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1 Introduction 

Introduction 

Over the last decades alternative decentralized energy concepts have gained increasing public 

and political interest. This is mainly motivated by the almost global goal of a drastic reduction 

of greenhouse gases (GHG), as it has been agreed in the road map of the European 

Commission in 2011
[2]

 and the United Nations Framework Convention on Climate Change 

(COP21) in Paris in 2015. This agreements have underlined the global importance for climate 

change mitigation regardless of near-term federal policies.
[3]

 In the field of transportation 

concepts a frequently discussed alternative to combustion engines is electro-mobility in 

combination with electrical power generation from renewable energy sources, e.g., biomass, 

hydropower, wind energy or photovoltaic. To facilitate a combination of renewable electrical 

power production and electro-mobility, the need for alternative concepts in electrochemical 

energy conversion is rising. A promising concept for sustainable energy conversion is the 

hydrogen powered fuel cell (FC) technology, for applications in electro-mobility especially 

the proton exchange membrane fuel cell (PEMFC). Fuel cells are advantageous since they 

provide energy with high efficiency and zero local emission of GHG by the transformation of 

O2 and H2 into water. Thereby O2 can be consumed from the ambient air, whereas H2 can be 

produced from electrical power provided by renewable energies. The high contribution to 

environmental sustainability as well as the versatile field of application of fuel cells creates 

more and more interest in this technology, which goes along with a rising interest in the 

technical importance of electro-catalysis. 

In spite of all efforts and the tremendous progress made in the past years, it has not been 

possible yet to solve the main problems of fuel cell catalyst applications, such as long term 

stability.
[4-6]

 Also a further increase in efficiency would imply a great step forward for the fuel 

cell technology.
[7]

 Here the cathodic half-cell reaction in the hydrogen-oxygen fuel cell, the 

oxygen reduction reaction (ORR), plays an important role. This reaction is primarily 

responsible for the efficiency, due to the high cathodic overpotential, and it is therefore 

among the most intensively studied reactions in electro-catalysis.
[8]

 Since Pt is known to be 

the most active single metal catalyst for the ORR, it is the catalyst of choice today for PEMFC 

applications 
[9]

. Furthermore, Pt is also used in other catalyst applications, which leads to a 

strong demand of the rare metal and results in high costs for Pt containing catalysts. So it is 
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important to develop more active catalysts compared to bare platinum. To achieve the goal of 

higher efficiency, a more detailed knowledge of the influence of structure of catalysts on the 

activity and the effects involved in the ORR under realistic conditions is mandatory. 

In order to reach this objective, experimental studies have to be combined with computational 

methods, which aim at a more fundamental understanding of the mechanistic background of 

the ORR on an atomic scale level. In particular, a detailed knowledge of the relation between 

the atomic structure of the catalyst surface and its activity for the ORR, the so called 

structure-reactivity relationship, could provide a basis for the design of new and highly active 

catalyst materials. Unfortunately, a correlation between the activity and the atomic surface 

structure of real catalyst particles is hardly possible due to the structural complexity of these 

materials. Consequently, studies on well-defined and atomically flat model catalyst surfaces 

are obligatory, since they allow for a structural characterization of the active surface on an 

atomic-scale. Such atomic scale insights are achieved by highly surface sensitive methods, 

such as scanning tunnelling microscopy (STM), especially for disordered surfaces. 

Some bimetallic catalysts have already shown an ORR activity exceeding that of Pt, but they 

are not yet suitable for industrial applications, primarily due to the lack of long-term stability. 

An insufficient stability of the catalyst leads to degradation of the active surface area, which 

directly affects the durability and activity of the catalyst in a negative way.
[4-6]

 One of the 

main issues in degradation is the corrosion of the catalytic surface in an electrochemical 

environment. To minimize corrosion processes and hence design catalysts with higher 

stability, a detailed understanding of the corrosion mechanism is essential. In this context, an 

exact knowledge of the surface structures on the electrode, before, during and after the 

electrocatalytic reaction, is essential. This is mandatory in order not to derive erroneous 

conclusions from the electrocatalytic data, as it has been shown that small structural changes 

of the surface can lead to a significant change in activity of an electrocatalytic reaction.
[10,11]

 

One reason for this is the formation and/or destruction of highly active sites on the surface 

during a reaction, which is not necessarily directly detectable by electrochemical methods 

only. 

As mentioned above, certain bimetallic systems exhibit a higher activity towards the ORR 

than Pt.
[274, 275]

 Other system have only been predicted to show a higher activity, but were not 

tested experimentally under structurally well-defined conditions (planar electrodes), as it is 

the case for the bimetallic AgPt alloy system. In this work, bimetallic AgxPt1-x model surface 

alloys supported on a Pt(111) substrate are extensively investigated regarding their structural, 
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electrochemical and electrocatalytic (ORR) properties as well as their stability and corrosion 

behaviour under realistic electrocatalytic conditions. The preparation of the respective 

electrode surfaces as well as their structural characterization on an atomic-scale by STM was 

performed under ultrahigh vacuum (UHV) conditions. The electrochemical (EC) and 

electrocatalytic characterization was performed in a thin-layer dual flow cell set-up. For the 

combination of detailed structural characterization and investigation on the electrochemical, 

electrocatalytic and corrosion properties of the surfaces, a new set-up was developed at the 

Institute of Surface Chemistry and Catalysis, which allows for a transfer between UHV and 

EC set-up without contact to ambient air. 
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2 Objective 

 

The main goal of this thesis is to gain fundamental insights into the relationship between 

structure, activity and stability of well-defined model catalyst surfaces. It is known that the 

activity and selectivity of a catalyst for electrocatalytic reactions strongly depends on the 

structural characteristics of the catalyst surface.
[12]

 Since a correlation between the activity 

and the surface structure at an atomic scale level on real catalyst materials is hardly possible, 

in this thesis I prepared model electrodes with well-defined surface structures and 

characterized them in a combined UHV-EC set-up.
[13]

 Bimetallic surface alloys are promising 

models for fundamental catalytic studies, since alloy formation is restricted to the topmost 

layer, which allows to link changes in the electrochemical activity directly to structural and 

electronic effects resulting from the intermixing of the different metals in the topmost atom 

layer. In this work the model catalyst consists of AgxPt1-x/Pt(111) surface alloys, since based 

on theoretical calculations higher ORR activities are expected compared to bare Pt.
[14]

 Thus it 

can be used to benchmark the theoretical predictions. Furthermore, AgxPt1-x/Pt(111) surface 

alloys have been studied extensively regarding their structural, electronic and chemical 

properties in the past.
[15-19]

 These previous findings are related to this work in order to 

understand the results from investigations in EC environment that have never been done 

before. 

The main points of this thesis are briefly summarized in the following:  

I. In order to perform the anticipated measurements and deal with the questions listed 

below, a combined UHV-EC set-up is required. While the main UHV system was 

available, the attached load lock chamber had to be modified and a new 

electrochemical cell had to be designed based on a previously developed UHV-EC set-

up. While the former design was based on a differential electrochemical mass 

spectrometer (DEMS), see Section 5.1,
[13]

 the new design is equipped with a second 

electrode, which allows for the detection of dissolved reaction (by)-products upon, 

e.g., hydrogen-peroxide during the ORR, or of dissolved metal ions from the working 

electrode, see Chapter 4. 

II. To get an insight in the oxidation and dissolution potentials of the metals at different 

Ag concentrations, as well as information on the ad-/desorption properties of hydrogen 

and sulphate, the electrochemical properties of AgxPt1-x/Pt(111) surface alloys were 
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studied in 0.5 M H2SO4 supporting electrolyte. Such information is to some extent 

crucial to understand the electrocatalytic properties of the surfaces. (see Section 5.2). 

III. Another important aspect for the interpretation of the electrochemical properties and 

the electrocatalytic activity of AgxPt1-x/Pt(111) surface alloys is to get a 

comprehensive understanding of the stability of these surfaces under the respective 

electrochemical conditions. The stability of the investigated electrodes is 

systematically studied using electrodes with different Ag surface contents. Stability 

tests include structural characterization by STM under UHV conditions before and 

after electrochemical measurements (see Section 5.2), revealing possible changes of 

the surface structure. From the structural changes alone, possible corrosion processes 

(metal dissolution) are almost impossible to track. Thus, in addition to the structural 

characterization with STM, in this work I detected possible dissolved metal in situ by 

a collector electrode. This approach will (i) give additional insights into the 

mechanism of the selective dissolution of certain metals (Section 5.4) and (ii) helps to 

unveil the surface-structure-stability relationships, see Section 5.4. 

IV. Theoretical data, derived from a model based on a Sabatier-type analysis of bimetallic 

systems, predict a higher ORR activity of certain AgPt surface alloys compared to 

bare Pt(111).
[14]

 To verify this theoretical prediction, AgxPt1-x/Pt(111) surface alloy 

electrodes are experimentally tested systematically with different Ag surface contents 

for their ORR activity. The findings are discussed with respect to the exact distribution 

of the surface atoms, which were statistically evaluated based on atomically resolved 

STM images with chemical contrast in a former study.
[16]

 The correlation of the 

structure-activity relationship with that obtained from the theoretical approach helps to 

gain an improved insight on model catalysts and to systematically improve the 

reactivity of the bimetallic electrodes. Furthermore, it allows for a verification of the 

theoretical approach to simulate and predict the ORR activity of bimetallic electrodes, 

which is elaborated in Section 5.3. 

In general, the approach presented herein, involving preparation and characterization of model 

electrodes under UHV conditions in combination with electrochemical experiments in a 

newly developed UHV-EC set-up, allows for an improved insight into the relationship 

between structure and activity of bimetallic surface alloys. This is exemplary tested with a 

systematic catalytic study on AgxPt1-x/Pt(111) surface alloys, which includes structural 

information from STM measurements performed before and after the electrocatalytic 

measurements of the activity (ORR). Furthermore, the corrosion behaviour of the bimetallic 



Objective  6 

surface is investigated in detail to draw conclusions on the interplay of structure, stability and 

activity of the surface. 

This thesis is structured as follows: Chapter 3 gives an overview of the theoretical background 

necessary to understand the structure formation of bimetallic surface alloys (Section 3.1), 

their chemical properties (Section 3.2), their electrochemical characterization (Section 3.3) 

and their electrocatalytic activity (Section 3.4), focusing on the AgxPt1-x/Pt(111) surface alloy. 

Furthermore, the stability and corrosion of bimetallic (surface) alloys is presented 

(Section 3.5). Chapter 4 introduces a detailed description of the experimental set-up including 

the EC cell and the UHV-EC transfer system as well as procedures for the preparation of 

AgxPt1-x/Pt(111) surface alloys and clean EC measurements. In Chapter 5 the original 

publications are presented, discussing in detail the experimental set-up used in this thesis 

(UHV-EC coupled with an additional collector electrode) as well as the UHV-EC set-up 

(combined with DEMS) previously developed at our institute, see Section 5.1. The systematic 

electro-chemical and -catalytic investigations of AgxPt1-x/Pt(111) surface alloys and of the 

stability and corrosion of the surface alloys are described in Sections 5.2 to 5.4. The key 

findings of this thesis are summarized in Chapter 6. 
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3 Theoretical part 

Since numerous bimetallic materials exhibit an interesting electronic/chemical behaviour and 

some of them improved activities and/or improved selectivity for catalytic reactions compared 

to their individual metal components,
[20-23]

 a fundamental understanding of the properties of 

bimetallic surfaces (e.g., alloyed surfaces) plays an important role for the development of new 

catalyst materials.
[24]

 A simple, well-defined model system to study bimetallic surfaces and 

their catalytic activity are bimetallic surface alloys supported on metal single crystals, where 

the intermixing of the metals is confined to the topmost layer only. Due to the mono-metallic 

substrate (host metal), changes in the chemical properties of these surfaces can directly be 

related to changes in the surface composition (varying composition of metal A and B). Since 

already changes on an atomic scale of the surface can induce a significant change in the 

electronic/chemical behaviour of the surface, an exact knowledge of the atomic surface 

structure is prerequisite for an unambiguous correlation between the surface composition and 

the respective chemical properties (or activities) of the surface (structure activity relationship) 

of this model system. Therefore the access to a method for surface characterization, which 

provides an exact knowledge of the distribution of the atoms in the surface layer, such as 

scanning tunnelling microscopy (STM), is mandatory. Besides the introduction of different 

bimetallic model systems the following chapter focuses mainly on the bimetallic monolayer 

surface alloys including the alloy formation process, their characterization and classification. 

Furthermore, the structure-activity relationship of bimetallic surface monolayer alloys for 

electrocatalytic reactions is discussed in general, aiming at the effects responsible for the 

deviation of the activity compared to the respective mono-metallic systems. 

Since this work is particularly focused on bimetallic AgxPt1-x/Pt(111) surface alloys, the 

surface characterization, the alloy formation process and the electrocatalytic activity are 

discussed in the picture of this surface alloy system in the respective sections. In the last part 

of this chapter the importance of stability and corrosion of the catalytic surface is discussed in 

a general picture, focusing on the interplay of structure, stability and activity. 
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3.1 Structure formation of bimetallic surface alloys 

To prepare bimetallic surface alloys and to investigate their structure activity relationship it is 

crucial to understand the surface formation processes and the resulting surface structures. 

These two points are introduced in the following sections in general for different surface alloy 

combinations, but also related to the structural and chemical properties of bimetallic 

AgxPt1-x/Pt(111) surface alloys. 

 

3.1.1 Bimetallic growth modes 

The first step of the formation of a surface alloy is the deposition of the guest metal A on the 

host metal B (substrate). Under thermodynamic controlled conditions the structure formation 

on an (atomically) flat single crystalline substrate metal B is described by one of the three 

different thermodynamic growth modes called Frank-van der Merwe, Stranski-Krastanov and 

Volmer-Weber.
[25-27]

 Whether the first, the second or the third mode is observed depends 

strongly on the interaction between the guest and the host metals. 

 

Figure 3.1-1: Schematic illustration of the three thermodynamic growth modes for a) Frank-

van der Merwe , b) Volmer-Weber and c) Stranski-Krastanov growth mode. 
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The three different growth modes are schematically depicted in Figure 3.1-1 a to c in side 

views, exhibiting an exclusive layer by layer growth for the Frank-van der Merwe mode, 

presented in Figure 3.1-1 a. For the Volmer-Weber growth mode an island growth is 

observed, starting already before the first layer is completed, as illustrated in Figure 3.1-1 b. 

During the Stranski-Krastanov growth, which is shown in Figure 3.1-1 c, first the formation 

of one (or more) closed monolayer(s) of A on the substrate B is observed, followed by island 

growth starting on the last closed layer. The driving force for the different growth modes is 

the minimization of the surface free energy of the system    given in Equation ( 3.1-1 ), 

where the     is the surface free energy of the substrate (A),     the surface free energy of 

the deposit (B) and     the surface free energy of the interface between A and B. 

                 ( 3.1-1 ) 

 
  

If the surface free energy    is positive, growth follows the Volmer-Weber mode, while for a 

negative    the growth follows the Frank-van der Merwe mode. If the surface free energy 

changes at a critical layer thickness during growth (such as one or more closed monolayers), 

the Stranski-Krastanov growth mode is observed. These modes can be observed for physical 

vapour deposition of metals under UHV conditions as well as for other deposition processes 

like electrochemical deposition. It is important to mention that these growth modes are a 

thermodynamic description of the structure formation, which implies that they are only valid 

for sufficiently high temperatures during growth, which allows overcoming of the kinetic 

barriers. 

For growth conditions differing from the models mentioned above, a description of the initial 

growth of metal islands on a metal substrate is given by the kinetic growth theory. This theory 

has been discussed in detail in references 
[28-30]

 and is only presented very briefly in the 

following, considering only 2D island formation and complete condensation. The growth of 

metal nanostructures on a metal substrate involves different processes including adsorption, 

surface diffusion, nucleation and desorption of deposited atoms on/from the surface. The 

formation of islands of a metal A on a substrate metal B is normally studied at temperatures 

where desorption of ad-atoms can be excluded, since the activation of this process needs high 

thermal energies. The deposited ad-atoms first diffuse on the surface and then form stable 

islands by (stable) forming a nucleus with other atoms. This diffusion happens by a hopping 

process on the surface described by a potential energy surface (PES) with diffusion energy 

barriers, which have to be overcome. Diffusion is furthermore influenced by several 
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parameters (e.g., temperature, diffusion energy barrier etc.). If the PES is uniform, the 

diffusion process can be described in a relative simple way. This is different for locally or 

periodically perturbed potential energy surfaces, where the description of the diffusion 

process requires more complex rate equations, which consider local variation of the diffusion 

energy barrier. A local perturbation of the PES can be caused, e.g., by point defects in the 

surface, or a perturbation by a modification of the surface morphology, e.g., metal supported 

graphene monolayers.
[31]

 Nevertheless, a diffusing ad-atom preferentially sticks to the sites 

with the highest adsorption energy in the PES (presupposed the ad-atom can provide the 

required kinetic energy). For the growth of a metal on a metal substrate, e.g., Ag on Pt(111), 

the PES can be approximately assumed as uniform due to the large monometallic terraces, 

even though local perturbations occur at the step edges. There exist also some monometallic 

systems exhibiting surface reconstruction, such as the herringbone reconstruction on Au(111), 

which would be reflected by a local variation in the PES.
[32,33]

 

The growth of Ag on Pt(111) was already extensively studied by several techniques. Based on 

Auger electron spectroscopy (AES) and Ag thermal desorption spectroscopy studies Davies et 

al. concluded on a Stranski-Krastanov growth mechanism.
[34]

 This was also confirmed by 

XPS measurements by Härtel et al..
[35]

 STM investigations at room temperature in the sub-

monolayer regime revealed that the Ag growth starts at the step edges of the Pt surface, 

forming rather large, round-shaped, pseudomorphic monolayer high Ag islands extending 

over the terraces.
[15,16,36,37]

 This growth behaviour is depicted exemplarily by STM images in 

Section 5.2. 

 

3.1.2 Formation of bimetallic surface alloys 

A general approach for the formation of bimetallic surface alloy systems is the alloy 

formation under UHV conditions by metal deposition and subsequent annealing to elevated 

temperatures. For this purpose a metal A is evaporated on a substrate (bulk) metal B, which 

leads to the growth of A on B via nucleation and growth process, as described in the previous 

Section 3.1.1. For alloy formation, the bimetallic sample is annealed to temperatures which 

are sufficient for lateral diffusion, but insufficient for bulk diffusion (due to kinetic 

hindrance).
[38,39]

 Depending on the employed metal combination and on the parameter of the 

annealing process (e.g., heating/cool down rates, annealing time, etc.), annealing leads to 

different types of alloys, as shown in Figure 3.1-2, like the uniform bulk alloy, the near 

surface alloy and the surface alloy. For the uniform bulk alloy (left in Figure 3.1-2) the atom 
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distribution of A and B is identical in the bulk and at the surface. The near surface alloy 

(middle part Figure 3.1-2) exhibits a bimetallic alloyed area on a mono-metallic bulk, covered 

by (a) top layer(s), which preferentially consists of one sort of metal atom (possibly with a 

few guest atoms). In the surface alloy the guest metal is only incorporated in the topmost atom 

layer(s) of the host metal (right side in Figure 3.1-2). 

 

 

Figure 3.1-2: Schematic illustration of the three different types of bimetallic alloy systems: 

uniform bulk alloy (left), near surface alloy (middle) and surface alloy (right). 

 

The intermixing of two metals in the surface is on the one hand dependent on the miscibility 

of the metal compounds (thermodynamic equilibrium), on the other hand influenced by the 

temperature (thermodynamic control). For alloys the miscibility can be characterized in a 

good way by bulk phase-diagrams. Though, there may be large differences between the alloy 

formation processes occurring at the surface of a metal and the respective alloy formation 

observed in the bulk. Interestingly, there are bimetallic systems, which show miscibility gaps 

or immiscibility for certain concentration ratios in the bulk that form two-dimensional alloys 

in the topmost layer of the surface. Some examples for bimetallic surface alloys, which are 

immiscible in the bulk, are presented in Table 3.1-1 in the left column, whereas the right 

column gives some examples for bimetallic combinations, which are miscible. 

Surface alloys are only formed if the energetic barrier of the adsorbed metal for diffusion into 

the bulk is much higher than that for the formation of a surface alloy.
[44]

 The driving force for 

diffusion into the bulk mostly consists of an energetic and an entropic part, where the latter 

depends on the temperature of the system. It is identical for all systems. The energetic part, 

important for the intermixing of bimetallic alloys, is the segregation energy of the system. The 

segregation energies of several 3d/4d/5d metal-combinations in bimetallic surface alloy 

systems have been calculated by Christensen et al., based on density functional theory (DFT) 

calculations.
[54]

 The methods applied for this energetic description of surface alloys show 
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general trends in the structure and stability of bimetallic alloy systems. The results for each 

system are depicted in surface energy curves, where the surface energy is plotted against the 

concentration of the guest metal A. This way, the intermixing behaviour of bimetallic systems 

can be classified, as depicted exemplarily in Figure 3.1-3 for different metal combinations. 

The straight line describes the change in surface energy for a total phase separation between 

the two metals, where the slope of the straight line represents the segregation energy of the 

system. The actual run of the surface energy curve in this model is described by a parabola. 

 

Table 3.1-1: Different bimetallic surface alloys sorted by the miscibility of their single metal 

compounds in the bulk. 

 

Bimetallic surface alloys 

(partly) Immiscible in Bulk Miscible in Bulk 

AuxPt1-x/Pt(111)
[40,41]

 PtxRu1-x/Ru(0001) 
[42-44]

 

AgxCu1-x/Cu(111)
[45]

 PdxRu1-x/Ru(0001) 
[46]

 

AuxNi1-x/Ni(110)
[47,48]

 AuxPd1-x/Pd(111) 
[49,50]

 

AgxPt1-x/Pt(111)
[16,51]

 AgxPd1-x/Pd(111) 
[52,53]

 

 

For negative segregation energies (top row in Figure 3.1-3) the deposited metal stays in the 

topmost layer of the substrate metal, whereas positive segregation energies (bottom row in 

Figure 3.1-3) result in dissolution of the adsorbed metal species in the bulk of the substrate. 

Since bulk diffusion is in general always driven by entropy (large number of sites available in 

the bulk) usually systems with negative segregation energies tend to be more stable compared 

to systems with positive segregation energies. 

The mixing energy of the two metals, which is negative for repulsive interactions between A 

and A and positive for attractive A-A interactions, is described by the vertical difference 

between the line and the parabola in Figure 3.1-3. A negative mixing energy results in stable 

or metastable alloying with a disperse distribution of the atoms (left column in Figure 3.1-3). 

In the opposite case, positive mixing energies lead to phase separation of the alloy (right 

column in Figure 3.1-3). For more detailed information the reader is referred to reference.
[54]

 

Because of the calculated negative segregation energy and a positive mixing energy for the 

bimetallic AgPt system, which is exemplarily illustrated in Figure 3.1-3 (top row and right 

column), the formation of a surface alloy with a clear tendency for phase separation is 

predicted. This fits for AgxPt1-x/Pt(111) alloys, statistically evaluated from atomically 
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resolved STM images with chemical contrast.
[16]

 Also other calculated bimetallic systems, 

like PtxRu1-x/Ru(0001)
[42,43]

 and AuxPd1-x/Pd(111)
[49,50]

, match with the theoretical predictions. 

Nevertheless, it has to be mentioned, that the introduced model for surface alloy formation 

neglects entropic effects as well as structural relaxation processes (like lattice mismatch), 

which could lead to a deviation of the experimentally observed mixing behaviour from the 

theoretically predicted, as it has been shown for AgxPd1-x/Pd(111).
[53]

 

 

 

Figure 3.1-3: Examples of surface energy curves belonging to each generic class of alloys 

obtained by calculations. Figure reprinted from reference 
[54]

 with permission from A. 

Christensen, A. V. Ruban, P. Stoltze, K. W. Jacobsen, H. L. Skriver, J. K. Nørskov, F. 

Besenbacher ; Physical Review B, 56, 5822, 1997. Copyright (1997) by the American 

Physical Society. 

 

To gain insight in the interplay between the interesting catalytic activity and the surface 

structures of surface alloys, a detailed structural characterization of the surface atom 

distribution is required. Especially in the field of bimetallic catalysts the respective activity 

strongly depends on geometric effects on the atomic-scale, like the ensemble and ligand 

effect, which is explained in Section 3.2. Although there are several spectroscopic techniques 

which are highly sensitive to the surface composition and the oxidation state of the surface 

atoms, e.g., X-ray photoelectron spectroscopy (XPS) or Auger electron spectroscopy (AES), 

detailed information on the atomic distribution and atomic surface structure is not accessible 

by these methods. Also methods which are very precise in the determination of crystal-

structure and particle sizes, e.g., low energy electron diffraction (LEED) or x-ray diffraction 
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(XRD), can only clarify the crystallographic structure for bimetallic surface alloys if they 

exhibit ordered, recurring structures.
[22,55-57]

 For surface alloys with disordered atom 

distributions the techniques mentioned above are unsuitable, since disordered bimetallic 

surface alloys, e.g. AuxNi1-x/Ni(110)
[48]

, PtxRu1-x/Ru(0001) 
[42,43]

 or AgxPt1-x/Pt(111)
[15]

, 

exhibit no long-range order (LRO). The only technique allowing to determine surface atom 

distributions of these bimetallic surface alloys on an atomic-scale level so far is STM, since 

this technique allows us to differentiate between two different types of metal atoms in the 

surface by chemical contrast,
[42,58-64]

 as it can be seen in Figure 3.1-4 a and b for two different 

types of surface alloys. The chemical contrast is caused by differences in the electron 

properties between different atom types and was seen for the first time on a Pt25Ni75 single 

crystal bulk alloy by Schmid et al..
[58]

 Several representative systematic studies on the STM 

investigations of bimetallic surface alloys have been performed, e.g., AuxPt1-x/Pt(111)
[41]

, 

PtxRu1-x/Ru(0001)
[44]

, CuxPd1-x/Ru(0001)
[65]

, AgxPd1-x/Pd(111)
[52,53]

 and AgxPt1-x/Pt(111)
[16]

. 

So, this surface sensitive method allowed for a quantitative characterization of the surface 

atom distribution, which can, e.g., be characterized by Warren-Cowley lateral short range 

order (SRO) parameters.
[66-69]

 Using this parameterization, bimetallic surface alloys can be 

classified into different types based on the distribution of the atoms in the surface layer: 

i. the dispersed atom distribution with a dominance of A-B neighbours, e.g., 

AuxPd1-x/Pd(111)
[49,50]

, AuxPd1-x/Ru(0001)
[70]

 and CuxPd1-x/Ru(0001)
[71]

, 

ii. the random or statistical atom distribution, with no distinct preference neighbours, 

e.g., PtxRu1-x/Ru(0001)
[42,43]

, 

iii. the atom distribution with tendency for phase separation, where the preference of A-A 

and B-B over A-B neighbours leads to the formation of homo-atomic 2D clusters or 

large homo-atomic domains of metal A or B, which are homogeneously distributed 

over the surface, e.g., in AgxPt1-x/Pt(111)
[15]

 and CoxAg1-x/Ru(0001)
[72,73]

 

STM images and schematic illustrations of bimetallic surface alloys with random/statistical 

and phase separated atom distribution characteristics, which are the two most common types, 

are presented in Figure 3.1-4. For a random distributed surface alloy a STM image of a 

Pt50Ru50/Ru(0001) surface alloy is presented in Figure 3.1-4 a, whereas Figure 3.1-4 b shows 

a Ag46Pt54/Pt(111) surface alloy exhibiting a tendency for phase separated distribution. Figure 

3.1-4 c and d give a schematically illustration of the random distributed and the phase 

separated surface distribution, respectively. The bottom part of Figure 3.1-4 in c and d shows 
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a side view along the line scan (red line) for the two surfaces, which illustrates the surface 

alloy character of both systems. 

Since the general classification of the different types of surface alloys has been discussed 

above, now the most important aspects influencing the formation of surface alloys are 

reconsidered. If the temperature during surface alloy formation is chosen correctly (sufficient 

for lateral diffusion, but insufficient for bulk diffusion due to kinetic hindrance) two-

dimensional intermixing without tendency for bulk diffusion of the deposited species is 

observed. Thus, this structure represents a metastable state, since in principal the dissolution 

into the bulk is for entropic reasons always favoured. Furthermore, the formation of surface 

alloys depends on different parameters like the surface orientation, differences in the surface 

energy and the next neighbour (NN) distances of the metals.
[77-81]

 In general, impurity atoms 

with larger NN distance compared to the bulk metal tend to segregate to the surface to relieve 

strain.
[81]

 Also for metals with a low surface energy compared to the substrate it is 

energetically more favourable to stay on the surface. 

During annealing of the surface for alloy formation, the metal A gets incorporated into the 

(surface-)structure of the substrate metal B, following two possible processes of alloy 

formation that have been proposed in the literature. The first model describes alloy formation 

by vacancy mediated diffusion of ad-atoms on the surface
[82-84]

 shown for (Ni/Cu)
[85]

, 

Pd/Cu(001)
[86]

, Pb/Cu(111)
[87]

,and Pd/Cu(111)
[88]

, while the second model describes a place 

exchange mechanism between ad-atoms on the surface and atoms from the topmost layer of 

the substrate
[83,87]

, as it is demonstrated for, e.g., Rh/Ag(001)
[89]

. The temperature for surface 

alloy formation has to be adjusted in the right way, since too high temperatures can lead to 

very strong bulk diffusion, for reasons mentioned above, and (only in very rare cases) to 

desorption of the guest metal A from the surface into the gas phase. If the temperature is too 

low, no alloy formation occurs. 
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Figure 3.1-4: Atomically resolved STM images of bimetallic surface alloys for a) a random 

distributed Pt50Ru50/Ru(0001) surface (13 x 13 nm²) 
[44]

 and b) a Ag46Pt54/Pt(111) surface 

(10 x 10 nm²) with a tendency for phase separation 
[16]

. c) and d) gives a schematic 

representation in top view (top part) and side view along the red line (bottom part) for a 

random or statistical distribution and a distribution with a phase separated character, 

respectively. a) reproduced from reference 
[16]

,b) reproduced from reference 
[44]

 with 

permission from the PCCP Owner Societies 

 

Annealing of Ag covered Pt(111) surfaces to temperatures above 620 K leads to the formation 

of surface confined alloys
[15,90]

, also confirmed by Auger electron spectroscopy with a Ag loss 

smaller than 5 %
[91]

. The onset of surface alloy formation is at about 620 K
[15]

, whereas the 

alloy formation is completed after annealing the surface to appropriate higher temperatures (to 

avoid bulk dissolution)
[15,16]

. Spectroscopic confirmation of Ag/Pt mixing on Pt(111) after 

annealing to 760 K was given by XPS measurements.
[17]

 They revealed a uniform down-shift 

of the Ag(3d5/2) binding energy by about 0.4 eV compared to Ag(111) for all compositions 
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(below 1 ML) already before alloying.
[17]

 After alloying an additional shift appears, varying 

with the Ag content in the surface. It shows a maximum additional down shift of ca. 0.3 eV 

for vanishing Ag content.
[17]

 Mixing was furthermore confirmed by TPD measurements with 

CO, which showed an additional TPD peak after alloying at ca. 570 K, attributed to CO on Pt 

clusters embedded in Ag.
[17]

 The proposed mechanism of the process of surface alloy 

formation for AgxPt1-x/Pt(111) surface alloys at low temperatures, which is important for the 

discussion on the stability of the surface alloy later on, is depicted in Figure 3.1-5a.
[16,44]

 In 

sketch (I) of Figure 3.1-5a the partly Ag covered Pt(111) before alloy formation is 

schematically illustrated in a side view. During annealing Agad atoms get mobile and detach 

from the pseudomorphic Ag islands, as indicated by the arrow in sketch (II). These diffusing 

Agad atoms can then exchange with Pt atoms in the Pt(111) surface, as depicted in sketch (III), 

Figure 3.1-5a. For this process the highest probability was assumed for the Pt (Ag) step edges 

[92]
, but for reasonable high temperatures this process can also occur further away from the 

step edges. The exchanged Pt atoms diffuse to a Pt (Ag) step edge, where the Ag atom is 

embedded in the Pt(111) surface, as depicted in sketch (IV). The exchange mechanism is 

reversible, which allows also the exchange of Pt with Ag atoms and vice versa. This is 

illustrated in Figure 3.1-5b. At temperatures, where alloy formation occurs, the Pt and Ag 

atoms are mobile on the surface, see sketch (I), leading to an alloyed island grown as marked 

with the black dotted circle in sketch (II). Since the Pt-Pt binding energy is higher compared 

to that of Ag-Pt, the probability of the reversible process of Pt-Ag exchange is much lower. 

Hence, the substrate implemented Ag atoms perform an exchange with a Pt atom from the 

overgrowing island. The exchanged Ag atom then diffuses to a step edge (see sketch (IV)). 

Both atoms, Ag and Pt, prefer the adsorption on Pt. A smaller mismatch between AgPt and 

bare Pt compared to bare Ag and bare Pt leads to a better energy state of the system and thus 

results in a favoured integration of Ag in the surface and not in the bulk. This prevents the 

overgrowth of Ag atoms by a Pt atom, as marked by the red circle in Figure 3.1-5 b sketch 

(II).
[44,92]

 So both atoms, Ag and Pt, favour places on top of Pt, which leads to an overgrowth 

of the alloy islands only over Ag free areas resulting in a pure surface alloy. 
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Figure 3.1-5: a) Start of the surface alloy formation schematically illustrated for a Ag covered 

Pt(111) surface with place exchange mechanism. b) Scheme of the growth of the alloyed AgPt 

island structures on the surface. See text for details. 

 

The formation and structure of two-dimensional AgxPt1-x/Pt(111) surface alloys was 

extensively studied by high resolution STM measurements with chemical contrast in our 

group.
[16]

 This allowed for a statistical analysis of the AgPt surface ensembles, which is 

crucial for the discussion on the electrocatalytic activity of the AgxPt1-x/Pt(111) surface alloys, 

as it is presented in Section 5.3 and in reference 
[93]

. In the statistical analysis the abundance 

of different mono-metallic and bimetallic compact ensembles in the surface, e.g., twofold, 

threefold, fourfold ensemble etc. (as depicted in Figure 3.1-6), is determined. The statistics of 

the AgxPt1-x/Pt(111) surface alloy system for the abundance of different dimer, trimer, 

tetramer and pentamer AgxPty ensembles in the surface as function of the Ag concentration 

(xAg) is presented in Figure 3.1-7 a to c, respectively (data from reference 
[16]

). The filled 

symbols represent the experimental data, whereas the lines represent the calculated data for a 

random distribution of the atoms. The strong deviation between the experimental data and the 

calculated random distribution shows the phase separated character of the AgxPt1-x/Pt(111) 

surface alloy, which is supported by the analysis of short-range-order parameters (SRO).
[16]

 

This phase separated character was already shown experimentally by Röder et al.
[15,36,94,95]

 

and predicted by DFT calculations by Christensen et al.
[54]

. 
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Figure 3.1-6: Schematic illustration of 2-fold, 3-fold and 4-fold compact ensembles with 

different composition. The respective adsorption sites for a molecule are marked by a red dot. 

