV in UHV. The electrons 

impinge on the surface at normal incidence and penetrate only a few monolayers of the sample 

surface. Therefore, the technique is highly surface-sensitive. The electrons are elastically 

backscattered from the sample surface and subsequently visualised on a fluorescent screen. Due 

to the conditions of elastic scattering (Laue condition), the electrons yield a well-defined pattern 

determined by the periodicity and the symmetry of the sample surface. For example, an fcc(111) 

surface yields a typical LEED pattern with three-fold symmetry.[190] 

In this work, a commercial LEED apparatus (SPECTALEED, Omicron Nano Technology 

GmbH) was employed at a pressure of ca. 3 x 10-10 mbar.
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5 Introduction to Electrochemical 

Scanning Tunnelling Microscopy 

for Active Site Identification 

A tool, which can map the electrode surface with outstanding resolution and potential control, 

is the EC-STM. Since the objective of this thesis comprises the application of EC-STM to 

determine active sites, this chapter is dedicated to its basic functionality and set-up. At first, 

electron tunnelling in different tunnelling media is addressed. Next, an introduction to 

monitoring electrocatalytically active areas by a higher noise level of the respective STM signal 

(“noise” or n-EC-STM) is given. Besides a mere qualitative differentiation of active centres, a 

measure to quantify the noise level and the local activity is established. Still, EC-STM cannot 

distinguish chemical species on the surface or access the surface orientation. Therefore, 

complementary techniques, as introduced in Chapter 4, are necessary. 

5.1 EC-STM Working Principle and Set-Up 

Shortly after implementing the STM in vacuum[184, 185], its range of application was extended 

to operate in solutions.[191] Afterwards, the set-up was advanced to be able to work in an 

electrolyte under potential control.[192] Essentially, the EC-STM technique is the combination 

of the regular STM set-up (Chapter 4.2) and the three-electrode configuration (Chapter 2.1.3), 

which results in the four-electrode set-up shown in Figure 15a.[193] The sample, which acts as 

WE, is mounted at the bottom of a small electrochemical cell. The cell contains the electrolyte, 

and the RE and CE are immersed in the same. As in UHV-STM, the scanning tip is located 

close to the sample. As in a conventional electrochemical cell, the potential is referred to the 

RE, whereas the electrochemical currents are grounded via the CE. A bipotentiostat is employed 

to control the potentials of the WE and the tip. The tunnelling current plus disruptive Faradaic 

currents pass an operational amplifier and into a feedback loop. As in accustomed STM, the 

feedback loop is connected to the piezoelectric sensors, which adjust the sample-tip distance to 
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the tunnelling current (or vice versa). Since for most applications only the tunnelling current is 

of interest, electrode reactions occurring on the tip are undesired. Therefore, the tip potential is 

kept in a regime where electrochemical currents are negligible. In addition, the tip is isolated 

with wax to suppress Faradaic reactions. Thus, the tunnelling current can serve as the feedback 

parameter to probe the sample topography.[48, 154, 187, 194] 

The EC-STM method was applied in manifold ways in electrocatalysis since it can monitor 

under reaction conditions and with down to atomic resolution.[195] Moreover, it can detect 

structural changes induced by the catalytic reaction itself.[196, 197] Furthermore, adsorbates and 

their movement on the surface can be time-dependently visualised (“video”-STM).[198] In 

addition to optimising catalytic processes by visualising reaction intermediates, EC-STM can 

Figure 15 | a) Schematic of the EC-STM set-up. In addition to a conventional STM, a 

RE, CE and bipotentiostat are needed to control the potentials of both sample and tip. 

The tip is isolated with wax to prevent the occurrence of Faradaic currents. Reprinted 

with permission from [193]. Copyright © 2018 WILEY‐VCH Verlag GmbH & Co. 

KGaA. b) Photograph of the set-up used in this work. The sample is mounted between 

a stainless steel plate and a PTFE ring, as shown in the in-set and brought into 

proximity to the tip. Finally, RE and CE are immersed in the electrolyte next to the 

tip. The sample holder is encircled in red, and an enlarged view is given in the inset. 
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give insights into preventing the adsorption of certain species. A prominent example is the 

adsorption of CO on Pt, which can act as a poison in fuel cells.[199] 

The EC-STM instrument used in this thesis was a commercial MultiMode EC-STM/EC-AFM 

scanning probe microscope (Veeco Instruments) connected to a NanoScope III scan feedback 

controller and a Universal Bipotentiostat (Veeco Instruments). A photograph is depicted in 

Figure 15b. The STM tips were mechanically ripped from a Pt80Ir20 wire (GoodFellow, 

Ø 0.25 mm) and subsequently isolated with Apiezon wax.[200] The sample was clamped 

between a homemade stainless steel sample holder and a PTFE ring, which exposed a sample 

area of 0.126 cm2 for the single crystal samples (cf. Chapter 6-8) and 0.28 cm2 for the carbon 

sample (cf. Chapter 9) to the electrolyte, respectively. The RE and CE were immersed into the 

electrolyte close to the STM tip. Due to the restricted dimensions of the cell, a conventional 

RE, e.g. as recently reported for EC-STM purposes[201], was infeasible. Instead, a Pt wire was 

employed as quasi-RE (MaTecK, Ø 0.5 mm, 99.99% purity), which has been established as 

credible for n-EC-STM measurements.[151, 154, 202, 203] As CE, a second Pt wire (MaTecK, 

Ø 0.5mm, 99.99% purity) was chosen for the transition metal surfaces (cf. Chapter 6-8). For 

the carbon sample in Chapter 9, a graphite rod (Goodfellow, Ø 0.5 mm, 99.95% purity) was 

selected to prevent the deposition of foreign active materials. All measurements were conducted 

at room temperature, and the electrolyte was exposed to air. 

5.2 Electron Tunnelling in Different Media 

The tunnelling current is not only sensitive to the electronic structure of the surface but also to 

the tunnelling medium. Therefore, EC-STM can do more than monitoring. The quantum-

mechanical phenomenon of electron tunnelling in different media is discussed in this chapter. 

Electron Tunnelling in Vacuum. In the first step, the tunnelling medium is the vacuum. A tip 

material with work function ΦT is at a distance d from the sample with work function ΦWE. 

Figure 16 provides a schematic of the energy changes experienced by an electron moving 

perpendicular to the sample surface (in z-direction) in the metal/vacuum/metal junction. At 

equilibrium, the two metals share a common Fermi level. Thus, the vacuum level differs locally, 

https://www.wordhippo.com/what-is/the-opposite-of/infeasible.html
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and an electric field builds up across the tunnelling gap. Thereby, a trapezoidal potential barrier 

is established across the junction, which depends on both work functions, ΦWE and ΦT.[204] Since 

the electronic potential of the gap region is typically much higher than thermal energies at room 

temperature, electrons from both tip and sample cannot penetrate the barrier in the classical 

view. However, in the quantum-mechanical view of electrons, described by delocalised wave 

functions, there is a non-zero probability for electrons to tunnel in the barrier. In an unpolarised 

sample-tip junction as shown in Figure 16a, the net tunnelling current is zero. Instead, a bias 

voltage Vtun needs to be applied to induce electron tunnelling, e.g. from the tip to the sample. In 

this case, depicted in Figure 16b, the applied voltage lowers the Fermi level of the sample by 

eVtun, where e denotes the electron charge. The tunnelling current can be calculated by 

considering the stationary Schrödinger equations of the sample and the tip as unperturbed 

Figure 16 | Diagrams of the electron energy potentials in a metal tip/vacuum/metal 

sample junction. The z-direction is perpendicular to the sample surface. The tip-

sample distance is d. The Fermi-Dirac distributions at 0 K are sketched with grey 

boxes. a) In the equilibrium, the Fermi levels of tip (T) and sample (WE) are aligned. 

A trapezoidal potential barrier forms across the junction. b) The application of a 

bias Vtun lowers the Fermi level of the sample by eVtun (with elementary charge e). 

Consequently, electrons tunnel from the tip to the sample indicated by the red arrow. 

Reproduced with permission from reference [204]. Copyright © 2012 Springer 

Science+Business Media. 
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systems. To solve the problem, a plane wave ansatz is taken for the electron wave function. 

Inside of the barrier, the electron wave function decays exponentially with the wavenumber κ. 

The tunnelling current can eventually be obtained from the transmission coefficient, i.e., the 

probability of a particle crossing the barrier. For the explicit calculations, the reader is referred 

to references [204‑207]. The result for the tunnelling current yields 

with κ = (2π/h) √2mΦeff. 
[194, 208, 209] Here, ρT and ρWE are the respective surface DOS of the tip 

and sample, Vtun is the bias voltage, d is the tip-sample distance, h is the Planck’s constant, m 

is the electron mass, and Φeff is the effective potential barrier height. In the vacuum, Φeff is 

determined by the work functions of tip and sample. 

Several insights can be derived from Eq. 35. The tunnelling current relates to the tip-sample 

distance exponentially. The reason is the overlap between filled and empty states in the 

tunnelling gap depending mainly on the tails of the respective wave functions of tip and sample. 

Therefore, if the atom on the apex of the tip sticks out by 1 Å compared to the other tip atoms, 

it carries 90 % of the tunnelling current. As a result, one can monitor the sample atoms with 

atomic resolution.[34] Furthermore, the DOS of the sample governs the tunnelling current. 

Hence, the STM records the surface topology and its electronic structure. 

Electron Tunnelling in Solution. The aforementioned considerations relate to electron 

tunnelling across a vacuum gap. If the tunnelling gap is filled with a liquid such as an aqueous 

electrolyte, the respective tunnelling current depends on the tunnelling medium. Most 

conveniently, changes, which arise because of the presence and properties of the electrolyte, 

can be summarised in the effective tunnelling barrier Φeff. This value can be accessed 

experimentally from distance tunnelling spectroscopy. Hereby, the tunnelling current is 

measured with varying sample-tip distance but at fixed tip and sample potentials. The effective 

tunnelling barrier Φeff can then be extracted from the slope of the logarithmic current versus the 

tip-sample distance (cf. Eq. 35).[194, 208‑210] In such measurements, Φeff ranges in 4-5 eV in the 

Itun ∝ ρ
T
 ρ

WE

Vtun

d
exp(−2κd) Eq. 35 
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vacuum.[211] In aqueous solutions, those values drop to around 1-2 eV.[194, 208, 210, 212, 213] In a 

first approximation, the liquid tunnelling medium can be modelled as a dielectric continuum. 

The interactions of the electron states at the metal surface with the tunnelling medium (e.g., 

water) lower the Φeff values for water-filled tunnelling junctions compared to UHV-STM.[213] 

As stated above, assuming the liquid tunnelling medium as a dielectric continuum can explain 

its lower effective tunnelling barrier. However, it turned out that the tunnelling current deviates 

from a strictly exponential behaviour due to the structure of the (water) molecules in the 

tunnelling gap. In detail, if an exponential fit is subtracted from the current-versus-gap-width 

data, an oscillating signal remains. The period of that signal matches the distance between the 

water molecules in the Helmholtz layer of the electrified solid-liquid interface.[208, 209, 214] Thus, 

the structure of the molecules in the tunnelling gap affects electron tunnelling.[215, 216] In such a 

tunnelling medium, charge transport can be mediated via hydrogen bonding networks. Well-

ordered water dipoles at the two metal/electrolyte interfaces can be polarised upon applying a 

bias.[194] Therefore, also the polarizability of the solvent can influence the tunnelling.[216] Apart 

from a well-structured water layer, also irregularities can enhance the tunnelling current. Based 

on a numerical model, concavities in the water structure were proposed to support electron trap 

states. Those can provide resonances with a short lifetime (ca. 10 fs), lowering the effective 

tunnelling barrier.[217] Thus, the properties of the liquid tunnelling medium, such as its structure 

and polarizability, impact the overall tunnelling barrier and consequently the tunnelling current. 