 

 

Figure 3.1-7: Number of a) 2-, b) 3-, c) 4- and d) 5-fold sites as function of the Ag content 

xAg, based on the data from reference 
[16]

.The ensemble-configuration is depicted in each 

diagram, where the symbols present the experimental data and the lines the expected data for 

a random distributed surface.  
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3.2 Chemical properties of bimetallic surface alloys 

As already mentioned, bimetallic surfaces show interesting differences in catalytic activities 

and selectivity compared to the mono metallic surfaces. During the last decades large efforts 

were carried out to describe and understand the chemical properties of bimetallic surfaces, 

like adsorption and reaction experiments.
[22,23,96]

 In addition, lot of insight and explanations 

from computational studies have been gained for the activity of bimetallic surfaces, including 

exact predictions for experimental studies.
[96-100]

 The main effects, which are responsible for 

the interesting catalytic behaviour of these surfaces, are briefly summarized and explained in 

this section. 

The activity of a catalyst is strongly dependent on the binding energy (BE) between the 

catalyst and that of the respective adsorption or reaction relevant adsorbing species. 

According to the Sabatier principle, the binding energy should neither be too weak nor too 

strong.
[101]

 If the binding energy is too weak, the reactant may not adsorb on the surface, while 

in the case of a too strong binding energy the reaction product may stay on the surface, which 

leads to a blocking of the active sites and this way to a deactivation of the catalyst. These 

dependencies lead to a volcano-like relation between the binding energy of the catalytic 

surface and the adsorbing species and the activity of the catalyst, with a maximum in activity 

at the top of the volcano curve (as it is illustrated in Chapter 3.4.1 for the ORR). The binding 

energy is not only influenced by the electronic properties of the metals of the catalyst, but also 

by the structural properties of the surface, e.g., surface orientation, e.g. (111) facets, surface 

defects and the local composition of the surface.
[12]

 Furthermore, it is affected by the surface 

and interaction of the catalyst(-particles) with the support material. The most relevant effects 

in this context are strain effects 
[102,103]

 and vertical ligand effects 
[104-106]

 as well as ensemble 

and horizontal ligand effects 
[107-110]

. The ensemble- and ligand-effects have already been 

discussed by Ponec et al. in 1972 on Ni alloyed Cu surfaces to explain the nonlinear 

dependence of reaction rates on the concentration of the individual metallic compounds. 
[110]

 

For the discussion on the activity of surface confined bimetallic alloys, as they are 

investigated in this work, ensemble and horizontal ligand effects as well as the strain and 

vertical ligand effects have to be emphasized. Therefore these effects are briefly described in 

the following sections. More detailed information concerning electronic and geometric effects 

can be found in references.
[23,49,96,111]
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3.2.1 Strain and vertical ligand effects 

The adsorption of a monolayer of metal A on a substrate metal B induces a local strain in the 

surface, which is due to the lattice mismatch of the different metals. In the case of a larger 

lattice constant of the bulk of the adsorbed atom A compared to the lattice constant of the 

substrate metal B and for pseudomorphic growth this results in a compressive strain, while in 

the case of a smaller lattice constant of A compared to B the opposite effect is observed, 

introducing a tensile strain in the surface. This strain leads to a change in the electronic 

structure of the surface.
[98,103]

 In the case of a single atom of A incorporated in the surface of 

metal B, such a change in the electronic structure is only observed very locally. For both cases 

the change in the electronic structure can be explained by the d-band model.
[98,102]

 A 

compressive strain leads to a broadening, a tensile strain to a narrowing of the d-band. Thus, 

the d-band centre has to shift down/up to maintain the filling of the d-band, which results in 

an up-/down shift of the energy of the d-band centre. The coupling between strain and the d-

band centre for both cases is illustrated in Figure 3.2-1, where partially filled d-bands with the 

centre of the d-band εd and the Fermi level εF are shown in sketches (I)a and (I)b, respectively. 

Figure 3.2-1 a represents the coupling for a tensile strain in the surface layer. When the width 

of the band is decreasing, as shown in sketch (II), the number of d-electrons can only be 

maintained by an up shift of the d-band centre (see sketch (III)).
[112]

 The shift is illustrated 

with red arrows and labelled with δεd. The opposite behaviour is demonstrated in Figure 

3.2-1 b for a compressive strain of the surface. For an increase in the bandwidth (II) the d-

band centre has to be shifted down (III). The shift in the d-band is correlated linearly to the 

degree of strain.
[98,112]

 A comparable effect (but no strain effect) on the d-band of the metal 

can also be induced by the presence of subsurface hetero-metal atoms, which leads to a charge 

transfer between the metals, induced by a hybridization of the d-states in the topmost 

layer.
[104-106]

 This effect is called the vertical ligand effect. Both effects, the strain effect and 

the vertical ligand effect, directly influence the sorption and dissociation properties of 

adsorbates on the respective surfaces. 

There are different experimental approaches, which try to disentangle strain and the ligand 

effects. The influence of the strain on the adsorption behaviour was studied by STM on 

adsorbed oxygen atoms and CO molecules on subsurface argon bubbles on a Ru(0001) 

surface 
[113]

, whereas the effect of the substrate on metal overlayers, e.g., Pd, Cu and Ni 

overlayers on transition metals with different surface orientations, was investigated amongst 

other methods, e.g., by CO-TPD and reflection absorption infrared spectroscopy.
[114,115]

 

Experiments combined with DFT calculations on the CO adsorption on Pt monolayers on 
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Ru(0001) also delivered a closer insight.
[116]

 It was shown, that for the first three monolayers 

of Pt the electronic influence of the substrate and the strain effect are both active into the same 

direction, for coverages higher than four monolayers of Pt only the strain effect remains 

active.
[116]

 Electrochemical measurements under reaction conditions revealed for the ORR a 

lower activity for one monolayer of Pt on Ru(0001) compared to Pt(111), whereas for two or 

more monolayers the activity gets closer to that of Pt(111).
[117]

 Theoretical studies (DFT 

studies) on the hydrogen adsorption on strained Pd(111) surfaces in comparison to 

pseudomorphic Pd overlayers showed that it is strongly dependent on the system whether the 

strain or the ligand effect is dominant.
[118]

 

 

 

Figure 3.2-1: Schematic illustration for the influence of the d-band by a) a tensile strain and b) 

a compressive strain. For d-band filling > 0.5, tensile strain leads to an upshift of the d-band 

centre, compressive strain to a downshift. 

 

3.2.2 Horizontal ligand and ensemble effects 

Different kinds of adsorption sites provide energetically different properties for adsorbates on 

the surface.
[23,119]

 Thus the ensemble effect is an important point, since it describes the 

modification of the adsorption and reaction properties due to the changes of the ensemble 

composition as well as the changes in availability of ensembles with certain structure.
[107-110]

 

Monometallic and bimetallic ensembles have already been schematically depicted in a top 

view in Figure 3.1-6 by yellow and blue circles, which represent the different metal atoms, for 

2-fold, 3-fold and 4-fold adsorption sites. The respective adsorption sites are marked with red 

dots and are different for each type of ensemble. Additionally, the adsorption behaviour of the 

individual atoms is strongly influenced by their chemical neighbourhood, which is called the 
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horizontal ligand effect. This effect is illustrated in Figure 3.2-2, where an atom A is 

surrounded by different number of atoms B. Hetero-atoms B in the vicinity of a site A lead to 

a change in the electronic structure of the atom A by a shift in the d-band centre and by this to 

a change in the reactivity of the adsorption site. The respective adsorption sites are marked 

with a red dot in Figure 3.2-2. The shift in the centre of the d-band is explained in the same 

way as in the case of the vertical ligand effect, introduced above. 

Appropriate ways for the investigation of the ensemble and ligand effects are experimental 

studies on the sorption properties of probe molecules or catalytic reactions studied on well-

defined surface alloys, where the local structural elements are determined by atomically 

resolved STM imaging before.
[16,39,41,44,46,53,65]

 It was shown, that the influence of the 

ensemble effect is not necessarily related in a linear way to the composition of the surface 

alloy, but is strongly dependent on the order of the surface atoms (phase separated character, 

random distribution etc.) and thus on the abundance of catalytically relevant ensembles. The 

non-linear behaviour was illustrated in electrochemical experiments by the desorption of 

hydrogen or OH on different bimetallic surface alloys, such as AuxPt1-x/Pt(111)
[120]

 and 

PtxRu1-x/Ru(0001)
[121]

. These measurements also allowed the conclusion that the hydrogen 

and OH adsorption both required a 3-fold desorption site, since the desorption trend of 

hydrogen and OH both followed a third polynomial order, as it was also observed for the 

abundance of the Pt3 ensembles shown by high resolution STM before.
[120]

 Furthermore, TPD 

measurements of COad and infrared reflection adsorption spectroscopy (IRRAS) on AgxPt1-

x/Pt(111) surface alloys performed in our group revealed a stabilization of COad on Pt-sites 

with Ag-rich neighbourhood, as indicated by an additional desorption feature appearing at 

higher temperature.
[18]

 

 

 

Figure 3.2-2: Schematic illustration of a surface atom surrounded by different amount of 

hetero-atoms. The respective adsorption sites for a molecule are marked with the red dot. 
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3.3 Electrochemical characterization of the AgPt system 

 

To discuss the activity and the stability of bimetallic AgxPt1-x surface alloys on Pt(111), as it is 

presented in the Sections 3.4 and 3.5, a detailed knowledge on the electrochemical (EC) 

properties of the mono-metallic surfaces of Ag and Pt as well as of the mixed AgPt bimetallic 

system is inevitable. The electrochemical properties, which are based on the effects presented 

in Sections 3.2.1 and 3.2.2, are summarized briefly in the following chapter, starting with the 

EC properties of Ag and Pt single crystal surfaces, followed by the electrochemical properties 

of the bimetallic systems. 

 

3.3.1 Electrochemical properties of Ag and Pt single crystals 

The electrochemical behaviour of bare Ag and Pt surfaces was already studied extensively 

both by experimental and theoretical approaches.
[122-127]

 The common results and findings are 

briefly summarized in the following chapter. The stability of the respective monometallic Pt 

and Ag system will be discussed separately in more detail in Section 3.5. 

For the discussion of the electrochemical and electrocatalytic properties of the bimetallic 

AgPt surfaces an understanding of the electrochemical behaviour of the monometallic single 

crystals is prerequisite. Therefore a characteristic cyclic voltammogram of Pt(111) recorded in 

0.5 M H2SO4 supporting electrolyte in a potential window between 0.05 V and 0.85 V at 

50 mV s
-1 

is presented in Figure 3.3-1 a. The current features at potentials slightly below 

0.35 V (Region I) are related to the under potential deposition (HUPD) and desorption of 

hydrogen. As seen in the cathodic scan of the cyclic voltammogram, at potentials below 

0.05 V the hydrogen evolution reaction (HER) sets in. The features between 0.35 and 0.55 V 

(Region II) are attributed to the ad/desorption of (bi)-sulphates on/from the Pt(111) 

surface.
[128,129]

 At 0.69 V in the anodic and 0.66 V in the cathodic scan (Region III), the 

current features represent the co-adsorption/-desorption of hydroxyl species on/from the 

surface.
[130]

 Pt(111) is electrochemically stable in sulphuric acid in a potential range from 

0.05 to 1.10 V vs. RHE, while at higher potentials the surface begins to roughen and 

dissolution is observed upon cycling.
[122,124,125,131]
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Figure 3.3-1: Cyclic voltammograms a) of Pt(111) recorded in 0.5 M H2SO4 at 50 mV s
-1

 vs. 

RHE and b) of Ag(111) recorded in 1.0 M H2SO4 at 10 mV s
-1

 vs. NHE 
[132]

. See text for 

details. b) reproduced from reference 
[132]

 with permission of Electrochemical Society in the 

format: Republish in a thesis/dissertation via Copyright Clearance Center. 

 

Since the first layer of Ag growths pseudomorphically on Pt(111),
[133]

 we have to consider a 

Ag(111) monolayer on the surface and thus the EC properties of a mono-metallic Ag(111) 

surface. A typical cyclic voltammogram of a Ag(111) surface is presented in Figure 3.3-1 b. 

The potentiodynamic curve between potentials of -0.20 V and 0.44 V vs. NHE is essentially 

featureless. Nevertheless, it has to be mentioned that the Ag(111) surface is covered by 

sulphate in this potential region, but sulphate sorption appears without distinct current 

features. 
[132,134,135]

 At potentials below -0.1 V the current feature corresponding to the 

reduction of H
+
/H2O to H2 becomes noticeable, and further reducing the potential leads to 

high HER currents.
[132]

 In contrast to Pt, Ag surfaces are considerably less stable in sulphuric 

acid compared to Pt(111). Already at potentials above 0.50 V one can observe clear 

dissolution features.
[132]

 

 

3.3.2 Electrochemical properties of mixed AgPt systems 

The first electrochemical investigations on bimetallic, Ag modified Pt electrode surfaces have 

been reported by Vaskevich et al..
[126]

 Therein and in further EC studies they investigated the 

formation and stability of underpotential deposited (UPD) Ag monolayers on Pt.
[126,136,137]

 The 

formation of AgUPD layers on Pt is observed, which is assumed to lead to the formation of a 

AgPt surface alloy upon cycling
[126]

. This surface alloy was characterized to be stable in the 

whole UPD regime.
[126]

 Electro-reflectance measurements exhibited the formation of 3D Ag 

clusters from the 2D Ag layer structure when moving from underpotential deposition to 
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overpotential deposition on Pt(111).
[137]

 Ag deposited on the Pt surface leads to a decrease of 

the number of adsorption sites available for the HUPD
[136]

, which results in a linear dependence 

of the HUPD charge on the Ag content. This linear relationship is presented in Figure 3.3-2 a 

for Ag modified Pt electrodes treated differently before the underpotential deposition of 

hydrogen (see caption).
[136]

 They explained it to be the result of a mechanism with preferential 

deposition of Ag on surface imperfections (created by reduction of oxide) or with deposition 

on steps and formation of a cluster/surface alloy structure.
[136]

 Vaskevich et al. concluded that 

as a result of this process roughly two ad-atoms of Ag are needed to block one site for the 

UPD of hydrogen. The relaxation of this rough structure (flattening of the cluster structure) 

then leads to the creation of a more uniform adlayer and to a flat surface, causing a decrease 

of surface area and by this a decrease of the number of adsorption sites available for the 

HUPD.
[136]

 

 

 

Figure 3.3-2: a) Dependence of the UPD hydrogen coverage on the total Ag coverage on Ag 

modified Pt electrodes. b) Cyclic voltammogram of a Pt(111) electrode in 0.05 M H2SO4 

supporting electrolyte containing 10
-3

 M Ag2O (5 mV s
-1

). See text for details. a) reprinted 

from reference 
[136]

 Journal of Electroanalytical Chemistry, 442, A. Vaskevich, E. Gileadi, 

"Underpotential-overpotential transition of a Ag overlayer on Pt: Part3. Influence of the 

rearrangement of the overlayer structure on the blocking of hydrogen UPD", 147, Copyright 

(1998), with permission from Elsevier. b) reprinted from reference 
[138]

 Electrochimica Acta, 

54, K. Domke, X. Y. Xiao, H. Baltruschat, "The formation of two Ag UPD layers on stepped 

Pt single crystal electrodes and their restructuring by co-adsorption of CO", 4829, Copyright 

(2009), with permission from Elsevier. 
 

The formation of two monolayers of Ag by under potential deposition in acidic supporting 

electrolyte on a stepped Pt(111) crystal was performed by Domke et al..
[138]

 Polarization 

curves of a Pt(111) single crystal in 0.05 M H2SO4 supporting electrolyte containing 10
-3

 M 
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Ag2O are presented in Figure 3.3-2 b, where the peaks A and A´ between 0.90 V and 1.15 V 

are attributed to the deposition and dissolution of the first atomic layer of Ag on the Pt 

surface.
[138]

 The adsorption and desorption peaks of the second AgUPD layer, which are 

labelled C and C´ respectively, are found at lower potentials between 0.70 V and 0.85 V.
[138]

 

The peak maxima decrease and shift slightly to more negative potential with increasing 

number of potential cycles.
[138]

 Continuous potential cycling exhibited the formation of a 

AgPt alloy, as already postulated by Attard et al., for a Pt(100) surface.
[139]

 Furthermore, after 

the UPD of Ag on Pt(665), a new symmetric peak at 0.27 V was reported and attributed to 

anion adsorption, which is coupled to the desorption of hydrogen in the anodic part, as 

illustrated in Figure 3.3-3.
[138]

 Upon holding the electrode at open circuit potential with time 

the current features caused by anion adsorption decreases and the temporarily emerging 

additional peak at 0.27 V decreases.
[138]

 

 

 

Figure 3.3-3: Potential cycles recorded in 0.05 M H2SO4 after deposition of Ag onto Pt(665) 

from 1 mM Ag
+
 + 0.05 M H2SO4 at open circuit for 30 s (solid lone), 60 s (broken line) and 

120 s (dotted line); scan rate 50 mV s
-1

 (grey dotted line: without Ag deposition). Reprinted 

from reference 
[138]

 Electrochimica Acta, 54, K. Domke, X. Y. Xiao, H. Baltruschat, "The 

formation of two Ag UPD layers on stepped Pt single crystal electrodes and their restructuring 

by co-adsorption of CO", 4829, Copyright (2009), with permission from Elsevier. 
  



Theoretical part  28 

3.4 Electrocatalytic activity of bimetallic surface alloys – the ORR 

 

For a discussion of the electrocatalytic behaviour of bimetallic surface alloys towards the 

oxygen reduction reaction, as it is presented in this thesis for AgxPt1-x surface alloys on 

Pt(111) (see Section 5.3), a more detailed understanding of the theoretical mechanism is 

required. Therefore, in the following sections, the ORR is first discussed in general, followed 

by a section giving an overview on the ORR activity of bimetallic AgPt systems reported in 

the literature. 

 

3.4.1 ORR in general 

Aiming at a detailed description of fundamental aspects of electrocatalytic relevant reactions,  

e.g., the electro-oxidation of CO or the oxygen reduction reaction (ORR), in experiment 

[117,120,140-142]
 and/or via computational methods

[143-146]
, many studies have been performed on 

different bimetallic materials due to their interesting catalytic behaviour. Some of the systems 

investigated, like bimetallic nanostructured catalysts, exhibited an improved efficiency 

towards the oxygen reduction reaction.
[147-151]

 The activity of the AgPt electrodes, which have 

been predicted by a theoretical model for the ORR to be more active than pure Pt
[143]

, will be 

discussed in more detail in Sections 3.4.2 and 5.3. 

One proposed reaction scheme of the oxygen reduction reaction is presented in the following. 

In the overall reaction oxygen is reduced to water (see Equation ( 3.4-1 )). The Equations ( 

3.4-2 ) to ( 3.4-5 ) show the different steps of the reaction, starting with O2 ads (the subscript ads 

marks adsorbed species), with their corresponding intermediate oxygen species Oads, OHads 

and OOHads, which will be relevant for the further discussion. 

Caused by kinetic limitations, a considerable part of the chemical energy released during the 

oxygen reduction reaction cannot be transformed into electrical energy, due to energy barriers 

in one (or more) of the sub-steps of the reaction, which are explained in the following. 

Normally the ORR proceeds via a successive, coupled four-electron transfer, presented in 

Equations ( 3.4-2 ) to ( 3.4-5 ). Thermodynamically, the oxygen reduction reaction provides a 

total voltage of 1.23 V, which means an energy release of 1.23 eV for each electron 

transferred. This would be true for an idealized catalyst, at a potential of 1.23 V, implying all 

reaction intermediates on the same energetic level and the absence of any activation barriers 
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and thus no need for additional energy to produce the particular reaction intermediates. A 

graphical representation of this ideal behaviour with equidistant adsorption energies is given 

in Figure 3.4-1 a. For a realistic system this is not correct, since for real catalysts the 

adsorption energies are typically not equidistant, as illustrated in Figure 3.4-1 b, showing free 

energy diagrams of the oxygen reduction reaction at different potentials. At the equilibrium 

potential of 1.23 V two reaction steps exhibit an increase of the free energy and thus a 

thermodynamic "barrier", namely the formation of OOHads and the reduction of OHads. To 

prevent such "barriers" the electrode potential has to be reduced to 0.8 V to avoid steps 

including an increase in the free energy. This leads to an overpotential of 0.43 V, which is the 

difference between the potential avoiding steps with an increase in the free energy (0.8 V) and 

the equilibrium potential (1.23 V). 

 

                  ( 3.4-1 ) 

 

 

                   

                                      ( 3.4-2 ) 

                                              ( 3.4-3 ) 

                                                 ( 3.4-4 ) 

                                  ( 3.4-5 ) 

 

According to the present understanding of the reaction mechanism these "barriers" can only 

be reduced within a limited range by optimization of the catalyst. This is mainly due to the so 

called scaling relation 
[152,153]

, which is explained in the next paragraph. 

Due to the Brønsted-Evans-Polanyi (BEP) relation, the energy barrier for a reaction is linked 

with the free enthalpy of the product and thus can directly be lowered by a stabilization of the 

product.
[154,155]

 Hence, to increase the ORR performance, a material has to be found, which 

stabilizes the (transition-) product of the rate determining step energetically. This can only be 

realized in a very limited way, since the reaction intermediates of the oxygen reduction 

reaction, like Oads, OHads and OOHads (see Equations ( 3.4-2 ) to ( 3.4-5 )), exhibit very similar 

adsorption geometries on the substrate which leads on different substrates to a quite similar 
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variation of the binding energies of the different adsorbates, showing approximately linear 

dependence on the oxygen adsorption reaction intermediate energy. This linear dependence is 

called the scaling relation. A stabilization of the product in the rate determining step also 

leads to a stabilization of the reaction intermediate, allowing only a proportionate 

modification of the energy barrier of the rate determining step by changing the catalyst 

material (due to the BEP relation). This leads to adsorption energies which are modified more 

or less in the same way for all the reaction intermediates, when the properties of the electrodes 

are changed from one to another electrode material. 

Finally it should be noted that to overcome these scaling relations a system has to be found, in 

which the adsorption energies depend on more than one parameter. 

 

Figure 3.4-1: Free energy diagrams of the reaction intermediates for the electrocatalytic 

oxygen reduction reaction for a) an ideal catalyst and b) for a real catalyst at different 

potentials, adopted from Hansen et al..
[127]

 

 

A theoretical plot presented by Stephens et al. of the free energies of adsorption of OOHads, 

OHads and Oads on different electrode surfaces showed a difference in the free energy between 

OOHads and OHads with a typical value of about 3.2 eV 
[156]

, implying an overpotential of 0.37 

V relative to the desired electrode potential of 2.46 V. This theoretical value of the 

overpotential matches with the minimum overpotential measured experimentally
[157]

. The 

oxygen adsorption energy as one descriptor is sufficient to characterize the activity of the 

catalyst for the reaction, due to the scaling relations. This simplifies the description of the 

oxygen reduction reaction and leads to a volcano like dependence of the reactivity on the 
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oxygen binding energy, as presented in Figure 3.4-2 for mono-metallic electrodes 
[143]

. The 

most suitable binding energy of the adsorbate results in a maximum rate of the respective 

reaction. Nevertheless, the possibilities to improve the reaction rate of the ORR to the 

theoretical thermodynamic highest value are restricted, since there are always hindrances (e.g. 

kinetical) causing an overpotential for the use of real catalysts. To reduce the overpotential of 

the oxygen reduction reaction, the one dimensional scaling relations of reactions with several 

intermediates have to be overcome, as it has been discussed for the ammonia synthesis.
[158]

 

There oxide surfaces or surfaces with low-coordinated sites (like alkali-modified step sites) 

are applied as catalysts.
[158]

 For the oxygen reduction reaction appropriate catalyst surfaces 

would have to be prepared, which need more than one parameter for the description of the 

adsorption energies. 

 

Figure 3.4-2: Trend in the oxygen reduction reaction activity plotted as a function of the 

oxygen binding energy.
[143]

 Reprinted from ref. 
[143]

 with permission from J. K. Nørskov, J. 

Rossmeisl, A. Logadottir, L. Lindqvist, J. R. Kitchin, T. Bligaard, H. Jónsson ; Journal of  

Physical Chemistry B, "Origin of the Overpotential for Oxygen Reduction at a Fuel-Cell 

Cathode", 2004, 108, 17886. Copyright (2004) American Chemical Society. 

 

To gain a better understanding of the kinetics of the ORR the expected kinetic current 

densities of surface electrodes, e.g., bimetallic surfaces, were modelled by the methodology 

developed by Nørskov et al. on the basis of electronic structure calculations.
[143]

 This allows 

for a straightforward comparison of the kinetic data derived from experiments and 

theoretically modelled data to draw conclusions on the activity of the surface towards the 

ORR, using the binding energy of adsorbed oxygen (ΔEO) as a descriptor, as already 

discussed before.
[143]

 From the linear relations introduced above, the binding energies of 
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relevant adsorbed species of the ORR, hydro-peroxo (ΔEOOH) or hydroxyl (ΔEOH) can be 

calculated, as explained in detail in References 
[117,120]

. From these two binding energies the 

free enthalpies (ΔGOOH and ΔGOH) can be computed, which are the two possible rate 

determining steps for the ORR on Pt (neglecting other barriers). The kinetic current densities 

Jkin can be simulated by the equation corresponding to the different surface alloys. 
[143]

 

 

              
       ( 3.4-6 ) 

 

The maximum current density which can be obtained, Jlimit, is given with 96 mA/cm²
[159]

. For 

a detailed description of this approach the reader is referred to Reference 
[117,143]

. It has to be 

mentioned, that this modelling assumes that the overpotential originates only from 

thermodynamic limitations, as commented and discussed in reference.
[160]

 To calculate the 

kinetic current densities for model electrode surfaces, in our approach we focus on the 

distribution of the trimer atom ensembles within the surface since these ensemble sites are 

still considered as the active sites for the ORR.
[161]

 This can be approximated by two different 

ways. In the first case it is done by interpolating the ΔEO values for a bare metal surface and a 

surface covered with 1ML of heteroatoms to determine the ΔE for different structural 

elements, which are then averaged from their linear relationships with ΔEOOH and ΔEOH to a 

ΔG to estimate the kinetic current densities. 
[117][120]

 This is called the ΔE approach. For the 

second case, which is called Jk averaging, the kinetic current densities are calculated for each 

type of trimer ensemble and the resulted currents are added by taking into account the surface 

concentration of each type of ensembles. It has been shown by comparison of theoretical 

predicted Jk curves with experimental data for the ORR on PtxRu1-x/Ru(0001)
[117]

 and AuxPt1-

x/Pt(111)
[120]

 that Jk averaging is physically more reasonable. This approach has also been 

applied for the modelling of the kinetic data presented in this work, as shown in Section 5.3 

for the bimetallic AgxPt1-x/Pt(111) surface alloys. 

To develop new concepts to overcome the scaling relations and to lower the activation barrier 

for the oxygen reduction reaction, a close collaboration of theory and experiment is inevitable. 

Investigating nanostructured model electrodes with different adsorption geometries for the 

respective reaction intermediates of the oxygen reduction reaction is one promising approach. 

These different adsorption geometries with different adsorption energies, which can be 

considered as different parameters, would probably allow a deviation from the scaling 
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relations. For common studies, merging the benefits of theory and experimental work, a 

detailed knowledge of the actual surface structures and the exact atomic distribution of 

surface alloys is highly important to draw a correlation between the activity of the surface and 

the respective adsorption sites. For the aim of a surface structure and activity correlation, it is 

also necessary to know the exact surface structure under realistic electrochemical reaction 

conditions. 

 

3.4.2 ORR on AgPt surfaces 

Experimental investigations of the activity of the oxygen reduction reaction on AgPt based 

electrode surfaces have only been presented to a small extent in the literature so far. 

Measurements in acidic electrolyte revealed different activities for the ORR for PtAg 

nanoparticles compared to bare Pt nanoparticles.
[162]

 Therein the activity was affected by the 

composition of the nanoparticles, where higher activities were observed for Pt contents higher 

0.4, whereas for smaller Pt contents the activity was lower. 
[162]

 In other measurements on 

alloyed PtAg nanoparticles performed by Peng et al., also a lower activity for the ORR was 

observed compared to bare Pt nanoparticles (carbon supported platinum), as presented in 

Figure 3.4-3
[163]

, which indicates an influence of the catalyst structure on the catalytic 

properties for alloyed AgPt nanoparticles.  

 

Figure 3.4-3: ORR polarization curves of carbon supported Pt-on-Ag nanoparticle, PtAg 

alloy, Pt hollow (platinum hollow nanoparticles could be obtained by selectively removing the 

silver cores from Pt-on-Ag nanoparticles) and a commercial Pt reference catalyst in 0.1 M 

HClO4.
[163]

 Reprinted from ref. 
[163]

 with permission from Z. Peng, J. Wu, H. Yang ; 

Chemistry of Materials, "Synthesis and Oxygen Reduction Electrocatalytic Property of 

Platinum Hollow and Platinum-on-Silver Nanoparticles", 2009, 22, 1098. Copyright (2009) 

American Chemical Society. 
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Experiments on Pt3Ag nano-rods showed an increased ORR activity.
[164]

 It has to be 

mentioned, that all measurements on nanoparticles or nano-rods have one drawback in 

common, which is the ill-defined (surface) structure of the electrodes. To draw a 

comprehensive picture of the relationship between the surface structure and the activity, as 

discussed in Chapter 3.4, a detailed knowledge of the surface structure on an atomistic view is 

necessary. Therefore studies on well-defined model catalysts are inevitable. Furthermore the 

relationship between structure and activity is hindered by a partial dissolution of Ag atoms 

from the nano-structures upon potential cycling during the ORR measurements. It is 

unavoidable to fill the gap between the theoretical predictions 
[143]

 and the experimental 

results for the ORR on structurally well-defined AgxPt1-x/Pt(111) surface alloys. To the best of 

our knowledge, electrochemical studies on the activity of well-structured AgPt surface alloys 

under realistic conditions have not been presented so far in literature. To identify the 

structural characteristics of AgxPt1-x/Pt(111) surface alloys, which favour an enhancement of 

the reaction rate of the ORR activity at low overpotentials, the properties of these bimetallic 

electrodes have been investigated as part of this thesis including the modelling of the kinetic 

current densities, as mentioned before and as presented and discussed in Section 5.3 and 

reference 
[93]

. 
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3.5 Stability and corrosion of bimetallic (surface) alloys 

To get a coherent picture of the relationship between activity and surface structure of a 

catalyst, a detailed knowledge of the structure of the surface on an atomic-scale level is 

mandatory. Nevertheless, in investigations of the structure-activity relationship an important 

point is frequently missing, which is the stability of the catalyst surface under electrochemical 

reaction conditions. The stability is, however, very important for the activity of catalytic metal 

surfaces, since already small structural changes or rearrangements of the surface atoms may 

induce an enormous change in the electrocatalytic properties of the surface
[10,11]

, due to the 

removal or formation of highly active sites. So the term structure-activity relationship is only 

correct if the structure is referred to the actual structure in the moment of the reaction, as it is 

normally the case. Since this part mainly deals with the catalyst stability and to avoid possible 

misunderstandings the term structure-activity relationship is extended by including the 

catalyst stability via structure-stability-activity relationship. The correlation between the 

stability of surface atoms with the atomic-level surface structure (the structure-stability 

relationship), is much less understood than the corresponding understanding of the structure-

activity relationship.
[131]

 Nevertheless, it has been shown that the need for structural 

characterization is essential for research in electrocatalysis, e.g., for the CO oxidation in 

bimetallic PtRu model electrodes, where (due to potential induced surface restructuring) the 

necessity for detailed structural characterization of mono- and bimetallic model electrodes 

was demonstrated, to gain an unambiguous mechanistic interpretation and to proper identify 

active sites on an atomic scale.
[165]

  

The major influence on the surface stability under EC conditions is surface corrosion. 

Generally the corrosion process is described as the actual atomic, molecular or ionic transport 

process happening at the surface of a material usually involving one or more definable steps, 

which leads to a change in the appearance of the surface and thus to changes in the 

mechanical or physical properties of the electrode.
[166]

 The most important case of 

electrochemical corrosion, which involves the release of ions from the surface into the 

electrolyte, is the simple corrosion of metals in aqueous solution, where atoms dissolve from 

the metal surface into the solution in form of metal ions. One part of EC corrosion is the 

anodic dissolution of metals, which is the electrochemical oxidation of the metal surface 

atoms resulting in the release of cations into the electrolyte.
[167]

 This disintegration process of 

the metal crystal lattice is related to particular sites on the metal surface.
[167]

 Figure 3.5-1 

shows atomic crystallographic sites relevant for anodic dissolution (marked with red), like 

kink positions (A). Processes of dissolution are schematically shown. The generation of a kink 
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site at a corner position is marked with (B), while (C) represents the annihilation of two kink 

sites. A vacancy left by dissolution at a terrace site is labelled with (D). If an atom is removed 

from such a position during the dissolution process, the active site for dissolution is simply 

transferred to the next neighbouring atom with the lowest coordination, as marked by the 

yellow arrows in Figure 3.5-1.
[167]

 For the dissolution of alloys further complexity arises from 

selective dissolution, as it is discussed further in the following. 

 

 

Figure 3.5-1: Schematic illustration (top view) of atomic sites, which are relevant for the 

process of anodic dissolution. See text for details. 

 

The stability and corrosion of electrode surfaces have been investigated in the past mainly by 

electrochemical methods 
[131,170-175]

, also in combination with surface sensitive techniques, 

e.g., X-ray scattering (XRS).
[168,169]

 A detailed image of the surface structures can, however, 

only be achieved by in situ STM 
[170-173]

, as it has been shown by Magnussen et. al. for the 

dynamics of metal dissolution of Cu surfaces at an atomic scale. 
[318,332]

 Moreover, the in situ 

STM technique was used to unveil reconstruction phenomena at metal-electrolyte 

interfaces
[170]

 or for structure studies of metal electrodes 
[171,172]

, e.g., on the stability of Pt 

electrodes in perchloric acid, as performed by Komanicky et al.
[173]

. Furthermore this 

technique allowed for successful measurements on the oxidation induced changes in the local 

structure as well as in the long-range roughening of well-defined single crystals.
[131]

 

Notwithstanding these successes, a promising and even more precise method was developed 

during the last years, which is the inductively coupled plasma mass spectrometry (ICP-MS) in 

combination with a scanning flow cell (SCF).
[176-179]

 This method allows for a direct 

correlation between the degree of dissolution and the applied potential with a very low limit 
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of quantification,
[180]

 but is incapable of revealing structural information of the surface. The 

approach of using ICP-MS as detection method has also been used by Markovic et al., who 

coupled a stationary probe  to an ICP-MS in combination with a rotating ring disc electrode 

(RRDE) to study the role of the surface geometry on the stability of surface atoms and to 

enable the "atom by atom" detection of adsorbate induced dissolution of metal atoms.
[131]

 

Although these ICP-MS based methods are highly sensitive towards the dissolution of single 

metal atoms, they cannot provide a detailed structural image of the catalytic surface, which is 

important to establish a connection between restructuring/dissolution and the respective 

electrochemical properties, as it is presented in this thesis. Therefore a combination of an EC 

flow cell with a collector electrode (comparable to the advantages of a RRDE) and a UHV-

STM is employed in this thesis, for a structural surface characterization of the electrodes 

before and after EC. With this method it is possible to get better insight into the structure-

stability-activity relationship of bimetallic catalysts. 