In addition, the presence of localised charges like solvent molecules is a factor in EC-STM. It 

has been suggested that ions near the electrified solid-liquid interface modify the tunnelling 

current.[215, 216, 218, 219] Besides, Φeff was found to depend on the charge density distribution in 

the tunnelling gap. The corresponding experiment was conducted in an H2SO4 electrolyte and 

Φeff
 was stated to be affected by the charge density distribution of the constituent sulphur and 

oxygen ions, as well as the hydronium ions of the electrolyte.[212] 

All the above-mentioned considerations show that the tunnelling current is indeed governed by 

the structure and composition of the electrolyte present in the tunnelling gap. This circumstance 
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is the basis of using fluctuations in the tunnelling current to monitor changes in situ and with 

high spatial resolution. 

5.3 Identifying Active Sites via Noise Analysis of the STM Signal 

The dependence of the tunnelling current on the tunnelling medium, as introduced in the last 

chapter, opens up new pathways beyond common monitoring. An example of such a possibility 

is to detect electrocatalytically active sites with high resolution, which is the aim of n-EC-STM. 

In this work, the technique was applied to several model catalysts for the ORR and the OER. 

The idea to use features in the tunnelling current to deduce events at the electrified solid-liquid 

interface is not new. In 1986, Binnig et al. announced the possibility of monitoring the dynamic 

behaviour of oxygen atoms migrating on Ni surfaces in UHV-STM. The authors report spikes 

in the transient current, and ascribed them to “single diffusing oxygen atoms crossing the 

tunnelling region”. Moreover, the current pulses were locally confined to the adsorption site of 

the oxygen atoms on the Ni surface.[220] Subsequent STM studies confirmed the occurrence of 

characteristic noise in the tunnelling current, which was related to the movements of the 

adsorbates on the sample surface.[221‑223] 

The objective of the n-EC-STM method is to elucidate the nature of electrocatalytically active 

sites under reaction conditions and at an applied potential. The sample potential can be 

controlled to enable (“on”) or disable (“off”) the reaction of interest. For reaction “off”, as 

shown in Figure 17a, the electronically modulated topology of the sample is mapped. The noise 

level of the STM signal is low, despite some unavoidable thermal or shot noise. Switching the 

reaction “on” leads to an increase in the noise level, which is particularly distinct at the position 

of the active sites. In the sketch in Figure 17b, the atoms near the top of the step edge (coloured 

in green) are exemplarily assigned as “active”. As depicted in the inset, the line scan shows 

noise features (spikes) at the active centres if the reaction is switched “on”. Said locally 

confined noise serves as means for the identification of active sites. The origin of the noise 

under reaction conditions can be traced back to the sensitivity of the tunnelling current on the 

composition of the tunnelling barrier (cf. Chapter 5.2).  
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Figure 17 | Principle of n-EC-STM. Altering the sample potential can a) inhibit “off” or b) 

initiate “on” the reaction. For reaction “on”, the STM signal exposes a high noise level at 

active sites. In the example, sites near the top of the step (coloured in green) are “active”. 

Therefore, pronounced spikes are locally confined to the active sites in the line scan (inset). 

Colour code: Terrace sites (silver), sites of higher/lower coordination (blue/green), sterically 

hindered sites (black), oxygen atoms (red) and hydrogen atoms (yellow). c) CV of a Pt(111) 

surface in air-exposed 0.1 M HClO4, recorded in the EC-STM set-up against a Pt quasi-RE. 

d) Corresponding EC-STM measurement at a (111) terrace site on Pt(111) in 0.1 M HClO4. 

At more negative potentials and thus at higher ORR reaction rates, the noise level in the 

tunnelling current increases. Images c,d) reprinted with permission from reference [54]. © 

2020 The Authors. Published by Wiley‐VCH GmbH. 
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Since an ongoing reaction continuously changes the composition and structure of the 

electrolyte, continuous changes in the tunnelling barrier and thus the tunnelling current can be 

explained.  

More insights on the n-EC-STM technique are given by taking the example of the ORR on 

Pt(111) in 0.1 M HClO4. Details of this system are specified in Chapter 3.4.1. In the past, the 

ORR active sites could be predicted with the help of a geometric descriptor to be located near 

the bottom of step edges.[31, 76] Such spots of higher coordination are marked in blue in 

Figure 17ab. Atoms at the very bottom of the step edge (coloured in black) are unlikely to 

contribute to the reaction due to steric hindrance.[76] It was confirmed by n-EC-STM that the 

active sites are indeed near step sites, as is outlined in the following.[54, 151] 

In the first step of the experiment, the STM tip was fixed over a Pt(111) terrace site in a constant 

tip-sample distance. While recording, the sample potential was stepwise decreased. As can be 

seen from the CV in Figure 17c, the ORR current increases the lower the potential value 

recorded versus a Pt quasi-reference. At a potential of 0 VPt, no reaction takes place. In the EC-

STM measurement in Figure 17d, the tunnelling current is comparatively stable for reaction 

“off” (black lines at 0 VPt). At more negative potentials, the tunnelling current exhibits an 

increased noise level, which leads to a higher number of spikes in the tunnelling current. The 

trend of an elevated noise level at higher reaction rates is in line with the above-explained 

principle of n-EC-STM. 

In the next step, n-EC-STM was used to elucidate the nature of the ORR active sites on Pt(111) 

by enabling the tip to scan across the surface. In Figure 18a, n-EC-STM measurements in the 

constant current mode are shown, which include a step edge. For every applied potential under 

the ORR conditions, the noise level of the STM signal was higher at the step edge than at the 

adjacent terrace sites. Therefore, the active sites were assigned to be near step edges. This 

example confirms that n-EC-STM can identify the geometry of active sites. 
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Figure 18 | n-EC-STM on Pt(111) in 0.1 M HClO4. a) Line scans across a step edge 

recorded at different potentials. For more negative potentials, the ORR current is 

higher, and the noise level of the STM signal is more pronounced. The most distinct 

spikes are located near the step edge, where the active sites can be pinpointed. b) Noise 

level quantification for terrace (black) and step sites (red). The histograms of the 

height derivatives were fitted with Gaussian curves (grey dotted lines); see text for 

details. The FWHM and height of the fit measured the noise level. Broad and low-

intensity histograms indicate a high noise level and vice versa. Image reprinted with 

permission from reference [54]. © 2020 The Authors. Published by Wiley‐VCH 

GmbH. 
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5.4 Quantification of the Noise Level and Local Reactivity 

Before, n-EC-STM was introduced to monitor the active sites qualitatively. Beyond that, a 

quantitative approach to assess the local reactivity from the noise level was explained in 

reference [54]. The procedure was reported for the ORR on Pt(111) in 0.1 M HClO4. The result 

is given in Figure 18. In the first step, the data was divided among the surface structures, which 

should be compared, e.g. terrace and step sites. Per each data set, the STM signal (tunnelling 

current or height) was derived with respect to adjacent data points, according to 

(
δz

δx
)

x1

= 
1

2
 (

z2-z1

x2-x1

+
z1-z0

x1-x0

) Eq. 36 

where (x0,z0), (x1,z1) and (x2,z2) are three successive data points. The signal derivative at a 

certain data point is equal to the slope of the line scan at the said position. 

In the next step, histograms were compiled from the signal derivatives. To compare data sets 

of unequal sizes, each histogram was divided by the number of data points to “normalised 

counts”. The histograms were fitted by Gaussian curves, and the full width at half maximum 

(FWHM) and the height of the Gaussian fit served as quantitative descriptors of the noise level. 

If there are spikes present in the scan, a large number of different slopes arises. Consequently, 

for an elevated noise level in the STM signal, the derivatives are scattered widely around zero. 

The corresponding histogram is broad and of lower intensity. Indeed, in Figure 18, the 

histograms broadened and the intensity decreased with more negative potentials. With 

increasing reaction rate (more negative potential versus Pt), the ORR reaction rate increased 

and so did the noise level of both terrace and step sites. Besides, step sites are more active than 

terrace sites, which is in line with the previous observations. 

In addition, this quantification process can be extended to obtain the local reactivity from the 

local noise level. As a measure of activity, the TOF was chosen, which is introduced in 

Chapter 2.1.4. To give an example of local activity, the step and terrace sites in Figure 18 were 
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compared to each other. The TOF of the terrace sites (TOFt) was approximated by the TOF of 

the whole sample. Since the sample preparation method should yield a low number of steps,[224] 

the assumption that terrace sites mainly govern the overall sample current is justified. The TOFt 

was calculated according to Eq. 14 (Chapter 2.1.4) with α = 60° for an fcc surface, n = 4 for the 

ORR, and a lattice constant d = 2.77 Å for Pt(111).[225] Subsequently, the values were plotted 

against the respective FWHM extracted from the Gaussian fits of the histograms (Figure 18b). 

As can be seen in Figure 19a, the curve yielded a linear trend for the terraces (black symbols). 

In turn, the linear fit of the terrace data (black curve) can serve as a calibration to acquire the 

Figure 19 | Quantification of the local reactivity on Pt(111) electrodes in 0.1 M 

HClO4. a) The TOF of the terrace and step sites were plotted versus the FWHM values 

from Figure 18b. Herein, the TOF of the terrace sites (TOFt) were obtained from the 

overall sample current, whereas the TOF of the step sites (TOFs) were extrapolated 

from the linear relation between TOFt and the FWHM. b) Enhancement factors 

(TOFs/TOFt) from a variety of measurements. The data of a) is coloured in blue. The 

comparison to RDE measurements on stepped single crystals is possible at the low 

sample currents. As indicated in the graph, the step sites of the highest activity were 

ascribed to structural motives on Pt(221), (775) and (331), respectively. Image 

reprinted with permission from reference [54]. © 2020 The Authors. Published by 

Wiley‐VCH GmbH. 
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local activity of the adjacent step sites. Therefore, the TOF of the step sites (TOFs) can be read 

off by knowing the corresponding FWHM from the histograms (Figure 18b). In the last step, 

the local activities of step and terrace sites were compared via enhancement factors, which were 

defined as TOFs/TOFt. To account for the statistics, the procedure was repeated and yielded 

Figure 19b. The blue symbols belong to the data in Figure 18 and Figure 19a. For a profound 

comparison to literature data from RDE measurements, lower sample activities have to be 

considered. In this range, the step sites reach a proportionally higher reaction rate than terrace 

sites. A spread in enhancement factors can be observed, which was ascribed to the spread in 

activities of different crystal facets as experiments on stepped Pt single crystals revealed (cf. 

Figure 12a in Chapter 3.4.1). Accordingly, the maximal enhancement factor of ca. 27 in the n-

EC-STM study was attributed to the most active concave sites on Pt(221). Lower enhancement 

factors were with decreasing magnitude attributed to the Pt(221), the (775), the (331) facets, 

and other high-index planes, respectively.[54] Thus, the enhancement factors were in good 

agreement with previous studies. This approach confirmed the potential of the n-EC-STM 

method to provide access to activity with a high spatial resolution. 

After having established the functionality of the n-EC-STM technique, the next chapters 

proceed with its application to model systems for the OER and ORR.
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6 Assessment of Active Areas on 

Iridium Oxide for the Oxygen 

Evolution Reaction 

“Green” production of hydrogen in PEM electrolysers still suffers from the low kinetics of the 

complex multistep reaction at the anode, the OER. Thus, a need for suitable and high-

performing OER catalysts arises to reduce the required overpotentials. Today, IrOx catalysts 

offer the best compromise between good stability and activity in acidic media. Under “real” 

operation conditions, IrOx becomes amorphous. The formation of an amorphous and hydrated 

oxide surface was even reported to be beneficial for the OER activity compared to its rutile 

counterparts.[112‑117] Still, the structure-activity relations for this material class remain largely 

unknown, and the reaction mechanism is under debate (see Chapter 3.3). For amorphous 

surfaces, Ir vacancies can “hole-dope” neighbouring oxygen atoms to a formal state of O-I and 

turn adjacent Ir atoms into IrIII. A combination of O-I and IrIII species was proposed as active 

centres.[123‑125] While there are multiple studies of the reaction mechanism, less is known on the 

structure of the active sites. Therefore, n-EC-STM is applied to amorphous IrOx for the OER. 

Further information, including additional n-EC-STM measurements, can be found in 

reference [226]. 

In this study, IrOx was formed during electrochemical cycling of an annealed Ir(111) single 

crystal (Ø 5mm, MaTecK). Before each experiment, the crystal was annealed in an H2/Ar 

atmosphere (Varigon® H5, Linde) at 1100 °C for ca. 10 min and then slowly cooled down to 

room temperature. After annealing, the crystal was cycled in 0.1 M HClO4 for approximately 

80 cycles between potentials of 0.05 and 1.5 VRHE. Details on the experimental techniques and 

the equipment are included in Chapter 4. 

Figure 20a shows a typical CV. At ca. 0.2 VRHE and lower, the underpotential deposition of 

hydrogen and the onset of the HER can be observed. At the potentials more positive than the 
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double layer region, a pronounced pair of redox peaks appear at ca. 0.9 VRHE, which can be 

ascribed to an IrIII-IrIV transition.[227‑230] Additionally, a shoulder in the reduction part of the 

curve at ca. 1.35 VRHE can correlate to an IrIV-IrV transition.[229, 231] Alternatively, that shoulder 

can be interpreted as the oxidation of O-II to O-I, in the context of the model explained in the 

introduction of this chapter.[123‑125] In Figure 20b, an RDE measurement of the IrOx surface is 

presented. Here, an MMS RE was employed, and the potential was recalculated to RHE scale 

Figure 20 | Electrochemical and compositional characterization of amorphous IrOx. 

a) CV in Ar-saturated 0.1 M HClO4 at a rate of 50 mV s−1. b) RDE recorded at 

50 mV s−1 scan rate and 800 rpm rotational speed in O2-saturation; iR corrected. 

c) XPS of the 4f Ir peak. The fitting procedure is explained in the main text. d) AFM 

image of the mainly flat Ir oxide surface. The heights of some features are given and 

the line scan was performed along the lower edge. Data published in reference [226]. 

Copyright © 2021 Elsevier Inc. 
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via URHE = UMMS + 0.72 V. At 1.51 VRHE, the geometric current density is 0.23 mA cm-2, which 

is comparable to literature reports.[126, 232] 

To assess the crystallinity and the chemical composition of the sample, LEED and XPS were 

employed. The LEED measurement (not shown) yielded no periodic pattern, which indicates 

an amorphous surface. Therefore, the amorphous layer may be several atomic layers thick, 

which would be larger than the penetration depth of the beam. The XPS data of the Ir 4f peak 

is supplied in Figure 20c. A Shirley background was subtracted from the data. The binding 

energy was aligned by adjusting the C-C bond to 284.8 eV. The C 1s XPS data is included in 

reference [226]. For the fit of the Ir 4f doublet, the two peaks were restrained to the same 

FWHM, a distance of 3.0 eV in binding energy and an area ratio of 4 to 3 for the Ir 4f7/2 to 4f5/2. 

The positions of the satellite peaks were set in 1 eV and 3 eV distance to the main peak 

according to reference [233]. Two Ir species can be identified at 65.5 eV and 62.5 eV binding 

energy, which can be assigned to IrIV and IrIII. Due to the ambiguity in the literature regarding 

the oxidation state of the active species, the species at 62.5 eV can also be IrV. Since, however, 

IrV species are unlikely to exist ex situ[124, 234], the peaks in Figure 20c were labelled with IrIII. 

Irrespective of their true oxidation state, these species have been reported as the active 

kind.[123‑126, 234] From the XPS spectrum, a ratio of 0.4 for IrIII to IrIV species can be extracted. 

It is thus evident that the IrOx sample comprises a considerable share of active species. In 

addition, the surface morphology was probed with AFM, as shown in Figure 20d. The surface 

was mainly flat, with a root-mean-square roughness of 1.3 ± 0.5. 

After the confirmation of an amorphous and active IrOx sample, n-EC-STM was applied to 

elucidate the structure of the active sites. The functionality of the technique is explained in 

Chapter 5. At first, CVs were recorded in the EC-STM set-up to determine the potentials for 

reaction “on” and “off”. A typical CV is shown in Figure 21. A potential of 350 mVPt was used 

for reaction “off”, a potential of 500 mVPt or higher for “on”. Higher potentials were avoided 

not to roughen the surface. Besides, the evolution of oxygen bubbles would retract the tip from 

the sample such that it cannot scan any further. The experimental parameters are given in 

Table 1.  
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In Figure 22, a typical n-EC-STM measurement of the amorphous IrOx surface is given. The 

monitored area contains monoatomic step edges. During the capture of the image, the sample 

potential was altered from reaction “on” to “off”. For reaction “on”, the STM signal is 

modulated with noise, which appears as white dots in the image. For the reaction “off”, the 

signal is stable, and a sharp image is obtained. The occurrence of the noise under reaction 

conditions is expected from the functioning of the technique. Therefore, n-EC-STM was 

successfully applied to the OER for the first time. 

Table 1 | Experimental parameters of the n-EC-STM measurements in Figure 22 and 

Figure 23. 

 
Sample Potential 

“on” (mVPt) 

Current Setpoint 

(nA) 

Tip Potential 

(mVPt) 

Figure 22 600 4 250 

Figure 23 500 3 150 

Figure 21 | CV recorded in the EC-STM set-up. A sample potential of 350 mVPt was 

assigned to reaction “off”. The potentials for reaction “on” are given in Table 1.  
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Figure 22 | n-EC-STM measurement on amorphous IrOx in 0.1 M HClO4 for the OER. 

a) EC-STM measurement of a mono-atomic step edge (dotted line). During recording, 

the sample potential was altered from “on” to “off”. For reaction “on”, the STM signal 

exhibits a considerable increase in the noise level (spots of high intensity that 

correspond to a white colour in the colour code). b) The same area of the sample was 

captured again, but inverting reaction “on” and “off” for a direct comparison. 

c) Multiple line scans stacked on top of each other for reaction “off” (blue) and “on” 

(brown). The position of the step edge is marked with a dotted line. d) Corresponding 

histograms. The data set taken for the step edge is encircled by a grey box in c). A high 

noise level results in a large FWHM and a small height of the Gaussian, and vice versa. 

Comparing terrace and step sites under reaction conditions, they show a similar noise 

level and thus activity. Data published in reference [226]. Copyright © 2021 Elsevier 

Inc. 
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In Figure 22b, the image of the same area was re-recorded with the reaction “on” and “off” 

inverted. The two images can directly be compared to each other. By eye, it can be assumed 

that the noise level increase is homogeneously distributed across the surface irrespective of the 

type of site. To compare terrace and step sites in more detail, the step edge marked in 

Figure 22a,b is evaluated. Figure 22c shows multiple line scans (height profile in scan 

direction) layered on top of each other. A dotted line marks the position of the step edge. Again, 

the noise levels of step and terrace sites seem similar. 

Next, step and terrace sites were quantitatively compared. The respective processing of the data 

is given in Chapter 5.4. A grey box encircles the data set for step sites in Figure 22c. The STM 

signal was derived with respect to adjacent data points (δz/δx). Figure 22d includes the 

histograms for step and terrace sites. They were fitted with Gaussian curves, and their FWHM 

and height quantify the noise level of the respective surface site. The correlation can be 

illustrated as follows: At low noise levels, there is a low amount of distortion to the signal, and 

hence, the corresponding histogram of the change in recorded signal shows a narrow 

distribution. Vice versa, at high noise levels, the signal experiences many fluctuations, which 

results in a broad histogram. As expected for reaction “off”, in Figure 22d, the histograms yield 

a narrow and high-intensity line since the noise level is low. Moreover, the step and terrace sites 

have equal histograms as the STM signal is equally stable across the whole surface. For reaction 

“on”, the histograms are broader and of lower intensity which is equivalent to a higher noise 

level. The histograms for step and terrace sites are congruent, which means that they show 

comparable noise levels and thus OER activities. 

From the measurements and the quantification, step and terrace sites on the amorphous IrOx 

show comparable activities. To account for the statistics, additional n-EC-STM images are 

given in Figure 23. In Figure 23a, a terrace framed by two step edges was recorded. The 

sample potential was altered multiple times between reaction “on” and “off” as labelled in the 

image. The step edge marked with a dotted line in Figure 23a was examined more closely. In 

Figure 23b, multiple line scans across the same are layered on top of each other. The noise 

levels of step and terrace sites seem to be similar. This impression is confirmed by the matching  
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Figure 23 | n-EC-STM measurements on amorphous IrOx to compare the local noise level 

of terrace and step sites. a) A terrace framed by two step edges, the left one marked by a 

dotted line. The sample potential was altered multiple times between “off” and “on” during 

recording. The noise in the STM signal under reaction “on” conditions seems comparable 

between the terrace and step sites. b) Multiple line scans (height profile in scan direction) 

stacked on top of each other, performed across the left step edge. The position of the step 

edge is marked with a dotted line. c) Corresponding histograms for step and terrace sites. 

The data assigned to the step sites are tagged in b with a grey box. d) Analogous n-EC-STM 

experiment with corresponding e) line scans and f) histograms. In both measurements, step 

and terrace sites show similar noise levels. Data published in reference [226]. Copyright © 

2021 Elsevier Inc. 
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histograms of step and terrace sites shown in Figure 23c. An analogous n-EC-STM 

measurement is presented in Figure 23d. Noteworthy, the terraces on either side of the step 

edge (dotted line) show some minor concavities. Still, the terrace exhibits a homogeneous noise 

level for the OER “on”. Again, from the image and the line scans in Figure 23e, the noise at 

the step and terrace sites seems commensurate. This is proven by the equal histograms shown 

in Figure 23f. 

To sum up the findings from the n-EC-STM experiments, surface sites on amorphous IrOx show 

similar activities independent of their “coordination”. In other words, the OER on amorphous 

IrOx surfaces is likely not sensitive to the structure. The outcome of this study is in good 

agreement with previous literature reports. Maillard et al. synthesised and investigated Ir oxide 

surfaces of different initial morphologies. The authors report that during electrochemical 

cycling, the initially different morphologies all diverged into the same surface state.[126] Also in 

line with this study is the observation that Ir(111) and Ir(110) surfaces approach the same OER 

activity with increasing cycling number.[235] The reason for the surface insensitivity of the OER 

on an amorphous IrOx surface is purely speculative. Ir vacancies introduce OER active species 

in the material according to the model mentioned in the introduction.[123‑125] Presumably, such 

vacancies can occur independently of the site geometry on an amorphous surface. In line with 

this assumption would be the findings of this study, namely, that all surface sites contribute 

equally to the activity. Extending the observations of a structure-insensitive OER on amorphous 

IrOx to nanostructured electrocatalysts, one can assume that the shape of such nanoparticles 

should not affect the OER activity. Such nanoparticles with an amorphous IrOx shell on an IrNi 

core have been synthesised by Strasser et al.[236] They also give interesting insights into the 

“morphology” of the amorphous IrOx shell. Still, these observations only hold for amorphous 

IrOx in an acidic medium. In general, the nature of active sites depends on crystallinity and the 

electrolyte composition. As an example, for rutile IrO2 in an alkaline medium, the orientation 

of the surface plays a significant role in the OER activity.[237]
 

In summary, the observations on an amorphous extended IrOx surface in 0.1 M HClO4 suggest 

that all surface sites contribute equally to the overall activity. The OER is not structure-sensitive 
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here. Extending this behaviour to nanoparticulate electrocatalysts, one can assume that their 

activity is independent of their shapes and sizes. This model study shows that after the 

successful application of n-EC-STM to HER and ORR in the past[151, 154, 202, 203], the technique 

is equally valuable to identify active sites for the OER.
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7 Identification of Active Centres on 

Pt-Lanthanide Alloys for the Oxygen 

Reduction Reaction 

The application of hydrogen as the fuel in zero-emission PEMFCs is desirable due to low 

operational temperatures, advanced power densities, and short start-up times.[238‑240] However, 

the cathode reaction, the ORR, remains its pivotal element due to relatively slow reaction 

kinetics. Up to date, ORR catalysts with the highest performances and stability are based on 

Pt.[241] However, pure Pt surfaces, such as Pt(111), were shown to bind the key intermediates 

stronger than optimal.[65, 132, 152] A well-known approach to diminish the binding strength and 

thus increase the ORR activity is to use Pt alloys. An interesting class of alloying partners are 

rare-earth metals. Because of their negative heat of formation compared to other transition 

metals, they have been assumed as potentially more stable.[158, 161, 242] Further information on 

Pt-alloys as ORR catalysts is provided in Chapter 3.4.2. 