To get an insight into the stability of AgxPt1-x/Pt(111) surface alloys under EC conditions it is 

first necessary to discuss the stability and dissolution properties of the respective mono-

metallic surfaces, which will be presented in the following paragraphs. 

The dissolution of Pt(111) in acidic electrolytes has been investigated to some extent, as 

already mentioned in Section 3.3.1. Generally, the Pt(111) surface is assumed to be 

electrochemically stable in acidic solution in the potential range from 0.05 V to 1.15 V. In the 

anodic scan at potentials above 1.05 V the formation of oxides sets in 
[181-183]

, which leads to a 

place exchange process between Pt and O atoms, such that the exchanged Pt atoms are located 

above their initial positions in the Pt(111) lattice.
[183]

 With the reduction during the 

subsequent cathodic scan this results in a roughening of the surface.
[122,124,125]

 This roughening 

of the surface leads at higher potentials (>1.15 V) to a dissolution of Pt atoms from the 

Pt(111) surface into the electrolyte.
[131]

 

For Ag(111) electrodes Ag atoms dissolve into the electrolyte at potentials above 0.50 V, as 

shown in Figure 3.3-1 b.
[126,132,184]

 Theoretical studies, based on DFT calculations, indicated 

that the dissolution of Ag atoms from a Ag(111) electrode in acidic media is a spontaneous 

process.
[127]

 In alkaline solution an onset of dissolution for the Ag(111) surface has been 

determined from theoretical calculations at potentials above 1.19 V.
[127]

  

Since this work focuses on bimetallic surface alloys, the process of selective dissolution is of 

particular importance, which describes the dissolution of the less noble element from an alloy. 
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Thereby different tendencies for dissolution of the individual components of (surface)alloys 

generate a different polarization behaviour, which is not seen in pure metals.
[185]

 This results 

in de-alloying, which may lead to a rough and porous metal phase, enriched with the more 

noble metal.
[167,185]

 The evolution of the nano-porosity in de-alloying of bulk alloys is 

explained by simulations for the AgAu system by Erlebacher et al. in the following
[186]

: the 

dissolution of the less noble (unstable) Ag metal leads to the formation of ad-atoms of the 

remaining noble (stable) Au metal. These Au ad-atoms form metal clusters on the surface, 

which coalesce to bigger structures, resulting in the nanoporous structures observed for AgAu 

alloys after de-alloying. This effect is closely related to the so called spinodal 

decomposition.
[187]

 The de-alloying is illustrated in Figure 3.5-2 adopted from reference 
[186]

, 

where the artificial evolution of a corrosion pit in a Au10Ag90 alloy is simulated. The yellow 

line in Figure 3.5-2 a defines a cross-section along the (   ) plane, which is shown below 

each plan view. The initial condition is a surface fully passivated with gold except within a 

circular region (the artificial pit).
[186]

 In Figure 3.5-2 b the surface is shown after 1 s, where 

the pit has penetrated a few monolayers into the bulk with fewer gold clusters near the side 

wall than at the centre of the pit. After 10 s, a gold cluster has nucleated in the centre of the 

pit, as presented in Figure 3.5-2 c.
[186]

 At 100 s, the pit has split into multiple pits; each will 

continue to propagate into the bulk to form a porous structure, as seen in d. 
[186]

 This is a good 

example for selective dissolution, which furthermore can be used for the synthesis of 

bimetallic nanoparticle catalysts.
[188,189]
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Figure 3.5-2: Simulated evolution of an artificial pit in Au10%Ag90% (atom%) at a) 0s, b) 1s, c) 

10 s and d) 100s (see text for details). Reprinted from ref. 
[186]

 by permission from Copyright 

Clearance Center/RightsLink: Springer Nature, Nature, "Evolution of Nanoporosity in 

Dealloying", J. Erlebacher, M. J. Aziz, A. Karma, N. Dimitrov, K. Sieradzki), 2001. 
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4 Experimental 

For all measurements presented in this thesis a combined UHV-EC set-up was used. In this 

chapter all experimental details, methods and procedures required for the preparation and 

characterization of the structurally well-defined metal surfaces investigated by the author in 

this thesis are presented in a comprehensive picture of the original publications, presented in 

Section 5 and in references 
[13,93,190,191]

. For a more detailed description of the STM-UHV 

system, including the sample transfer system, the STM, the sample approach system of the 

STM and the operating software the reader is referred to reference.
[192]

 

The experimental set-up used and partly built in this thesis combines UHV techniques, e.g., 

high resolution STM, which allows for a detailed structural characterization of the surface 

structures, with electrochemical methods, like cyclic voltammetry or potential step 

measurements in a flow cell. It is based on the concept of another UHV-EC set-up, which is 

combined with a DEMS set-up and was developed in our institute simultaneously during this 

thesis.
[13]

 Since DEMS only allows for detection of volatile species from the electrolyte, it is 

impossible to detect dissolved metal ions as they can result from corrosive processes 

occurring at the interface between a metal surface and the electrolyte in electrochemical 

environment. Therefore, in this case the EC system was modified with a collector electrode, 

which allowed for a detection of metal ions by electrochemical re-deposition from the 

electrolyte. The function of this collector electrode is comparable to the ring electrode used in 

a rotating ring disc electrode (RRDE) arrangement. This set-up allowed for a detection of Ag, 

dissolved from AgPt surface alloys during potential step measurements with high quantity, 

but also of other metals. Furthermore the detection of non-volatile reaction intermediates and 

products, e.g., H2O2 during the ORR, is possible by this collector electrode. 

This chapter is divided as follows: The first section describes the ultrahigh vacuum (UHV) 

set-up for sample preparation and structural characterization of the sample surfaces by 

scanning tunnelling microscopy (STM), while the second section focuses on the preparation 

procedures employed to ensure clean and well-structured surfaces. In the third section the 

electrochemical set-up applied for the electrochemical characterization of the UHV prepared 

electrodes as well as the stability- and activity-measurements under well-controlled 

electrolyte flow conditions are introduced, including the sample transfer from the main UHV 

chamber to the EC cell. Furthermore, this section includes a description of a procedure to 

obtain high quality measurements (minimized contamination of the EC system), e.g., the 
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electrolyte preparation or the procedure to verify the cleanness of the system. Additionally, 

the different methods of electrochemical measurements used in this work, like 

potentiodynamic and potentiostatic techniques, are presented. 

 

4.1 Main UHV set-up 

One approach to prepare atomically well-defined bimetallic surfaces, e.g., bimetallic surface 

alloys, involves the controlled preparation under UHV conditions. Therefore all sample 

surfaces investigated in this work were prepared and structurally characterized in an UHV 

chamber (base pressure <1 · 10
-10

 mbar), which is presented in a photographic image in 

Figure 4.1-1 a as well as in a schematic illustration in Figure 4.1-1 d. The vacuum in the UHV 

chamber is obtained with a scroll pump (Pfeiffer Balzers, Duo 016 B) guaranteeing a 

prevacuum of 3 · 10
-5

 mbar, which serves as roughing pump for a turbomolecular pump 

(Pfeiffer, 261 P) and an ion getter pump (Leybold–Heraeus, IZ 270). The pressure is 

measured with an ionization gauge (Granville Phillips, 330 Ionization Gauge) (1) in the UHV 

part and by a Pirani gauge (Granville Phillips, 275 Convectron Gauge) in the pre-vacuum 

section. For sample preparation and structure characterization the UHV system is equipped 

with standard facilities such as an ion source for sputtering with Ar
+
 ions (Specs, IQE 11 − 

35), a Knudsen cell type evaporator (Tectra, WKC3) for Ag (Mateck, 99.999 %) evaporation 

at the backside of the chamber (not visible in Figure 4.1-1), an Auger electron spectroscope 

(AES, Perkin Elmer, 10−155) (2) and a quadrupole mass spectrometer (QMS, Balzers, QME-

125-1) (3) for residual gas analysis as well as dosing valves (Agilent Technologies, Variable 

Leak Valve) for different gases (Argon, Oxygen, Nitrogen). A home built manipulator (4) 

allows for adjusting the sample in x, y and z direction and, by varying the rotation angle of the 

manipulator, to locate the sample surface towards the respective preparation and 

characterization facilities. A more detailed image of the manipulator (4) is shown in Figure 

4.1-1 b. The hat-shaped sample single crystals (Mateck) with a diameter of 10 mm are placed 

in a round shaped sample holder made of tantalum, fixed by two tantalum wires in the back 

side spot welded at the back of the sample holder. A detailed view on the sample holder and 

the single crystal is given in Figure 4.1-2, adopted from reference.
[38]

 The sample is heated by 

electron-bombardment with electrons from a tungsten filament, which was integrated in the 

manipulator in direct vicinity to the sample holder and applying high voltage at the sample 

(1.0 - 1.5 kV). The sample temperature was measured with a pyrometer (Impac Infratherm, 

IGA 140) facing towards the sample surface through a view port and was controlled in 
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combination with a LabVIEW based heating program. The sample transfer inside the UHV 

chamber was performed by a combination of a horizontal linear transfer rod attached to the 

side of the UHV chamber (5), a wobble stick (6) mounted on top of the chamber and the 

manipulator. Characterization of the surface structures was performed with a home built 

pocket size scanning tunnelling microscope (STM) (7), which was equipped with a tungsten 

tip and placed inside the UHV chamber as presented in Figure 4.1-1 c. Due to the high 

sensitivity of STM measurements towards vibrations the STM was placed on Viton
®

 damped 

copper plates (8). In addition the complete chamber was supported by a pressured air supplied 

damping system (NRC Pneumatic Isolation Mount, Type XL-A). Large-scale STM images 

(<100 nm) were typically acquired with a bias potential between 0.2 - 1.0 V and tunnelling 

currents of 0.1 – 4.0 nA, while for small scale STM images with atomic resolution a bias of 

<100 mV and a tunnelling current of 30 – 90 nA was applied. All STM images presented in 

this work were recorded in the constant current mode. The presented STM images were 

processed with an in-house programmed software (IDL). 

Samples are introduced into the UHV chamber by a load lock system, which is separated from 

the main UHV system by a mini UHV gate valve. This transfer UHV chamber also acts as 

pre-chamber for the EC measurements, as it is explained in detail in the next section. 
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Figure 4.1-1: a) Photograph of the main UHV set-up with the ionization gauge (1), the AES 

(2), the QMS (3), the manipulator (4), the linear sample transfer system (5), the wobble stick 

(6) and the STM (7). b) Magnification of the manipulator (4). c) Magnified picture of the 

STM (7) mounted on the Viton
®
 damped copper plates (8). d) Schematic side view of the 

main UHV system. The yellow arrows indicate the moving directions of the respective 

component 
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Figure 4.1-2: Different views of the sample holder and the single crystal design, adopted from 

reference.
[38]
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4.2 Sample preparation  

For the preparation of structurally well-defined AgxPt1-x/Pt(111) surface alloys with different 

fractions of Ag a clean and defect free Pt(111) substrate is mandatory. The preparation 

procedures used for the bare Pt(111) substrate surface and the surface alloys are specified in 

the following. 

 

4.2.1 Preparation of clean Pt(111) surfaces 

To achieve a clean, atomically flat and well-oriented surface, the Pt(111) single crystal was 

first sputtered by argon ions (E = 0.6 kV; pAr = 3 x 10
-5

 mbar) for 15 min at room temperature 

(RT), followed by several heating cycles up to 1050 K at a heating rate of 4 K s
-1

 and cooling 

to RT at a rate of 2 K s
-1

. The sample temperature was measured with a pyrometer (see 

Section 4.1) and was controlled in combination with a LabVIEW based heating program. 

Especially important is the cool down rate to produce atomically flat surfaces with terraces of 

several hundred nm wide. Faster cool down rates resulted in a strong increase in the step 

density on the surface of the Pt(111) single crystal. Before any heating procedures the 

pressure was below 7 · 10
-10

 mbar to minimize surface contaminations resulting from the 

residual gas. To remove residual impurities like sulphur and carbon, the surface was exposed 

to 10 L of O2 (10 L = 1.33 x 10
-6

 mbar for 10 s) during cool down at around 800 K. A final 

heating cycle to 1000 K, with the same heating/cooling rates as mentioned above, was applied 

to remove oxygen species. During the last heating cycle the chamber was additionally 

pumped by the ion getter pump, to achieve a good background pressure to minimize the 

contamination level on the surface. To avoid unnecessary contamination of the ion getter 

pump during the preceding preparation procedure, e.g. by gas dosing or high pressures during 

heating cycles, the ion getter pump was not activated before the last heating cycle. After 

cooling down to RT, the sample surface was characterized by STM. A representative STM 

image of an as prepared Pt(111) surface is depicted in Figure 4.2-1 a, showing a characteristic 

surface with mono-atomic steps separating terraces with several 100 nm width and smooth 

and straight step edge. There are no indications of surface contaminations like step pinning or 

graphene impurities. The inset in Figure 4.2-1 a shows an atomically resolved STM image of 

the surface with the Pt atoms arranged in the distinct hexagonal arrangement, reflecting a very 

clean and well-structured Pt(111) surface. 
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Figure 4.2-1: Set of STM images (all 170 x 170 nm
2
) of a) an as prepared Pt(111) surface with 

an inset, which shows an atomically resolved STM image of the bare Pt(111) (4 x 4 nm
2
), 

b) the surface after the deposition of 0.7 ML Ag at RT and c) the surface after alloy formation 

(Ag55Pt45/Pt(111)). The inset in c) illustrates a highly resolved STM image with chemical 

contrast of the AgPt surface alloy (20 x 15 nm
2
). 

 

4.2.2 Preparation of AgxPt1-x/Pt(111) surface alloys 

For the formation of AgxPt1-x surface alloys on Pt(111), sub-monolayers of Ag were 

evaporated on a freshly prepared Pt(111) sample at room temperature, using a Knudsen cell as 

evaporator (Tectra, WKC3). The evaporation rate was in the range of 0.05 to 0.10 ML min
-1

. 

Ag starts growing at the step edges of the Pt(111), resulting in rather large, monolayer high 

islands on the surface, followed by two-dimensional growth with the formation of 

pseudomorph monolayer high islands growing from the step edges in direction of the terrace. 

The growth at the step edges is exemplarily shown in Figure 4.2-1 b for a Pt(111) surface 

covered with 0.7 ML Ag. A clear separation of the Ag and Pt areas at the step edges, marked 

by the white dashed line in Figure 4.2-1 b, indicates that there is no macroscopic intermixing 

of Ag and Pt at RT. Analysis of atomically resolved STM images revealed no intermixing of 

Ag and Pt at the step edges during evaporation at room temperature. From these surfaces the 

total Ag coverage was determined by evaluating several STM images (ca. 4-10 images) for 

each sample, with an absolute error of the coverage of ± 0.02 ML. A more detailed 

explanation of the growth of Ag on Pt(111) can be found in Sections 4.2, 5.2 and 

references.
[16,34,35,193]

 

For the formation of a AgxPt1-x/Pt(111) surface alloy, the Ag pre-covered sample was 

annealed to 900 K at 4 K s
-1

 and cooled down to RT at 2 K s
-1

, following the methodology 

developed by Rötter.
[16]

 This resulted in an intermixing of the Ag with Pt, which is restricted 

to the topmost layer of the Pt(111) surface, with negligible loss of Ag into the bulk Pt (below 
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5%). A representative STM image of a AgxPt1-x/Pt(111) surface alloy is depicted in Figure 

4.2-1 c, showing a flat surface where pure Ag islands are not observed any more on the Pt 

terraces. Nevertheless, the overall morphology of the surface with mono-atomic high step 

edges separating the flat terraces remained. More detailed STM imaging with chemical 

contrast reveals a patterning of brighter and darker areas on the surface representing the 

characteristic phase separation of Ag and Pt in AgxPt1-x/Pt(111) surface alloys as discussed in 

Chapter 5.2 and references.
[15-17,193,194]

 The inset in Figure 4.2-1 c shows an atomically 

resolved STM image of the phase separation with chemical contrast, allowing for a distinction 

between Ag and Pt atoms.  
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4.3 Electrochemical set-up 

The electrochemical set-up is a combination of a transfer UHV chamber attached to the main 

UHV system and the electrochemical cell itself, including the approach mechanism to the 

sample. A more general view on this set-up, which focuses on the technical details and 

includes general system characteristics as well as the proof of concept, is given in 

reference.
[13]

 

 

4.3.1 EC chamber and transfer chamber 

The UHV transfer chamber, presented in a photograph in Figure 4.3-1 a and in a schematic 

side view in Figure 4.3-1 b, is directly attached to the main UHV system and allows for 

sample transfer from the UHV to the electrochemical system under well-controlled, 

contamination free conditions. The transfer system is separated by a mini UHV gate valve (1) 

from the main UHV system. Besides the UHV-EC transfer it can also serve as a load lock 

chamber for introducing/removing samples from ambient pressure into/from the UHV 

chamber. To ensure a base pressure below 5 · 10
-8

 mbar the UHV transfer chamber is 

equipped with a turbomolecular pump (Pfeiffer, TMU 071 P) in combination with a scroll 

pump serving as roughing pump (Pfeiffer Balzers, Duo 008 B). The turbomolecular pump can 

be separated by a mini UHV gate valve from the transfer chamber when the system is vented 

to atmospheric pressure with nitrogen (5.0). For the electrochemical measurements the sample 

was transferred from the main UHV system to the transfer chamber by a linear transfer rod 

(2). After closing the valve between the mini UHV chamber and the main UHV system as 

well as the valve towards the turbomolecular pump, the load lock was flooded with nitrogen 

(5.0) by a leak valve (3). Then the electrochemical cell (4), attached on top of a steel rod (5), 

was introduced to the UHV transfer chamber via a gate valve (6) from the bottom of the 

chamber. The cell was then closely approached mechanically by hand to the sample surface. 

The motion is stabilized by two steel bars (8) (mounted on two ball bearings (7)) acting as 

guide rails, which are attached to the gate valve. Finally the fine approach of the cell to the 

electrode surface was manually performed using a screw thread (9). The sample was then 

pressed on the cell from the back side by a copper rod (10), which also served as electrical 

contact for the electrode. For adjustment in x, y and z direction the copper rod is connected to 

a linear feedthrough (11) mounted on a linear shift (12) combined with a port aligner (13). 
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Figure 4.3-1: a) Photograph of the transfer chamber. b) Schematic side view of the transfer 

chamber, including the electrochemical cell during approach to the model electrode. See text 

for details. 

 

4.3.2 Electrochemical flow cell 

Electrochemical measurements were performed on a double-layer flow cell. Figure 4.3-2 

shows a photograph of the electrochemical cell in side view a) as well as in top view b). c) 

gives a schematic cross section of the cell. The cell body (1) made of KEL-F
®
 is mounted on 

a stainless steel tube (2), which is covered with Teflon tape working as an insulator to prevent 

any unintended electrical contact. Capillaries for electrolyte inlet (3) and outlet (4) as well as 

for the capillary connection to the counter electrode (5) are mounted by fittings (IDEX, XP-

235(1/6")/XP-335(1/8")) directly to the cell body. The counter electrode (Au) is separated by 

a glass frit (6) from the electrochemical cell compartment and located outside the cell in a 

small extension compartment (7). For electrochemical measurements the sample (8) serves as 

working electrode and is placed face down on top of the cell body and pressed from the back 

by a metal support (copper rod), which was also used as electrical contact (as shown in Figure 

4.3-1 b). An O-ring (diameter: 6 mm, perfluoroelastomer, FPM, Arcuss GmbH) (9) separates 

the cell body and the sample, serves as sealing to prevent electrolyte leaking and restricts the 

contact of the electrolyte to the surface of the single crystal. The reference electrode is a 

reversible hydrogen electrode (RHE), which is located in a separate compartment outside the 
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cell and connected by a capillary at the outlet. For electrochemical measurements the 

supporting electrolyte (0.5 M H2SO4 for all measurements), driven by the hydrostatic pressure 

of the electrolyte in the supply bottles, enters the cell through the inlet (3), passes through the 

first compartment (11) where it gets in contact to the sample electrode surface (8). Then it 

flows to the second compartment (12), which is equipped with a collector electrode (13). The 

outflowing electrolyte leaves the cell at the outlet (4), where the diameter of the capillary can 

be reduced to control the electrolyte flow. The overall flow rate was determined by volumetric 

measurements at the outlet of the electrochemical system. The direction of the electrolyte 

flow is indicated by blue and white arrows in Figure 4.3-2 c. For ORR measurements the 

collector electrode is a polycrystalline Pt disc. It is used to detect the formation of hydrogen 

peroxide during the oxygen reduction reaction at the working electrode (8). Measurements on 

the corrosion of AgxPt1-x/Pt(111) surface alloys were conducted with a polycrystalline Au foil 

as collector electrode (constant potential of 0.45 V) for the detection of Ag dissolved from the 

model electrode surface during potential steps (up to a maximal potential of 1.10 V). For the 

corrosion measurements Au was chosen as collector electrode, since at the potential applied 

for re-deposition of Ag on Au other reactions can be excluded. For measurements using the 

collector electrode a second counter electrode was installed at the outlet of the cell, located 

behind the connection to the reference electrode. The collection efficiency was determined 

before the experiments from the ratio of the currents from hydrogen evolution at the working 

electrode and subsequent H2 oxidation at the collector electrode (see also Section 5.3.3). 
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Figure 4.3-2: Photograph of the experimental electrochemical flow cell set-up in a) side view 

and b) top view. c) Detailed schematic cross view of the cell with: (1) the cell body made of 

KEL-F; (2) stainless steel tube; (3) electrolyte inlet; (4) electrolyte outlet; (5) capillary 

connection to the (7) counter electrode compartment; (6) glass frit; (8) sample/working 

electrode; (9) O-ring; (10) connection to the reference electrode; first (11) and second (12) 

compartment and collector electrode (13). 

 

4.3.3 Electrolyte preparation 

All electrochemical measurements were conducted in 0.5 M sulphuric acid supporting 

electrolyte, prepared from Suprapur H2SO4 (Merck Millipore) and ultrapure water 

(18.5 MΩ cm, Millipore) in a volumetric flask. All glassware used was made of borosilicate 

glass and was intensely cleaned before use in saturated KOH solution overnight. Before the 

experiments the glassware was rinsed and boiled in double-demineralised water, cleaned with 

ultrapure water and then rinsed three times with the freshly prepared supporting electrolyte. 

After filling the supply bottles, the electrolyte was purged with nitrogen (N2, MTI, 6.0) or 

oxygen (O2, MTI, 6.0) for at least 20 min, depending on the electrochemical measurement. 

After the experiment the supply bottles were cleaned by double demineralised water and 

stored in saturated KOH solution. 
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4.3.4 Verification of the cleanness of the system 

Prior to every series of electrochemical measurements the cleanness and the reliability of the 

electrochemical set-up was controlled by a so called "dirt test". Therefore a dummy sample 

(polycrystalline Pt) was mounted on the electrochemical cell and cleaned by several potential 

cycles between 0.05 V and 1.40 V at 50 mV s
-1

 in N2 saturated supporting electrolyte under 

constant electrolyte flow (about 1.7 to 1.9 ml min
-1

), as shown in Figure 4.3-3 (blue traces). 

At potentials above 1.00 V the surface gets cleaned from contaminations, e.g., hydrocarbons. 

Once the surface exhibits a clean and stable cyclic voltammogram of polycrystalline Pt, the 

potential of the working electrode was held for 5 min under continuous electrolyte flow at 

0.20 V, which is a potential where possible contaminations in the electrochemical system 

would accumulate on the surface. Afterwards the potential was cycled with 50 mV s
-1

 

between 0.05 V to 0.80 V (red traces), a potential regime in which accumulated 

contaminations cannot be removed from the surface. If oxidizable contaminations are 

accumulated on the surface before the second cycling, a comparison of the hydrogen 

adsorption features at potentials between 0.05 V and 0.40 V before and after the potential was 

constantly hold at 0.20 V, reveals a lowering of the overall hydrogen adsorption, since "dirt" 

is blocking possible hydrogen adsorption sites on the surface, as it is the case for the "dirt 

test" presented in Figure 4.3-3 a, where a clear deviation of the red current trace is visible 

from the blue trace. For the dirt test presented in Figure 4.3-3 b this looks different, since here 

the blue and the red current traces are nearly identical at potentials between 0.05 V and 0.40 

V, which proves a clean electrochemical set-up. 

 

 

Figure 4.3-3: Cyclic voltammograms of a polycrystalline Pt surface for verification of the 

cleanness of the electrochemical system recorded at potentials between 0.05 and 1.40 V at 

50 mV s
-1

. a) represents a dirty and b) a clean EC set-up. (See text for details). 
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4.3.5 Electrochemical measurement procedures 

Different modes of electrochemical measurements have been used within this thesis, e.g., 

cyclic voltammetry and measurements at constant potentials. Furthermore, combinations of 

cyclic voltammetry and potential step measurements were used.  

All sample electrodes have been characterized by cyclic voltammetry in N2 saturated 0.5 M 

H2SO4 supporting electrolyte to characterize the respective adsorption/desorption behaviour 

under standard conditions. For this purpose the sample was mounted on the electrochemical 

cell as explained in Section 4.3. CV measurements were typically performed at 50 mV s
-1

. 

The potential limits were chosen according to the respective experiment, typically from 

0.05 V to 0.65 V. For measurements of the oxygen reduction reaction the electrolyte was 

saturated with oxygen (see electrolyte preparation) and the CVs were recorded at a sweep rate 

of 10 mV s
-1

, typically from 0.95 V - 0.02 V. The identification of the collection efficiency of 

the flow cell set-up was performed by the potential step method. Therefore the potential was 

first stepped very fast (below 0.01 s) from a constant potential to an upper potential adjusted 

for the measurement, kept constant for a specific time and stepped back to the potential 

adjusted previously. This method, referred as the potential step method, was also applied for 

the quantitative corrosion measurements (see Chapter 5.4). The potentials were chosen 

depending on the respective experiment, e.g., collection efficiency determination (Ecollector: 

0.50 V, Eworking: 0.03 V) or corrosion measurements (Ecollector: 0.45 V, Eworking: 0.55 V-1.10 V). 
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5 Results and discussions 

5.1 A combined UHV-STM-flow cell set-up for 

electrochemical/electrocatalytic studies of structurally well-

defined UHV prepared model electrodes 

 

The content of the following section was published in reference 
[13]

 and is reproduced from J. 

Schnaidt, S. Beckord, A. K. Engstfeld, J. Klein, S. Brimaud, R. J. Behm; Phys. Chem. Chem. 

Phys., "A combined UHV-STM-flow cell set-up for electrochemical/electrocatalytic studies 

of structurally well-defined UHV prepared model electrodes", 2017, with permission from the 

PCCP Owner Societies. The content and structure was adjusted to the style and layout of this 

thesis by adapting the numbering of the sections, the references, the figures and the spelling. 

Abbreviations which already have been introduced in the thesis before are not expanded in the 

text anymore. This section is given as an additional overview to the interested reader to 

underline the potential of the UHV-EC transfer set-ups, either coupled with an additional 

collector electrode (as used in this thesis) or with differential electrochemical mass 

spectrometry (DEMS), and should not be seen as a main publication of the author to this 

thesis. The work for this publication was performed by a collaboration of J. Schnaidt, S. 

Beckord, A.K. Engstfeld, J. Klein, S. Brimaud and R.J. Behm. My contributions to this 

publication as a second author are all experimental measurements performed on the set-up 

with the additional collector electrode, including the respective sample preparation under 

UHV conditions. In detail these are the STM images and electrochemical measurements on 

Pt(111) for the proof of concept and the flow cell characteristics. Furthermore I performed the 

ORR measurements on Pt(111) as well as on the AgxPt1-x/Pt(111) surface alloys (including 

peroxide detection) and the respective evaluation, as well as the simulations of the kinetic 

currents for the Ag31Pt69/Pt(111) and Ag58Pt42/Pt(111). I also provided the STM imaging of 

these surfaces before and after EC, including the atomic resolution images and was strongly 

involved in the process of the creation of the figures. 
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5.1.1 Abstract 

We describe the construction and discuss the performance of a novel combined ultrahigh 

vacuum (UHV) – electrochemistry set-up, allowing the controlled preparation and structural 

characterization of complex nanostructured electrode surfaces by high resolution scanning 

tunnelling microscopy (STM) under UHV conditions on the one hand and, after electrode 

transfer under clean conditions, electrochemical measurements under continuous, controlled 

electrolyte mass transport conditions on the other hand. Electrochemical measurements can be 

coupled with online product detection, either by an additional collector electrode or by 

differential electrochemical mass spectrometry (DEMS). The potential of the set-up will be 

illustrated in two electrocatalytic reactions on complex, but structurally well-defined 

bimetallic electrode surfaces, O2 reduction on AgxPt1-x/Pt(111) monolayer surface alloys and 

bulk CO oxidation on Pt monolayer island modified Ru(0001) electrodes. We will particularly 

demonstrate the importance of structural characterization after the electrochemical 

measurements for identifying structural modifications induced by the electrochemical 

environment and thus for avoiding misleading conclusions on the structure – activity 

relationships. 
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5.1.2 Introduction 

Surface electrochemistry, aiming at fundamental insights on the electrochemistry at the 

electrified solid - liquid interface by investigating the electrochemical properties of 

structurally well-defined single-crystalline electrodes, has developed rapidly over the last 

decades.
[195]

 In particular the work of Clavilier and co-workers,
[196,197]

 gave access to a variety 

of structurally well-defined single crystalline working electrodes which can be prepared by 

procedures such as flame annealing or other techniques that are easily compatible with 

electrochemical measurements. The so-called Clavilier method is mainly limited to 

monometallic electrodes, e.g., Pt, Au, Pd, etc., but simple bimetallic structures such as 

surfaces covered, e.g., by monolayer films of another metal can be prepared by 

electrodeposition.
[198]

 The controlled preparation of more complex, nanostructured bimetallic 

and other electrodes, which are interesting, e.g., both from fundamental reasons as well as 

from application oriented technical reasons, is rarely achieved by this approach, despite of 

reports on the controlled formation of surface alloys by co-deposition of two metals on a clean 

monometallic single crystal surface,
[64]

 or by annealing of bulk alloys 
[199]

 or bimetallic 

films.
[200]

 Therefore, already early on researchers tried to combine the flexibility of sample 

preparation and sample characterization under ultrahigh vacuum (UHV) conditions with 

electrochemical (EC) measurements, using combined UHV-EC instruments which allowed 

them to prepare and characterize electrodes under UHV conditions and then transfer them to 

an electrochemical cell, if possible without contact to air 
[201-217]

 or using techniques to protect 

the surface during transport through air.
[218-220]

 These groups could demonstrate in numerous 

cases that electrode surfaces prepared under UHV conditions exhibited electrochemical 

characteristics which fully agreed with expectations based on electrochemical measurements 

on traditionally prepared single crystal electrodes. Furthermore, spectroscopic measurements 

performed under UHV conditions on electrode surfaces before electrode immersion and/or 

after electrode emersion were used to gain information on the state of the surface under 

electrochemical conditions.
[201-205,207-217,221-226]

 

Despite of enormous progress in ‘non-UHV’ sample preparation and in situ surface 

characterization, including structural characterization by in situ scanning tunnelling 

microscopy (STM) 
[171,227]

 or in situ surface X-ray diffraction 
[228,229]

 as well as chemical in 

situ characterization
[230]

 by in situ X-ray absorption spectroscopy (XAS) 
[231]

 or in-situ 

vibrational spectroscopies,
[232]

 there are a large number of cases where ex situ sample 

preparation and characterization under UHV conditions are advantageous, either since these 

samples cannot be prepared in a controlled way otherwise or since surface characterization 
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under UHV characterization is beneficial, e.g., because of higher resolution or simply because 

it is more easily accessible. This is particularly true for bimetallic samples, where controlled 

preparation of electrodes with well-defined surface structures is highly demanding. 

Based on our interest in the electrochemistry and electrocatalysis of bimetallic electrode 

surfaces we aimed at developing a UHV-EC system that would allow controlled sample 

preparation under UHV conditions combined with high resolution STM for surface 

characterization, in addition to the use of standard spectroscopy techniques for surface 

characterization. For deriving structure – activity correlations high resolution STM 

characterization requires atomic resolution with chemical contrast, which has been achieved 

for numerous UHV prepared bimetallic surfaces,
[42,58-61]

 but has been achieved only in very 

few cases so far by in situ STM imaging.
[64]

 In order to detect possible changes in the 

electrode surface structure induced by the electrochemical measurements, e.g., potential 

induced restructuring, high resolution STM imaging on the emerged electrodes, after the 

electrochemical measurement, would be highly desirable as well. On the other hand, for 

electrocatalytic measurements enforced and defined mass transport conditions are almost 

inevitable. Since techniques like the rotating disk measurements are hardly compatible with 

UHV-EC coupling, this means that the electrochemical cell commonly used in UHV-EC 

systems should be replaced by a flow cell, which in turn leads to more stringent experimental 

requirements. As an example, hanging meniscus configurations are essentially incompatible 

with continuous electrolyte flow and thus do not allow to investigate the electrodes under 

reaction conditions. Here it should be noted that for stable STM measurements the sample is 

mostly tightly connected with a specially shaped sample holder, which is present also during 

the electrochemical measurements. Finally, having experienced the power and potential of in 

situ spectroscopy 
[233,234]

 and in situ product detection, e.g., by use of an additional detector 

electrode as in rotating ring disk electrode techniques (RRDE) 
[235,236]

 and in the double disk 

electrode dual thin-layer flow cell approach 
[237]

 or by online differential electrochemical mass 

spectrometry (DEMS),
[238-241]

 we would like to include these options also in the present set-

up. 