Encouraged by their previously reported, high ORR performances, polycrystalline Pt-

praseodymium (Pr)[157, 243] and Pt-gadolinium (Gd)[155, 158, 178, 244‑246] alloy surfaces were 

investigated. When operating such an alloy electrode under ORR conditions, the rare-earth 

metal dissolves from the surface.[247‑249] The electrode stabilises by the formation of an 

overlayer consisting solely of Pt.[25] Since the Pt overlayer is composed of several 

monolayers[158, 250], ligand effects could be ruled out because of a shorter range of these 

effects[176, 177]. Instead, for such surfaces, strain effects play a major role.[143] The introduction 

of lanthanide atoms with larger radii compared to Pt causes a lattice mismatch between the alloy 

bulk and the Pt overlayer. Therefore, the compressive strain on the surface leads to a weakening 

of the binding strength toward the ORR intermediates and consequently to superior ORR 

activities. As shown in Figure 12b (Chapter 3.4.2), a volcano plot using the radii of the solute 

elements as the descriptor, these weakened interactions even lead to a less-than-optimal binding 

energy, and thus the Pt-lanthanides are located on the weaker binding site of the volcano plot. 

https://www.dict.cc/?s=of
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This effect is more pronounced for the Pt5Pr surface, whereas Pt5Gd remains close to the 

optimum. 

Albeit strain effects are likely to be the origin of the improved catalytic performance,[143] little 

is reported on the geometry or coordination of the active sites. Therefore, n-EC-STM was 

applied to polycrystalline Pt5Pr and Pt5Gd alloy surfaces (both Ø 5 mm, MaTecK). Specifics of 

the characterisation methods are given in Chapter 4. Details on the instrumentation and working 

principle of the n-EC-STM technique are provided in Chapter 5. 

At first, the surfaces were characterised using electrochemical and spectroscopy measurements. 

The experiments were executed in both acidic (0.1 M HClO4) and alkaline (0.1 M KOH) media. 

Figure A1 (Appendix Chapter 12) displays CV measurements for the four systems. In addition, 

the ORR activity was probed in an RDE set-up. The corresponding polarisation curves are 

presented in Figure 24ab. The following trend can be extracted from the kinetic current 

densities (cf. Eq. 33), included in the insets of Figure 24ab, at a potential of 0.9 VRHE: 

Pt5GdHClO4 > Pt5PrHClO4 > PtKOH > PtHClO4 > Pt5PrKOH > Pt5GdKOH. The index is referring to the 

respective electrolyte being 0.1 M HClO4 or 0.1 M KOH. Noteworthy, pure Pt performs better 

in alkaline than acidic medium, whereas the Pt-lanthanide alloys operate better in acidic than 

in alkaline medium. In addition, XPS measurements were accomplished to assess the 

composition of the samples, as given in Figure 24cd. Each XPS spectrum was fitted using the 

commercial CasaXPS software and a Shirley background. The fits lead to a share of 3.2 at% of 

Pr and ~ 0 at% of Gd, respectively. Hence, de-alloyed surfaces can be observed after the 

electrochemical measurements, which are in line with expectations from the literature.[170] 

Moreover, XRD experiments were carried out to elucidate the polycrystalline nature of the 

surfaces, which are shown in Figure A2.[243] 

After the application of complementary techniques to assess the surface electrochemical 

behaviour, composition and crystallinity, n-EC-STM was employed for the identification of the 

ORR active sites. CVs were recorded in the EC-STM set-up to determine the potentials for 

enabling and disabling the reaction. Typical ones are exhibited in Figure A3. Due to a 

negligible current, a potential of 0 mVPt was assigned to reaction “off”. For reaction “on”, a 



IDENTIFICATION OF ACTIVE CENTRES ON 
PT-LANTHANIDE ALLOYS FOR THE OXYGEN REDUCTION REACTION 

 

93 

potential with profound ORR current was chosen. The parameters for each measurement, i.e., 

sample potential for reaction “on”, tip current setpoint and tip potential, are included in 

Table A1. 

Figure 24 | a,b) Polarization curves (anodic sweeps) obtained from the RDE 

experiments performed in O2-saturated electrolytes with a scan rate of 50 mVs-1
 and a 

rotational speed of 1600 rpm, iR-corrected. The electrolytes were a) 0.1 M HClO4 and 

b) 0.1 M KOH. The activities of Pt5Gd (green) and Pt5Pr (blue) are compared to 

polycrystalline Pt (black). In the respective insets, the kinetic current densities 

normalised to the geometric area and extracted at a potential of 0.9 VRHE are provided. 

c,d) XPS measurements indicate de-alloying of both surfaces after the electrochemical 

treatment in acid. Data used for reference [251]. 
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Since the ORR is a structure-sensitive reaction on Pt surfaces, sites of different coordination or 

geometry may show dissimilar local activities. For pure Pt(111) surfaces, it was discovered that 

sites of higher coordination bind the intermediates weaker than the regular terrace sites. In turn, 

sites of lower coordination bind stronger.[75, 76] Since, on average, Pt(111) binds intermediates 

stronger than optimal,[65, 132, 152] sites with higher coordination were identified as the active 

centres.[76] Such highly coordinated and thus active sites exist near the bottom of step edges or 

at concavities. The ORR active sites on Pt-based electrocatalysts is the content of Chapter 3.4. 

Inspired by the structure-activity relations identified on pure Pt surfaces, the geometry of the 

surface areas on the Pt alloys are compared according to their different tentative coordination: 

terrace sites, sites near the top of step edges and sites near the bottom of step edges. At these 

locations, the “regular”, lower and higher coordination is established on the surface, 

respectively. With these considerations in mind, n-EC-STM was used on the Pt5Gd and Pt5Pr 

surfaces in both acidic (0.1 M HClO4) and alkaline (0.1 M KOH) media. 

At first, n-EC-STM was applied to Pt5Gd in 0.1 M HClO4. A typical image is given in 

Figure 25. The mapped area contains several step edges, two of which are marked in the picture 

with white dashed lines. The sample potential was switched between reaction “on” and “off” 

during the recording. If the reaction is “off”, the EC-STM permits access to the surface 

morphology with a stable signal. If the reaction is “on”, the image is modulated by noise 

features, which manifest as high-intensity spots of white colour in Figure 25a. As introduced 

in Chapter 5.3-5.4, the local activity relates to the extent of the noise. Bearing in mind the 

possibility of structure-activity relations, terrace sites, step tops and bottoms are distinguished. 

In the EC-STM image of Figure 25, less noise seems to be present near the bottom of the step 

edges, e.g., near the dotted lines or at the position pointed out by an arrow. 

For a more flexible view of the data in Figure 25a, a waterfall plot was compiled from multiple 

line scans (height profiles), which were performed in scan direction across the two step edges 

marked in the STM image. The surface behaviour can be compared for ORR “on” and “off”, 

and the positions of the two step edges are emphasised by the black dotted lines in Figure 25b. 

In line with the expectation, the noise level of the line scans for reaction “off” is negligible.  
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Figure 25 | n-EC-STM measurements on Pt5Gd in 0.1 M HClO4. a) EC-STM was recorded 

under reaction “on” and “off” conditions, as labelled in the image. Multiple step edges are 

present, of which two are numbered and marked by white dashed lines. When the reaction 

is “on”, the noise seems lower at the step bottom compared to the terrace and step top, which 

can be seen near step edges no. 1 and 2, and at the position pointed out with an arrow. 

b) Waterfall plot for the reaction “on” and “off” comprise several line scans (height profile 

in the scan direction) across the two step edges marked in a. The noise is less pronounced at 

the step bottom; an exemplary spot is badged with an arrow. c) Several line scans for the 

reaction “on” stacked on top of each other. d) Comparison of the noise level for the terrace, 

step top, and step bottom. Data was chosen as given in c). Due to the higher intensity and 

lower FWHM of the respective histogram, one can deduce that step bottoms are less active 

than terraces and step tops. Data used for reference [251]. 
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For reaction “on”, it is visible that the height profiles are less noisy near the bottoms of the step 

edges, as exemplarily badged with the arrow. In contrast, terrace sites and spots near the top of 

the step show more distinct noise than the step bottom. The noise level of the terrace and top 

sites seems comparable. 

To complement the quantitative observations of a lower activity near step bottoms, the extent 

of the noise was quantified with regard to the geometry of the surface areas. The procedure is 

explained in Chapter 5.4. For an accurate comparison, the area widths for step bottom and top 

sites around step no. 2 were equal. Each data set is encircled in Figure 25c. In Figure 25d, the 

histograms for the reaction “on” are given. The curves of the step top and terrace sites match 

each other. Hence, they can be assigned a comparable activity. The histogram of the step bottom 

sites exhibits a narrower shape of higher intensity. Therefore, the step bottom remains relatively 

inactive. The parameters obtained from the fits are provided in Table A2 for each of the four 

systems. As a reminder, a large FWHM and a low height of the Gaussian curve correspond to 

a high noise level and vice versa. As the outcome, areas near the bottom of step edges on Pt5Gd 

in acidic media show a lower FWHM, and thus activity, than the terrace and step top sites. The 

latter two types exhibit similar FWHM values and, therefore, comparable activities. 

In the second step, the results of the n-EC-STM measurements for Pt5Pr in 0.1 M HClO4 are 

presented. A typical EC-STM image is displayed in Figure 26a. Numerous steps are present 

within the mapped area. As an example, a waterfall plot is included in Figure 26b for the step 

traced with a white dotted line in the STM image. Noise features appear when the reaction is 

switched from “off” to “on”. Under ORR conditions, an increased amount of noise at elevated 

positions, as opposed to recesses, is visible. The arrows point to a selection of recesses with 

less noise. As a confirmation, histograms of the signal derivatives were compiled for the step 

marked in white in the STM image. Data sets were divided into step bottom, top and terrace 

sites as shown in Figure 26c. In Figure 26d, the step top and terrace areas yield broadened and 

low-intensity histograms in contrast to the step bottoms. As a result, the step bottom sites 

possess the least activity, whereas the step tops and terraces exhibit the highest activities, which 

are similar to each other. 
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Figure 26 | n-EC-STM measurement on Pt5Pr in 0.1 M HClO4. a) The mapped area 

contains multiple step edges; one of them is highlighted with a dotted line. For reaction 

“on”, the noise level seems to be higher at elevated spots and lower at recesses. Some 

of the low-noise areas are pointed to by arrows. b) Waterfall plot with line scans across 

the step edge marked in a). Near the bottom of the step is a noise-free gap, which is 

pointed out by the arrow. c) Height profiles across the step edge highlighted in a. The 

bottom of the step shows fewer noise features than the top and terraces. d) Histograms 

from the data shown in c. Step top and terraces possess a broader and low-intensity 

histogram compared to step bottoms. Therefore, step top and terraces contribute the 

most to the overall activity and a similar extend. Step bottom sites remain relatively 

inactive. Data used for reference [251]. 
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In conclusion, the trends on Pt5Pr are comparable to those observed on Pt5Gd in an acidic 

medium. Additional measurements on Pt5Pr and Pt5Gd, which substantiate the findings reported 

here, are included in references [251] and [252]. In these studies, step bottom sites and 

concavities display the lowest noise level among the considered geometries. In contrast, terrace 

sites and areas located near the top of step edges contribute the most to the overall activity. The 

activities between the latter two site types are comparable. 

The geometric considerations mentioned in the introduction and Chapter 3.4 can now be of 

service for the interpretation of the n-EC-STM data gathered in the acidic medium. Pure Pt 

surfaces yield stronger than optimal adsorption energies. As subject to Chapter 3.4.2, alloying 

Pt with other metals can lead to compressive strain, which diminishes the binding strength of 

the surface toward chemisorbed species. As shown in the double volcano in Figure 12b for 

polycrystalline alloys, Pt5Gd and Pt5Pr lie on the weaker binding side. In these systems, the 

alloying effect weakens the interactions “too much”. Pt5Gd is close to the top of the volcano on 

the weaker binding side, whereas Pt5Pr binds considerably weaker.[143] Those binding 

conditions can be seen as an “average” behaviour of the surface. Still, locally, sites of certain 

coordination can differ from the “average” binding tendency. Inspired by the study on pure Pt, 

surface sites with lower coordination may bind the ORR intermediates stronger than the terraces 

and vice versa.[75, 76] 

From the n-EC-STM study, step bottom sites seem relatively inactive on both Pt5Gd and Pt5Pr. 

These belong to the category of “overcoordinated” sites, and thus one can assume that they 

possess the weakest binding energies towards the intermediates. Since “on average”, sites on 

the Pt-lanthanide alloys bind weaker than optimal,[143] it seems reasonable that surface sites that 

bind even weaker show the lowest activity. Hence, the experimental observations are in line 

with the volcano-type predictions. Moreover, step top and terrace sites demonstrate the best 

catalytic properties. In the measurements, their noise levels are similar, which indicates 

comparable ORR performances. Still, one can only speculate about an explanation. A possible 

reason for the similar activity could be a less pronounced variation in binding energies between 

the terrace and the step top sites than between the terrace and the step bottom sites. In such a 
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case, the differences in activities between terrace and step tops would be less pronounced and 

thus appear similar in the n-EC-STM study. As an alternative explanation, step top sites could 

bind much stronger than terraces. In this case, step tops would bind “too strongly”, which would 

diminish their activity. In the illustrative view of a volcano plot, step top and terrace sites would 

be on dissimilar sites of the top of the volcano. Irrespective of the phenomenological origin, 

one can state that both step top and terrace sites are beneficial for the ORR electrocatalysis on 

Pt5Pr and Pt5Gd. 

Subsequently, the particulars gathered on extended surfaces can be applied to nanoparticles. It 

is suggestive that Pt5Pr and Pt5Gd particles, which possess terrace and “undercoordinated” sites, 

will be more effective toward the ORR. In agreement with this assumption is the report of a 

prime ORR performance of spherical, defect-free Pt5Gd nanoparticles.[245] In their report, the 

ORR activities (normalised to surface area) of the Pt-Gd particles were superior to other alloys 

exhibiting the same round shape. The comparison between nanoparticles of different mass-

selected sizes led to the trend of higher activities for larger particles. With the increasing sizes 

of the round nanoparticles, the share of terrace sites is larger, which agrees with their better 

catalytic capabilities. In addition, Fichtner et al. synthesised PtxPr nanoparticles with 

deliberately introduced concave defects. Since they yielded a lower ORR activity than the 

corresponding extended Pt-Pr surface[157], the statement of an inferior performance of 

concavities to extended surfaces is plausible. This agrees with the findings of the n-EC-STM 

experiments. 

In addition to the experiments in an acidic medium, the equivalent measurements were carried 

out in an alkaline medium, 0.1 M KOH. It is known that the choice of electrolyte or pH can 

affect the nature of ORR active sites.[81, 137, 151, 154] Therefore, it is interesting to use n-EC-STM 

to make a statement on the active sites on the Pt-lanthanide alloy surfaces when changing the 

electrolyte from 0.1 M HClO4 to 0.1 M KOH. 
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Figure 27 | n-EC-STM measurement on Pt5Gd in 0.1 M KOH. a) The image includes 

multiple step edges and concavities. The most prominent is underlined by white, dotted lines. 

At step bottoms located in-between the dotted lines or at the position marked by the arrow, 

the appearance of the noise is diminished. b) Waterfall plot rendered for the steps highlighted 

in a). At the step bottom, areas with less noise are pointed out by the arrow. c) Stacked line 

scans for reaction “on”. Particularly in the middle of the lower terrace where the two step 

bottoms meet (at x ≈ 20 nm), the noise level is increased again. d) Histograms for step no. 1, 

confirming that step bottoms have the smallest activity. 
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Figure 27 gives an n-EC-STM measurement on Pt5Gd in 0.1 M KOH. The image contains 

various step edges; two are emphasised by dotted lines. Under an ongoing reaction, the noise 

level appears similar across the surface, except for step bottom sites, which seem to be less 

active. Noise-free spots can exemplarily be detected at the position marked with the white arrow 

or between the two dotted lines. In addition, a waterfall plot across the two selected step edges 

is provided in Figure 27b. At the bottom of each of the two step edges, the noise in the STM 

signal is less pronounced, pointed out by an arrow. As seen best from the stacked line scans in 

Figure 27c, the noise level is low at the step edge bottoms. Remarkably, in the middle of the 

ditch (at x ≈ 20 nm), built up by the two adjacent step bottoms, a distinct increase in noise can 

be observed. At this position, a similar geometry as on flat terrace sites is established. Hence, 

the appearance of the noise at this spot matches the observation of a superior activity of terrace 

sites to step bottoms. For a quantitative understanding, Figure 27d contains the histograms 

compiled for the step on the left side (step no. 1). Since step bottom sites belong to the curve 

with the lowest FWHM (cf. Table A2), they can be ascribed to the lowest activity. Sites near 

the top of the step and on terraces show a higher activity, which is comparable to one another. 

As the last system, the n-EC-STM measurements on Pt5Pr in 0.1 M KOH are considered. An 

example is depicted in Figure 28. In the recorded area, the surface contains multiple concavities 

and elevations. According to the image, the noise is less conspicuous at recesses compared to 

elevations. White arrows mark examples of such lesser noisy areas in Figure 28a. As 

supplemental information, the waterfall plot across the step traced with a dotted line in 

Figure 28a is accounted for in Figure 28b. Figure 28c provides a version where the ORR “on” 

data is stacked on top of each other. Here, it shows that there is less noise at the lower half of 

the step for some of the line scans, badged with an arrow. For the noise level quantification, 

Figure 28d displays the histograms for the data sets assigned in Figure 28c. The shapes of the 

histograms suggest that step bottom sites possess lower activities than terrace and step top sites. 

However, for this system, the relative differences in the noise level are less striking than for the 

other systems. This also becomes apparent from the fitting parameters given in Table A2. 

https://www.wordhippo.com/what-is/another-word-for/supplemental.html
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Figure 28 | n-EC-STM measurement on Pt5Pr in 0.1 M KOH. a) During the recording, the 

sample potential was switched from reaction “on” to “off” and back. At some concavities or 

step bottoms, the noise level may be diminished, e.g. at the positions marked by the arrows. 

The step edge with the dotted line will be further investigated. b) Waterfall plot across that 

step edge. Near the step bottom, the noise seems to be less prominent, e.g., as assigned with 

the arrow. c) Line scans across the step stacked on top of each other. d) Corresponding 

histograms rendered from the data in c) lead to the assumption of all three site types showing 

comparable noise levels, with the step bottom sites tending to be less active. 
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As a summary of the findings in the alkaline medium, the step bottom sites on these 

electrocatalysts seem to be less active than terraces and step tops. However, for the alkaline 

electrolytes, the activity trends are less established, especially when taking the additional 

measurements in reference [252] into account. In some images, the step bottom sites show 

similar activities to terrace and step top sites. The following discussion of the results is, 

therefore, to be treated with care since corroborating experiments would be necessary for a 

more decisive identification of the active geometries. 

In alkaline media, the nature of the active sites on Pt surfaces is less well understood, even 

though dependences on the pH and the cation type have been reported.[80, 81, 253, 254] Pt(111) was 

proven to be a better ORR catalyst in 0.1 M KOH than 0.1 M HClO4.
[80] A divergent trend is 

observed on Pt-stepped single crystals. Here, a higher density of steps diminishes its capacities 

toward the ORR in alkaline media.[153] This leads to the assumption that, in contrast to acidic 

media, step sites on Pt(111) have inferior activity compared to terrace sites. Previous n-EC-

STM measurements have confirmed this.[154] Thus, alkaline media may shift the surface toward 

weaker binding. Thus, Pt(111) terrace sites, which bind too strongly in acidic, perform best in 

alkaline media. Vice versa, step sites of weaker binding in acidic media bind even weaker in 

alkaline solutions, which reduces their activity. In contrast to pure Pt surfaces, less is reported 

about the ORR active centres on Pt alloys in alkaline media. Cu/Pt(111) near-surface alloys and 

Pt3Ni(111) performed better in the alkaline than in the acidic medium.[253, 255] Concerning the 

Pt5Gd and Pt5Pr surfaces, we observe a higher ORR activity in acidic than alkaline medium. In 

this study, the most efficient catalyst in acidic, Pt5Gd, operates the worst in alkaline. Based on 

those literature findings, an attempt can be made to interpret the n-EC-STM results. 

Transferring the theory that surface sites bind weaker in alkaline than acidic media to Pt5Gd 

and Pt5Pr is partially congruent with the n-EC-STM experiments. On Pt5Gd, indeed, the step 

bottoms are inactive, step tops and terrace sites bind comparably. The weak-binding step 

bottoms bind weaker in alkaline and are thus less active. However, on Pt5Pr, all surface 

geometries showed similar noise levels. This would explain why Pt5Pr performs better than 

Pt5Gd, because, for a yet-unknown reason, step bottoms contribute to the ORR as well. Note, 

however, that comparing noise levels between different systems, let alone images, is not 
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feasible. Between the measurements, the extent of the overall noise can vary, e.g. with the shape 

and the isolation of the tip. Therefore, it is only possible to compare the degree of noise within 

the same image or in successively recorded images, but not between various systems. Therefore, 

with the n-EC-STM method alone, one cannot conclude whether the alloys perform better in 

alkaline or acidic medium. Unfortunately, a clear trend in the nature of active sites in the 

alkaline medium cannot be established yet. Further experiments or additional calculations 

would be necessary. 

In summary, the active sites on Pt5Pr and Pt5Gd surfaces were explored using n-EC-STM. In 

alkaline media, the results are yet not conclusive enough to shape a statement. For acidic media, 

i.e. in 0.1 M HClO4, terraces and spots near the top of step edges have been identified as the 

most active. In contrast, sites near the bottom of step edges show inferior activity. This trend 

differs from the observations on pure Pt surfaces.[54, 75, 76, 151] A brief explanation is that Pt(111) 

surfaces bind intermediates stronger than optimal[65, 132, 152] while terraces of the Pt-lanthanide 

alloys tend to bind them too weakly[143]. These findings can be useful for the rational design of 

nanostructured ORR electrocatalysts based on Pt-lanthanide alloys. Guided by the n-EC-STM 

results, one can predict that in contrast to pure Pt, spherical particles[155] should outperform their 

concave and defective counterparts[157] for alloyed Pt-Gd and Pt-Pr nanostructures. 