In the following we describe in detail a novel and versatile UHV-STM – flow cell set-up 

developed in our group. It is combined either with on-line DEMS or an additional detector 

electrode, allowing for advanced fundamental investigations at the electrified solid - liquid 

interface on well-defined bimetallic electrodes that had been prepared and characterized under 

UHV conditions (Section 5.1.3). Subsequently, the performance of this instrument and of this 

approach in general, and in particular the ability to perform electrochemical and 
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electrocatalytic measurements under clean and well-defined conditions, will be demonstrated 

in a number of test measurements on a UHV-prepared Pt(111) electrode, including the 

hydrodynamic properties of the flow cell (Section 5.1.4.1). Finally, we will demonstrate the 

potential of this combined instrument for electrochemical/-catalytic studies of structurally 

well-defined complex nanostructured electrode surfaces using two examples, i) the oxygen 

reduction reaction (ORR) on AgxPt(1-x)/Pt(111) monolayer surface alloys and ii) bulk CO 

electro-oxidation on Pt monolayer island modified Ru(0001) (Ptx-ML/Ru(0001)) electrodes 

(Section 5.1.4.2). Here we will focus on effects caused by a potential-induced restructuring of 

the electrode surface during the electrochemical measurements, which can lead to incorrect 

conclusions on the structure – activity relationships of bimetallic electrode surfaces if the 

actual structure during the electrochemical/-catalytic measurements is not known at the same 

atomic level as the original surface structure prior to these measurements. 
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5.1.3 Experimental 

5.1.3.1 Overall system characteristics 

The combined UHV-STM - flow cell set-up consisted of an UHV stainless steel system with 

standard facilities for sample preparation and characterization and a home-built pocket-size 

STM for high resolution structural characterization of electrode surfaces, a transfer chamber, 

which was attached to the main UHV system via a gate valve, manipulators for sample 

transfer between the two chambers, and the flow cell set-up itself. This is illustrated 

schematically in Figure 5.1-1 a. The dual thin-layer flow cell was mounted on a stainless steel 

tube and could be retracted and sealed off from the transfer chamber via a gate valve, or 

moved into the transfer chamber and brought into contact with the electrode via a linear 

motion drive. The flow cell largely resembles the dual thin-layer flow cell design introduced 

by Jusys et al. earlier,
[239,242]

 where the working electrode is included in the first compartment 

and a second compartment can be equipped with an additional electrode, e.g., for 

electrochemical detection of oxidizable reaction (side) products, or with an interface 

connecting with a small UHV system with a mass spectrometer. The latter allows for online 

differential electrochemical mass spectrometry (DEMS) measurements under continuous flow 

conditions. In the following, the individual parts of this set-up will be described in more 

detail. 

The main UHV system (base pressure 1·10
−10

 mbar) has been described in detail elsewhere 

[38,243]
 and will only be briefly introduced. In short, it contains various facilities for sample 

preparation, including a sputter gun (SPECS, IQE 11/35), a home built manipulator for 

sample heating via electron bombardment (up to >1700 K in 15 s), different metal evaporators 

depending on the type of metal deposited, including a Knudsen cell (Tectra K-Cell, WKC3) 

for deposition of metals with lower vaporization temperatures such as Ag (Ag 5.0 N, Mateck) 

and an electron beam evaporator (Omicron EFM-3) for evaporation of metals with high 

vaporization temperatures (Pt 4N, Goodfellow). Auger electron spectroscopy (AES – Perkin 

Elmer 10-155) allowed for chemical surface characterization, and a Quadrupole Mass 

Spectrometer (QMS – Balzers QME-125-1) for residual gas analysis. Structural 

characterization of the electrode surface under UHV conditions was performed by a home-

built pocket-size STM. The instrument was sufficiently stable to allow for structural 

characterization both prior and after the electrochemical measurements. The tunnelling 

conditions for the STM measurements are given in the respective figure captions. 
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Figure 5.1-1: a) Photographic and b) schematic representation of the transfer chamber 

attached to the main UHV chamber with the electrochemical flow cell set-up, and c) 

photographic and d) detailed schematic representation of the dual thin layer flow cell set-up. 

Legend: 1: gate valve between main UHV chamber and transfer chamber, 2:  turbomolecular 

pump (transfer chamber), 3: roughing pump (transfer chamber), 4: gate valve protecting the 

pumps of the transfer chamber, 5: venting valve, 6: magnetically coupled linear motion 

transfer for sample transfer between main UHV chamber and transfer chamber, 7: 

electrochemical cell, 8: metal tube connected via a flexible bellow to the mass spectrometer 

chamber, 9: metal plate holding the tube (8), which slides on the steel rods (10) via ball 

bearings mounted in the metal plate, 10: steel rods serving as guide for the vertical motion of 

the electrochemical cell, 11: gate valve separating the transfer chamber from the outside, 12: 

electrical feedthrough for contacting the working electrode, 13: cell body, 14: working 

electrode, 15: O-ring sealing the flow cell during operation, 16: glass frit between electrolyte 

and counter/reference electrode, 17: counter electrode, 18, 19:  inlet and outlet to the flow 

cell, 20:  second compartment of the flow cell.  

 

5.1.3.2 Sample preparation 

The single crystals, Pt(111) and Ru(0001) (Mateck GmbH), used for this work are hat shaped 

with a main diameter of 10 mm and are mounted in a sample holder made of tantalum. For 

further details on the sample geometry and the sample holder see Refs. 
[38,244]

. The Pt(111) 
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single crystal was cleaned by Ar
+
 sputtering (HV = 0.6 kV, 4 µA·cm

–2
) and subsequent 

heating cycles to 1000 K at a rate of 4 K·s
-1

 and cooling to RT with a rate of 2 K·s
-1

. During 

the last cool-down step, the surface was exposed at 800 K with 10 L of oxygen 

(1 L = 1.33·10
–6

 mbar·s) to remove residual impurities, e.g., carbon, followed by a final 

heating and cooling cycle to 900 K, with identical heating rates mentioned above. 

AgxPt1-x/Pt(111) surface alloys were prepared by deposition of submonolayer amounts of Ag 

from a Knudsen cell on the freshly prepared Pt(111) surface, followed by annealing of the 

sample to 900 K with identical heating rates, as mentioned above.  

The Ru(0001) single crystal was cleaned by 30 min Ar
+
 sputtering (HV = 0.7 kV, 4 µA·cm

–2
) 

and subsequent exposure to seven cycles of dosing 10 L of oxygen (1 L = 1.33·10
–6

 mbar·s, 

Tsample <500 K) and flash annealing (∼15 s) to 1650 K, to remove remaining carbon 

impurities. Finally the sample is flash annealed three times to 1600 K, with 15 min breaks in 

between, to desorb remaining oxygen on the surface originating from oxygen dosing or CO 

from the previous heating cycles, which had readsorbed during the cool down process after 

the previous flash annealing cycles. The freshly prepared Ru(0001) single crystal surfaces 

were modified by Pt via deposition of Pt from an electron beam evaporator on the sample 

surface at room temperature and subsequent annealing to 750 K, to form compact hexagonally 

shaped monolayer high Pt islands on the Ru(0001) terrace.  

 

5.1.3.3 Electrochemical transfer chamber and sample transfer 

The electrochemical transfer chamber itself is shown in Figure 5.1-1 a and b in a photograph 

and in a schematic illustration, respectively. It consists of a mini UHV chamber (transfer 

chamber) which is attached to the main UHV chamber by a mechanical gate valve (VAT, 

Mini UHV valve, 1). The transfer chamber is pumped by a turbomolecular pump (Pfeiffer, 

TMU 071P, 2) with a scroll pump (Varian SH–110, 3) serving as roughing pump. When the 

gate valve (1) is closed, a base pressure of 5·10
-8

 mbar is obtained in the transfer chamber. 

The pumps can be separated from the transfer chamber by another gate valve (4), to protect 

them from contaminations and water vapour when the transfer chamber is vented to 

atmospheric pressure via a venting valve (5) (with 6N N2, MTI) or exposed to water vapour 

from the electrochemical cell when inserting the flow cell set-up into the transfer chamber. 

The UHV prepared single crystal electrodes can be transported between the transfer chamber 

and the main UHV chamber by a magnetically coupled linear motion transfer (6) equipped 
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with an electrically insulated holder which takes the sample mounted the tightly connected 

STM sample holder. The electrochemical cell (7) is mounted on a metal tube (8), which in 

turn is held by a metal base plate (9). These can be moved vertically by a home-built linear 

motion drive located at the bottom of the transfer chamber. The vertical motion of the flow 

cell towards the sample (working electrode) is guided by two steel rods (10), which are 

attached to the gate valve (11), and two ball bearings mounted on the metal base plate (9). 

From the top the position of the working electrode can be fixed by a copper rod (12), which 

can be moved vertically by a linear shift and positioned laterally with a port aligner. In 

combination these allow to exactly position the working electrode on top of the 

electrochemical cell, such that perfect sealing between flow cell and working electrode is 

obtained. For electrical contact, the Cu rod is connected with an electrical feed through. 

 

5.1.3.4  Electrochemical flow cell 

A photograph and a detailed schematic illustration of the electrochemical flow cell are 

provided in Figure 5.1-1 c and d, respectively. The cell body (13) is made of Kel-F
TM

 and is 

mounted on a stainless steel tube (8). For the electrochemical characterization of the model 

electrodes, the sample (14) is placed face down on top of the cell body (13), where both are 

separated by an O-ring (15) made of a perfluoroelastomer (inner diameter 7 mm, thickness 

0.5 mm, FPM, Arcus GmbH), which is situated in a circular groove machined into the cell 

body. The working electrode (14) is pressed from the back side with a copper rod (also used 

as electrical contact, 12) against the O-ring (15) on the cell body (13) to prevent leaking of the 

electrolyte during operation. Furthermore, a glass frit (16) is located in the top centre of the 

cell body, which separates the electrochemical cell compartment from the counter electrode 

(17). The electrolyte enters the cell via an inlet (18) and leaves the cell via an outlet (19), 

leading to the reference electrode (reversible hydrogen electrode). The electrolyte flows 

through a first compartment, where the working electrode (14) is located, and then to a second 

compartment (20). The direction of the electrolyte flow is indicated by arrows in the 

schematic illustration in Figure 5.1-1 d. The second compartment can either be connected 

with a mass spectrometer set-up for DEMS measurements, or be equipped with an additional 

electrode for electrochemical detection of reaction by-products formed at the working 

electrode. For DEMS measurements, the second compartment (20) of the flow cell body is 

separated from the supporting metal tube (8) by a gas permeable membrane supported on a 

steel frit. The metal tube connects via a flexible bellow with another UHV chamber, which 

contains a differentially pumped quadrupole mass spectrometer (QMS) (Pfeiffer Vacuum 
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QMA 410). This allows for on-line detection of volatile species from the electrolyte during 

the electrochemical characterization of the model electrodes. The DEMS set-up is very similar 

to the one described in detail elsewhere 
[234]

. In the second case, the second compartment (20) 

is sealed with a Pt disc, which acts as current collector for the electrochemical detection of the 

reaction by-products formed at the working electrode (14) in the first compartment, e.g., 

peroxide detection during ORR measurements. The concept of this novel electrochemical cell 

is largely inspired by set-ups previously developed in our group for the investigation of high 

surface area electrodes.
[233,237]

 

 

5.1.3.5 Electrochemical/-catalytic investigations 

The electrochemical/-catalytic characterization of the model electrodes was performed in 

0.5 M H2SO4, prepared from H2SO4 (Suprapur, Merck) and ultrapure water (MilliQ, 

18.2 M·cm). Depending on the reactions investigated, the electrolyte was purged with N2 

(6 N, MTI), CO (5 N, Westfalen AG) or O2 (5.5 N, Westfalen AG). The flow rate of the 

electrolyte (approximately 2 ml·min
-1

) is driven by the hydrostatic pressure of the electrolyte 

in the supply bottles, which are located outside the transfer chamber. The electrolyte flows 

through capillaries (1/16‘’, FEP, BOLA) connected to the flow cell. These capillaries are 

surrounded by additional tubes flushed with N2 to minimize O2 diffusion through walls of the 

capillaries. The electrolyte flow rate can be reduced by decreasing the diameter of the 

capillary for outflowing electrolyte during the measurement. A reversible hydrogen electrode 

(RHE) was employed as reference electrode, positioned at the outlet of the electrochemical 

cell. All potentials in this work are related to the RHE scale. The counter electrode was made 

of a gold wire (Alfa Aesar, 99.9995%) with additional Au electrodeposited from an Au 

solution in order to increase the electrochemical surface area. For ORR measurements the 

potential of the cell is controlled by a bipotentiostat (Pine Instruments, AFCBP-1), which is 

operated using the AfterMath software (Pine Research Instrumentation). For CO 

electrooxidation measurements we used a potentiostat (Solartron Modulab ECS, model Pstat 

1MS/s – 2087A), which is operated using the Modulab ECS software (Solartron), for potential 

control. The internal resistances (IR) of the electrochemical cell are compensated externally 

by connecting the counter and reference electrode with a capacitor, whose capacitance is 

chosen depending on the cell configuration and the scan rate (larger capacitors with increasing 

scan rate). For both potentiostats, IR compensation (ohmic drop) was achieved empirically by 
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comparison of the well-documented Tafel slopes for the ORR and/or the hydrogen evolution 

reaction kinetics on Pt(111) electrodes reported in the literature (see Section 5.1.4.1). 

 

5.1.4 Results and discussion 

To test the performance and the reliability of the newly designed electrochemical thin-layer 

flow cell set-up and to avoid misleading conclusions concerning electrochemical features 

appearing in the electrochemical measurements, which might arise, e.g., from surface 

contaminations accumulated during the electrode transfer from UHV or from a large internal 

resistance of the electrochemical cell,
[245]

 we first performed a number of fundamental 

measurements on Pt(111) electrodes prepared under UHV conditions (Section 5.1.4.1). For 

these electrodes, the electrochemical and -catalytic properties are well documented in the 

literature. Specifically, we focus on base cyclic voltammetry (CV) in supporting electrolyte 

including hydrogen and hydroxyl electrosorption, the oxygen reduction reaction, and the CO 

oxidation reaction. 

In a second part, we show applications of this combined UHV-STM/electrochemical set-up on 

structurally complex bimetallic electrodes, which demonstrate the need for high resolution 

structural characterization of the electrode for a proper understanding of the electrochemical 

data. This includes the ORR on AgxPt1-x/Pt(111) surface alloys and the electro-oxidation of 

CO on Pt modified Ru(0001) surfaces, where the samples were both prepared and structurally 

characterized by STM under UHV conditions before transferring them to the electrochemical 

cell (Section 5.1.4.2). Rather than presenting a detailed study on these systems, which would 

be beyond the scope of this paper, we will present some selected experimental results, which 

allow us to derive an unambiguous relationship between the structural characteristics of the 

electrode surface and their respective electrocatalytic properties. This will also demonstrate 

the necessity for structural characterization both before and after the electrochemical 

measurement, in order to identify effects induced by restructuring of the electrode surface 

under (electro-)chemical conditions, an aspect which has been neglected in many if not most 

studies on model electrodes. This data also illustrates the level of resolution and accuracy that 

is reachable with this set-up. 
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5.1.4.1 Proof of concept experiments employing a Pt(111) electrode 

Clean electrochemical operation: The clean and reproducible operation of the flow cell set-up 

and of the sample transfer is demonstrated by the base CV of a Pt(111) electrode prepared 

under UHV conditions, which was recorded in 0.5 M H2SO4 in a potential range from 0.05 V 

to 0.85 V (Figure 5.1-2). The base CV shows current features which are characteristic for this 

electrode and which have been discussed in detail in the literature.
[197,246]

 In brief, the 

reversible current features observed in the potential region between 0.05 V and 0.31 V are 

associated with hydrogen adsorption/desorption (sorption), which overlap at higher potentials 

between 0.31 V and 0.58 V with characteristic reversible current features associated with 

(bi)sulphate anion sorption processes. The sharp reversible peaks at 0.45 V are associated 

with the reorganisation of the (bi)sulphate adlayer.
[247,248]

 The sharpness of these peaks is not 

as pronounced as for bead-type Pt(111) electrodes prepared by the Clavilier method and 

investigated in a beaker cell,
[246,249]

 but still satisfying. The irreversible current features in the 

potential region between 0.69 V and 0.66 V, attributed to the co-adsorption of hydroxyls
[197]

, 

are also well resolved. The absence of an additional current peak at 0.12 V, which is 

considered as characteristic of (110) step sites,
[125,250]

 is in good agreement with the low step 

density shown by the representative STM image recorded under UHV conditions prior the 

transfer to the electrochemical cell and inserted in Figure 5.1-2. The good quality of the base 

CV of the Pt(111) in supporting electrolyte convincingly demonstrates the cleanness of the 

electrode surface after surface preparation under UHV conditions and the subsequent well-

controlled sample transfer from the UHV chamber to the electrochemical cell. 

Flow cell characteristics: Next, the performance of the set-up as flow cell under enforced and 

controlled electrolyte flow conditions is demonstrated using the O2 reduction reaction (ORR) 

on Pt(111) as example. Potentiodynamic current traces of Pt(111) recorded in O2 saturated 

0.5 M H2SO4 at various electrolyte flow rates at a scan rate of 10 mV·s
-1

 are displayed in 

Figure 5.1-3 a (only the positive-going potential scans are displayed). The potentiodynamic 

current trace can be separated into four potential regions. First, for low overpotentials 

(E >0.80 V) the oxygen reduction reaction (ORR) is purely kinetically controlled. Second, in 

the potential region 0.55 V <E <0.80 V the ORR is controlled by a combination of reactant 

mass transport limitations and kinetic limitations. Third, in the potential region 0.30 V <E 

<0.55 V the reaction rate is solely controlled by the mass transport of the O2 reactant to the 

electrode surface. Finally, for potentials <0.30 V the currents decrease steadily as the 

electrode potential is decreased. Independent of the electrolyte flow rate, the lowest currents 

are obtained at 0.05 V. This is associated with increasing H2O2 formation, in combination 
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with mass transport limited O2 supply. On a planar Pt electrode the ORR proceeds via a four-

electron process in regions one to three, i.e., conversion of O2 to H2O dominates, whereas in 

region four a two-electron process resulting from conversion of O2 to H2O2 gets more 

pronounced with decreasing potential,
[251]

 which in turn results in lower cathodic currents. 

Overall, these current traces fully agree with examples reported for the ORR on Pt(111) in O2-

saturated sulphuric acid electrolyte.
[219,252]

 

 

 

Figure 5.1-2: Base CV of a UHV-prepared Pt(111) electrode recorded in 0.5 M H2SO4 (scan 

rate 50 mV s
-1

). Inset: Representative large-scale STM image (220 nm  220 nm, 

Ut = 900 mV, It = 4.0 nA) recorded prior to the transfer to the electrochemical cell. 

 

Applying a classical Koutecky-Levich analysis,
[253,254]

 the Tafel slope and the exchange 

current density can be determined for the potential-dependent kinetic current density (also 

shown in Figure 5.1-3 a. They were found to be 122 mV dec
-1

 (from 0.90 V to 0.50 V) and 

0.5  10
-4 

mA cm
-2

, respectively. Both values are in good agreement with kinetic data for the 

ORR on Pt(111) reported previously.
[252]
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Figure 5.1-3: a) Total current densities for the ORR on a UHV-prepared Pt(111) electrode 

recorded in 0.5 M H2SO4 (scan rate 10 mV s
-1

) at different electrolyte flow rates as indicated 

in the figure (black solid lines) and kinetic current density (red dotted line). b) Potential 

dependence of the yield for peroxide formation as derived from the collector current 

(E = 1.2 V). 

 

The H2O2 produced at high overpotentials, i.e., in region 4 (E <0.30 V), can be detected by a 

current collector located in the second compartment of the flow cell, which is kept at a 

constant oxidative potential of E = 1.20 V. This set-up, which closely resembles a previous 

design for a double-disk electrode thin-layer flow cell,
[237]

 allows us to quantify the fraction of 

the total current at the Pt(111) electrode arising from the two-electron process by re-oxidation 

of the resulting H2O2 at the collector electrode. The result is shown in Figure 5.1-3 b for 

several electrolyte flow rates. For further analysis the currents resulting from H2O2 detection 

have to be normalized by the flow rate dependent collection efficiency. This was determined 

before from the ratio of the currents from H2 evolution at the working electrode and 

subsequent H2 oxidation at the collector electrode.
[236]

 The H2O2 yields in the ORR obtained 

after this normalization 
[236]

 are independent of the electrolyte flow rate. It should be noted 

that this result is characteristic for massive planar Pt electrodes under low flow conditions, 
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while experiments with nanostructured surfaces, consisting of separate Pt nanostructures, 

revealed increasing H2O2 yields with increasing flow/decreasing density of the Pt 

nanostructures (decreasing re-adsorption and further reduction of H2O2).
[255]

 The potential 

dependence of the H2O2 yield follows perfectly the trend given by the total current measured 

at the Pt(111) electrode (Figure 5.1-3 a) and quantitatively agrees with results of previous 

RRDE measurements.
[219]

 Thus, the dual thin-layer flow cell set-up with a collector electrode 

developed here provides similar advantages as the rotating ring-disc electrode (RRDE) 
[219]

 or 

the double-disk thin-layer flow cell set-ups,
[236,237]

 which were employed for ORR studies 

previously, but without direct connection to a UHV system. 

The performance of the DEMS detection in combination with the flow cell set-up shall be 

illustrated by potentiodynamic oxidation of CO on Pt(111) in CO-free and in CO-saturated 

supporting electrolyte. The oxidative removal of a saturated CO adlayer (COad stripping) on 

Pt(111) at a scan rate of 10 mV s
-1

, combined with CO2 detection by on-line DEMS, was 

performed after CO adsorption at constant potential (E = 0.10 V) in CO-saturated 0.5 M 

H2SO4 solution, followed by complete removal of the CO dissolved in the electrolyte by 

rinsing the electrochemical cell for about 40 min with N2 purged 0.5 M H2SO4 supporting 

electrolyte. The resulting COad stripping voltammogram and the mass spectrometric ion 

current signal of CO2 (m/z=44) produced during the reaction are shown in Figure 5.1-4 a and 

Figure 5.1-4 b, respectively. During the first positive-going potential scan no current features 

can be resolved in the potential range between 0.07 V and 0.67 V, indicating a complete 

surface poisoning by adsorbed CO. At ca. 0.67 V the COad electrooxidation is initiated, 

followed by a single peak centred at 0.80 V. Both features are clearly resolved also in the CO2 

signal (Figure 5.1-4 b). The peak position is in perfect agreement with data reported 

previously.
[256]

 The absence of a pre-oxidation peak at lower potentials is indicative for a 

defect free Pt(111) surface structure,
[257]

 which in turn agrees fully with our findings from the 

base CV and from STM imaging (see Figure 5.1-2). The second positive-going potential scan, 

depicted as black line in Figure 5.1-4 a and b, shows the recovery of the current features in the 

hydrogen region of the Pt(111) electrode. This and the absence of any detectable CO2 signal 

in the DEMS signal indicates not only the complete oxidation of the pre-adsorbed CO, but 

also the successful removal of the dissolved CO in the flow cell set-up. The time-response 

delay arising from the product mass transport from the electrochemical compartment to the 

second compartment of the cell connected, which is interfaced to the mass spectrometer, was 

in the order of one second, which is significantly faster compared to another set-up also 
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designed for DEMS investigations on single crystal electrodes (not prepared under UHV 

conditions).
[258]

 

The current traces for bulk CO electrooxidation on Pt(111) performed in CO saturated 0.5 M 

H2SO4 at 10 mV s
-1

 and at different electrolyte flow rates are shown in Figure 5.1-5 a. The 

onset potential of the reaction of ca. 0.88 V is shifted by 200 mV towards higher potentials 

compared to the initiation of the reaction for the COad stripping, which is attributed to the 

higher COad coverage reached in CO saturated electrolyte than in CO free electrolyte 
[259]

, 

hindering the dissociative adsorption of water molecules on Pt(111).
[260,261]

 Independent of the 

electrolyte flow rate, a sharp oxidation peak is located at ca. 0.95 V in the positive-going 

potential scan, followed by a shoulder at higher potentials. For potentials >0.98 V the reactant 

mass transport limited current for CO oxidation is reached, which as expected (see below) 

increases with increasing electrolyte flow rate. The current traces in the negative-going 

potential scans exhibit a hysteresis, showing a small increase in the current at around 0.92 V 

(compared to the mass transport limited current for potentials >0.92 V), followed by a 

continuous decrease of the surface activity for potentials <0.92 V and complete poisoning of 

the surface by COad for potentials <0.82 V. The overall shape of the bulk CO oxidation 

voltammogram is in good agreement with results of previous RDE experiments performed on 

Pt(111).
[262]

 

 

 

Figure 5.1-4: a) COad stripping voltammogram on Pt(111) in 0.5 M H2SO4 (red trace) and 

subsequent base CV (black trace), b) m/z = 44 ion current (CO2) detected simultaneously by 

DEMS during the COad stripping experiment (potential scan rate 10 mV s
-1

).  
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Figure 5.1-5: a) Faradaic current during bulk CO oxidation on Pt(111) in 0.5 M H2SO4 at 

different electrolyte flow rates as indicated in the Figure and b) partial Faradaic current 

resulting from the CO2 ion current recorded during CO oxidation (see text for details) 

(electrolyte flow rate 1.125 mL min
-1

, potential scan rate 10 mV s
-1

). 

 

The CO2 collection efficiency K* of the DEMS set-up, which is defined as twice the 

coulometric charge resulting from the mass spectrometric detection of the CO2 divided by the 

coulometric charge arising from CO oxidation at constant potential.
[238,239]

 was determined 

from CO oxidation experiments on Pt(111) performed at constant potential, after having 

stepped the electrode potential into the potential region where CO mass transport is rate 

limiting (>0.92 V). This resulted in values in the range of 2.5 - 3.5 x 10
-5

, depending on the 

electrolyte flow rate. These values are of similar order of magnitude as those obtained for an 

experimental set-up designed for investigations on high surface area electrodes,
[242,263,264]

 but 

higher by one order of magnitude than another DEMS set-up specifically designed for 

experiments with Clavilier’s bead-type single crystalline electrodes.
[265]

 The Faradaic current 

for CO2 formation, obtained by normalizing the mass spectrometric CO2 ion current produced 

during potentiodynamic bulk CO oxidation with K* and correction of the time-delay 

response, is shown in Figure 5.1-5 b. The current trace is fully identical to the Faradaic 

current for bulk CO oxidation shown in Figure 5.1-5 a, with CO mass transport limited 

currents of 0.326 mA cm
-2

 and 0.330 mA cm
-2

 for the former and the latter one, respectively, 

at an electrolyte flow of 1.125 mL min
-1

. The absence of a sharp current spike at 0.95 V (see 

Faradaic current in Figure 5.1-5 a in the mass spectrometric data (Figure 5.1-5 b), which in 
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this case is replaced by a much broader hump, can be explained by the broadening of the 

concentration profile during the electrolyte flow from the working electrode to the second 

compartment of the flow cell set-up. These features are caused by the rapid oxidation of the 

adlayer, which can yield rates/currents in excess of the transport limited current. 

 

 

Figure 5.1-6: Plot of the mass transport limited current versus the square root of the 

electrolyte flow rate for bulk CO oxidation (red triangles) and for the ORR (black squares) on 

a UHV prepared Pt(111) electrode.  

 

Finally, the hydrodynamic characteristics of the thin-layer flow cell and of the entire set-up 

were determined from the flow rate dependence of the mass transport limited currents for the 

ORR and for bulk CO electrooxidation. The reactant mass transport limited currents, ilim, for 

both ORR and bulk CO oxidation are plotted in Figure 5.1-6. Both scale linearly with the 

square root of the electrolyte flow rate, ν, and show an intercept at zero current, in agreement 

with the modified Levich equation for developing laminar flow,
[266,267]

 given as follows: 

               ⁄     ⁄ (
 

 
)
  ⁄

   ⁄  ( 5.1-1 ) 

This equation relates the transport limited current ilim to the bulk concentration C, the 

diffusion coefficient D, the working electrode area A, the kinematic viscosity υ of the 

electrolyte, the number of exchanged electrons n, and the thickness of the electrolyte layer b. 

The physical situation underlying that equation, with a laminar flow developing parallel to the 

working electrode, is in good agreement with the design of our electrochemical cell set-up, 

shown in Figure 5.1-1 b, where the electrolyte inlet is located at the periphery of the disc 

electrode and the electrolyte only starts to develop a laminar flow along the electrode at that 

point.  



Results and discussions  72 

The quantitative analysis reveals, however, a limitation arising from the design of the 

electrochemical flow cell. According to Equation ( 5.1-1 ), and considering that the saturation 

concentrations and the diffusion coefficients for O2 and CO in aqueous solution are very 

similar, the slope of the plot ilim vs. v
1/2

 for the ORR should be twice of that for bulk CO 

electrooxidation (4 electrons exchanged per O2 molecule in the former reaction vs. 2 electrons 

exchanged per CO molecule in the latter reaction). As evident from Figure 5.1-6, our 

experimental results do not match this expectation. This can simply be explained by slight 

differences in the thickness of the electrolyte layer between the working electrode and the 

flow cell body (parameter b in Equation ( 5.1-1 )), which depends sensitively on the force 

applied to press the electrode on the tightening O-ring (see Experimental part and Figure 

5.1-1). For fixed (volumetric) flow rates this results in different flow velocities in the flow 

cell, hence in different thicknesses of the diffusion layer and therefore different diffusion 

rates. These effects, which can lead to variations between different experiments, will modify 

the mass transport limited currents. They do not affect, however, the analysis of the kinetic 

currents, where the contribution from the reactant mass transport has been removed (see 

Section 5.1.4.2.1). 

Overall, the test measurements on a UHV prepared and structurally well-defined Pt(111) 

electrode yielded j(E)-curves which fully resemble previous results reported in the literature, 

illustrating the cleanness and reproducibility of the sample transfer from the preparation 

chamber (UHV chamber) to the electrochemical cell and of the sample-cell connection 

(transfer chamber). Furthermore, these measurements demonstrated the well-defined 

hydrodynamic properties of the thin-layer flow cell set-up, allowing measurements under 

well-defined electrolyte mass transport conditions. 

 

5.1.4.2 Application to UHV-prepared bimetallic electrodes 

In the following section we illustrate the potential of combining high resolution structural 

characterization by UHV-STM with electrochemical (flow cell) measurements for the 

mechanistic understanding of electrocatalytic reactions on structurally complex electrode 

surfaces. We demonstrate that high resolution STM characterization can be performed both 

before and after the electrochemical measurements. This is particularly important for the 

understanding of reactions on bimetallic electrodes, which are sensitive to structural 

modifications of the surface during the electrochemical measurements. This will be illustrated 

in two examples: In the first one, O2 reduction on bimetallic AgxPt1-x/Pt(111) monolayer 
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surface alloys, electrochemical etching was indicated by clear modifications of the base CVs. 

In the second one, bulk CO oxidation on Pt modified Ru(0001) electrodes, the restructuring of 

the electrode surface is not easily concluded from the electrochemical measurements, and thus 

STM imaging after the electrochemical measurement is even more important for a correct 

interpretation of the electrochemical data, which is necessary for deriving a correct structure - 

activity relationship.  

5.1.4.2.1  ORR on AgxPt(1-x)/Pt(111) surface alloys 

In this section we present first results on the electrochemical properties of structurally well-

defined AgxPt1-x/Pt(111) monolayer surface alloys in supporting electrolyte and on the ORR 

on theses electrodes, which illustrate the influence of surface restructuring in some of the 

samples under electrochemical conditions. 

A representative large-scale STM image of an as prepared AgxPt1-x/Pt(111) surface alloy (see 

Figure 5.1-7 a shows atomically flat terraces with monolayer high steps (see also the line scan 

in Figure 5.1-7 b. Identical topographies were found for all surface compositions. The 

influence of a stepwise increase of the upper potential limit on the voltammetric features in 

the base CV of two surface alloys, a Ag31Pt69/Pt(111) and a Ag58Pt42/Pt(111) surface alloy 

recorded in 0.5 M H2SO4 is shown in Figure 5.1-7 c and d (only the anodic current traces are 

displayed). These samples can be considered as typical examples for low Ag content and high 

Ag content surface alloys, respectively. The insets in Figure 5.1-7 c and d show atomically 

resolved STM images with chemical contrast of the respective surfaces taken before the 

electrochemical measurements (Pt atoms are indicated as brighter spots). They clearly 

illustrate that the two components in the topmost layer are not randomly distributed, but 

exhibit a tendency towards phase separation.
[15,16,190]

 The current features in the base CV of 

the AgxPt1-x/Pt(111) surface alloys differ significantly in the hydrogen sorption region from 

the CV associated to the bare Pt(111) electrode (see Section 5.1.4.1). The influence of 

bimetallic PtAg ensembles of surface atoms on the hydrogen adsorption / desorption features 

was discussed extensively in a separate publication 
[190]

 and shall not be repeated here, since 

this is not relevant for our further discussion. More important for the present discussion are 

eventual changes in the current trace in the hydrogen sorption region occurring after potential 

cycling up to 0.95 V. For the Ag31Pt69/Pt(111) sample with lower Ag surface content the 

coulometric charge remains almost constant after a progressive increase of the upper potential 

limit (Figure 5.1-7 c). For the Ag58Pt42/Pt(111) sample with higher Ag surface content, the 

coulometric charge of the hydrogen region appears to increase with increasing upper potential 
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limit (see Figure 5.1-7 d). Changes in the current profile are indicated by arrows. In addition, 

a small hump in the current trace appears at around 0.50 V. A similar feature was also 

observed in the CVs recorded on surface alloys with lower amounts of surface Ag (see Figure 

5.1-7 c). 

 

 

Figure 5.1-7: a) Representative large-scale STM image of an as prepared AgxPt1-x/Pt(111) 

monolayer surface alloy before the electrochemical measurement (270 nm x 270 nm, 

Ut = 600 mV, It = 3.2 nA), b) corresponding height profile along the line marked in a), c) base 

CV recorded on a UHV prepared Ag31Pt69/Pt(111) monolayer surface alloy electrode in 0.5 M 

H2SO4 with increasing upper potential limit (scan rate 50 mV s
-1

). Inset: representative atomic 

resolution STM image before the electrochemical measurements (12 nm x 5 nm, Ut = 20 mV, 

It = 56 nA), d) base CV recorded on a UHV-prepared Ag58Pt42/Pt(111) monolayer surface 

alloy electrode in 0.5 M H2SO4 with increasing upper potential limit (at 50 mV s
-1

). Inset: 

representative atomic resolution STM image before the electrochemical measurements (12 nm 

x 5 nm, Ut = 10 mV, It = 28 nA). 

 

Considering that hydrogen underpotential deposition current features are not observed for 

pure Ag electrodes in acidic electrolyte,
[123]

 these findings seem to indicate that at high 

potentials Ag surface atoms in the Ag58Pt42/Pt(111) electrode partly dissolve or form clusters 

on the surface, which increases the amount of exposed Pt. Such behaviour would not be 
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unexpected, since bulk Ag electrodes are known to be very unstable in acidic electrolyte, with 

an onset of Ag dissolution at ca. 0.50 V.
[123,126]

 

 

 

Figure 5.1-8: a) Kinetic current densities (jk) and H2O2 production yield for the ORR in 0.5 M 

H2SO4 recorded on Pt(111) (black traces), Ag31Pt69/Pt(111) (red traces) and Ag58Pt42/Pt(111) 

(green traces) (scan rate 10 mV s
-1

), b) representative large-scale STM image (300 nm  

300 nm, Ut = 100mV, It = 1.0 nA) recorded on the Ag31Pt69/Pt(111) monolayer surface alloy 

electrode after the electrochemical measurement, c) height profile along the line marked in b), 

d) representative large-scale STM image (300 nm  300 nm, Ut = 50 mV, It = 6.3 nA) 

recorded on the Ag58Pt42/Pt(111) monolayer surface alloy electrode after the electrochemical 

measurement and e) height profile along the line marked in d).  

 

The ORR on Ag31Pt69/Pt(111) and Ag58Pt42/Pt(111) surface alloys was investigated in O2-

saturated 0.5 M H2SO4 at 10 mV·s
-1

. The potential dependent kinetic current densities are 

presented in Figure 5.1-8 a. For comparison, this also includes the current trace obtained for a 

non-modified Pt(111) electrode (current traces for the ORR are given in the Supporting 

Information in Figure 5.1-11). Both surface alloys exhibit lower overpotentials for the ORR 

compared to the bare Pt(111) electrode. At 6 mA cm
-2

 the potentials are lowered by 65 mV 

and 30 mV with respect to Pt(111) for Ag31Pt69/Pt(111) and Ag58Pt42/Pt(111) surface alloys, 
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respectively, indicating that the presence of surface Ag atoms induces a substantial 

enhancement of the ORR activity. Enhanced ORR activities compared to pure Pt samples 

have been shown in the literature for ill-defined PtAg nanoparticles,
[162,268,269]

 but so far not 

for structurally well-defined planar electrodes. 

In addition we also determined the potential-dependent H2O2 production yields at high 

overpotentials (see Figure 5.1-8 a). Apparently, they are dramatically influenced by the 

presence of Ag surface atoms in the monolayer surface alloy.  

For more information on the stability and possible corrosive restructuring of the 

Ag31Pt69/Pt(111) and Ag58Pt42/Pt(111) surface alloys under electrochemical reaction 

conditions, we performed STM measurements under UHV conditions after the 

electrochemical measurements. Representative images are displayed in Figure 5.1-8 b and d, 

respectively. The STM images are significantly more noisy than images recorded prior to the 

electrochemical characterization (see, e.g. in Figure 5.1-7 a), which we attribute to a higher 

level of residual adsorbates which remained on the surface after emersion of the sample.
[190]

 

Nevertheless, depending on the composition of the surface alloy, different structures can be 

identified by STM imaging before and after the electrochemical characterization. A line 

profile in the STM image of the Ag31Pt69/Pt(111) sample (Figure 5.1-8 b), which is depicted 

in Figure 5.1-8 c reveals a noisy surface level and large monolayer high structures, closely 

resembling the surface before the electrochemical measurement (see Figure 5.1-7 a). This is 

different for the Ag58Pt42/Pt(111) surface alloy (Figure 5.1-8 d), where the line profile in 

Figure 5.1-8 e in addition to the monolayer high structures reveals monolayer deep small 

holes within the monolayer alloy film. Considering also the changes observed in the base CV 

of the Ag58Pt42/Pt(111) electrode in Figure 5.1-7 d, when the upper potential limit exceeds 

0.90 V, we attribute these holes to partial dissolution of Ag from the surface alloy.
[190]

 While 

the higher stability of Ag surface atoms compared to bulk Ag can be easily understood from a 

stabilization of the surface Ag atoms by the underlying Pt(111) substrate, which results in a 

stronger bonding of the surface Ag atoms compared to pure Ag because of electronic strain 

and (vertical) ligand effects,
[16,98,190]

 the different stability of Ag surface atoms in the two 

surface alloys is more complex and has to be associated with lateral Pt-Ag interactions. This 

aspect is discussed in more detail elsewhere.
[190]

 

It is important to realize that the ORR measurements were performed on the restructured 

electrode for the Ag58Pt42/Pt(111) monolayer surface alloy, where restructuring was detected 

by STM imaging after the electrochemical measurements. These restructuring induced effects 
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are included in the measured current densities, so that the “true” ORR activity of a structurally 

perfect Ag58Pt42/Pt(111) electrode cannot be measured experimentally. Hence, it is not clear, 

at least not for surface alloys with higher Ag contents (>50%) where corrosive hole formation 

occurs at potentials exceeding 0.9 V, whether the higher ORR activity of these surfaces is 

solely or at least mainly due to bimetallic effects including electronic strain and ligand effects 

and possibly geometrical ensemble effects, or whether structural effects play an important role 

as well.  

These results nicely demonstrate the importance of detailed structural characterization, both 

before and after electrochemical measurements, in combination with the ability for preparing 

structurally well-defined electrode surfaces, for the understanding of electrocatalytic reactions 

on complex bimetallic surfaces. A more detailed report on the ORR activity of 

AgxPt1-x/Pt(111) surface alloys with increasing Ag content is currently under preparation. 

5.1.4.2.2 Bulk CO electrooxidation on Pt modified Ru(0001) electrodes  

In this second example of structural modifications and, as a result of that, drastic changes in 

the electrocatalytic properties, we focus on the bulk CO electrooxidation on UHV-prepared Pt 

island modified Ru(0001) electrodes. Specifically, we will use a Ru(0001) surface modified 

by monolayer Pt islands with a coverage of 0.3 monolayers (ML) (Pt0.3-ML/Ru(0001)) as 

example. STM images of the as prepared Pt0.3-ML/Ru(0001) surface (Figure 5.1-9 a) show a 

high density of hexagonally shaped Pt islands. Their height of one monolayer is illustrated by 

the line scan displayed in Figure 5.1-9 b. The potentiodynamic current traces for bulk CO 

electrooxidation performed in CO-saturated 0.5 M H2SO4 (scan rate 10 mV·s
-1

) and the CO2 

ion currents detected by DEMS are presented in Figure 5.1-9 c and d, respectively, once on an 

electrode which was exposed before to 40 potential cycles in pure supporting electrolyte 

between 0.05 and 0.9 V and once on an electrode which was pre-treated in the same way, but 

with an upper potential limit of 1.05 V. For comparison, we also included current traces 

recorded in a similar experiment performed on a bare Pt(111) electrode (see also Figure 

5.1-5 a and b. For all surfaces there are no current features visible in the potential range 

between 0 V and 0.55 V, due to blocking of the surface by COad, and the reaction is initiated 

at around 0.55 V (see insets Figure 5.1-9 c and d). Even though the base CVs of both Pt0.3-

ML/Ru(0001) surfaces show the same current profiles, as described in details elsewhere,
[270,271]

 

the electrocatalytic activity of these electrodes for potentials >0.55 V depends strongly on the 

upper potential limit (Eup) during the preceding base CVs. If Eup was kept in the range up to 

0.90 V, the current increases smoothly from 0.55 V, reaching a maximum at 0.9 V. In this 
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case the CO oxidation rates are rather similar to those obtained on Pt(111) at potentials 

between 0.55 V and 0.70 V, while between 0.70 V and 0.90 V the currents are significantly 

higher on the Pt0.3-ML/Ru(0001) electrode than for Pt(111). On the other hand, when Eup was 

fixed at 1.05 V, the CO oxidation rate was found to increase much faster in the same potential 

region between 0.55 and 0.90 V than the two other electrodes, reaching a first maximum at 

0.80 V and a second higher one at 1.05 V. Hence, the activity of the 1.05 V pre-cycled 

bimetallic sample clearly exceeds that of the bare Pt(111) electrode in this potential region, 

and also that of the 0.9 V pre-cycled Pt0.3-ML/Ru(0001) electrode. 

The different CO oxidation characteristics of the two Pt0.3-ML/Ru(0001) electrodes can be 

interpreted by structural differences between the two samples, resulting from their different 

pre-treatments. Direct proof for that, however, is missing. Likewise, nothing is known about 

the nature of any possible corrosive restructuring. This information can be obtained from 

STM imaging after the electrochemical measurements. STM images recorded after the two 

different electrochemical potential cycling pre-treatments are presented in Figure 5.1-10 a and 

c. While after cycling to 0.90 V (Figure 5.1-9 c) the surface appears very similar to the as-

prepared surface structure with hexagonally shaped monolayer high Pt islands on Ru(0001) 

(see Figure 5.1-9 a), cycling to 1.05 V results in a severe restructuring of the surface (Figure 

5.1-10 c). The latter image shows dissolution of the Ru(0001) surface as well as multilayer 

cluster formation. Accordingly, we attribute the enhanced CO oxidation activity of the 

restructured surface in the potential range of 0.55 and 0.90 V to the newly formed multilayer 

structures, rather than to Pt-Ru neighbourhoods as expected from the bifunctional effect 
[272]

 

(see below). It should be noted that the exact nature and chemical composition of these 

multilayer structures is still unclear, as they are too rough to be resolved by STM imaging. In 

such case further information could be gained from model surfaces with specifically designed 

nanostructures. This is subject of current efforts. 

Considering that in all cases the reaction is initiated at ca. 0.55 V, independently of the 

electrode structure and composition, it seems that neither the neighbourhood of Ru atoms to 

supply adsorbed hydroxyls at lower potentials 
[272,273]

 nor the lowering of the CO adsorption 

energy on Pt by subsurface Ru 
[116]

 influence the first stage of the bulk CO electrooxidation 

reaction.  

 

 



Results and discussions  79 

 

Figure 5.1-9: a) Representative large area STM image of the as-prepared Pt0.3-ML/Ru(0001) 

surface before the electrochemical measurements (100 nm  100 nm, Ut = 1000 mV, 

It = 10 nA), b) height profile along the line marked in a), c) potentiodynamic current traces for 

bulk CO oxidation in 0.5 M H2SO4 at 10 mV s
-1

 for Pt(111) (black trace), Pt0.3-ML/Ru(0001) 

after potential cycling in supporting electrolyte (40 cycles) with Eup fixed at 0.90 V (green 

trace) and with Eup fixed at 1.05 V (red trace). Arrows indicate the direction of the potential 

variation. d) Partial Faradaic currents for CO2 formation derived from the mass spectrometric 

CO2 ion current DEMS signal normalized by the collection efficiency K* (colours as in c).  
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Figure 5.1-10: Representative STM images (100 nm  100 nm) of the Pt0.3-ML/Ru(0001) 

electrode surfaces after the electrochemical measurements (a, c) and corresponding height 

profiles (b, d) along the lines marked in a, c). a, b) STM image/height profile after 

electrochemical potential cycling with Eup = 0.90 V (Ut = 100 mV, It = 10 nA), c, d) STM 

image/height profile after electrochemical potential cycling with Eup = 1.05 V (Ut = 100 mV, 

It = 10 nA). 

 

In the present example STM imaging after the electrochemical measurements could explain 

distinct differences in the electrocatalytic behaviour of two bimetallic Pt0.3-ML/Ru(0001) 

electrodes which were prepared in the same way, but exposed to slightly different potential 

cycling pre-treatments. Distinct structural differences between both samples could be 

identified by STM imaging under UHV conditions, which are not apparent in base CVs, most 

likely because of the very small charge associated with them.  

Overall, these two examples demonstrated the unprecedented level of structural detail and 

accuracy available from such kind of combined UHV-STM – electrochemical flow cell 

studies, both with respect to the preparation of electrodes with complex, but nevertheless 

well-defined structure, and with respect to the ability to establishing correlations between 

(bi-)metallic nanostructures and electrochemical/catalytic properties in terms of structure – 

activity correlations. 
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5.1.5 Conclusion 

We have presented a novel combination of UHV-STM, which allows for controlled sample 

preparation and characterization on an atomic-scale, and an electrochemical flow cell set-up, 

which allows for electrochemical measurements on these electrodes under controlled 

electrolyte flow conditions and with the option of simultaneous detection of reactive 

intermediates/side products or of volatile reaction products by a second electrochemical cell 

equipped either with an additional electrode or an interface to a mass spectrometer (DEMS). 

The stability of the UHV-STM and the cleanness of the sample transfer procedures are 

sufficient to allow for atomic-scale imaging also after electrochemical measurements. 

The technical performance of this set-up, in particular of the electrochemical flow cell 

measurements, was demonstrated by a number of different electrochemical/-catalytic 

measurements on UHV-prepared Pt(111) electrodes. The real potential of this instrument, 

allowing the preparation of complex nanostructured samples in a reproducible way, the 

structural characterization of these surfaces on an atomic-scale before and after the 

electrochemical measurement, and clean electrochemical measurements under controlled 

electrolyte flow conditions, was illustrated in electrocatalytic measurements on two types of 

bimetallic electrodes, on the ORR on AgxPt1-x/Pt(111) monolayer surface alloys and on the 

bulk CO oxidation on Pt monolayer island modified Ru(0001) surfaces, both of which were 

prepared and structurally characterized by STM under UHV conditions. For both cases we 

find a potential induced restructuring of the samples, depending on the surface composition 

and potential conditions, which results in distinct modifications of the electrochemical and/or 

electrocatalytic properties, which would hardly be accessible and certainly could not be 

understood without the sample preparation and structural characterization provided by this 

instrument. In total, this newly designed set-up is a highly versatile tool for deriving structure 

– activity correlations on an unprecedented level of structural detail and accuracy. 
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5.1.6 Appendix Physical Chemistry Chemical Physics 

 

 

Figure 5.1-11: Current densities for the ORR (bottom panel) and H2O2 yield (top panel) from 

simultaneous electrochemical detection of the H2O2 yield on Pt(111) (black traces), 

Ag31Pt69/Pt(111) (red traces) and Ag58Pt42/Pt(111) (green traces) (O2-saturated 0.5 M H2SO4, 

v = 10 mV s
-1

). 
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5.2 Electrochemical characterization and stability of 

AgxPt1−x/Pt(111) surface alloys 

 

The content of the following section was published in reference 
[190]

 and is reprinted with 

permission from S. Beckord, A. K. Engstfeld, S. Brimaud, R. J. Behm; Journal of Physical 

Chemistry C, "Electrochemical characterization and stability of AgxPt1-x/Pt(111) surface 

alloys", 2016, 120, 16179. Copyright (2016) American Chemical Society. The content and 

structure was adjusted to the style and layout of this thesis by adapting the numbering of the 

sections, the references, the figures and the spelling. Abbreviations which already have been 

introduced in the thesis before are not expanded in the text anymore. My contributions to this 

publication are all experimental work and measurements performed, like STM and EC, as 

well as their respective evaluation and the production of the figures. 

 

 

 

5.2.1 Abstract 

As part of an extensive study of the performance of structurally well-defined AgxPt1-x/Pt(111) 

monolayer surface alloys in the O2 electro-reduction we have systematically investigated the 

electrochemical properties and the stability of these electrodes in 0.5 M H2SO4 under mass 

controlled conditions in a flow cell set-up, varying the surface Ag content over a wide range. 

The surface alloys were prepared and structurally characterized on an atomic-scale by 

scanning tunnelling microscopy (STM) under UHV conditions, a transfer system allowed 

electrochemical measurements without intermediate contact to air. Cyclic voltammetry (CV) 

measurements showed distinct changes in the hydrogen and (bi)sulphate sorption behaviour of 

the surface alloys with increasing Ag surface content. The electrochemical stability of the 
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electrode surfaces was tested by CV in 0.5 M sulphuric acid supporting electrolyte with a 

stepwise increase of the potential limit up to 0.95 V (vs. RHE). CVs as well as STM 

measurements revealed that surface alloys with Ag contents up to 50% are stable in the 

electrochemical environment under these conditions, while for higher surface Ag contents 

dissolution of Ag sets in. The modifications in sorption behaviour and stability are compared 

with recent findings for adsorption on similar surfaces under UHV conditions and related 

calculations, and discussed in a coherent picture. 

 

5.2.2 Introduction 

Stimulated by intense efforts to introduce polymer electrolyte fuel cells (PEFCs) in the 

market, e.g. for automotive application, the electrocatalytic oxygen reduction reaction (ORR) 

has attracted considerable interest in recent years, since because of their (relatively) low 

activity and high costs the ORR cathode catalysts contribute significantly to the overall cost 

of the PEFC. In recent years, a number of bimetallic catalysts have been reported to be 

considerably more active than the standard carbon supported Pt catalysts.
[9,147,148,188,274,275]

 

Subsequent studies indicated, however, that these catalysts were susceptible to degradation 

under typical reaction conditions, to an extent which so far prevented their use for technical 

applications.
[276-279]

 Hence, understanding and reducing the degradation, specifically the 

corrosive modifications of the catalysts under reaction conditions, appears to be equally 

important as further improving their activity. In order to gain more insight into the underlying 

surface corrosion processes, we have built up a combined ultrahigh vacuum (UHV) – 

electrochemistry transfer system with an integrated scanning tunnelling microscope in recent 

years, which allows us to prepare and characterize structurally well-defined single crystal 

model electrodes on an atomic-scale before and after electrochemical/-catalytic measurements 

and thus to identify characteristic changes in the structure and composition of the electrode 

surface layer without exposure to ambient atmosphere. First results on the structural 

modifications of bimetallic Pt/Ru(0001) and PtRu/Ru(0001) electrode surfaces, imposed by 

the electrochemical environment at different potentials, and the consequences of these 

modifications on the electrocatalytic performance in the bulk CO oxidation reaction, have 

been reported recently.
[270,271]

 In a similar approach we started to investigate the ORR on 

structurally well-defined AgxPt1-x/Pt(111) monolayer surface alloys, as a model system for 

bimetallic PtAg catalysts, and its dependence on the surface Ag content. PtAg catalysts had 

been predicted as promising candidates for the ORR,
[14]

 and experiments performed on 
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structurally little defined, carbon supported PtAg catalysts indeed revealed an enhanced ORR 

activity compared to Pt/C catalysts.
[280]

 

Monolayer surface alloys are particularly attractive for model studies of bimetallic surfaces, 

since due to the homogeneous underlying substrate changes in the chemical properties with 

varying composition are solely due to changes in the composition of the surface layer. This 

allows clear correlations between surface structure and chemical properties once the structure 

of the surface layer, including its chemical composition and the distribution of the different 

species in that layer is known, e.g., from high resolution scanning tunnelling microscopy 

(STM) imaging with chemical contrast.
[42,58,61,64]

 In the present paper we report on the 

stability of these surfaces under ORR relevant electrochemical conditions, i.e., at potentials 

reaching up to 0.95 V, and its dependence on the surface Ag content, which shall be studied 

by a combination of electrochemical measurements and high resolution STM characterization.  

Before presenting our results we will briefly summarize the most important previous findings 

relevant for this study. The electrochemistry of Pt and Ag electrodes has already been 

extensively studied and well characterized by cyclic voltammetry before.
[122-126]

 Pt(111) 

electrodes are known to be stable in 0.5 M H2SO4 in a potential range from 0.05 V to 1.1 V 

vs. the reversible hydrogen electrode (RHE) before the surface begins to roughen, due to the 

formation and reduction of surface oxides.
[122,124,125]

 In addition, Pt(111) electrodes show 

underpotential hydrogen (HUPD)
 

adsorption/desorption at potentials below 0.35 V and 

(bi)sulphate adsorption/desorption in the potential regime between 0.35 V and 0.55 V.
[128,129]

 

Ag(111) surfaces are known to be considerably less stable in the same electrolyte, with their 

stability range limited to -0.1 V to 0.50 V. Furthermore, they do not show distinct hydrogen 

adsorption/desorption current features, but are known to adsorb/desorb sulphate without 

exhibiting distinct current features in this potential range.
[134,135,184]

 At potentials higher than 

0.50 V Ag starts to dissolve.
[126,132]

 The formation and stability of PtAg surface alloys and Ag 

adlayers on Pt electrodes under electrochemical conditions after Ag underpotential deposition 

was extensivly studied by Vaskevich et al.,
[126,136,137]

 but little attention was paid to the 

properties of the resulting electrodes for electrosorption in the low potential regime. A linear 

dependence between the Ag coverage and the charge for HUPD was found.
[136]

 A modification 

and/or suppression of the hydrogen region of stepped Pt(111) single crystal electrodes after 

Ag deposition under potential cycling was reported by Domke et al..
[138]

 They noticed the 

growth and the progressive disappearance of a new symmetric peak at ca. 0.27 V with 

increasing number of potential cycles in sulphate containing electrolyte. They tentatively 
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ascribed this peak to anion adsorption coupled to hydrogen desorption in the anodic part of 

the voltammogram. 

Following earlier studies on the growth of thin Ag films on Pt(111) and the formation of PtAg 

surface alloys at elevated temperatures,
[15,17,34,35,193,194]

 the preparation, structure and thermal 

stability of AgxPt1-x/Pt(111) monolayer surface alloys and their interaction with CO under 

UHV conditions had been investigated by high resolution STM and various spectroscopic 

methods recently in our laboratory, supported by density functional theory (DFT) based 

calculations.
[16,18,19]

 The results of these latter studies are integrated in the later discussion. 

Most important, these studies clearly demonstrated that monolayer AgxPt1-x surface alloys can 

be prepared on a Pt(111) substrate in a controlled way, without losing Ag into the Pt(111) 

bulk or deeper layer of the surface region, and that the composition can be varied over a wide 

range. 

In the following we will, after a brief description of the experimental set-up and procedures 

(Section 5.2.3), first concentrate on the structure of the bimetallic properties (Section 5.2.4.1), 

including results of a previous study in our laboratory.
[16]

 In the subsequent Section 5.2.4.2 we 

focus on elucidating systematic trends in the electrochemical properties of AgxPt1-x/Pt(111) 

samples, in particular of the hydrogen and (bi)sulphate sorption behaviour, as a function of 

Ag surface content, varying the Ag content over a wide range. Finally, in Section 5.2.4.3, we 

concentrate on the electrochemical stability of the surface alloys in 0.5 M H2SO4 supporting 

electrolyte and systematic trends therein, which will be investigated by a combination of 

cyclic voltammetry (CV), cycling to increasingly higher potentials, and subsequent STM 

measurements, performed under ultrahigh vacuum (UHV) conditions after electrochemical 

measurements and back transfer of the sample into the UHV system. The resulting trends in 

sorption behaviour and stability with increasing Ag surface content will be discussed in an 

atomistic picture, making use also of previous results obtained under UHV conditions and 

supporting DFT based calculations.
[16,18,19]

 

 

5.2.3 Experimental set-up and procedures 

Sample preparation and surface analysis were performed in a UHV system with a base 

pressure of pbase <1·10
-10

 mbar. The system is equipped with standard facilities for sample 

preparation and characterization, including an ion source (Specs, IQE 11-35) for Ar
+
 

sputtering and a Knudsen cell type evaporator (Tectra, WKC3) for Ag evaporation. Surface 
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analysis was performed by Auger electron spectroscopy (AES, Perkin Elmer, 10-155), a home 

built pocket size STM allowed for structural characterization. STM measurements were 

performed with a tungsten tip, typically with a bias potential of 0.2 – 0.8 V (large-scale 

images) or <100 mV (high resolution detail images) applied at the sample and tunnelling 

currents of 0.3 – 3.0 nA (larger scale images) or around 70 nA (high resolution detail images). 

A quadrupole mass spectrometer (QMS, Balzers, QME-125-1) served for residual gas 

analysis. A more detailed description of the set-up can be found elsewhere.
[281]

 

The electrochemical (EC) measurements were performed in a newly designed electrochemical 

flow cell system, which was located in a mini UHV chamber (base pressure pbase 

<1 · 10
-8

 mbar) attached to the main UHV chamber. The set-up allows for sample transfer 

under well-defined conditions between the main UHV chamber and the electrochemical set-

up. A detailed description of this set-up will be given elsewhere. The flow cell set-up 

consisted of a home built dual layer laminar flow cell made of KEL-F, which is equipped with 

two counter electrodes (Au and Pt, respectively) and a reversible hydrogen reference electrode 

(RHE) connected by a capillary. All potentials in this work are given with respect to the RHE 

scale. The potential was controlled by a computer controlled potentiostat (Pine, AFCBP1). 

For the EC measurements the sample was transferred from the main UHV chamber to the 

mini UHV chamber, which was then purged with nitrogen (5 N, N2) to prevent surface 

contamination. In a next step the electrochemical cell was pressed to the sample surface via 

transfer rods attached to it. The contact between sample and cell body was sealed by an 

O-Ring (FPM, Arcuss GmbH) to prevent leaking of the electrolyte into the vacuum chamber 

during the electrochemical measurements. All currents and Faradaic charges are normalized 

by the geometric area of the electrode defined by the inner diameter of the O-ring (6 mm). 

Electrochemical characterization was performed by cyclic voltammetry in 0.5 M H2SO4 

supporting electrolyte, which was prepared from Suprapur H2SO4 (Merck) and ultra-pure 

water (18.5 MΩ·cm Millipore) and purged with N2 (6.0, MTI). For STM imaging after 

electrochemical measurements the electrochemical cell was removed from the sample, then 

the mini UHV chamber was pumped down to the base pressure of 1·10
-8

 mbar, and finally the 

sample was transferred back to the main UHV chamber for structural characterization by 

UHV-STM. 

Prior to each experiment the Pt(111) single crystal (Mateck GmbH) was cleaned by 15 min 

Ar
+
 ion sputtering (pAr = 3·10

-5
 mbar; E = 0.6 kV) at room temperature (RT), followed by 

heating cycles up to 1050 K at a rate of 4 K s
-1

 and cooling to RT at a rate of 2 K s
-1

 to prepare 
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atomically flat surfaces (see below). The temperature was controlled by a pyrometer (Impac 

Infratherm, IGA 140). Residual impurities, which are due to segregation accumulated in the 

topmost layers (carbon, sulphur), were removed by oxidation cycles, including adsorption of 

oxygen during cool down at about 800 K (exposure: 10 L = 10·1.33 10
-6

 mbar s) and a final 

heating cycle to 1000 K (heating/cooling rates as above). Ag was evaporated from a Knudsen 

cell at a rate of 0.1 ± 0.05 ML min
-1

 with the sample held at RT. The total coverage of Ag was 

determined by STM measurements (see below), evaluating 4 to 10 STM images each with a 

size of at least 200 nm x 200 nm. Following the procedures developed by Rötter,
[16]

 the 

AgxPt1-x/Pt(111) surface alloys were prepared by annealing the Ag modified Pt(111) surfaces 

to 900 K, using the same heating rates as employed for the preparation of clean Pt(111) 

surfaces. 

 

5.2.4 Results and discussion 

5.2.4.1 Structural characterization 

We will start with characterizing the surface morphology and structure of the bimetallic 

surfaces resulting from the preparation procedures. In the discussion we will use also results 

of a previous high resolution STM study on the distribution of the Pt and Ag atoms in the 

surface layer upon surface alloy formation.
[16]

 The structural data from Rötter relevant for this 

work are summarized in Table 5.2-1 and Figure 5.2-2. Further information on the surface 

alloy formation process and on the chemical and electronic properties of the resulting 

bimetallic surfaces is available in references.
[15,18,19,282]

 

 

Table 5.2-1:Fraction of surface trimers in AgxPt1−x/Pt(111) surface alloys according to Rötter 
[16]

 and for a random distribution of the surface atoms at the same nominal composition. 

 

System Phase separation (experimental) Random distribution (theoretical) 

 
Ag

3
 Ag

2
Pt

1
 Ag

1
Pt

2
 Pt

3
 Ag

3
 Ag

2
Pt

1
 Ag

1
Pt

2
 Pt

3
 

Ag
07

Pt
93

 0.02 0.03 0.11 0.84 0 0.02 0.18 0.8 

Ag
19

Pt
81

 0.09 0.08 0.16 0.67 0 0.09 0.38 0.53 

Ag
31

Pt
69

 0.18 0.13 0.17 0.52 0.03 0.2 0.44 0.33 

Ag
41

Pt
59

 0.24 0.15 0.18 0.43 0.06 0.28 0.43 0.23 

Ag
50

Pt
50

 0.33 0.17 0.17 0.33 0.12 0.38 0.38 0.12 
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Figure 5.2-1: Set of STM images of a) the clean Pt(111) surface, b) after deposition of 0.3 ML 

Ag at RT, and c) surface after alloy formation. The insets in c show an atomically resolved 

STM image of the surface alloy, where the bright atoms are assigned to Pt atoms, and a height 

pro fi le along the line marked white. 
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Annealing the partly Ag covered Pt(111) surfaces to 900 K leads to surface alloy formation, 

i.e., alloying of Ag into the topmost layer of the Pt(111) surface. An example for the resulting 

surfaces is given in the large-scale STM image in Figure 5.2-1 c. Obviously, the Ag islands 

disappeared or coalesced into very large structures, while the overall morphology of the 

Pt(111) surface, with flat terraces separated by monoatomic steps, was maintained. A closer 

look at the terraces reveals bright and dark areas, which are attributed to pure Pt and Ag 

ensembles in the first layer, respectively. The inset in Figure 5.2-1 c shows an atomically 

resolved STM image of a AgxPt1-x/Pt(111) surface, where individual Pt atoms or ensemble 

(bright) are surrounded by Ag atoms. A height profile along the white line in Figure 5.2-1 c 

reveals a monolayer high step and slight corrugations within the terrace, due to the separated 

Ag and Pt areas. 

 

 

Figure 5.2-2:  Atomically resolved STM images with chemical contrast for surface alloys with 

increasing Ag surface contents. Surface composition and tunnelling parameters are a) 25% 

Ag, IT = 71 nA; UT = 8.5 mV; b) 46% Ag, IT = 71 nA; UT = 5.5 mV; c) 95% Ag, IT = 71 nA; 

UT = 7.0 mV. Images are taken from reference 
[16]

.d) Abundance of different trimer ensembles 

(Pt3 (solid lines), Ag1Pt2 (dashed lines), Ag2Pt1 (dotted lines), and Ag3 (dashed dotted lines)) 

in the surface layer with increasing Ag surface content calculated for a surface where the 

respective species are randomly distributed (black) and evaluated from the STM images for 

AgxPt1−x/Pt(111) surface alloys (coloured). 
[16]

 

 

Further, more detailed information on the AgxPt1-x/Pt(111) monolayer surface alloys is 

available from a previous high resolution STM study in our laboratory.
[16]

 In that study, 
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atomically resolved STM images were recorded for various surface alloy compositions (see 

Figure 5.2-2 a-c). From the digitized versions of these images, surface compositions as well as 

the atom distribution were extracted, where the latter yields information about the lateral 

short-range order as well as on the ensemble and ligand statistics.
[16]

 First of all, quantitative 

evaluation of these images revealed that Ag bulk diffusion can be neglected under present 

preparation conditions, with the loss of surface Ag being below 5% of a monolayer (ML). 

This fully confirms earlier findings of Röder et al., who arrived at qualitatively similar 

conclusions.
[15]

 Hence, Ag bulk diffusion seems to be kinetically hindered under these 

conditions, while thermodynamically it would be possible due to the large entropic 

contribution at the high annealing temperatures. This also means that the layer(s) below the 

surface layer are essentially homogeneous Pt(111) layers. Second, both the Ag adlayer islands 

as well as the monolayer surface alloy are pseudomorphic with respect to the substrate, 

neither surface dislocation lines nor reconstructions were observed.
[16]

 Therefore, increasing 

incorporation of the larger Ag atoms in the surface layer will (in average) result in increasing 

compressive strain in the surface layer, as the substrate maintains the Pt(111) lattice 

parameters. Third, the quantitative evaluation of a large number of high resolution STM 

images revealed a distinct tendency for phase separation, i.e., the surface atoms prefer homo-

atomic rather than hetero-atomic neighbourhoods compared to the situation obtained for a 

random distribution of the surface atoms. This is illustrated in the plots in Figure 5.2-2 d, 

which display the abundance of different threefold sites (Pt3, Pt2Ag, PtAg2, Ag3) as a function 

of Ag surface content, as the trends determined experimentally, from evaluation of the STM 

images (coloured lines), and versus that the trends calculated for a random distribution of 

surface atoms(black lines). Clearly, the pure Pt3 and Ag3 ensembles appear much more often 

than expected from a random distribution, while the mixed ensembles (Pt2Ag, PtAg2) are less 

frequent than for the random distribution. This distribution of surface atoms results in 

Warren-Cowley short-range order parameters (for a description see 
[44]

), which typically 

decreased from values around 0.3 – 0.5 for nearest neighbours to slightly above 0 for 5
th

 

nearest neighbours, depending on the Ag surface content.
[16]

 The trends observed for AgxPt1-

x/Pt(111) closely resemble earlier findings for PtxAu1-x/Pt(111)
[41]

 and PdxRu1-x/Ru(0001)
[46]

 

surface alloys, in contrast to systems with random distribution of the different species within 

the surface layer as observed for PtxRu1-x/Ru(0001)
[44]

 and PdxAg1-x/Pd(111)
[53]

. The 

distribution of the atoms within the surface alloy is highly important for the abundance of 

chemically/catalytically active ensembles. Consequences of the tendency for phase separation 

for the electrochemical behaviour will be discussed in more detail in the next Section 5.2.4.2. 
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Considering that H adsorption is generally expected to take place on threefold coordinated 

sites, we exemplarily list the abundance of trimer ensembles (Ag3, Ag2Pt1, Ag1Pt2, Pt3) for 

three different surface compositions in Table 5.2-1, based on the data of Rötter.
[16]

 For 

comparison, Table 5.2-1 also contains values expected for a random distribution of the surface 

atoms. As expected from Figure 5.2-2 d, for low Ag surface concentrations (7%) the 

difference between the experimental system and the random distributed system is only small, 

whereas for higher Ag surface contents the abundance of homo-atomic ensembles becomes 

increasingly higher in the former case compared to values obtained for a random distribution. 

 

5.2.4.2 Electrochemical characterization of AgxPt1-x/Pt(111) surface alloys 

We will start with discussing the changes in the CV characteristics introduced by the presence 

of Ag surface atoms compared to CVs of a bare Pt(111) electrode for AgxPt1-x/Pt(111) surface 

alloys with different Ag contents. CVs were recorded in contact with 0.5 M H2SO4 in the 

potential range from 0.05 V to 0.65 V, where all surfaces were found to be stable under 

present experimental conditions (see Section 5.2.4.3). The respective CVs are shown in 

Figure 5.2-3. The CV of the bare Pt(111) electrode (Figure 5.2-3 a) exhibits the characteristic 

current features well known from the literature,
[196,219,246,283]

 with distinct hydrogen 

adsorption/desorption (sorption) features in the potential range below 0.35 V and features 

between 0.35 V and 0.55 V related to (bi)sulphate adsorption/desorption.
[284]

 The sharp peaks 

at 0.45 V result from a phase transition in the (bi)sulphate adlayer, from a disordered phase at 

low potentials into a well ordered phase at higher potentials.
[128,129,247]

 Overall, the current 

features of the Pt(111) electrode surface are in good agreement with previous findings, 

underlining the low defect density of the present surface and the clean transfer from UHV to 

the electrochemical environment. 

Going to the surface alloy with 7% Ag in the surface layer (Figure 5.2-3 b), the characteristic 

(bi)sulphate phase transition spikes, disappear almost completely. In contrast, the shape of the 

hydrogen sorption features at potentials below 0.35 V remains essentially unchanged, while 

the overall charge in this potential regime decreases. In parallel, also the charge associated 

with (bi)sulphate sorption decreases, mainly in the potential range 0.35 – 0.40 V, leaving a 

broad peak with a maximum at 0.43 V. Upon further increasing the Ag content in the surface 

alloy to 19% (Figure 5.2-3 c), a new peak evolves at about 0.27 V (marked A). 