Furthermore, it becomes clear that insights into the nature of active sites for an individual 

catalyst material are vital in rational catalyst design; and there is a need for suitable surface-

sensitive techniques providing access to the active sites. 
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8 Monitoring Active Sites on Pt3Ni(111) 

for the Oxygen Reduction Reaction 

As discussed previously, the ORR activity of Pt catalysts can be enhanced by alloying. An 

exceptional ORR activity was reported for Pt3Ni(111), which approached the optimal binding 

conditions.[148] Inspired by this discovery, many groups have synthesised PtxNi nanoparticles 

with high performances[23, 158‑160]. However, the nanocatalysts are not yet competitive with the 

extended surfaces. 

To contribute to the understanding of these highly active Pt-Ni catalysts, well-defined 

Pt3Ni(111) surfaces were studied regarding the ORR active sites. Prior to the electrochemical 

examination, the Pt3Ni(111) single crystal (Ø 5 mm, MaTecK) was sputter-cleaned under UHV 

conditions using an Ar+-beam of 10 µA ion current and 1 kV energy. It was annealed for 10 

min after each sputtering step, and the temperature was stepwise increased to a maximum of 

1050 K. After the last annealing step, the sample was slowly cooled down to room temperature. 

Methodical details and instrumentation are given in Chapter 4. The n-EC-STM technique is 

referred to in Chapter 5. 

For the above-described sample preparation procedure, it was stated that the atomic layer on 

the surface contains only Pt (“Pt-skin”). This Pt-enrichment may be balanced by the 

composition of the two to three layers below the surface, which may be depleted of Pt and 

contain more Ni compared to the bulk ratio.[148] 

With LT-STM, a well-ordered surface was monitored with atomic resolution, as presented in 

Figure 29ab. The lattice constant was obtained from eight independent LT-STM 

measurements. Per image, the atom-to-atom distance was measured twice in each of the three 

directions of the crystal lattice and was averaged over ten atoms. In addition, the length scale 

was calibrated with a reference Ag(111) sample. The error of the lattice constant includes 

statistical errors for both the Pt3Ni(111) lattice constant and the Ag(111) calibration sample. 
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Finally, the lattice constant yielded a value of (2.611 ± 0.073) Å. In comparison with the lattice 

constant of 2.77 Å for Pt(111)[225], the Pt3Ni(111) surface is compressed. Remarkably, an 

irregular pattern of darker and brighter intensities seems to superimpose the actual lattice in 

Figure 29a. Even though not exhibiting a well-ordered Moiré pattern, this irregular superlattice 

may establish by non-uniform strain. Hence, it is suggestive that strain effects play a crucial 

role in ORR electrocatalysis. Furthermore, the (111) arrangement of the atoms, visible in the 

LT-STM images, is in agreement with the geometry of the LEED scattering pattern 

(Figure 29c).[148, 256] 

After the surface science study, the sample was subject to an electrochemical analysis in 

0.1 M HClO4. The CV in Figure 29d agrees with the literature.[148, 172] The RDE experiment, 

shown in Figure 29e, yields an ORR activity (cf. Eq. 33) of 7.6 mA cm-2, which is slightly 

above the value reported in reference [172]. It is thus confirmed that the Pt3Ni(111) sample 

exhibits a high ORR performance. 

In the next step, n-EC-STM measurements were carried out to determine the nature of the active 

sites, which are responsible for the superior ORR performance compared to pure Pt(111). At 

first, CVs were recorded in the EC-STM set-up, against a Pt RE and in air, to distinguish sample 

potentials for reaction “on” and “off”. An example is shown in Figure 29f. Due to a negligible 

sample current, the potential for reaction “off” was set to 0 mVPt. To switch the ORR “on”, a 

negative potential resulting in considerable current was selected (i.e. potentials smaller 

than -0.1 mVPt). For convenience, a more negative potential yielding a higher ORR current is 

in the following termed a higher “overpotential”, even though the Pt quasi-RE is not 

transferable to an absolute scale. 
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Figure 29 | Surface and electrochemical characterization of Pt3Ni(111). a,b) High-

resolution LT-STM images. The colour code applies to both images. c) LEED of the 

freshly prepared crystal. d) CV in Ar-saturated 0.1 M HClO4 at a scan rate of 

50 mV s-1. e) Polarisation curve recorded in O2-saturated 0.1 M HClO4 at 1600 rpm 

rotational speed and a scan rate of 50 mV s-1, 85% iR-corrected. f) CV performed in 

the EC-STM set-up against a Pt quasi-reference electrode and with the electrolyte 

exposed to air. For the later n-EC-STM experiments, a potential of 0 mVPt was chosen 

for reaction “off” and a potential with noteworthy current as ORR “on”. 
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Figure 30a provides the n-EC-STM results of a flat (111) terrace. If no reaction occurs on the 

surface (black height profiles), the signal is stable. In line with the functionality of the 

technique, the noise level is considerably increased if the ORR is switched “on” (green curves). 

This can be seen from the numerous spikes in the signal of the otherwise flat terrace. To 

strengthen the expressiveness of the images, the quantification approach introduced in 

Chapter 5.4, is applied to the EC-STM data. For the histograms in Figure 30b, data points 

within a width of 10 nm scan size were extracted, as marked with the arrow in Figure 30a. To 

account for the possibility of data sets of different sizes, the histograms were normalised to the 

number of data points per set. As seen from Figure 30b, the histogram of the terrace sites for 

reaction “on” is of higher FWHM and lower intensity than for reaction “off”, which is in line 

with a higher degree of noise in the signal. Judging from the noise features under reaction 

conditions, the (111) terrace sites contribute evenly to the overall reaction. 

After affirming the activity of (111) terrace sites, one can proceed to evaluate more complex 

geometries, e.g. as found at step edges. Figure 30c includes the height profiles of the STM 

signal across such a step. Its position is indicated by the red diamond-shaped symbol. In 

agreement with the previous measurement, extended terrace sites, as found to the right of the 

step, display a homogenous noise level increase under ORR conditions.  The noise features 

seem less pronounced at the step edge, especially toward the bottom of the step (cf. position 

marked with the red arrow). Subsequently, histograms are rendered from the data around the 

step centre and the extended terrace on the right, as marked in the image. For a profound 

evaluation, the width of the data sets in the scan direction is again set to 10 nm, and a bin size 

of 0.2 was chosen for all images. If the reaction is prohibited (black-grey curves), the histograms 

possess a narrow FWHM and are of high intensity. The two curves for step and terrace sites 

match each other, which confirms a noise-free signal of the whole surface. In contrast, for ORR 

“on”, the histograms are of higher FWHM and lower intensity, in line with a higher degree of 

noise. According to the Gaussian fits for step and terrace sites, less noise emerges at the steps 

than at the adjacent terrace. 
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Figure 30 | n-EC-STM measurements on Pt3Ni(111) in 0.1 M HClO4. a) The EC-STM 

signal (height profile) of a flat terrace under ORR “on” (green colour) and “off” (black) 

conditions. Homogenous fluctuations in the signal are visible for reaction “on”, which 

indicates an equal activity of the (111) terrace sites. b) Histograms compiled from the 

terrace data in a. Under reaction conditions (green curve), the Gaussian fit shows a 

higher FWHM and lower intensity, which is in line with a higher noise level. 

c) Waterfall plot comprising of line scans across a step edge, marked with the red 

diamond symbol. Compared to the adjacent terraces, the bottom of the step edge seems 

to show a lesser degree of noise for ORR “on” (green curves), e.g. at the position of 

the arrow. d) Noise quantification of the data marked in c. If the reaction is disabled 

(black-grey), the histograms of step and terrace sites match, which is in line with the 

expectation of a noise-free signal irrespective of the surface sites. Under ORR 

conditions (green), the histogram of the step edges exhibits a lower FWHM and higher 

intensity, and thus lower activity, than the terrace sites.  
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The observations in Figure 30 imply that Pt3Ni(111) terrace sites are active toward the ORR. 

Step sites show a lower activity. To substantiate this hypothesis, more n-EC-STM 

measurements were conducted and are given in reference [257]. It turned out that step sites are 

of either lower activity than terrace sites or are comparable but never more active. 

Such an additional measurement across step sites is shown in Figure 31. During the recording, 

the sample potential was stepwise altered to yield higher ORR reaction rates. In the last step, 

the reaction was switched “off”. The image yields various observations. First, the noise features 

grow larger in number and density at higher “overpotential”. Second, the appearance of the 

noise is “reversible”, meaning that it disappears if no reaction takes place. Contemplating the 

STM signal of step and terrace sites, in this case, spots yield similar noise extents at every 

applied sample potential. Exemplarily, a waterfall plot, composed of height profiles across the 

left step edge, is provided in Figure 31b. This graph confirms that the overall noise level is 

increasing with the “overpotential”, and that step can reach the activity of terrace sites. 

In the following, the quantification procedure reported in reference [54] for Pt(111) is extended 

to Pt3Ni(111). In this procedure, the local activities between step and terrace sites can be related. 

A more detailed introduction is given in Chapter 5.4. In the first step, data sets are divided into 

step and terrace sites, as marked in Figure 31b. To be consistent, the width of the data sets was 

set to 10 nm, and the bin size for the histograms to 0.2. The corresponding histograms of step 

and terrace sites are given in Figure 31c and d, respectively. The FWHM from the fits is plotted 

versus the potential for terrace and steps in Figure 31e. A linear trend can be seen, which agrees 

with the findings on pure Pt(111).[54] In the second step, the local activities are quantified. 

Therefore, the TOF of the sample is calculated from the overall sample current at a certain 

potential according to Eq. 14 in Chapter 2.1.4. For a (111) arrangement, the angle α can be set 

to 60°. The atom-to-atom distance, d = 2.611 Å, was extracted from the LT-STM data. The 

number of electrons transferred per reaction event is n = 4 for the ORR. Thus, the TOF of the 

sample at the geometric sample current density j amounts to 
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TOF =
| j | d2

sin α

ne
=

(2.611 Å)
2

sin 60°

4 × 1.602 × 10
-19

C
 |j| = 921

cm2

As
× |j|. Eq. 37 

According to the sample preparation method and the LT-STM images, a mainly defect- and 

step-free surface is assumed. Therefore, one can suppose that the sample current constituted 

mainly from terrace sites and that other sites contribute only negligibly. Thus, the TOF of the 

terrace sites (TOFt) can be equalised to the TOF calculated from the whole sample current as 

given in Eq. 37. The TOFt is then plotted against the FWHM for each sample potential, as 

shown in Figure 31f. TOF and FWHM can be related linearly, and the curve of terrace sites is 

accordingly fitted with a straight line. Thus, the linear fit of the terrace data can serve as a 

calibration to acquire the local activity of the adjacent step sites.[54] 

The TOF of the step sites (TOFs) is then extracted from the linear relation between FWHM and 

TOF. The FWHM of the step sites is known from the corresponding histograms (Figure 31c). 

In Figure 31f, the TOFs of the steps can then be read off. In the last step, an enhancement factor 

is defined as the ratio of the TOF of step and terrace, i.e., TOFs/TOFt. These are shown in the 

inset of Figure 31f. Here, the enhancement factors lie close to one, which again confirms the 

similar activities of the terrace and the step sites. This procedure can serve as confirmation for 

the quantification approach established for Pt(111) to be extendable to diverse catalyst systems. 