Simultaneously, the integrated charge of the (bi)sulphate region in the potential range between 
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0.35 V and 0.55 V (marked C) decreases, and the same occurs for the integrated charge of the 

HUPD region (marked B).  

 

 

 

Figure 5.2-3: Cyclic voltammograms recorded in the potential range 0.05 − 0.65 V on bare 

Pt(111) a) and on AgxPt1−x/Pt(111) surface alloy electrodes b) − i) with increasing Ag surface 

content. Black lines give experimental scans, and dashed and dotted lines indicate the 

background due to double-layer charging (dashed line) and the deconvolution of the new peak 

A and the underlying background due to hydrogen adsorption/desorption. 

 

With further increasing Ag surface content (Figure 5.2-3 f - i), the (bi)sulphate adsorption 

charge (peak C) continues to decay, it essentially disappeared for a Ag content of around 50% 

(Figure 5.2-3 f). In contrast, the intensity of peak A increases with increasing Ag content, 

reaching a maximum at a Ag content of 50% (Figure 5.2-3 f), followed by a decrease in 

intensity up to a Ag content of 85% (Figure 5.2-3 g - i). Furthermore, the peak maximum of 

peak A shifts to slightly lower potentials with increasing Ag content, which will be discussed 

below. 
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Figure 5.2-4: a) Coulometric charges related to the hydrogen and bisulphate sorption (anodic 

scan in Figure 5.2-3) as a function of the Ag coverage (black squares: experimental data, 

continuous line: charges expected if adsorption takes place on Pt3 sites using the abundance of 

Pt3 sites determined by STM, dashed line: as before, but using the abundance of Pt3 sites 

expected for randomly distributed Pt and Ag surface atoms). b) Charge of the peak B (black 

squares), continuous line and dashed line as above. c) Charges of peak A (black squares) and 

peak C (red dots) as well as the combined charge of peaks A and C (open triangles) with 

increasing Ag content. (d) Peak potential of peaks A with increasing Ag surface content. 

 

For a more quantitative assessment we evaluated the evolution of the total Faradaic charge in 

the potential range <0.65 V with increasing Ag content from the CVs, after an appropriate 

correction for double layer charging (see dashed line). In this potential range the charge 

includes contributions from both hydrogen desorption and (bi)sulphate adsorption (anodic 

scan). One should note that (bi)sulphate adsorption and desorption on Ag(111) 
[134][132]

 and Ag 

monolayer prepared by underpotential deposition on Pt(111) 
[184]

 surfaces are not associated 

with any specific current features characteristic for Faradaic charge transfer in the potential 

region investigated. Hence, in the following coulometric analysis current peaks are only 

associated to the charge associated with adsorption on surface Pt atoms. The resulting charges 

are plotted against the increasing Ag surface content in Figure 5.2-4 a, starting with the 

Pt(111) electrode. The experimental values obtained for the different electrode surfaces are 

depicted as black squares. Additionally, we indicated the evolution of the fraction of Pt3 sites 

determined from STM data by Rötter 
[16]

 as a function of the Ag surface content (continuous 

line), and of the fraction of Pt3 sites assuming that Pt and Ag surface atoms are randomly 
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distributed within the surface structure (dashed line). Note that for a completely phase 

separated surface one would expect the fraction of Pt3 sites to decay linearly with increasing 

Ag content. For the bare Pt(111) surface the experimental overall charge of 250 µC/cm² 

determined in this potential region is in good agreement with previous reports.
[196]

 As seen in 

Figure 5.2-4 a, the total charge decrease with Ag content in the AgxPt1-x/Pt(111) surface alloy 

electrodes follows rather well the decreasing number of Pt3 sites which would support that 

hydrogen and (bi)sulphate species both adsorb only on Pt3 sites, and thus not on Ag 

containing ensembles. This would be in agreement also with previous findings that neither 

hydrogen nor (bi)sulphate electro-sorption occur in this potential range on bare Ag 

surfaces.
[123,132]

 A similar trend with Pt3 sites was observed for hydrogen adsorption on 

AuxPt1-x/Pt(111) surface alloys.
[120]

 However, the present situation is more complicated, since 

the plotted charge includes also the charge from (bi)sulphate adsorption. Furthermore, it also 

includes the charge under the peak A, whose origin was not yet clarified. 

To further investigate the origin of peak A, we tried to separate the current and charge 

contributions from hydrogen sorption (peak B, blue-hatched area), (bi)sulphate sorption (peak 

C, red-hatched area), and those from peak A (black-hatched area) in the potential window of 

0.05 V to 0.65 V, as illustrated in Figure 5.2-3. For this purpose we assumed a “Pt(111)-like” 

current-voltage characteristics of H electro-sorption on the Pt-like sites of the AgxPt1-x/Pt(111) 

surface alloys, which is supported by the similar shape of the current voltage curves at 

potentials below 0.20 V (see also Figure 5.2-7 in the Supporting Information). The 

assumption of a Pt(111)-like current-voltage characteristics implies that surface alloy 

formation does not modify the adsorption energy of adsorbed Had on the Pt3 sites (see below). 

The charges resulting from the Pt(111)-like Hupd adsorption/desorption (peak B) are plotted as 

black squares in Figure 5.2-4 b for increasing Ag surface contents. Similar to Figure 5.2-4 a, 

we also include the fraction of Pt3 sites (continuous line) and the fraction of Pt3 sites for 

randomly distributed Pt and Ag surface atoms (dashed line). The good agreement with the 

fraction of Pt3 sites derived from the STM data supports that H sorption in this potential range 

is due to adsorption on Pt3 sites and is not possible on Ag containing atomic ensembles. 

Different from the plot in Figure 5.2-4 a, there are no charge contributions from other sorption 

processes included. Figure 5.2-4 c displays the evolution of the charges under the peak A 

(black squares) and peak C (red dots) with increasing Ag content. The charge under the peak 

C ((bi)sulphate adsorption) decreases rapidly from ca. 80 µC cm
-2

 for Pt(111), which is in 

good agreement with previous data,
[285]

 to 0 µC cm
-2

 for surface alloys with ≥50% surface Ag 
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content. A similarly rapid decay (faster than the decay of the fraction of Pt3 sites) was also 

reported for hydroxyl sorption on PtxAu1-x/Pt(111).
[120]

 

The down-shift of the peak potential of peak A, from 0.30 V (peak maximum) for the 

Ag07Pt93/Pt(111) surface alloy to 0.21 V for the surface alloy with the highest Ag content 

(85% Ag) is illustrated in Figure 5.2-4 d. Depending on the nature of the adsorbate, this would 

correspond to a destabilization with increasing Ag surface content (H adsorption) or a 

stabilization of the adsorbate ((bi)sulphate adsorption). For peak C, in contrast, the maximum 

seems to shift to higher potentials with increasing Ag content, from 0.40 V for Pt(111) to 0.51 

V for Ag41Pt59/Pt(111). A closer look, however, reveals that this is not due to a shift of the 

entire peak, but results from a preferential loss of charge at the lower potential side of the 

peak. This loss could tentatively be interpreted in a picture where adsorption of individual 

(bi)sulphate species is energetically equivalent to that on Pt(111), but where (stabilizing) 

adsorbate-adsorbate interactions are reduced. 

The charge under the peak A (Figure 5.2-4 c) exhibits a more peculiar behaviour with 

increasing Ag content than the charges under the peaks B and C. It first increases up to ca. 

30 µC cm
-2

 as the Ag surface content increases up to 50%, followed by a decrease down to ca. 

10 µC cm
-2

 for higher Ag contents. The emergence of a new peak located at similar potentials 

was reported already by Domke et al. for continuous Ag deposition on stepped Pt(111) 

surfaces under potentiodynamic conditions in sulphate containing electrolyte and was 

attributed to anion adsorption.
[138]

 In order to test whether peaks A and C both result from 

(bi)sulphate adsorption we plotted the sum of the charges under these two peaks in Figure 

5.2-4 c as function of the Ag surface content. Considering the errors possible in the 

deconvolution of the peaks, this results in a continuous, almost linear decrease of the charge 

with increasing Ag content, from ca. 50 µC cm
-2

 for 7% Ag surface content to ca. 5 µC cm
-2

 

for 85 % Ag surface content (open triangles). Hence, when assuming that both peak A and 

peak C are due to (bi)sulphate sorption, the total amount of (bi)sulphate adsorption possible 

on these surface alloys decreases almost linearly with Ag surface content. 

Overall, these data revealed i) a new peak A which shifts to lower potential with increasing 

Ag content and which per se could result either from stabilized Hupd adsorption or from 

stabilized (bi)sulphate adsorption on sites which do not exist on Pt(111), ii) a decay of the 

Pt(111)-like Hupd adsorption charge (peak B) with increasing Ag surface content which 

closely follows the decay of Pt3 adsorption sites, and iii) an even slower (linear) decay of the 

combined charge of peaks A and C. The latter results from a rapidly decreasing charge in 
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peak C and a more complex behaviour of the new peak A, showing a maximum at about 50% 

Ag surface content. 

Further insight is gained by comparison with recent adsorption results obtained under UHV 

conditions. We have shown for CO adsorption on similar type AgxPt1-x/Pt(111) surface alloys, 

both experimentally and by DFT calculations, that adsorption on Pt monomers surrounded by 

Ag surface atoms is significantly stabilized compared to adsorption on Pt(111).
[18]

 This 

stabilization was explained by dominant lateral ligand effects. Based on the calculations 

similar effects occur also for CO adsorption on Pt2 bridge sites or on Pt3 threefold sites 

surrounded by Ag surface atoms, but are much less pronounced. Since such trends had been 

found to be of general validity, applicable also for adsorption of other adsorbates,
[286]

 we 

would expect similar effects also for the present case, for hydrogen adsorption on these 

surface alloys. However, since hydrogen adsorbs preferentially on Pt3 threefold sites, the 

extent of stabilization would, in analogy to the trend for CO adsorption, be expected to be 

small. Hydrogen adsorption on AgPt2 and Ag2Pt sites, where stabilization effects should be 

more pronounced, is not possible since the adsorption energy on these sites is too low to 

stabilize adsorption at room temperature. Therefore, Hupd adsorption on these sites can be 

neglected. Hence, based on this comparison there is no indication for a significant 

stabilization of the Hupd adsorption, neither on Pt3 sites nor on other sites, to an extent that it 

could rationalize the formation of peak A by Hupd adsorption. The conclusion that peak A 

cannot be due to stabilized Hupd adsorption on Pt3 sites is further supported by the good 

agreement between the trends in the abundance of Pt3 sites and the Hupd electro-sorption 

charge in peak B with increasing Ag content. Therefore, considering that Hupd adsorption on 

mixed sites (Pt2Ag, PtAg2) or even on Ag3 sites is increasingly weaker than on Pt3 sites, peak 

A can hardly be attributed to stabilized Hupd adsorption on the AgxPt1-x/Pt(111) surface alloys.  

In that case, this peak has to originate from sorption processes other than hydrogen sorption, 

with the most likely candidate being (bi)sulphate sorption. A similar stabilization as discussed 

for adsorption of CO and H would of course also be expected for (bi)sulphate adsorption, 

which would down-shift the potential for (bi)sulphate adsorption. This would fit well to the 

lower potential of peak A compared to the bisulphate sorption potential on Pt(111). In this 

case, however, the extent of the stabilization is less clear, cannot be derived by comparison 

with CO adsorption, since the binding situation of (bi)sulphate species on these mixed 

bimetallic surfaces is unknown, since we do not know whether Pt2 ensembles or even Pt 

atoms surrounded by Ag surface atoms or Pt perimeter sites at larger Pt ensembles sites would 

bind (bi)sulphate species sufficiently strong to allow electro-sorption in peak A. Considering, 
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however, the significant charge in this peak, and the almost linear decay of the total charge in 

peaks A and C, we find it most likely that peak A is due to (bi)sulphate adsorption on Pt 

monomers and Pt2 dimers surrounded by Ag surface atoms and/or on Pt perimeter sites of 

larger Pt ensembles, where adsorption is stabilized by electronic effects, including lateral 

ligand and strain effects. The abundance of these sites with increasing Ag surface content 

would be expected to show a maximum at a certain Ag surface content, in qualitative 

agreement with the experimental findings. In that case, peak C must be due to (bi)sulphate 

adsorption on the inner sites of Pt ensembles, where adsorption is not stabilized by adjacent 

Ag surface atoms (Pt(111)-like adsorption). This assignment is supported also by the 

downshift of the peak potential of peak A with increasing Ag content (Figure 5.2-4 d), which 

for (bi)sulphate adsorption would be indicative of a stabilization with increasing Ag content. 

A similar type of distinct new peak and a stabilization with increasing Ag surface content was 

observed also for CO adsorption on these surfaces (see above).
[18]

 Overall, our data support an 

assignment that peak A is due to stabilized sorption of (bi)sulphate species on sites which are 

not present on Pt(111). 

A final point to be discussed is the question in how far H sorption interferes and competes 

with (bi) sulphate sorption. On a pure Pt(111) electrode sulphate adsorption starts at potentials 

where the hydrogen is almost completely desorbed from the surface. Hence, the two 

adsorbates do not compete for sites and therefore the adsorption processes do not interfere 

with each other. For AgxPt1-x/Pt(111) surface alloys this is different. In this case, adsorption of 

(bi)sulphate in peak A starts already at potentials where some Hupd is still present, if we 

assume a Pt(111) like adsorption behaviour on the Pt3 sites, and adsorbed Hupd may compete 

with adsorbing (bi)sulphate species for the same adsorption sites. Alternatively, (bi)sulphate 

adsorption destabilizes Hupd and results in complete Hupd desorption at lover potentials than on 

Pt(111). However, while this may affect the shape of the respective current traces, they should 

not affect the total charge, since eventually, at slightly higher potential, all Hupd should be 

desorbed. This discussion further illustrates that the simple assumption of a Pt(111)-like Hupd 

sorption behaviour on Pt3 sites of the surface alloys, although being a good start, may be too 

simplified. 

To summarize, the presence of Ag atoms in the Pt(111) surface layer substantially modifies 

the adsorption/desorption characteristics of hydrogen and (bi)sulphate species in sulphuric 

acid, with the extent of the modification depending on the amount of Ag embedded. While the 

hydrogen electro-sorption follows the amount of Pt3 sites available and does not seem to be 

energetically modified by the Ag neighbourhood, (bi)sulphate adsorption seems to be 
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stabilized on Ptx sites adjacent to/surrounded by Ag surface atoms, while in the inner parts of 

larger Pt ensembles it is Pt(111)-like. These trends fully agree with trends derived previously 

for CO adsorption on similar type surface alloys. 

 

5.2.4.3 Electrode stability and corrosive restructuring 

The stability of the AgxPt1-x/Pt(111) surface alloys with increasing Ag content (from 7% to 

85%) was studied by cyclic voltammetry (CV) in supporting electrolyte and by STM 

measurements under UHV conditions before and after electrochemical characterization. The 

CV measurements were performed in 0.5 M H2SO4 with a scan rate of 50 mV s
-1

, starting 

with a potential range of 0.05 V to 0.55 V. In subsequent scans, the upper potential limit was 

stepwise increased, in steps of 0.10 V, up to 0.95 V. (Note that the scans from 0.05 to 0.65 V 

were presented already in Figure 5.2-3.) The upper potential limit of 0.95 V was chosen 

because it is often used as upper potential limit that allows for studying the onset of the ORR 

on well-defined single crystalline metallic electrodes without grossly restructuring the 

electrode surface. The results of the CV measurements are given in Figure 5.2-5. Since the 

characteristic features and trends of the CVs were discussed already in Section 5.2.4.2, we 

will focus here on (irreversible) changes in the CV characteristics introduced upon raising the 

potential limit. 

Starting with the Pt(111) electrode, we note that the current features in the low potential 

region (0.05 V – 0.50 V) do not change upon increasing the upper potential limit, indicating 

that the Pt(111) surface is stable in the entire potential range investigated, up to 0.95 V. This 

fully agrees with previous findings.
[122]

 It is well known that irreversible restructuring of the 

Pt(111) surface, which occurs when cycling to higher potentials, would lead to the formation 

of new peaks at 0.23 V and 0.12 V, which were attributed to the formation of (100) and (110) 

sites, respectively.
[122,124,125]

 

The CVs resulting from similar stability measurements at AgxPt1-x/Pt(111) surface alloys with 

increasing Ag content are depicted Figure 5.2-5 b - i. In these plots the last cycle recorded at 

the upper potential limit of 0.95 V is shown in red. For AgxPt1-x/Pt(111) surface alloys with 

Ag contents between 7% and 50%, the respective voltammetric features in the plots in Figure 

5.2-5 b - f do not show any significant changes upon increasing the upper potential limit, 

similar to the behaviour of Pt(111) (Figure 5.2-5 a). The very small changes of the peak 

around 0.25V, seen for surface alloys with a content up to 50% Ag (Figure 5.2-5 b-f), are 

attributed to accumulation of residual contaminations from the supporting electrolyte. The 
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stability was further tested by performing several potential cycles up to the highest potential 

limit. The inset in Figure 5.2-5 d shows the 1
st
 and 4

th
 cycle to an upper potential limit of 

0.95 V, recorded on a Ag31Pt69/Pt(111) surface alloy. Clearly, there are no significant 

deviations between the two I-E curves. 

 

 

Figure 5.2-5: Cyclic voltammograms recorded on bare Pt(111) a) and AgxPt1−x/Pt(111) 

surface alloy electrodes b) − i) with increasing Ag surface content and increasing anodic 

potential limit, from 0.55 to 0.95 V, testing corrosive modifications of the respective surfaces. 

Black lines give scans with increasing potential range, while red lines give the first cycle to 

the highest potential. While surfaces with low and medium Ag contents are stable (a − g), 

surfaces with higher Ag contents (>50%) show clear dissolution features h) and i) (see text). 

The inset in d) shows the first and fourth cycle to the highest potential for a 31% Ag surface, 

and the inset in h) shows the first, second, and fourth cycle to the highest potential for a 70% 

Ag surface alloy. 

 

This changes when going to higher Ag surface contents. For AgxPt1-x/Pt(111) surface alloys 

with Ag contents >50%, e.g., 70% or 85% Ag surface content, the CVs depicted in Figure 

5.2-5 h and  i show a clear increase of the overall charge below 0.35 V, including the A peak 

located at 0.25 V when increasing the upper potential limit from 0.85 V and 0.95 V. For a 

surface alloy with a Ag content of 70%, the 1
st
, 2

nd
 and 4

th
 cycle recorded with an upper 

potential limit of 0.95 V are shown in the inset of Figure 5.2-5 h. In the potential range 
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between 0.85 and 0.95 V, the current density decreases with increasing number of potential 

cycles, very different from the constant behaviour observed for the Ag31Pt69/Pt(111) surface 

alloy (Figure 5.2-5 d). Most simply, this can be explained by a decreasing amount of Ag 

dissolution from the bimetallic surface layer per cycle. The results of these systematic 

investigations provide clear evidence that AgxPt1-x/Pt(111) surface alloys are stable in a 

potential range from 0.05 V to 0.95 V for Ag surface contents up to 50%, while for Ag 

surface contents higher than 50% potential cycling results in irreversible corrosive changes of 

the respective electrode surfaces. This is particularly evident in the growth of the Hupd 

adsorption/desorption charge (peak B), which results from exposure of additional, previously 

Ag covered Pt3 ensembles after Ag dissolution. Note that the apparent increase in peak A is 

mainly due to an increase of the base line, due to increased Hupd adsorption. The decay of the 

oxidation current in the range 0.85 – 0.95 V with increasing number of potential cycles 

supports the proposition of irreversible surface corrosion, with the number of corrosion 

sensitive centres (=Ag surface atoms) decreasing with increasing corrosive removal. 

To gain further information on the nature of these corrosive modifications we performed STM 

measurements after the electrochemical measurements. Images characteristic for the resulting 

surfaces are presented in Figure 5.2-6. In addition to the STM images, the figure also includes 

line profiles (see insets), which are measured along the white lines in the STM images. For 

comparison, an STM image of a Ag41Pt59/Pt(111) electrode surface, which was recorded prior 

to the electrochemical measurements is presented in Figure 5.2-1 c. Starting with the non-

modified Pt(111) electrode, the STM image depicted in Figure 5.2-6 reveals that after the 

electrochemical characterization the surface largely resembles that before the EC 

measurements, with large smooth terraces separated by monoatomic steps and straight step 

edges. Hence, electrochemical and STM measurements arrive at the same conclusion that the 

Pt(111) surface is not susceptible to restructuring in this electrochemical environment in the 

potential range investigated. This agrees also with previous STM results.
[287]

 It should be 

noted that the terraces in this image exhibit a higher noise level compared to images of the as 

prepared surface. These structures are presumably due to adsorbates stemming from the 

electrolyte which remained on the surface upon emersion of the electrode from the electrolyte 

and which does not desorb under UHV conditions such as oxygen or sulphate species. In the 

line profile these noisy features are clearly smaller than the height of a monoatomic step and 

can thus easily be distinguished from steps or monolayer holes/protrusions. 
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Figure 5.2-6: STM images with corresponding height profiles recorded on a bare Pt(111) 

surface (IT = 0.5 nA; UT = 0.5 V) a) and on different AgxPt1−x/Pt(111) surface alloy electrodes 

(b − f) after electrochemical measurements. Images b) (IT = 1.0 nA; UT = 0.1 V) and c) (IT = 

1.8 nA; UT = 0.1 V) represent stable surfaces without dissolution features (31% Ag and 50% 

Ag, respectively). Images d) (IT = 6.3 nA; UT = 50 mV), e) (IT = 0.71 nA; UT = 0.4 V), and f) 

(IT = 2.2 nA; UT = 0.5 V) show the corroded surfaces obtained after potential cycling for 

surface alloys with 58%, 70%, and 85% Ag surface content, with their characteristic one 

monolayer deep holes in the surface (white dashed cycles in the STM pictures corresponding 

to black dashed cycles in the line scans). The dotted white lines indicate a monoatomic step 

on the surface. 

 

STM images of selected surface alloys, recorded after the EC characterization, are depicted in 

Figure 5.2-6 b - f, with the Ag surface content increasing from 31 to 85%. Figure 5.2-6 b and 

c show the surface of a Ag31Pt69/Pt(111) and a Ag50Pt50/Pt(111) surface alloy, respectively. 

The main characteristics are identical to those of the as prepared surface recorded before EC 

investigation (see Figure 5.2-1 c), with some roundish shaped islands and monoatomic steps. 

The height profile along the white line in the STM image reveals a similar type roughness on 

the terraces as observed on the emerged Pt(111) electrode discussed above. Going to higher 

Ag concentrations, with Ag contents of 58%, 70% and 85%, respectively, the STM images 

reveal distinct changes after the electrochemical measurements. While the general terrace 

structure is maintained, closer inspection reveals deeper holes in the terraces, which for better 
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visibility are marked by white dashed circles. Line scans as shown in the insets demonstrate 

that these holes are one monolayer in depth, i.e., they correspond to monolayer vacancy 

islands. Such holes have not been observed on surface alloys with Ag contents of 50% and 

less. Most likely, they result from dissolution of Ag ensembles/islands in the topmost layer. 

As expected, the amount of these holes increases with increasing Ag content in the surface 

alloy for similar electrochemical treatment. 

The findings from the STM images that Ag dissolution upon potential cycling up to 0.95 V 

starts with surface Ag contents above 50% perfectly agree with the changes observed in the 

CVs, where we observed an increase in the HUPD area upon EC treatment for surface alloys 

with Ag contents >50%, and this increase became more pronounced for higher Ag surface 

contents. Both results in combination indicate that dissolution of surface Ag results in an 

increase of the Pt surface content, with the additional Pt atoms being exposed in the 

monolayer vacancy islands. This leads to an increase of the total charge below 0.35 V 

including peak A upon Ag dissolution, as already mentioned before. 

Interestingly, Ag dissolution occurs at potentials in the range 0.85 – 0.95 V, while bare Ag 

electrodes are only stable up to a potential of 0.5 V.
[123,126,132]

 Consequently, Ag surface atoms 

in the AgxPt1-x/Pt(111) surface alloys are stabilized by the presence of the Pt(111) substrate. 

The stabilization is even stronger, if Pt atoms are also in the surface layer, most likely in the 

vicinity of the respective Ag surface atoms. This results in an additional stabilization of the 

surface Ag atoms for Ag surface contents up to 50%. In a simple picture this can be explained 

by a domain size effect. Only for Ag surface contents above 50%, the Ag ensembles resulting 

from surface alloy formation become sufficiently large that the inner Ag surface atoms, in the 

interior of an ensemble, are no more stabilized by neighbouring Pt surface atoms. Although 

our statistics are not good enough to evaluate the critical ensemble size (minimum size for Ag 

dissolution at potentials up to 0.95 V) from the distribution of Ag surface atoms, it must be 

significantly bigger than Ag3 trimers or comparable size Agn ensembles, looking at the Ag 

nanostructures in Figure 5.2-2. 

Finally we would like to note that the dissolved Ag is expected to be removed from the flow 

cell and by the electrolyte flow before the more cathodic potential required for re-deposition 

is reached in the back scan of the potential. Therefore we expect that re-deposition of Ag on 

the electrode surface is little likely. Nevertheless, this cannot be excluded from the present 

data, and if so the adsorbed features visible in the STM image in Figure 5.2-6 f may be due to 

such kind of Ag re-deposition. 
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5.2.5 Conclusions 

Aiming at a detailed understanding of the electrochemical and electrocatalytic properties of 

bimetallic surfaces and catalysts, we systematically investigated the trends in the 

electrochemical properties of structurally well-defined AgxPt1-x/Pt(111) monolayer surface 

alloys and their stability/restructuring upon exposure to an electrochemical environment. The 

sample surfaces were prepared and characterized by STM under UHV conditions before and 

after electrochemical measurements. Based on a systematic evaluation of AgxPt1-x/Pt(111) 

monolayer surface alloys with increasing Ag surface content by combined STM and 

electrochemical measurements we arrived at the following conclusions: 

1. The electro-sorption of Hupd on AgxPt1-x/Pt(111) monolayer surface alloys is only 

possible on Pt3 sites, as derived from the close correlation between the abundance of 

these sites determined by atomic resolution imaging and the charge in the peak B 

associated with this process. The almost linear decay in Hupd charge with increasing Ag 

surface content reflects the pronounced tendency of AgxPt1-x/Pt(111) surface alloys for 

2D phase segregation, i.e., a preference for Ag-Ag and Pt-Pt neighbourhoods rather than 

random mixing of the two components or even formation of mixed phases with a 

preference for Pt-Ag neighbourhoods. The Hupd adsorption characteristics are little 

modified compared to Pt(111), indicating that influence of surrounding Ag surface 

atoms on the hydrogen adsorption energy on Pt3 sites, due to a combination of lateral 

ligand and strain effects, is not very pronounced. Formation of new, more stable 

adsorption sites is not observed.  

2. This is different for the electro-sorption of (bi)sulphate species on the AgxPt1-x/Pt(111) 

monolayer surface alloys. Pt(111)-like adsorption reflected by peak C decays rapidly 

with increasing Ag surface content, much faster than the abundance of Pt3 sites. 

Stabilized (bi)sulphate adsorption is proposed as origin of the newly developing peak A, 

with its maximum in the range 0.3 – 0.2 V, which is associated to (bi)sulphate 

adsorption on Ptx sites neighboured to or surrounded by Ag surface atoms, where 

(bi)sulphate is stabilized by combined lateral ligand and strain effects. In contrast to the 

rapid decay of peak C, the sum of the charges in peaks A and C decays almost linearly 

with Pt surface content, further supporting that bisulphate adsorption is not only 

possible on Pt3 sites. The formation of a new peak and its shift to lower energy with 

increasing Ag surface content closely resembles previous findings for CO adsorption on 

similar surface alloys. 
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3. The Ag surface atoms in these surface alloys are significantly stabilized against 

corrosive dissolution compared to Ag(111) by the underlying Pt substrate(111), mainly 

due to vertical ligand effects. While on Ag(111) dissolution sets in at 0.50 V, this is up 

shifted to at least 0.80 V for AgxPt1-x/Pt(111). Furthermore, Ag surface atoms are 

stabilized by neighboured Pt surface atoms (lateral ligand effects), which results in 

further stabilization of Ag surface atoms in AgxPt1-x/Pt(111) surface alloys with Ag 

surface contents up to 50%. The latter are stable upon cyclic voltammetry with an upper 

potential limit of 0.95 V. In contrast, surface alloys with Ag contents >50% showed 

clear dissolution features, both in CVs and in STM images recorded after 

electrochemical treatment. STM images revealed monolayer deep holes in the surfaces 

after electrochemical measurements for surface alloys with high Ag content (>50%), 

while for Ag contents up to 50% such structures were not observed. 

Overall, this study clearly demonstrates the extent and detail of information and mechanistic 

insight into corrosive modification of bimetallic surfaces, which is a pre-condition for 

deriving structure-activity relationships in subsequent studies of electrocatalytic processes on 

such kind of surfaces and hence for the mechanistic understanding of bimetallic catalysts in 

electrocatalytic reactions in general. 
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5.2.6 Appendix Journal of Physical Chemistry C 

 

 

Figure 5.2-7: Cyclic voltammograms of Pt(111) and of AgxPt1-x/Pt(111) monolayer surface 

alloys with different Ag surface contents (7%, 31% and 50% Ag), normalized by the Pt 

surface area. The voltammograms illustrate the Pt(111)-like Hupd sorption behaviour potential 

range below 0.35 V for the different surface alloys. 
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5.3 The Performance of structurally well-defined AgxPt1-x/Pt(111) 

surface alloys in the oxygen reduction reaction - An atomic-

scale picture 

 

The content of the following section was published in the Journal of Electroanalytical 

Chemistry, S.Beckord, S.Brimaud, R.J.Behm; "The performance of structurally well-defined 

AgxPt1-x/Pt(111) surface alloys in the oxygen reduction reaction – An atomic-scale picture", 2018, 819, 

401 
[93]

  and is included to this thesis with permission from Elsevier. The content and structure 

was adjusted to the style and layout of this thesis by adapting the numbering of the sections, 

the references, the figures and the spelling. Abbreviations which already have been introduced 

in the thesis before are not expanded in the text anymore. My contribution to this publication 

are all experimental data, like STM and EC measurements, and their respective evaluation as 

well as the calculations for the kinetic modelling of the complete reduction of oxygen. 

Furthermore I prepared all the figures. 

 

5.3.1 Abstract 

Aiming at a fundamental understanding of the performance of bimetallic electrodes in the 

oxygen reduction reaction (ORR), on an atomic-scale and specifically of the role of Ag 

surface atoms in bimetallic PtAg electrodes in this reaction, we have investigated the 

properties of structurally well-defined AgxPt1-x/Pt(111) surface alloys with increasing Ag 

surface content in the ORR. Electrode surfaces with a well-known distribution of surface 

atoms were prepared and characterized by scanning tunnelling microscopy under ultrahigh 

vacuum (UHV) conditions, and transferred in a controlled way, without contact to air, to a 

newly designed electrochemical flow cell set-up. This allows us to determine the potential-

dependent activity and selectivity of the ORR towards H2O or H2O2 under well-defined 

reactant mass transport conditions. We find a significant enhancement of the ORR activity for 

AgxPt1-x/Pt(111) surface alloys compared to Pt(111). From an analysis of the relative 

abundance of different types of AgxPt3-x trimer ensembles and simulations of the potential 

dependent activity of the different sites based on their Oad binding energy (J.K. Nørskov et al., 

J. Phys. Chem. B 108 (2004) 17886), the enhanced ORR activity can be related to AgPt2 

surface sites, which are identified as most active sites, more active than Pt3 sites. 
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Consequences of the excellent agreement between kinetic measurements and simulations 

based on calculated changes in the ORR thermodynamics induced by surface Ag on the 

validity of this approach are discussed. 

5.3.2 Introduction 

Bimetallic catalyst have played a dominant role in the search for more efficient catalysts for 

the oxygen reduction reaction (ORR), driven by the need to reach higher efficiencies in proton 

exchange membrane fuel cells 
[262,288]

. Nanostructured bimetallic electrocatalysts, e.g., carbon 

supported PtCo and PtNi catalysts have already shown a substantial enhancement of the ORR 

activity at low overpotentials compared to pure Pt/C catalysts 
[147-151,289,290]

. As part of these 

efforts, fundamental aspects of the reaction, including the elementary reaction steps have been 

investigated in model studies, either by studying the reaction on bimetallic planar model 

electrodes 
[117,120,148]

 and/or by computational methods 
[143-146]

. In these model studies it would 

be particularly interesting to find out correlations between certain structural elements, on an 

atomic-scale, and their ORR activity (structure activity correlations). In combination with 

theoretical work this would gain detailed insight into the principles underlying the high 

activity of certain bimetallic catalysts and thus provide a firm basis for the systematic design 

of improved catalysts. This approach is used in the present study, where we investigated 

trends in the ORR performance of AgxPt1-x/Pt(111) monolayer surface alloys with increasing 

concentration of Ag surface atoms, up to 50%. These surfaces were structurally well defined, 

with a well-known distribution of the surface atoms based on previous scanning tunnelling 

microscopy (STM) imaging 
[16,190]

. Following our previous studies of the ORR on  well-

defined PtxAu1-x/Pt(111) 
[120]

 and PtxRu1-x/Ru(0001) 
[117]

 surface alloys, the experimental 

results will be compared with simulations, where according to a theoretical model developed 

by Nørskov, Rossmeisl and co-workers 
[143]

 we first calculated the activity of individual 

structural elements from the binding energy of adsorbed oxygen Oad, and then, in a next step, 

the total ORR current by adding over the contributions of different structural elements. On a 

bimetallic surface, the Oad binding energy, which represents the only descriptor for the ORR 

activity in the above model, may be modified compared to adsorption on Pt(111) by a number 

of different effects, including geometric strain effects 
[98]

, due to a compressive or tensile 

strain of the topmost layer compared to its bulk analogous, or the interaction of the respective 

surface atoms with the chemcially different substrate (vertical-ligand effects) or with 

chemically different metal atoms in the surface layer (horizontal ligand effects) 
[291]

. In good 
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agreement with theoretical expectations, such effects have also been found experimentally to 

dramatically influence the ORR 
[117,120,142,292]

. 

Background for the present study are results of a previous experimental study where it had 

been shown that in acid electrolyte, higher ORR activities can be obtained on PtAg 

nanoparticles compared to Pt nanoparticles, if the Pt/Ag ratio was higher than 0.4. In contrast, 

the ORR activity was below that of Pt for Pt/Ag ratios below 0.2 
[162]

, suggesting a substantial 

influence of the nominal composition on the ORR performance of PtAg nanoparticles. In 

another study, a lower ORR activity was found for partly de-alloyed PtAg nanoparticles 

compared to Pt nanoparticles 
[293]

. Finally, after accelerated degradation tests, ‘not de-

alloyed’, carbon supported  Pt3Ag nanorods (size 3-5 nm) were found to be more active for 

the ORR than Pt3Au and Pt3Pd 
[164]

. Since these results were obtained on structurally ill-

defined electrode materials, and since furthermore also the chemical composition of the 

surface was modified by partial dissolution of surface Ag upon potential cycling, correlations 

between the ORR activity of these PtAg bimetallic electrodes and specific structural elements 

and thus the identification of active sites, on an atomic-scale, were hardly possible from these 

results.  

This is the main objective of the present work, where we try to establish a link between 

theoretical predictions and experimental results by using structurally well-defined AgxPt1-

x/Pt(111) electrodes for the ORR. The AgxPt1-x/Pt(111) surface alloys were prepared and 

structurally characterized by scanning tunnelling microscopy under ultrahigh vacuum (UHV) 

conditions (Section 5.3.4.1). Based on previous findings that AgxPt1-x/Pt(111) surface alloys 

with Ag contents >50% are instable in the potential range of the ORR in acid electrolyte, the 

highest Ag surface content investigated was 50%. After transferring the electrode into an 

electrochemical cell, without contact of the electrode to air, the electrochemical 

(Section 5.3.4.1) as well as the ORR performance (Section 5.3.4.2) of these AgxPt1-x/Pt(111) 

surface alloys and, for comparison, of a bare Pt(111) electrode, were investigated in 0.5 M 

H2SO4 under enforced and well-controlled electrolyte mass transport. The role of the Ag 

surface atoms for the ORR performance was explored by comparing the measured ORR 

kinetic current densities with results of the simulations, which are based on the relative 

abundance of different AgxPt3-x trimer atomic ensembles on the bimetallic surface structures. 

and using the theoretical model by Nørskov et al. 
[143]

 for determining the activity of the 

different ensemble types (Section 5.3.4.3). These trimer sites are considered as reaction sites 

and were quantified by STM. The agreement between theoretical predictions based on 
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reaction step thermodynamics and kinetic data measured experimentally as well as 

consequences for the validity of this general approach are discussed. Finally, the influence of 

the Ag surface content on the selectivity of the ORR products (towards of H2O or H2O2) is 

quantified and discussed in an atomistic picture (Section 5.3.4.4). 

 

5.3.3 Experimental set-up and procedures 

The experiments were performed in a combined ultrahigh vacuum (UHV) – electrochemical 

flow cell (UHV-EC) system, consisting of a UHV system (base pressure <1x10
-10 

mbar) for 

sample preparation and its characterization by structural / spectroscopic techniques, a flow 

cell system for electrochemical measurements under enforced and controlled electrolyte flow, 

and a transfer system allowing sample transfer between both systems without contact with air, 

which had been described in detail previously 
[13]

. The UHV system was equipped with 

standard facilities for surface preparation, such as an ion gun for Ar
+
 sputtering (SPECS, IQE 

11/35) and a Knudsen cell type evaporator (Tectra, WKC3) for Ag deposition. A home built 

pocket size scanning tunnelling microscope (STM) was employed for structural surface 

characterization, using a tungsten tip. Typically, bias potentials of 0.2 – 0.8 V for large-scale 

images or below 100 mV for high resolution detail images were applied at the sample, with 

tunnelling currents of 0.3 – 3.0 nA (larger scale images) or around 70 nA (high resolution 

detail images). A quadrupole mass spectrometer (QMS - Balzers, QMG-125) allowed for 

residual gas analysis of the UHV-system. 

Prior to each experiment, the Pt(111) single crystal (Mateck GmbH) was cleaned by Ar
+
 

sputtering (PAr = 3x10
-5 

mbar; E = 0.6 kV) at room temperature (RT), followed by several 

heating cycles at a heating rate of 4 K s
-1

 up to 1050 K and cool down to RT at a rate of 

2 K s
-1

 in order to prepare atomically flat surfaces 
[190]

. To remove residual impurities (carbon, 

sulphur) from the surface, oxidation cycles including oxygen adsorption during cool down at 

800 K (exposure: 10 L = 10 s x 1.33·10
-6 

mbar), followed by a final heating step to 1000 K 

with heating/cooling rates as mentioned above, were carried out. The temperature was 

controlled by a pyrometer (Impac Infratherm, IGA 140). Controlled amounts of Ag were 

deposited on the Pt(111) sample being at RT by evaporation from a Knudsen cell (deposition 

rate 0.10 ± 0.05 ML min
-1

). After each Ag deposition, the Ag coverage was determined by 

STM imaging (4-10 STM images with sizes of at least 200 nm x 200 nm for each Ag amount 

deposited). Representative STM images can be found in refs. 
[16,190]

. The AgxPt1-x/Pt(111) 
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surface alloys were prepared following the procedure developed by Rötter 
[16]

, by annealing 

the Ag decorated Pt(111) surfaces to 900 K, using identical heating rates as mentioned above 

for the preparation of Pt(111) surfaces. 

The electrochemical (EC) measurements were performed in a home built dual thin-layer 

laminar flow cell system, which was located in a mini UHV chamber (base pressure 

pbase <1  10
-8

 mbar) attached to the main UHV chamber. The cell, which is made of KEL-F, 

is equipped with two counter electrodes (Au) and a reversible hydrogen reference electrode 

(RHE) connected by a capillary. For the EC measurements the sample was transferred from 

the main UHV chamber to the mini UHV chamber, which was then purged with nitrogen (5N) 

to prevent surface contamination. In a next step, the electrochemical cell was pressed to the 

sample surface via transfer rods attached to it. The contact between sample and cell body was 

sealed by an O-Ring (FPM, Arcuss GmbH) to prevent leaking of the electrolyte into the 

vacuum chamber during the electrochemical measurements. All potentials in this work are 

given with respect to the RHE scale, currents and Faradaic charges are normalized to the 

geometric area of the electrode defined by the inner diameter of the O-ring (6 mm). All EC 

measurements were performed at room temperature (RT). 

The electrode potential was controlled by a computer controlled potentiostat (Pine 

Instruments, AFCBP1). After passing the first cell compartment with the working electrode, 

the electrolyte flows to a second compartment, which contains a polycrystalline Pt disc 

electrode serving as current collector for hydrogen peroxide detection (see below). 

Electrochemical characterization was performed by cyclic voltammetry in 0.5 M H2SO4 

supporting electrolyte, which was prepared from Suprapur H2SO4 (Merck) and ultra-pure 

water (18.5 MΩ·cm Millipore) and purged with N2 (6.0, MTI). For the ORR investigations, 

the electrolyte was saturated with O2 (6.0, MTI). The current collector was held at constant 

potential (1.20 V) to continuously oxidize the hydrogen peroxide generated at the working 

electrode. After each ORR experiment, the collection efficiency of the current collector was 

determined by hydrogen evolution measurements, by the ratio of the hydrogen evolution 

current at the working electrode and hydrogen oxidation current at the current collector. The 

hydrogen peroxide yield           was determined following Equation ( 5.3-1 ): 

           
  |  |  

|  |  |  |  
 ( 5.3-1 ) 
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where N denotes the collection efficiency, IW the current at the working electrode and IC the 

current at the electrode collector electrode. The time delay resulting from product mass 

transport from the first to the second compartment of the flow cell, which depending on the 

electrolyte flow rate was up to 1.5 s, was corrected for in the hydrogen peroxide oxidation 

current and in the peroxide formation yield. 

 

5.3.4 Results and discussion 

5.3.4.1 Surface structures and electrochemical properties 

Before presenting the results of the ORR measurements we will briefly summarize previous 

findings on the structure and electrochemical stability of the AgxPt1-x/Pt(111) monolayer 

surface alloys, which are relevant for the understanding of the present results 
[16,190]

. Structural 

characterization of the AgxPt1-x/Pt(111) surface alloys by STM shows mono-atomically high 

steps and terraces with up to several 100 nm width, which are partly covered by large 

monolayer islands whose total area depends on the Ag surface content. Closer inspection 

reveals small areas with brighter (Pt) and darker (Ag) surface atoms, where the chemical 

contrast is due to differences in the electronic structure of the respective surface atoms. This is 

illustrated for a Ag50Pt50/Pt(111) surface in Figure 5.3-1 a. From statistical evaluation of 

atomically resolved STM images we could determine the two-dimensional distribution of 

surface atoms 
[16]

. The resulting probabilities for compact trimer ensembles (Pt3, AgPt2, Ag2Pt 

and Ag3) for the different surface compositions used in this study are listed in Table 5.3-1. 

Following our previous approach for the ORR on PtxRu1-x/Ru(0001) 
[117]

 and PtxAu1-x/Pt(111) 

[120]
 surface alloys, these atomic ensembles will be considered as adsorption sites for reactants 

and reaction intermediates in the ORR. For comparison, we also listed the values which 

would be obtained for a random distribution of the surface atoms in that table. The data in 

Table 5.3-1 clearly illustrate a tendency for two-dimensional (2D) phase separation of the two 

components in the AgxPt1-x/Pt(111) surface alloys, which was obvious on a qualitative scale 

already from visual inspection of images such as in Figure 5.3-1 a. In all cases, monometallic 

(Pt3 and Ag3) ensembles are more often present than expected for a random surface alloy, and 

the opposite is true for mixed bimetallic (AgPt2 and Ag2Pt) ensembles. This tendency 

increases with increasing Ag surface content, it is due to more favourable Pt-Pt and Ag-Ag 

interactions as compared to Pt-Ag interactions. We should note that the monolayer surface 
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alloys are metastable with respect to bulk dissolution of Ag, but are expected to be in 2D 

thermodynamic equilibrium within the surface layer during annealing 
[16]

. 

 

 

 

Figure 5.3-1: a) Representative large-scale STM image of a Pt50Ag50/Pt(111) surface alloy 

(150 nm  150 nm), the inset shows a smaller scale image illustrating the phase separation 

between Pt and Ag surface atoms. b) Cyclic voltammograms in supporting electrolyte for bare 

Pt(111) and AgxPt1-x/Pt(111) surface alloy electrodes as labelled in the figure (0.5 M H2SO4, 

10 mV s
-1

). 

 

 

Table 5.3-1: Distribution of compact trimer sites AgxPt3-x in the surface layer of 

AgxPt1-x/Pt(111) monolayer surface alloys determined by interpolation 
[190]

 from atomic 

resolution STM images 
[16]

 and calculated for a random distribution of the surface atoms for 

the nominal compositions used . 

Surface 
Phase separation 

(experimental) 

Random distribution 

(theoretical) 

 
Ag

3
 Ag

2
Pt

1
 Ag

1
Pt

2
 Pt

3
 Ag

3
 Ag

2
Pt

1
 Ag

1
Pt

2
 Pt

3
 

Ag
07

Pt
93

 0.02 0.03 0.11 0.84 0 0.02 0.18 0.8 

Ag
19

Pt
81

 0.09 0.08 0.16 0.67 0 0.09 0.38 0.53 

Ag
31

Pt
69

 0.18 0.13 0.17 0.52 0.03 0.2 0.44 0.33 

Ag
41

Pt
59

 0.24 0.15 0.18 0.43 0.06 0.28 0.43 0.23 

Ag
50

Pt
50

 0.33 0.17 0.17 0.33 0.12 0.38 0.38 0.12 
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The electrochemical behaviour of Pt(111) and of the AgxPt1-x/Pt(111) surface alloy electrodes 

with increasing amount of Ag content (7%, 19%, 31%, 41% and 50%) were characterized by 

cyclic voltammetry (CV) in 0.5 M H2SO4 supporting electrolyte in the potential range 

0.05 - 0.95 V and at a potential scan rate of 50 mV·s
-1

. The resulting CVs of the so-called 

hydrogen region (which includes both hydrogen and (bi)sulphate adsorption 
[190]

) are 

displayed in Figure 5.3-1 b. The influence of surface Ag atoms on the characteristic 

voltammetric features was described in detail in ref. 
[190]

. We also have recently reported 

detailed results about the changes in the voltammetric features upon potential-induced partial 

Ag de-alloying 
[190]

. 

In short, compared to the CV recorded for Pt(111), which fully agrees with CVs reported in 

previous studies 
[196,219,283]

, the presence of Ag atoms in the electrode surface results in two 

main effects. First, the charge associated with Hupd adsorption / (bi-)sulphate desorption in the 

range between 0.05 and 0.60 V decreases continuously with increasing Ag surface content 

increases. It was found to decay approximately linearly with the abundance of Pt3 sites 
[190]

, 

indicating that the relevant electrosorption processes take place only on the Pt3 surface sites. 

This is consistent with the absence of a Faradaic charge transfer in this potential region on Ag 

electrodes 
[123,134]

. Second, a new reversible peak appearing at ca. 0.25 V in the CV was 

attributed to the adsorption/desorption of (bi)sulphate on Pt atoms, whose electronic 

properties were modified (compared to Pt(111)) by neighbouring Ag surface atoms 
[190]

.  

Most important for the present study are previous findings on the electrochemical stability and 

on surface corrosion processes in the potential region of interest for ORR studies. The latter 

extends at least up to the onset potential of the ORR, which for Pt-based electrodes is around 

0.90 – 0.95 V 
[219]

. For AgxPt1-x/Pt(111) surface alloys with Ag surface contents >50%, 

increasing dissolution of surface Ag atoms occurs at potentials higher than ca. 0.85 to 0.95 V, 

where the exact onset potential depends on the surface composition 
[190]

. For potentials 1.10 

V, this is accompanied by corrosive restructuring of the surface. For Ag surface content below 

50%, in contrast, corrosive removal of surface Ag and corrosive restructuring of the surface 

was not observed for potentials up to 0.95 V, neither in the voltammetric current traces nor by 

STM imaging after electrochemical investigations 
[190]

. The stabilization of the surface Ag 

atoms in the AgxPt1-x/Pt(111) monolayer surface alloys with respect to Ag dissolution from 

bulk Ag electrodes, where the latter takes place at potentials >0.50 V in acidic electrolyte 
[123]

, 

was explained by interaction of the surface atoms with the underlying Pt substrate atoms 

(vertical ligand effect) and, for Ag surface contents up to 50%, with neighboured Pt surface 
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atoms (lateral ligand effects) 
[190]

. To avoid irreversible changes in the surface structure during 

the ORR we limited the present study to Ag surface contents below 50%. 

 

5.3.4.2 Measurements of the activity for the oxygen reduction reaction 

The oxygen reduction reaction on Pt(111) and on AgxPt1-x/Pt(111) surface alloys with 

increasing Ag contents up to 50% was studied in O2-saturated 0.5 M H2SO4 electrolyte 

(potential scan rate 10 mV·s
-1

, potential range 0.95 V – 0.02 V). Polarization curves for the 

different electrodes are presented n Figure 5.3-2 a - f, including measurements at two different 

electrolyte flow rates as indicated in the figures. Different flow rates were used to test for flow 

rate effects on the H2O2 formation. Here it should be noted that the flow rates depend 

sensitively on the height of the flow channel, which varies somewhat from experiment to 

experiment. Each panel includes the Faradaic current (middle), the H2O2 oxidation current 

measured on the polycrystalline Pt collector electrode (top), and the hydrogen peroxide yield 

calculated from the H2O2 oxidation currents (bottom). 

The resulting ORR polarization curves show the typical characteristics of Pt-based electrodes 

in sulphuric acid solutions 
[9,117,120,219,251,294,295]

. Between 0.95 V and ca. 0.80 V the reaction 

rates are purely controlled by the reaction kinetics. Reactant mass transport limitations 

dominate the measured current densities in the potential range below 0.50 V. Finally, in the 

potential range between 0.50 and 0.80 V, the reaction rates are controlled by a combination of 

kinetics and mass transport limitations. In addition, we find a decay of the Faradaic current at 

low potentials, independent of the electrolyte flow rate, which goes along with an increase in 

the H2O2 yield. This effect is most pronounced for the Pt(111) electrode (Figure 5.3-2 a), 

where the current at 0.02 V is only about 60% of the mass transport limited current at 0.5 V. 

This is in good agreement with results obtained for a Pt(111) single crystal electrode in a 

rotating ring-disc electrode study of the ORR in sulphuric acid electrolyte 
[219]

. For the 

AgxPt1-x/Pt(111) surface alloys, the decay in ORR current density in the low potential region 

decreases with increasing Ag surface content (Figure 5.3-2 b - e). 

The simultaneously recorded H2O2 oxidation currents (top panels of Figure 5.3-2 a - f) and the 

H2O2 yields calculated there from indicate an increasing H2O2 production as the electrode 

potential is lowered below ca. 0.35 V for all electrodes investigated. At higher potentials 

(= lower overpotentials) the ORR exclusively follows the 4 e
-
 pathway to H2O for all 

electrodes investigated. For Pt(111) (Figure 5.3-2 g), the yield of H2O2 formation increases 
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steadily with decreasing potential (increasing overpotential) in this range and reaches about 

40% at 0.02 V. This result is in good agreement with previous data obtained from Pt(111) 

single crystal electrodes mounted in a rotating ring-disc electrode set-up 
[219]

. For the AgxPt1-

x/Pt(111) surface alloys (Figure 5.3-2 h - l), the H2O2 yield also increases with decreasing 

electrode potential increases in the low potential region, but the overall H2O2 yield decreases 

with increasing Ag surface content. For higher Ag surface contents, Ag31Pt69/Pt(111) and 

Ag41Pt59/Pt(111), the onset of H2O2 formation shifts to higher potentials, to about 0.50 V 

(Figure 5.3-2 d, e). Such potential-dependence in the ORR selectivity is well-known for the 

ORR on noble metal electrodes 
[296]

. For all electrodes, the increase in the H2O2 oxidation 

currents agrees very well the decay in current densities in the ORR polarization curves, 

indicating that the latter decay is due to an increasing tendency for the 2 e
-
 reaction to H2O2 

rather than for water formation (4 e
-
). 

Finally we briefly comment on the influence of the electrolyte flow rate on the H2O2 

formation. In general, slightly larger H2O2 yields are found for lower electrolyte flow rates. 

This phenomenon of a mass transport depending tendency for the formation of incomplete 

oxidation or reduction products is well known, and was explained by an increasing probability 

for re-adsorption and further oxidation (reduction) of the partial oxidation (reduction) 

products 
[255,297]

. In the present case the effects are small, however, due to the rather small 

variations in electrolyte flow rate. 
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Figure 5.3-2: ORR polarization curves (middle) and H2O2 oxidation currents (top) resulting 

from simultaneous H2O2 oxidation recorded on Pt(111) and AgxPt1-x/Pt(111) surface alloys at 

two different electrolyte flow rates, as indicated in the figure (0.5 M H2SO4 solution, 

10 mV s
-1

, Ecollector = 1.20 V). Bottom panels show the corresponding H2O2 production yields. 
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5.3.4.3 Reaction kinetics and kinetic modelling for the complete reduction of O2 

In order to directly compare the ORR activity of the AgxPt1-x/Pt(111) surface alloys with that 

of Pt(111), the polarization curves were corrected for the reactant mass transport limitations. 

We extracted the kinetic current densities from the ORR polarization curves (positive-going 

potential scan) for all electrode surfaces via the Koutecky-Levich Equation ( 5.3-2 ): 

 
 

 
  

 

   
 

 

    
 ( 5.3-2 ) 

 

where j is the measured current density, jtr the measured reactant mass transport limited 

current density and jkin the kinetic current density 
[298]

. The resulting potential-dependent 

kinetic current densities jkin are displayed in Figure 5.3-3 a. The black trace corresponds to the 

kinetic current density for the bare Pt(111) surface and the coloured curves to the jkin for the 

different AgxPt1-x/Pt(111) surface alloy electrodes. The values for the potential shifts, related 

to the bare Pt(111) surface at a current density of -2.0 mA·cm
-
², are summarized in Table 

5.3-2. The jkin curves of the AgxPt1-x/Pt(111) surface alloys are shifted to lower overpotential 

compared to Pt(111), although the effects are rather small. First, the overpotential decreases 

continuously with increasing Ag surface content, reaching a maximum shift of 60 mV for a 

Ag surface content of 31%. With further increase of the Ag surface content the ORR 

overpotential increases again. Nevertheless, also the Ag41Pt59/Pt(111) and Ag50Pt50/Pt(111) 

electrodes are more active than Pt(111). 

Table 5.3-2: Change in ORR overpotential compared to Pt(111) (at -2.0 mA cm
-2

), Tafel 

slopes for the kinetic current densities, and the width of hysteresis between positive- and 

negative-going potential scans (δE) at half maximum of the ORR polarization curves on 

Pt(111) and AgxPt1-x/Pt(111) surface alloys. 

Electrode 
Ealloy-EPt(111) 

@ jkin=-10mA cm
-
² 

Tafel slope 

(low η: <0.43 V) 

Tafel slope 

(high η: >0.43 V) 
δE / V 

Pt(111) 0 V -118 mV dec
-1 

-118 mV dec
-1

 0.028 

Ag07Pt93 0.04 V -118 mV dec
-1

 -122 mV dec
-1

 0.017 

Ag19Pt81 0.05 V -90 mV dec
-1

 -115 mV dec
-1

 0.015 

Ag31Pt69 0.06 V -88 mV dec
-1

 -119 mV dec
-1

 0.015 

Ag41Pt59 0.05 V -92 mV dec
-1

 -118 mV dec
-1

 0.011 

Ag50Pt50 0.02 V -87 mV dec
-1

 -120 mV dec
-1

 0.010 
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Figure 5.3-3: a) Experimental kinetic current densities for the ORR at 10 mV s
-1

 for Pt(111) 

and AgxPt1-x/Pt(111) surface alloys as labelled in the figure, b) modelled kinetic current 

densities after jk-averaging method (see text for details), same labels as for a), and c) 

modelled kinetic current densities for Pt3, AgPt2, Ag2Pt and Ag3 trimer atomic ensembles, as 

labelled in the figure. 

 

For a more quantitative description and understanding we modelled the kinetic current on the 

inhomogeneous surfaces employing a model that had been described in detail recently 
[117,120]

. 

In short, this model, which we had been termed ‘kinetic current averaging’, is based on the 

assumption that the total ORR current is composed of the individual ORR currents obtained 

on the respective different adsorption sites, where the contribution of each type of adsorption 

site (here compact threefold sites such as listed in Table 5.3-1) is weighted by its relative 

abundance on the surface, which was determined by STM imaging (see Table 5.3-1). The 

kinetic current arising from a single site was calculated following the methodology developed 

by Nørskov et al. 
[143]

. It is based on a reaction mechanism for the ORR including four 

successive coupled proton-electron transfer steps 
[299]

, where under equilibrium conditions 

two of them are thermodynamically unfavourable (see reaction scheme 1). These are the first 

step, the formation of OOHads on the surface, and the last step, the removal of adsorbed 
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hydroxyls OHad, in the reaction sequence. We assume that one of these two steps has to be a 

rate determining step (r.d.s.) for the ORR. 

 

Scheme 1 Reaction mechanism for the ORR as proposed in Ref. 
[143]

 

 

    O2 + H
+
 + e

-
  → OOHads    (ΔGOOH) 

    OOHads + H
+
 +e

-
 → Oads + H2O 

    Oads + H
+
 + e

-
  → OHad 

    OHads + H
+
 + e

-
  → H2O    (ΔGOH) 

 

One should note that the first and last reaction steps are identical to those in an early proposal 

for the mechanism of the ORR 
[300]

 (the other reaction steps were not specified in that study). 

In order to obtain values for ΔGOOH and ΔGOH, the binding energies of these two adsorbed 

species, ΔEOH and ΔEOOH, can be estimated via the so-called scaling relations, which relate 

the binding energy of these species to that of adsorbed oxygen, ΔEO 
[301]

. Binding energies 

ΔEO for the different bimetallic sites were listed in a compilation of DFT-computed adsorbed 

oxygen binding energies on various bimetallic surfaces 
[14]

. It should be noted that ΔEO is 

defined with respect to gaseous H2O according to H2O = H2 + Oads, to avoid problems 

associated with the calculation of the O2 bond energy. The free Gibbs energy changes for the 

first and last reaction steps, ΔGOOH and ΔGOH respectively, can be obtained from their linear 

relationships with ΔEOOH and ΔEOH for the different adsorption sites, respectively, 
[143]

. 

Calculated values for the ΔE and ΔG values on the different trimer surface site on AgxPt1-

x/Pt(111) surface alloys are given in Table 5.3-3. Next, the reaction rates are modelled using a  

limiting reaction current density of 96 mA cm
-2

 and assuming that i) at the given potential the 

reaction rate is fully determined by the reaction step with largest positive ΔG and that ii) there 

is no additional kinetic barrier, in addition to the thermodynamic ΔG value. Finally, the total 

reaction rate obtained on the inhomogeneous surface is calculated by multiplying the rates 

calculated for the different trimer atomic ensembles (A3, A1B2, A2B1 and B3) with the number 

of the respective sites measured by STM. As discussed earlier 
[117,120]

, we consider this 

approach to be physically more meaningful for the description of the activity of 

inhomogeneous surfaces than averaging over the binding energies and thus creating a mean 

binding energy. 
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Table 5.3-3: Oxygen binding energies ΔEO from Ref. 
[14]

 and calculated free energy changes 

ΔGOH and ΔGOOH at equilibrium, at U = 1.23 V, for the catalytic relevant trimer ensembles 

(see text for details). 

 

Catalytic site ΔEO / eV ΔGOH / eV ΔGOOH / eV 

Pt3/Pt(111) 1.68 0.65 0.50 

Ag1Pt2/Pt(111) 1.75 0.61 0.54 

Ag2Pt1/Pt(111) 1.98 0.50 0.66 

Ag3/Pt(111) 2.39 0.29 0.88 

 

According to Table 5.3-3, the removal of OHads is the step with the highest ΔG value for the 

Pt3 and AgPt2 ensembles, while for the Ag2Pt and Ag3 ensembles the highest ΔG value is 

obtained for the formation of OOHads. This is independent of the potential, although the 

absolute values will change with potential. This step is often considered as rate-determining 

step (r.d.s.), although strictly speaking the rate is not solely determined by this step, in 

particular when the differences are small. As a result, this approach for the kinetic modelling 

indicates that the r.d.s. may differ for different sites of the bimetallic surface.  

Kinetic ORR current densities modelled this way and making use of the abundances of the 

different trimer atomic ensembles given in Table 5.3-2 are plotted in Figure 5.3-3 b. The 

calculated current-potential curves show a clear shift towards higher potentials compared to 

Pt(111) for all AgxPt1-x/Pt(111) surface alloys investigated, in good agreement with 

experimental findings. This also provides further support for the overall reliability of this 

modelling approach. Both experiments and simulations show that the presence of Ag in the 

Pt(111) electrode surface enhances the ORR activity. Interestingly, this approach for the 

kinetic modelling could reproduce the trend measured experimentally despite the presence of 

strongly adsorbing (bi)sulphate anions in the electrolyte, which are known to considerably 

lower the ORR activity of Pt electrode 
[9,252,302,303]

. For comparison, in our previous studies on 

well-defined surface alloys we could demonstrate such kind of agreement between kinetic 

modelling and experiment for reaction in 0.1 M HClO4 base electrolyte, in the absence of 

strongly adsorbing anions 
[117,120]

. Most likely, site blocking affects the active site on these 

surface alloys in a similar way as the Pt3 site on Pt(111). 
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Since the calculated kinetic current densities for the different surface alloys differ only little 

from each other, we have magnified the potential region 0.63 – 0.66 V in the inset in Figure 

5.3-3b. For the calculated current densities, the Ag19Pt81/Pt(111) surface alloy shows at best a 

lowering of the overpotential by 10 mV at -2.0 mA cm
-2

. Thus, different from the good 

reproduction of the trends, the quantitative agreement in the magnitude of the changes in ORR 

overpotential on the AgxPt1-x/Pt(111) surface alloys is less precise. Differences on this scale 

are most likely due to the various assumption we have made, e.g. by ΔG values determined 

via scaling relation, by neglecting additional kinetic barriers, and by limitations in the 

precision of the DFT-computed ΔEO values, as we have previously discussed in ref. 
[117]

. 

Nevertheless, the kinetic modelling properly reflects two experimental observations: i) for Ag 

surface contents from 7 to 41% the ORR overpotential is substantially less than that obtained 

for Pt(111), with rather small differences in the kinetic current densities between different 

surface alloys, and ii) the overpotential for the kinetic current density of Ag50Pt50/Pt(111) 

surface alloy is higher than that of the other surface alloys, but still lower than for Pt(111).  

The very little dependence of the kinetic current densities obtained from kinetic modelling on 

the Ag surface content can be explained as follows. According to the model, the trimer atomic 

ensemble with the smallest difference between ΔGOH and the ΔGOOH gives the highest activity 

for the ORR. Therefore, AgPt2 should be the most active catalytic site (see Table 5.3-1). This 

is illustrated in Figure 5.3-3 c, where the theoretical kinetic current densities for each of the 

different Ag3Pt3-x trimer ensembles are plotted. Clearly, after averaging of these exponential 

curves, taking into account of the distribution of the trimer atomic ensembles on the electrode 

surface structure (see above), the resulting kinetic current density for the AgxPt1-x/Pt(111) 

surface alloys will essentially depend on the fraction of AgPt2 sites. Based on the STM 

imaging results (Table 5.3-1), the abundance of the Ag1Pt2 trimer ensembles increases 

initially up to 19% Ag in the surface alloy, but then stays nearly unchanged up to 50% Ag 

surface content, due to the pronounced tendency for 2D phase separation (see section 5.3.4.1). 

Thus, it is not surprising that the kinetic current densities obtained from modelling for the 

different surface alloys result in rather similar potential dependent total kinetic current 

densities. Only for Ag07Pt93/Pt(111) surface alloys, which contain the highest fraction of Pt3 

sites, the influence of this latter site may be resolved. Correspondingly, for the 

Ag50Pt50/Pt(111) surface alloy, the activity is lower because of the significantly higher 

fraction of little active Ag2Pt and Ag3 sites, at the expense of (more active) Pt3 sites.  
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The resulting current densities are collected in a volcano plot in Figure 5.3-4, as they are 

widely used for illustrating the correlation between kinetic rates and the binding energy of a 

descriptor to rationalize and predict trends for the catalytic activity of different materials 
[304]

. 

Considering the ORR, on the left branch (too strong bonding of Oad) the rate is limited by the 

removal of OHads, while on the right branch it is limited by formation OOHad. Note that the E0 

values are given relative to adsorption on Pt(111), with increasingly positive numbers 

indicating weaker Oad bonding. Concentrating first on the activities, the data illustrate that all 

surface alloys are more active than Pt(111), as it was discussed before, and that the most 

active surface would be a hypothetical Ag1Pt2/Pt(111) surface. The hypothetical 

Ag2Pt1/Pt(111) surface, in contrast, would be less active for the ORR than Pt(111).  

Looking at the x-axis it appears that there is a change in rate limiting step between 

Ag19Pt81/Pt(111) and Ag31Pt69/Pt(111), from OHad desorption to OOHad formation. This 

impression, however, is likely to be an artefact caused by the use of a single Oad binding 

energy. For inhomogeneous surfaces there is no defined O binding energy. Instead, they are 

composed of a number of different adsorption ensembles with different Oad binding energies. 

Accordingly, we calculated the Oad energies of the surface alloys from the weighted binding 

energies on the different trimer ensembles, using the trimer ensemble distribution as 

determined by STM (see Table 5.3-1) for weighting. Returning to the above example, it is 

clear that the enhanced activity of the surface alloys results from the high activity of the 

Ag1Pt2 trimer ensembles. For these sites, which except perhaps for the Ag7Pt93/Pt(111) 

surface alloy dominate the reaction, the r.d.s. is given by OHad removal. In contrast, for 

Ag2Pt1 trimer ensembles OOHad formation would be rate limiting. Because of their much 

lower activity, however, the latter sites contribute little to the overall activity of the surface 

alloys investigated. Therefore, most of the current on the surface alloys stems from a pathway 

where OHad desorption is rate limiting, independent of the composition. Such kind of effects 

have to be considered in general when using volcano plots for the description of the catalytic 

activity of surfaces with different adsorption sites, and accordingly one has to be cautious 

with such representations when dealing with realistic inhomogeneous bimetallic surfaces.  

As another point we would like to note that the theoretical approach of Nørskov and 

Rossmeisl leads to the conclusion that the removal of adsorbed hydroxyls (last reaction step) 

is the rate limiting step for the ORR on Pt(111) electrodes, with the highest ΔG value. This 

would be in contrast to the existing mechanistic picture, which based on a detailed evaluation 

of the Tafel slope indicates that the first electron transfer step, the protonation of adsorbed O2, 
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is rate limiting in the ORR 
[300,305]

. Since both the first and the last reaction step involve 

charge transfer of one electron, this situation will be maintained also with increasing 

overpotential. The apparent discrepancy may be easily explained by the simplifications 

included in the theoretical approach, in particular the assumption that there is no additional 

kinetic barrier, in addition to the (thermodynamic) upwards step in ΔG in the respective 

reaction step. A difference in kinetic barriers of slightly more than 150 meV between first and 

last reaction (electron transfer) step would already suffice to shift the highest barrier to the 

first reaction step rate, i.e., make this the rate limiting step (see above). Other effects may also 

affect the ΔGOOH and ΔGOH values, and thus further contribute to resolving the apparent 

discrepancy. For the AgPt2 trimer site, which was identified as the most active site and which 

increasingly dominates the behaviour of the surface alloys, the difference between the ΔGOOH 

and ΔGOH is even smaller, suggesting that also for this site the first reaction step is rate 

limiting. 

 

 

Figure 5.3-4:Volcano plot of the relative ORR activities, both modelled and experimental, of 

Pt(111), of hypothetical model surfaces consisting of AgxPt3-x trimer ensembles on a Pt(111) 

substrate (triangles) and of AgxPt1-x/Pt(111) surface alloys of different compositions 

(simulated by jk averaging: black circles, experimental: red squares). 
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From the kinetic current densities measured experimentally we determined Tafel slopes at low 

overpotentials (η <0.43 V) and at high overpotentials (η >0.43 V) (see Table 5.3-2). At high η 

the Tafel slopes are around  -120 mV dec
-1

, independent of the surface Ag content. For low η, 

values of ca. -120 mV dec
-1

 were found for Pt(111) and the Ag07Pt93/Pt(111) surface alloy, 

whereas electrodes with higher Ag surface contents (19% - 50%) exhibited lower Tafel slopes 

of about -90 mV dec
-1

 in this range (see also Figure 5.3-5 a). For Pt(111), the value of the 

Tafel slope is in very good agreement with data reported previously for the ORR in sulphuric 

acid solutions 
[219,252]

. According to the classical mechanistic interpretation of such Tafel slope 

this indicates that the first electron transfer step acts as reaction rate determining step (r.d.s.), 

assuming that the rates of the other reaction steps are much faster than that of the r.d.s. 
[300,306]

, 

i.e., the steps following the first electron transfer step can be considered at the equilibrium. 

 

 

Figure 5.3-5: a) Tafel plots of a Pt(111) and a Ag31Pt69/Pt(111) surface alloy with 

corresponding Tafel slopes at low and high overpotentials and b) Measured ORR current 

polarization curves at 10 mV s
-1

 for a Pt(111) surface (black) and for a Ag41Pt59/Pt(111) 

surface alloy (red). The anodic (positive-going) potential scans are given in continuous lines 

and the cathodic (negative-going) potential scans in dotted lines.  