From the n-EC-STM measurements, one can conclude from the homogeneous appearance of 

the recorded noise that a defect-free Pt3Ni(111) terrace consists solely of active sites. This 

becomes understandable if one keeps in mind the close-to-optimal binding conditions to key 

intermediates such as *OH.[148] Further experimental reports verify the superior activity of the 

(111) facet as opposed to other low-index surfaces such as (100) and (110).[148] In addition, the 

high activity of the (111) orientation was observed on nanoparticles, where particles of 

octahedral shape with (111) facets exhibited superior activity to cubic shapes with (100) 

facets.[258] Motivated by the extraordinary performance of Pt3Ni(111) single crystals, many 

groups synthesised Pt3Ni octahedral nanoparticles and stabilised them by the introduction of 

foreign atoms, such as Ga, Mo or Rh.[24, 259‑261] 
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Figure 31 | a) n-EC-STM measurement of two regular step edges on the Pt3Ni(111) surface 

with the applied potential according to the colour code. With increasing the “overpotential”, 

the noise features get more pronounced. Step and terrace sites show a comparable noise level 

at each potential. b) Waterfall plot comprising the height profiles in scan direction across 

the step marked in a. From the data, histograms for the c) step and d) terrace sites were 

compiled. The histograms broaden and lose in intensity with increasingly negative potential, 

which is in line with a higher noise level. For each potential, the curves for step and terrace 

sites are comparable, yielding a similar ORR activity. e) The FWHM from the Gaussian fits 

plotted versus sample potential. f) The FWHM plotted against the TOF of step and terrace 

sites (see text for details) yields a linear trend. The enhancement factors are given in the 

inset. 
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The involvement of the step sites in the ORR is more difficult to distinguish. In this regard, 

Hoshi et al. studied stepped Pt3Ni(111) single crystals with monoatomic step edges in (111) 

and (110) orientation.[172] The authors state that an increasing number of (111) steps decrease 

the activity, whereas the Pt[n(111)x(100)] series showed a hypothetical optimum for n = 4. One 

can hence conclude that (100) steps are more active than (111) steps. The stepped single crystal 

study is summarised in Figure 12a and compared to stepped Pt single crystals.[143] Remarkably, 

the range in which the activity of the Pt alloy stepped crystals lie is smaller than for the 

corresponding series on Pt. One can speculate that the occurrence of step sites may have a larger 

impact on the overall activity on pure Pt surfaces than for Pt3Ni. In the n-EC-STM 

measurements, step sites demonstrate an inferior or similar activity to adjacent terrace sites. A 

simplistic explanation may be that the steps exhibit different facets, e.g. (100) or (111), and 

therefore possess dissimilar activates. Since it is not possible to access the orientation of the 

step edges in n-EC-STM, this remains speculation. As a side note, since the activities of the 

Pt3Ni series in Figure 12 seem to vary less with the orientation and number of step edges than 

on Pt, the difference in noise levels between step and terrace sites may be less pronounced. 

In summary, Pt3Ni(111) was examined, and its higher ORR performance was confirmed. 

Notably, with LT-STM it was possible to resolve the atomic lattice, yielding a lower lattice 

constant than pure Pt(111). This suggests that strain effects could play an important role. With 

n-EC-STM, (111) terrace sites were identified as most active, whereas step sites ranged from 

inferior to similar activities as terraces. The varying activity of step edges may be ascribed to 

differences in orientation. Currently, DFT calculations are being undertaken to elucidate the 

binding conditions of numerous geometric surface features of Pt3Ni(111). Preliminary results 

suggest that step sites bind weaker than terrace sites and thus exhibit lower activities. With this 

study, the knowledge about active sites for the ORR at Pt alloys can be expanded and provide 

ideas for the catalyst design.

https://www.wordhippo.com/what-is/another-word-for/involvement.html
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9 Outlook: 

Bifunctional Carbonaceous Materials 

Both the OER and ORR are fundamental to electrochemical energy storage and conversion 

devices. In special cases such as for reversible fuel cells or metal-air batteries, so-called 

bifunctional catalysts are required, which show good activity toward both the OER and the 

ORR. The previous chapters are dedicated to state-of-the-art uni-functional materials for the 

ORR and OER, respectively. However, the abilities of these transition metals for bifunctional 

catalysis are limited. The reason is the formation of insulating Pt oxides during the OER on the 

one side [262] and a reduced ORR activity of IrO2 and RuO2 on the other side[263]. Moreover, 

their scarcity and high-cost limit large-scale implementation motivate the search for 

alternatives. 

A promising class of such alternatives are carbon-based materials due to their high specific 

surface area, electrical conductivity and economic viability.[264, 265] In the past, they were mostly 

employed as support for metal electrocatalysts.[266‑269] More recently, studies have shown that 

doping (with e.g. nitrogen, sulphur or boron) and structural modification of the pure carbon 

lattice can yield higher durability and activity in alkaline media.[265, 270‑276] In these studies, 

carbon-based catalysts have not only been reported as interesting alternatives for individual 

reactions but also as promising bifunctional electrodes. To make this material class-competitive 

in real-world applications, an in-depth understanding of their behaviour in-situ is advisable. 

This outlook is, therefore, dedicated to the use of n-EC-STM on carbonaceous bifunctional 

surfaces in an alkaline medium. It is demonstrated that both the OER and ORR active sites can 

be monitored at the same position of the sample with down to atomic resolution. In this study, 

highly oriented pyrolytic graphite (HOPG) serves as a model for more advanced carbon 

systems.[264, 265] The sample (MikroMasch, spread 3.5°±1.5°) was prepared by removing several 

surface layers with scotch tape. The electrolyte was 0.1 M KOH, which was prepared by 

dissolving KOH pellets (99.99%, Sigma Aldrich) in ultrapure water. The EC-STM system is 
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described in Chapter 5. In this case, as the CE, a graphite rod (Goodfellow, Ø 0.5mm, 99.95% 

purity) was used to rule out the deposition of foreign material on the sample. Further 

information and additional n-EC-STM images are included in reference [277]. 

The n-EC-STM technique can identify active sites by virtue of a locally confined increase in 

the noise level of the STM signal with respect to inactive sites. To assess the active centres, the 

surface morphology was compared between reaction “on” and “off” , and the respective sample 

potentials were chosen according to a CV recorded in the STM set-up (cf. Figure 32a). A 

potential of 0 VPt was assigned to reaction “off” as the corresponding net sample current is zero. 

Toward negative and positive potentials, the ORR and OER occur, respectively. For the n-EC-

STM measurements, multiple potentials were chosen for ORR and OER and are marked in the 

CV in Figure 32a. In the notation, the index refers to the applied potential. For example, 

“OER0.6” denotes a sample potential of 0.6 VPt at which the OER occurs. Higher potentials in 

either direction were avoided in order not to destruct the STM tip. Besides, high OER potentials 

lead to oxygen bubble formation, which disengages the scanning probe from the surface. 

In Figure 32b, an n-EC-STM measurement across a step edge on the HOPG sample is shown. 

During the recording, the sample potential was altered from the ORR (yellow and red lines) to 

reaction “off” (black) and the OER (green, blue, purple). If no reaction takes place, the height 

signal is stable and monitors the course of the step edge. Under ORR conditions close to the 

reaction onset (ORR-0.3, yellow), spikes in the STM signal occur near the upper edge of the step. 

Terrace sites and sites close to the bottom of the step show no noise. Therefore, sites near the 

step top can be identified as active for the ORR, whereas the rest of the surface remains inactive. 

A potential increase (ORR-0.6, red) does not change this overall trend. However, the noise 

features (height and density of the spikes) at the active sites get more pronounced. The 

explanation is that an increased reaction rate leads to stronger fluctuations in the tunnelling 

medium and thus more noise in the signal. 
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Figure 32 | n-EC-STM measurement on HOPG in 0.1 M KOH. a) A typical CV 

recorded in the STM set-up in air and against a Pt quasi-reference. A potential of 0 VPt 

without a net sample current was applied to switch the reaction “off”. Towards 

negative and positive potentials, the ORR and OER occur, respectively. A variety of 

potentials for both ORR and OER was chosen during the n-EC-STM experiment as 

marked in the CV. b) n-EC-STM measurement across a step edge. As denoted with 

the colour code, the potential was varied from negative potentials where the ORR takes 

place (yellow, red) to reaction “off” (black) and to positive potentials where the OER 

occurs (green, blue, purple). Compared to reaction “off”, the signal exhibits noise 

features (spikes) confined near the upper part of the step edge when either reaction is 

turned “on”. The higher the respective reaction rate, the more pronounced the noise. 

Only for the highest potential chosen for the OER (OER0.9, purple), also the terrace 

exhibits some smaller spikes. Data published in reference [277]. © 2021 Elsevier Ltd. 

All rights reserved. 
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The application of a potential close to the onset of the OER (OER0.3, green), on the other hand, 

also leads to an increase in the noise level of sites close to the top of the step edge. Again, higher 

potentials lead to more pronounced noise features. Noteworthy, at the highest applied potential, 

OER0.9, also terrace sites exhibit some noise. The extent of the noise level is, however, lower 

than at the step sites. Still, the spikes in the signal show that terrace sites become involved in 

the OER at higher potentials. As carbon-based materials are prone to degradation during the 

OER[278‑281], the noise could also indicate carbon corrosion. Note that in an additional n-EC-

STM experiment (shown in reference [277]), after the OER, the potential was set back to the 

ORR region, and no changes in the surface morphology were observed. If at the highest applied 

OER potential, carbon corrosion would take place. This would imply the creation of defects at 

terrace sites, which would be active towards the ORR. Since no noise could be observed for the 

ORR on terrace sites after the application of the OER, defects at the terrace sites could be ruled 

out. It is therefore likely that the carbon surface is stable at the applied potentials, but higher 

potentials would presumably lead to carbon corrosion. Unfortunately, it is not possible to 

pinpoint the potential where this “transition” from stable to unstable behaviour occurs. 

After demonstrating the viability of n-EC-STM for bifunctional catalysts in general, its 

outstanding resolution is promoted. Increasing the resolution requires the constant height mode 

with a relatively high current setpoint and scanning speed of the STM probe. Furthermore, the 

feedback loop is disabled for these measurements. Due to these demanding requirements, it is 

refrained from investigating the OER but the ORR. 

Figure 33 shows high-resolution measurements for two different ORR potentials recorded at 

the same step edge (marked with a dotted line). The fast Fourier transform (FFT) procedure 

was applied to increase the noise originating from the ongoing reaction and suppress ambient 

noise to sharpen the image. The as-recorded data is included in reference [277]. On the step 

edge and the adjacent terraces, the typical honeycomb lattice of graphite can be resolved. At 

the potential closer to the reaction onset (-0.5 VPt), in Figure 33a, only a few sites near the 

upper part of the step edge exhibit noise features. An exemplary position is labelled “α”. Due 

to the FFT filtering, the increased noise level (fluctuations) in the as-recorded image translates 
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to sites with higher STM intensity (white colour). If applying a more negative potential 

(-0.7 VPt), in Figure 33b, additional sites near the step edge appear brighter and thus become 

active. An example of a site, which is not active at the reaction onset and becomes activated at 

a more negative potential is labelled with “β”. Below each figure, the line scan (height profile 

in scan direction) is given across the “β”-site. Their location is marked with solid black lines in 

the STM images. For the more negative potential, a spike in the tunnelling current can be seen 

at the upper step edge, which is not present at the lower “overpotential”. The observation that 

more step sites become activated at a more negative potential could also be made for the n-EC-

STM image of lower resolution (Figure 33). Here, however, we can pinpoint their position with 

down to atomic resolution. At both potentials, the terrace sites remain noise-free, which is also 

in line with the findings in Figure 33. 

In summary, the measurements show that sites near step edges are active for both ORR and 

OER. Under a higher overpotential, more step sites become active for either reaction. For the 

ORR, high-resolution measurements pinpoint the active sites near the upper part of the step 

edge. Exclusively for the OER at the highest applied potential, the terrace sites show noise 

features, which are less pronounced than the ones near step sites. Other than that, terrace sites 

remain inactive for the ORR irrespective of the potential and the OER at lower potentials. 

For the ORR, it is known that terrace sites are inactive, which is in agreement with our findings 

here.[282‑285] For the application of carbon as support material, this would suggest that defect-

free carbon is desirable. Other than terrace sites, step sites and defects were reported as 

active.[275, 278, 282‑287] In these studies, sites near the step edge showed different binding energies 

toward reaction intermediates. This would explain why some sites are already active close to 

the reaction onset, while others require larger potentials to be activated. This assumption would 

require a more detailed investigation or calculation. Still, we can deduce from the atomically 

resolved images that the active sites are confined to a few rows of atoms at the upper edge of 

the steps, implying that the lower layer of graphene does not influence the activity. This could 

be interesting for catalysts based on lower dimensional structures like graphene and nanotubes. 
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Figure 33 | High-resolution n-EC-STM for the ORR on HOPG in 0.1 M KOH. Both 

on the step edge (white line) and the terraces, the typical graphite honeycomb lattice 

can be resolved. a) Closer to the ORR onset, only some sites near the step edge exhibit 

noise, e.g. at the site “α”. Since the images are FFT filtered, the increased noise level 

exposes as sites of high intensity (white colour). b) At a more negative potential, in 

addition, more step sites become active, e.g. at position “β”. The line scan below each 

figure was performed across the “β”-site and its location is marked with a black solid 

line in each image. It shows a noise feature (current increase near the top of the step) 

at the more negative potential. Reprinted with permission from reference [277]. © 

2021 Elsevier Ltd. All rights reserved. 
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The OER, on the other hand, is more complex and literature reports are vague in this 

aspect.[275, 288] The n-EC-STM experiments yield active step sites, which agrees with the rare 

literature reports.[275, 288] Terrace sites exhibit noise only at the highest applied potential. Due to 

the stability issues connected to the OER [278‑281], this activity may be accompanied by 

corrosion. However, as defects are active towards the ORR[275, 278, 282‑287] an increased activity 

should occur when going back to ORR conditions (see report in reference [277]). Since this is 

not the case, the surface may not be affected by the OER conditions applied in the experiments. 

Since stability is a vital aspect of a bifunctional catalyst, one can only assume that the carbon 

surface is stable until exceeding a certain potential. As the surface quality seemed unaffected, 

commensurate stability may apply at lower potentials. Increasing the potential further would 

presumably lead to carbon corrosion; the exact potential value where this “transition” happens 

is unfortunately not accessible with the n-EC-STM method. 

After the successful application of n-EC-STM to a carbon-based model system, it can in the 

future be adapted to more complex (bifunctional) systems. Owing to its high resolution, active 

centres can be addressed in detail. An interesting group of materials are heterogeneous metal-

doped carbon surfaces[274], which are at the moment subject to the n-EC-STM technique. 

However, the report of those measurements is beyond the scope of this thesis.
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10 Conclusions 

The complex, multistage reactions of the ORR and OER still show slow kinetics, even when 

using state-of-the-art electrocatalysts. Accordingly, their improvement is inevitable for “green” 

energy provision and storage systems. The OER is required as counterbalancing electron-

donating reaction in water electrolysis, whereas fast ORR kinetics is paramount in efficient 

hydrogen fuel cells. In the particular application of metal-air batteries, so-called bifunctional 

catalysts are required for both the OER and ORR.[171, 289, 290] A promising route in optimising 

catalyst design is the identification of electrocatalytically active centres, which contribute the 

most to the overall activity. Knowing their nature can help in designing catalysts of specific 

shapes and sizes with a maximal number of active sites exposed on the surface.[25, 27‑30] 

In this thesis, an experimental method, termed n-EC-STM, was employed to in-situ assess the 

active centres on OER and ORR catalysts. The technique is based on observing a higher noise 

level of the STM signal at active relative to inactive sites. Furthermore, an approach was 

reported to quantify the spatially confined noise and relate it to the local activity of specific 

surface features. 

In the first step, the n-EC-STM approach was used on amorphous IrOx, which offers a 

promising compromise between good OER activity and stability. To elucidate the active areas, 

the extent of the noise at different surface geometry such as terrace, steps, and concavities was 

determined quantitatively. The ensuing outcome yielded a similar increase in noise under OER 

conditions. Hence, the OER shows low structure sensitivity on amorphous IrOx. This suggests 

that the shape of amorphous IrOx nanoparticles in an acidic medium should not significantly 

influence the OER TOF. 

In the second step, the focus was set to the ORR, for which the best-performing pure material 

is Pt. However, Pt(111) binds the key reaction intermediates stronger than optimal.[65, 132, 152] 

Therefore, weakly binding sites with higher coordination, as present at concavities or the 

bottom of step edges, have been determined as active.[76] A well-known approach to enhance 
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the ORR activity is to alloy Pt with other metals. In this case, the so-called ligand and strain 

effects weaken the binding of the reaction species. The former stems from dissimilar atoms in 

the alloy bulk, which interact with the surface atoms and alter their electronic properties. The 

latter arises from different lattice parameters between surface and bulk.  

In the case of polycrystalline alloys, the less noble metal leaches out of the surface during the 

electrochemical measurements, leaving behind a Pt shell. This shell is compressively strained 

compared to the alloyed bulk, which leads to weaker interaction with ORR intermediates and 

higher performance than Pt.[143] In this work, the interest was set to rare-earth metals as alloying 

partners to Pt. Because of their negative heat of formation in comparison to transition metals, 

they are expected to be potentially more stable.[158, 161, 242]  In particular, n-EC-STM was applied 

to Pt5Pr and Pt5Gd in both alkaline and acidic electrolyte. In 0.1 M KOH, the outcomes are not 

yet conclusive enough to form a constructive statement. In 0.1 M HClO4, terraces and spots 

near the top of step edges were identified as active. In contrast, sites near the bottom of step 

edges showed inferior activity. As mentioned above, this trend differs from Pt(111). A brief 

explanation is that Pt(111) binds chemisorbed species  stronger than optimal[65, 132, 152], while 

terraces of the Pt-lanthanide alloys tend to bind them too weakly[143]. 

In addition, Pt3Ni(111) was explored due to its outstandingly high ORR activity.[148] For this 

model surface, it was reported that a Pt-skin is established on the Pt3Ni bulk if the crystal is 

sputtered and annealed in UHV.[148] Subsequently, the atomic arrangement of the (111) surface 

could be visualised with LT-STM. From the images, the lattice constant could be extracted and 

yielded a smaller value than pure Pt(111). Hence, it is suggestive that indeed compressive strain 

plays an important role in the superior ORR activity of Pt3Ni(111). In a subsequent step, it was 

found that the defect-free, planar (111) surface is the most active. In the n-EC-STM, step sites 

exhibited activities ranging from inferior to comparable to terraces. A simplified clarification 

can be that steps of different orientations display dissimilar activities.[172] At the moment, DFT 

calculations are undertaken to shed light on the local activities of sites with various 

coordination. Preliminary results imply that terrace sites are most active, whereas step sites bind 

weaker and are less active. 
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Up to here, the investigated systems were among the best-performing classes for the respective 

reactions. However, they belong to the precious transition metals, which make their application 

costly. Capable alternatives are carbon-based materials because of their high specific surface 

area, electrical conductivity and economic viability.[264, 265] In an alkaline medium, they showed 

considerate ORR/OER activity and can thus potentially serve as bifunctional 

catalysts.[265, 270‑276] In this study, n-EC-STM was employed on model graphite samples. 

Remarkably, it was possible to access the same surface area under both ORR and OER 

conditions with down to atomic resolution. In the experiment, steps were active for both OER 

and ORR. In addition, terrace sites were inactive for the ORR but exhibited noise features at 

higher OER potentials. After the successful use of n-EC-STM on a basic carbon-based model 

electrode, it can be adapted to more complex (bifunctional) catalysts in the future.[274] 

In total, this work confirms the power of the n-EC-STM technique to be adaptable to various 

types of reactions and materials. Due to its in-situ functionality and its outstanding resolution, 

it can provide valuable guidelines in catalyst design. 
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12 Appendix: Supplement to Chapter 7 

For the sake of completeness, supporting information to Chapter 7, which is not implicitly 

necessary to understand the study’s outcome, is provided in this chapter. 

Typical CVs, recorded in Ar-saturated atmosphere and electrolyte against an MMS RE, are 

provided in Figure A3 and agree with the literature.[9,10] For the alkaline media, no literature 

reference could be found. 

Additionally, CVs were performed against a Pt quasi-reference in the EC-STM set-up and are 

shown in Figure A3. To perform the noise measurements, a potential of 0 mVPt was chosen for 

reaction “off” since the corresponding currents are low or negligible. For comparison, potentials 

with a notable increase in the ORR current were chosen as ORR “on”. The parameters for each 

n-EC-STM measurement are given in Table A1. 

Table A1 | Parameters for the n-EC-STM experiments. 

 
sample potential “on” 

(mVPt) 

tip potential 

(mVPt) 

current set point 

(nA) 

Figure 25 -400 -50 1.0 

Figure 26 -400 -50 2.5 

Figure 27 -200 -50 3.0 

Figure 28 -150 -50 4.0 

https://www.wordhippo.com/what-is/another-word-for/supporting.html
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Figure A1 | Typical CVs of Pt5Gd and Pt5Pr electrodes performed in Ar-saturated 

(Argon 5.0, Westfalen, Germany) a,b) 0.1 M HClO4 and c,d) 0.1 M KOH electrolytes. 

The scan rate was 50 mV s-1. 

Figure A2 | XRD data of the a) Pt5Gd and b) Pt5Pr crystals. Figure b) is reprinted with 

permission from reference [243]. © 2018 Elsevier B.V. All rights reserved. 
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The parameters obtained from fitting the histograms corresponding to the n-EC-STM 

measurements are given in Table A2. 

  

Figure A3 | CVs recorded in the EC-STM set-up versus a Pt-quasi reference and 

exposed to air. A potential of 0 mVPt was chosen as ORR “off” for all systems. The 

potentials applied for ORR “on” are given in Table A1 for each n-EC-STM image. 
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Table A2 | Fitting parameters of the histograms of the n-EC-STM images on Pt-Gd and Pt-Pr. 

Symbols refer to ● – terrace site, ▲ – step top, and ▼ – step bottom. 

 

 FWHM FWHM Height Height 

reduced 

chi-

square 

r-square 

  value error value error   

Figure 25        

 ● 1.5 0.10 0.31 0.018 3.1E-04 0.95 

 ▲ 1.3 0.11 0.32 0.020 2.9E-04 0.96 

 ▼ 1.1 0.032 0.73 0.015 1.5E-04 1.00 

Figure 26        

 ● 1.50 0.11 0.24 0.01 2.2E-04 0.97 

 ▲ 1.25 0.11 0.25 0.02 3.4E-04 0.95 

 ▼ 0.86 0.09 0.34 0.03 7.5E-04 0.93 
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 FWHM FWHM Height Height 

reduced 

chi-

square 

r-square 

  value error value error   

Figure 27        

 ● 3.22 0.35 0.21 0.02 4.4E-04 0.93 

 ▲ 2.82 0.20 0.21 0.01 1.7E-04 0.97 

 ▼ 1.27 0.15 0.33 0.03 1.1E-03 0.91 

Figure 28        

 ● 0.59 0.07 0.10 0.01 2.3E-04 0.84 

 ▲ 0.62 0.07 0.09 0.01 1.7E-04 0.86 

 ▼ 0.40 0.04 0.13 0.01 1.7E-04 0.90 
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