 

A detailed interpretation of the Tafel slope for multistep reaction reactions, and of its change 

with potential is almost impossible because of the large number of parameters and 

assumptions required for a detailed modelling, such as steady-state coverages of the adsorbed 

intermediates, nature of the adsorption isotherms, shape of the potential energy curves, 

relationship between symmetry factor and transfer coefficient 
[307]

. Considering a single step 

reaction, an increase in the endothermicity of the reaction is according to the Hammond-
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Leffler postulate 
[308]

 associated with a shift of the transition state of the reaction towards the 

final state and hence a relative increase of the barrier with increasing overpotential compared 

to the situation without such shift, and conversely. In this case, one would expect a lowering 

of the Tafel slope with increasing overpotential, concomitant to the relative increase of the 

symmetry factor for such more endothermic reaction step. For the present situation the 

calculated data point to the following trends. First, the significantly smaller difference 

between the ΔGOH and ΔGOOH values for AgPt2 sites than for Pt3 sites indicates that the 

approximation by a single rate-determining step is less appropriate for the AgPt2 sites than for 

the Pt3 sites. Such effects are likely to contribute to a change in Tafel slope with increasing 

overpotential for the AgxPt1-x/Pt(111) surface alloys, at least for those where the reaction is 

dominated by AgPt2 sites (surface Ag content >7%), as it is observed experimentally. For 

effects resulting from changes in the symmetry factor with increasing overpotential the 

situation is complicated in so far, as based on the values in Table 5.3-3 the last reaction step, 

removal of OHad, should be rate limiting both for Pt3 and AgPt2 sites, while based on 

experimental evidence it was concluded that the first reaction step is rate limiting for Pt(111) 

(see above). The fact that symmetry factor effects would be opposite to the experimental 

observations if the last step would be rate determining, while they would agree in trend if the 

first step would be rate limiting, might be taken as support also for the previous proposal that 

for Pt(111) the first reaction step is rate limiting. 

As a next point, the ORR polarization curves show a clear hysteresis between the anodic 

(positive-going) and the cathodic (negative-going) potential scans in the potential region 

0.80 V to 0.50 V, where the reaction rate is under mixed control and limited by both reactant 

mass transport and reaction kinetics. This is illustrated exemplarily for Pt(111) (black line) 

and for a Ag41Pt59/Pt(111) (red line) electrode in Figure 5.3-5 b. Values for the width of the 

hysteresis at half-wave potentials are given in Table 5.3-2 for all model electrode surfaces 

investigated. For intermediate Ag surface contents the value of the hysteresis is about half of 

the value for Pt(111), for the highest Ag surface contents it is only about one third. This 

hysteresis, which is well known for Pt(111), is a kinetic phenomenon which is usually 

explained by the slow kinetics for the removal of surface oxides and / or adsorbed OH, which 

are formed at high electrode potentials and which poison the electrode surface for the ORR 

[252,309]
. Since for all experiments the potential sweep rate and the upper potential limit were 

kept constant and the latter was sufficiently low that surface oxide formation can be excluded, 

the decrease of the hysteresis in potentials between the forward and backward potential scans 

with increasing Ag content is attributed to a lower potential-dependent coverage of adsorbed 
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hydroxyls for Ag-containing Pt(111) surfaces, which mainly affects the cathodic scan. 

Tentatively, we explain this by the significantly weaker bonding of OHad on AgPt2 sites 

compared to Pt3 sites (see Table 5.3-3), which results in a lower OHad coverage on the former 

sites, while their ORR activity is even higher than that of the Pt3 sites. The lower OHad 

coverage in the cathodic scan without a lower ORR activity results in the observed decay of 

the hysteresis with increasing Ag surface content.  

Overall, this comparison between experimental results and the results of our modelling 

approach shows remarkable agreement, supporting the validity of this approach, including the 

hypotheses underlying the model and the theoretical basis for this 
[143]

. It furthermore 

identifies the AgPt2 ensembles as the most active electrocatalytic site, which is responsible for 

the enhanced ORR activity of the AgxPt1-x/Pt(111) surface. 

 

5.3.4.4 Hydrogen peroxide formation 

In the previous section we focused on the influence of Ag atoms in the Pt(111) surface layer 

on the complete reduction of O2 molecules to H2O (4 e- process), without considering the 

partial reduction process to H2O2 (2 e- process).  

For other bimetallic combinations also enhancing ORR rates at low overpotentials, such as 

well-defined Pt3Ni and Pt3Co alloys 
[147,295]

, an increase in the H2O2 yield occurs in the low 

potential region compared to pure Pt electrode. This already indicates that the selectivity in 

the low potential region for the ORR products is not linked in a trivial way to the change in 

activity for the 4e- pathway in the high potential region. 

It would be tempting, if the tendency for H2O2 formation could also be described in a model 

based on the potential dependent reaction thermodynamic, similar to the complete reduction 

to H2O. The reaction mechanism for hydrogen peroxide production can be described by two 

successive coupled proton-electron transfers, following scheme 2: 

Scheme 2: Reaction mechanism for the H2O2 production during the ORR 

 

O2 + H
+
 + e

-
  → OOHads    (ΔGOOH) 

OOHads + H
+
 +e

-
  → H2O2 ads → H2O2 
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Note that alternatively to H2O2 desorption adsorbed H2O2 could also be further reduced to 

OHad + H2O, as it is well known to occur during H2O2 reduction. Similarly, as done for the 4 

e
-
 reduction process, we could calculate again the ΔG values. In this case we have to consider 

that H2O2 formation starts only at about 0.35 V, at least for surfaces with only moderate Ag 

surface contents.  On the other hand, in the thermodynamic model of Nørskov et al. 
[143]

, all 

reaction steps for O2 reduction to H2O are downhill on Pt(111) at potential around 

0.80 - 0.85 V and below. Therefore, a sudden onset of H2O2 formation at 0.35 V can hardly be 

explained on the basis of this description and other effects have to be considered as well. For 

Pt single crystal electrodes it has been proposed that an increasing coverage of adsorbed 

hydrogen blocks the electrode surfaces, blocking the catalytic sites for the O-O bond breaking 

(see 2nd reaction step in scheme 1), which in turn favours the formation of H2O2 (2 e
-
 process) 

rather than the complete reduction of O2 to H2O (4 e
-
 process) 

[219,310]
. Previously we have 

shown that H adsorption on AgxPt1-x/Pt(111) surface alloy electrodes decreases with 

increasing Ag surface content and agrees very well with the fraction of Pt3 sites determined by 

STM (Table 5.3-1) 
[190]

. Combining these observations, we tentatively explain the decreasing 

tendency for H2O2 formation with increasing Ag surface content in a similar way as the 

decreasing hysteresis in the ORR, namely by the decreasing fraction of Pt3 sites on these 

surfaces with increasing Ag content. While Pt3 sites are active for the ORR to both H2O2 and 

H2O  and also for H adsorption in the potential range of hydrogen underpotential deposition 

(Hupd), this is no more the case for AgPt2 sites. These are still active for the ORR (to H2O), 

even more than Pt3 sites (see Table 5.3-3), but are too weakly bonding to adsorb hydrogen 

under these conditions. Further work is required, however, for a more detailed explanation of 

the effects responsible for H2O2 formation in this potential range and in particular the 

decreasing tendency for this with increasing Ag surface content. 
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5.3.5 Conclusion 

Aiming at a better understanding of the ORR on bimetallic electrode surfaces we have 

systematically investigated the ORR performance of structurally well-defined 

AgxPt1-x/Pt(111) surface alloys with well-known distributions of surface atoms. Surface alloys 

with different Ag contents (7-50%) were prepared and characterized by STM under UHV 

conditions, followed by electrochemical /-catalytic characterization under well-defined mass 

transport conditions. Comparison of the experimental data with results of kinetic modelling 

based on previous theoretical concepts leads us to the following conclusions: 

1. The presence of Ag surface atoms in the topmost layer of Pt(111) leads to a 

significant increase of the ORR reaction rate for all AgxPt1-x/Pt(111) surface alloy 

compositions with x  0.5 compared to Pt(111), resulting in a lowering of the 

overpotential by up to 60 mV at -2.0 mA cm
-2

 for a Ag31Pt59/Pt(111) surface alloy 

compared to Pt(111). These trends were reproduced by a kinetic model for the 

determination of rates on inhomogeneous surfaces (jk averaging) based on a 

theoretical approach developed by Nørskov and Rossmeisl 
[143]

 and the 

experimentally determined abundance of different types of AgxPt3 ensembles. 

2. AgPt2 trimer atomic ensembles were identified as the catalytic site responsible for 

the enhanced ORR rates on AgxPt1-x/Pt(111) surface alloys. 

3. The decreasing hysteresis in the ORR polarization curves on the AgxPt1-x/Pt(111) 

surface alloys with increasing Ag surface content can be rationalized by a 

decreasing tendency for surface blocking of the ORR reaction sites by adsorbed OH 

species in the cathodic scan. This is due to a rapidly increasing contribution of 

AgPt2 surface sites, where OHad is bound less strongly, while they are even more 

active for the ORR than Pt3 sites. Pt3 sites, in contrast, which are dominant for 

Pt(111) and AgxPt1-x/Pt(111) surface alloys with very low Ag surface contents, are 

active for the ORR, but also bind OHad rather strongly, supporting the hysteresis. 

Ag2Pt and Ag3 sites, finally, are weakly bonding for OHad, but also contribute little 

to the ORR current density and can therefore be neglected. 

4. The considerable decay of the tendency for H2O2 production at low potentials with 

increasing Ag surface content on the AgxPt1-x/Pt(111) surface alloys can be 

qualitatively correlated with the decreasing fraction of Pt3 sites, indicating that 

these sites are active for also H2O2 formation, while AgPt2 sites, which are most 

active for H2O formation, are little active for H2O2 generation, but highly active for 
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H2O formation. A more quantitative understanding of the processes responsible for 

H2O2 formation in the low potential region, where all reaction steps are 

thermodynamically downwards, requires, however, further studies. 

Overall, this study demonstrates the impressive accuracy in the prediction of electrocatalytic 

properties of bimetallic electrodes of such kind of combined experimental and modelling 

studies, based on structurally well-defined bimetallic electrode surfaces.  
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5.4 Stability and ORR performance of a well-defined bimetallic 

Ag70Pt30/Pt(111) monolayer surface alloy electrode – Probing 

the de-alloying at an atomic-scale 

 

The content of the following section was published in Electrochimica Acta, S. Beckord, S. 

Brimaud, R. J. Behm; "Stability and ORR performance of a well-defined bimetallic 

Ag70Pt30/Pt (111) monolayer surface alloy electrodeProbing the de-alloying at an atomic 

scale", 2018, 259, 762 
[191]

 and is included to this thesis with permission from Elsevier. The 

content and structure was adjusted to the style and layout of this thesis by adapting the 

numbering of the sections, the references, the figures and the spelling. Abbreviations which 

already have been introduced in the thesis before are not expanded in the text anymore. My 

contributions to this publication are all measurements (STM and EC data), their respective 

evaluation and the production of all figures for this publication. 

 

5.4.1 Abstract 

Aiming at a better understanding of surface de-alloying processes on an atomic-scale and its 

impact on the electrocatalytic properties of bimetallic electrodes in the oxygen reduction 

reaction (ORR), we have investigated the electrochemical de-alloying of a Ag70Pt30 

monolayer surface alloy on Pt(111), in electrochemical potential step measurements and the 

performance of the resulting electrodes in the ORR. Structurally well-defined electrode 

surfaces were prepared and characterized by scanning tunnelling microscopy (STM) before 

and after the electrochemical (EC) measurements under ultrahigh vacuum (UHV) conditions. 

Potential step experiments were performed in a dual thin-layer flow cell in 0.5 M H2SO4 

supporting electrolyte, using a UHV-EC transfer system which allowed electrode transfer 

without intermediate contact to air. STM imaging reveals an increasing, selective removal of 

Ag from the surface layer in the potential range 0.95 – 1.05 VRHE, resulting in the formation 

of monolayer vacancy islands. The last 10% of Ag were removed only at the onset of Pt 

corrosion and 3D surface restructuring at 1.10 VRHE. Correlating these findings with the total 

amount of dissolved Ag determined in electrochemical measurements we propose a possible 

corrosion mechanism. The corroded surfaces, in particular the more strongly corroded 

surfaces, showed an improved ORR performance, with a lower overpotential, by up to 
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100 mV, and a lower H2O2 yield than Pt(111). The higher stability of the surface alloys 

compared to a Ag(111) as well as the ORR activity are discussed in terms of electronic ligand 

and strain effects, for the latter structural effect have to be considered as well. 

5.4.2 Introduction 

Electrochemical de-alloying of metal alloys has attracted considerable interest over the last 

decades, both from application oriented reasons, e.g., the corrosive de-alloying of technical 

materials such as steels 
[311]

 or the preparation of nanoporous metals 
[186]

, or from fundamental 

reasons 
[312,313]

. In recent years, interest in electrochemical corrosion and de-alloying 

increased because of potential applications of bimetallic catalysts in the O2 reduction reaction 

(ORR) in polymer electrolyte fuel cells 
[9,314]

, where de-alloying was used as a means for 

catalyst preparation on the one hand, e.g., for core-shell catalysts 
[188,189]

, but also limited the 

lifetime of these catalysts due to corrosive de-alloying during operation 
[277-279]

. In general, 

previous studies of electrochemical corrosion were limited to a macroscopic description, i.e., 

descriptions based on macroscopic properties such as the metal dissolution rate 
[131,315-317]

. 

Atomistic details were addressed so far only in few studies. Magnussen et al. investigated the 

electrochemical corrosion of Cu(100) by in situ scanning tunnelling microscopy (STM), 

showing that this is strongly affected by adsorbates such as Cl anions, but also by corrosion 

inhibitors such as benzotriazole (BTA) 
[318]

. Also corrosion and de-alloying of bimetallic 

systems such as Au3Cu or AuAg alloys was investigated by in situ STM, e.g., by Moffat et al. 

[319]
, Newman and Sieradzki 

[320-322]
, and the groups around Dosch and Stratmann 

[323-325]
, 

providing quantitative information on the corrosion induced changes in surface structure and 

morphology. Furthermore, in situ STM was also employed to study the selective dissolution 

of a metal in a two-dimensional film, e.g. the growth and dissolution of Ni on a Pd-Au(111) 

bimetallic surface 
[326,327]

 or the dissolution of Ni from a NiPd monoatomic layer 

electrodeposited on Au(111) 
[328]

. 

Here we report results of a combined ex situ STM and electrochemistry study on the 

electrochemical de-alloying of Ag70Pt30/Pt(111) monolayer surface alloys, which can be 

considered as model systems for bimetallic AgPt electrodes. The latter have been 

demonstrated as promising catalysts for the ORR 
[14,280]

. The preparation of AgxPt1-x/Pt(111) 

monolayer surface alloys, their structure, thermal stability and electrochemical behaviour as 

well as their interaction with CO under UHV conditions have been investigated recently in 

our group 
[16,18,19,190]

, following earlier studies on the growth of thin films of Ag on Pt(111) 

[17,34]
 and the formation of AgPt surface alloys 

[35,193,194]
. First results of this study, focusing on 
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the electrochemical properties and the electrochemical stability of the surface alloys in 0.5 M 

H2SO4 supporting electrolyte as function of the Ag surface content, were reported in ref. 
[190]

. 

There we could show that that the Ag surface atoms in AgxPt1-x/Pt(111) surface alloys are 

significantly stabilized against corrosive dissolution compared to Ag(111), which we 

attributed to the interaction with underlying Pt substrate atoms (‘vertical ligand effects’) and, 

mainly at lower Ag surface concentrations, with neighbouring Pt surface atoms (‘lateral 

ligand effects’). Furthermore, for Ag contents up to 50% in the surface layer, we could not 

detect any significant Ag dissolution at potentials up to 0.95 V. In the present communication, 

we focus on the mechanistic understanding of the corrosion process and its potential 

dependence, including also a quantification of the Ag atoms dissolved during the corrosion 

process. 

Here we present our results on the corrosion of Ag surface atoms and the stability of 

structurally well-defined bimetallic Ag70Pt30/Pt(111) surface alloys, which were prepared and 

structurally characterized by STM under ultrahigh vacuum (UHV) conditions. The dissolution 

of Ag atoms, induced by potential steps above the stability limit of the surface alloy, on the 

surface structure and surface composition was studied on an atomic-scale using an 

electrochemical flow cell including a collector electrode for detection of the dissolved Ag 

atoms. The observations made are discussed in a atomistic picture and a possible corrosive 

dissolution mechanism is presented.  

In the following we will, after describing the experimental set-up and procedures, first present 

results of potential step corrosion measurements on Ag70Pt30/Pt(111) surface alloys 

(Section 5.4.4.1), followed by the structural characterization of the resulting surfaces by STM 

(Section 5.4.4.2). A possible mechanism for the corrosion of AgxPt1-x/Pt(111) surface alloys, 

including in particular the effect of the corrosion potential (‘upper potential’) is presented in 

Section 5.4.4.3. Finally we test the effects of the corrosive surface restructuring on the O2 

reduction reaction (Section 5.4.4.4). 

 

5.4.3 Experimental set-up and procedures 

The experiments were performed in a combined ultrahigh vacuum (UHV) – electrochemical 

flow cell (UHV-EC) system, consisting of a UHV system for sample preparation and its 

characterization by structural/spectroscopic techniques, a flow cell system for electrochemical 

measurements under enforced and controlled electrolyte flow, and a transfer system allowing 
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sample transfer between both systems without contact with air, which had been described in 

detail previously 
[13]

. The UHV system (base pressure <1 x 10
-10

 mbar) is equipped with 

standard facilities for sample preparation and characterization such as an ion sputter gun 

(Specs, IQE 11-35) for Ar
+
 sputtering and a Knudsen cell type evaporator (Tectra, WKC3) for 

Ag evaporation. Structural characterization of the sample surfaces was performed by STM 

imaging, using a home-built pocket-size STM. Typical tunnelling voltages and currents were 

0.2 - 0.8 V / 0.3 - 3.0 nA for large-scale images or <100 mV / around 70 nA for high 

resolution detail images, applied at the tungsten tip. A quadrupole mass spectrometer (QMS, 

Balzers, QME-125-1) served for residual gas analysis. 

The Pt(111) surface was prepared by 15 min Ar
+
 ion sputtering (pAr = 3 x 10

-5
 mbar; 

E = 0.6 kV) at room temperature (RT), followed by heating cycles up to 1050 K at a rate of 

4 K s
-1

 and cooling to RT at a rate of 2 K s
-1

. The temperature was controlled by a pyrometer 

(Impac Infratherm, IGA 140). Residual impurities (carbon, sulphur) accumulated in the 

topmost layers were removed by oxidation cycles, including adsorption of oxygen during 

cooling down (at about 800 K; 10 L = 10  1.33  10
-6

 mbar s) followed by a final heating 

cycle to 1000 K (heating/cooling rates see above). For preparing the Ag70Pt30/Pt(111) 

monolayer surface alloys we first evaporated Ag from a Knudsen cell at a rate of 

0.1 ± 0.005 ML min
-1

 with the sample held at room temperature 
[190]

. Next the Ag coverage 

was determined by STM, evaluating 4-10 STM images (size at least 200 nm  200 nm). In a 

last step the Ag covered Pt(111) surface was annealed to 900 K, using the same 

heating/cooling rates as employed for the preparation of clean Pt(111) surfaces. This 

procedure had been shown earlier to result in monolayer surface alloys by comparison of the 

Ag surface coverages derived from quantitative evaluation of STM images before and after 

intermixing 
[16]

. 

For the electrochemical (EC) measurements the sample was transferred to an electrochemical 

flow cell system, located in a transfer UHV chamber (base pressure <1 x 10
-8

 mbar), which is 

attached to the main UHV system via a gate valve. This set-up allows for a sample transfer 

from UHV to the electrochemical cell under well-defined, clean conditions. The home-built 

laminar flow cell (made of KEL-F) is equipped with two counter electrodes (Au), one close to 

the working electrode and one at the electrolyte outlet capillary, and connected by a capillary 

to a reversible hydrogen electrode (RHE). All potentials in this work are given with respect to 

the RHE scale. The potential was controlled by a computer-controlled bi-potentiostat 

(AFCBP1, Pine Instruments). For detection of the dissolved Ag the flow cell set-up is 
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equipped with a second compartment containing a polycrystalline Au foil 

(geometric area = 0.95 cm
2
) serving as a collector electrode (see cell design in ref. 

[13]
). 

Applying a constant potential of 0.45 V to the collector electrode caused re-deposition of the 

dissolved Ag from the supporting electrolyte. The collection efficiencies of the current 

collector were determined from the ratio of the currents resulting from hydrogen evolution at 

the working electrode and hydrogen oxidation at the current collector. This was done both 

after the corrosion measurements, using a polycrystalline Au collector electrode, and after the 

ORR measurements where a polycrystalline Pt collector was used. 

The electrochemical measurements were performed at room temperature (RT) in 0.5 M 

H2SO4 supporting electrolyte, prepared from ultrapure water (18.5 MΩ cm Millipore) and 

Suprapur H2SO4 (Merck) and purged with nitrogen (6.0, MTI), at electrolyte flow rates 

between 0.6 – 0.9 ml min
-1

. For each potential step experiment, a fresh surface with a 

Ag70Pt30/Pt(111) composition (deviation  4 % absolute) was prepared. The geometric area of 

the electrode is 0.38 cm
2
. The resulting surface alloy samples were electrochemically 

characterized by cyclic voltammetry (CV) before and after the potential step (PS) experiment. 

For potential step experiments, the potential was stepped from 0.50 V, a potential were the 

Ag70Pt30/Pt(111) surface alloy is not affected by irreversible surface corrosion 
[190]

, to the 

respective upper potential limit, held there for 5 min and then stepped back to 0.50 V. After 

the EC measurements the cell was flushed with pure water to remove anions and then the 

electrode was emerged from the electrolyte at open circuit potential by removing the 

electrochemical cell from the sample. Subsequently, the transfer UHV chamber was pumped 

down to a base pressure of 1x10
-8

 mbar and, once this was reached, the sample was 

transferred back to the main UHV system for STM characterization. Finally, for ORR 

investigations, the sample was transferred back to the EC system as explained above. For 

these measurements the electrolyte was saturated with O2 (6.0, MTI) by bubbling O2 through 

the electrolyte in the supply bottle. 

 

5.4.4 Results and discussion 

5.4.4.1 Potential step measurements on Ag70Pt30/Pt(111) surface alloys 

A CV of an as-prepared Ag70Pt30/Pt(111) surface alloy (Figure 5.4-1 a) shows the typical 

features for adsorption/desorption of adsorbed hydrogen and sulphate which have been 
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reported previously 
[190]

, with the HUPD sorption region below 0.35 V and an additional peak 

between 0.2 – 0.3 V associated with (bi)sulphate adsorption on Ptx sites neighboured to or 

surrounded by Ag surface atoms (Pt monomers or dimers, and/or Pt perimeter sites in larger 

ensembles), where (bi)sulphate is stabilized by combined lateral ligand and strain effects. The 

above peak and its origin as well as the absence of the (bi)sulphate current feature between 

0.35 – 0.55 V are typical for AgxPt1-x/Pt(111) surface alloys with Ag contents >50% were 

discussed in detail in Ref. 
[190]

). It should be noted that also in the higher potential range, up to 

0.85 V, there are no indication for anion adsorption on these surfaces 
[190]

. 

 

Figure 5.4-1: a) Cyclic voltammogram recorded in the potential range 0.05 – 0.55 V on a 

Ag70Pt30/Pt(111) surface alloy in 0.5 M H2SO4 (50 mV s
-1

). b) Current traces as measured on 

Ag70Pt30/Pt(111) surface alloys for potential step experiments to different upper potential (Eup) 

as labelled in the figure plotted as a function of corrosion time. The inset shows the current 

traces on a smaller time scale. c) Current traces measured at the collector electrode 

corresponding to the respective potential step experiments shown in b). d) Linear calibration 

for the capacitive contributions of the currents of the potential step experiments (see text). 

 

The Faradaic current transients measured in the potential step experiments are plotted for the 

different upper potentials Eup as a function of time in Fig. 1b. Since there are no significant 
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changes of the current traces between 120 s and 300 s, we only displayed the part up to 120 s, 

and even there we removed the part between 10 s and 110 s for better time resolution. As 

upper potentials we chose 0.85 V, 0.95 V, 1.00 V, 1.05 V and 1.10 V. The time-scale was 

adjusted in the way that at t = 0 s the potential was stepped to the respective Eup. In all 

potential step experiments this resulted in a strong increase of the measured current at t = 0 s, 

followed by a steep decline in the first 0.1 s and a slower decay for longer times to below 

5 µA. With increasing Eup, the initial maximum current increased strongly, from 250 µA for 

Eup = 0.85 V to nearly 700 µA for Eup = 1.10 V. Since the processes related to the initial 

current peak take place on a time scale <0.5 s, we additionally present these peaks on an 

expanded time scale in the inset of Figure 5.4-1 b. According to these plots the maximum 

current is reached after ca. 0.02 s - 0.05 s, followed by the pronounced decrease mentioned 

before. For upper potentials below 1.0 V currents below the detection limit (ca. 2 µA) are 

reached after 0.1 s - 0.2 s, whereas for higher Eup the decrease in current extends over longer 

times (1 -2 s).  

The current transients measured for the bimetallic working electrodes (Figure 5.4-1 b) result 

from two different processes, i) charging of the double layer at the surface during the potential 

step, which takes place instantaneously in the initial current spike, and ii) Ag dissolution 

during steps to higher potentials (Eup >0.95 V). Note that looking at the CV in Figure 5.4-1 a 

contributions from anion adsorption can be neglected in these experiments (see 
[190]

 and 

Figure 5.4-5 a). To disentangle these two effects, we estimated the capacitive charge by a set 

of calibration measurements, where the potential was stepped from 0.5 V to different upper 

potentials between 0.6 V and 0.85 V, where the surfaces are known to be stable 
[190]

 and the 

current solely results from double layer charging. As expected, the resulting charges, which 

are shown in Figure 5.4-1 d, indicate a linear relation between the capacitive charge induced 

by the potential step and the respective upper potential. For a quantitative assessment of the 

dissolved Ag species we determined the total charge from the current traces given in Figure 

5.4-1 b and, assuming that the linear correlation continues also to higher potentials, subtracted 

the capacitive contribution determined by linear extrapolation of the correlation between 

upper potential and double layer charge. The resulting true dissolution charges are plotted in 

Figure 5.4-2 as black squares against the upper potential. While for Eup = 0.85 V there is no 

Ag dissolution, stepping to Eup of 0.95 V results in a dissolution charge of about 20 - 30 µC 

cm
-2

. For higher potential limits the dissolution charge further increases, up to about 260 µC 

cm
-2

 for 1.10 V. 
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Figure 5.4-2: Coulometric charges measured at Ag70Pt30/Pt(111) monolayer surface alloys in 

potential step experiments (black squares) as function of the upper potential. The charges 

related to the dissolution processes were derived from the current transients in Figure 5.4-1 b, 

corrected double layer charging. The solid line indicates the charge expected for the 

dissolution of a monolayer (ML) of Ag surface atoms (240 µC cm
-2

), the dashed line the 

charge for complete dissolution of all Ag atoms from the Ag70Pt30/Pt(111) surface alloys (ca. 

170 µC cm
-2

). The charges resulting from the re-deposition process at the collector electrode 

are given as red dots (right y-axis).  

 

The resulting charges can be correlated with the charges expected from the maximum amount 

of Ag that can be dissolved from the surface. Dissolving a complete monolayer (ML) of Ag 

surface atoms from a Pt(111) single crystal is equivalent to a charge density of 240 µC cm
-2

 

(black solid line in Figure 5.4-2) 
[329]

. Since we used a Ag70Pt30/Pt(111) surface alloy for all 

experiments, we assume a charge density of about 170 µC cm
-2

 (70% of 240 µC cm
-2

) for the 

complete dissolution of all silver atoms from the surface alloy. This value is indicated by the 

dashed line in Figure 5.4-2. Assuming that only Ag is affected by irreversible corrosion at 

potentials up to 1.05 V, the dissolution charge can be directly correlated to a percentage of Ag 

atoms dissolved from the sample. For Eup = 0.95 V, about 10-20% of the Ag is dissolved, for 

Eup = 1.00 V this amounts to 35% of the available Ag and for Eup = 1.05 V to about 85% Ag. 

For Eup = 1.10 V the dissolution charge of 256 µC cm
-2

 indicates dissolution of even of 

significantly more than the total amount of Ag, and even slightly more than a full monolayer 
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of metal atoms from the surface, indicating significant contributions from Pt corrosion. Most 

likely, this will also go along with some three-dimensional (3D) restructuring of the surface, 

which will be discussed in more detail below (Section 5.4.4.2). Finally it should be noted that 

re-deposition of the dissolved Ag on the working electrode surface upon returning to the 

initial potential (after 300 s) can be excluded, since the dissolved Ag is expected to be 

removed from the flow cell during the time of the potential transient by the continuous 

electrolyte flow. 

As described in the experimental section, Ag dissolution was monitored also by an additional 

Au foil electrode located in the second compartment of the flow cell, which served as 

collector electrode. Applying a constant potential of 0.45 V to the collector electrode caused 

partial re-deposition of the dissolved Ag from the supporting electrolyte. The collector current 

transients resulting for the different potential step experiments are given in Figure 5.4-1 c. For 

potential steps to 0.85 V, 0.95 V and 1.00 V, positive collector currents were obtained, which 

closely resembled each other. After 10 seconds, the currents had essentially decreased to zero. 

Stepping to higher potentials (1.05 V and 1.10 V), the current first increases strongly, 

followed by a steep decrease to negative values and, after passing through a minimum, a 

subsequent approach to the base line.  

Test experiments revealed that the positive current signal is due to an experimental artefact 

related to the electronic coupling between the two working electrodes, namely a slight shift in 

the potential of the collector electrode upon the potential step of the working electrode, by 

about 10 mV, which induces a small double layer charging current on the collector electrode 

(note the extremely small currents in Figure 5.4-1 c). Superimposed on this is the current 

signal arising from Ag re-deposition. Contributions from this artefact to the charge were 

removed from the collector charge in a similar way as described above for the working 

electrode (which results in a similar type plot for the collector as shown in Figure 5.4-1 d). 

The charge for Ag re-deposition was then calculated in the same way as described above, by 

subtracting the (extrapolated) double layer charging from the measured charge, which yields 

the true Ag re-deposition charge. Correcting this by the collection efficiency of the collector 

electrode (determination see experimental section), we obtained the Ag dissolution charge 

densities, which are shown in Figure 5.4-2 as red dots. With increasing upper potential limit 

these equivalent charge densities increase from 0 µC cm
-2

 for Eup = 0.85 V via 40 µC cm
-2

 

(Eup = 0.95 V), about 40 µC cm
-2

 (Eup = 1.00 V) to 120 µC cm
-2

 (Eup = 1.05 V), which agrees 

rather well with the dissolution charge densities measured at the working electrode (Figure 
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5.4-2, black squares). For the potential step to 1.10 V the charge density detected at the 

collector electrode reaches only about 150 µC cm
-2

, which is significantly less than the 

dissolution charge measured at the working electrode. At this potential, other processes at the 

working electrode beside Ag dissolution definitely contribute to the Faradaic current 

measured at the working electrode, in agreement with our above tentative conclusion that 

under this condition Pt corrosion (oxide formation) takes place as well. Overall, the data 

presented in Figure 5.4-2 are compatible with a picture that up to an upper potential of 1.05 V 

corrosion selectively removes Ag surface atoms  

The true Ag dissolution charge densities and current densities can be used also for estimating 

the initial Ag dissolution rates at the respective potentials. The mean dissolution rate (during 

the initial 5 s) for a potential step to a given potential, which is essentially identical to the 

initial dissolution rate at this potential, can be determined from the true Ag dissolution charge 

density exchanged during the initial 0.1 s, divided by the time. For potential steps to 0.95 and 

1.0 V we obtained mean Ag dissolution rates of about 34 and 47 ng cm
-2

 s
-1

, for a potential 

step to 1.05 V the rate was about two to three times higher (82 ng cm
-2

 s
-1

). These rates are 

compatible with the much lower rates for Pt dissolution from polycrystalline Pt 
[316]

 low index 

Pt single crystals 
[131]

 in acidic media. 

It should be noted that the metal dissolution measurements with a collector electrode, which 

are in principle suitable also for evaluating dissolution rates during an ongoing 

electrocatalytic reaction such as the oxygen reduction reaction (ORR), are much simpler from 

instrumentation than combining electrochemical measurements with ICP-OES detection, as it 

was done in the above measurements 
[131,316]

. 

 

5.4.4.2 Structural characterization after EC measurements 

Before examining the structure of the electrode surfaces resulting after the potential step 

experiments, we will briefly summarize the structural characteristics of the as prepared 

Ag70Pt30/Pt(111) surface alloys, before exposing them to electrochemical environment. On a 

larger scale, these surfaces are characterized by terraces with several 100 nm width, separated 

by smooth monolayer steps, as depicted exemplarily in the STM image in Figure 5.4-3 a. On a 

smaller scale, atomic resolution images revealed a rather homogeneous distribution of the 

surface atoms, with a tendency towards phase separation 
[16]

. This is illustrated in the area in 

the left image showing the surface with enhanced contrast and also in the higher resolution 
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image in at the right hand side of Figure 5.4-3 a, where brighter areas are attributed to Ag 

ensembles, while darker areas consist of Pt ensembles. These differences result from the 

different electronic properties of the respective surface atoms, rather than indicating structural 

differences such as different heights of the surface atoms. A tendency for phase separation, 

where the surface atoms favour like rather than unlike atoms as neighbour, is also known for 

other surface alloys such as PdxRu1-x/Ru(0001) 
[46]

 and PtxAu1-x/Pt(111) 
[41]

. It is in contrast to 

surface alloys where the surface atoms are randomly distributed, as reported for PdxAg1-

x/Pd(111) 
[53]

 and PtxRu1-x/Pt(111) 
[44]

. The white protrusions on the terraces in the image at 

the right hand side of Figure 5.4-3 a, have also been observed in previous STM studies of the 

AgxPt1-x/Pt(111) bimetallic system and are presumably due to small amounts of Ag clusters 

formed during the process of surface alloy formation 
[95]

. Following the height profile given in 

the left part of Figure 5.4-3 a, which goes along the white dashed line in the STM image, the 

imaged surface shows a monolayer high step and small corrugations within the terraces, 

reflecting the phase separated two components mentioned before. Representative STM images 

of electrode surfaces after the potential step experiments, with increasing Eup from 0.85 V to 

1.10 V, are depicted in Figure 5.4-3 b - f.  

After the potential step to 0.85 V the surface exhibits the same main characteristics as the as-

prepared surface, with smooth monoatomically high steps as well as brighter and darker areas 

reflecting ensembles of the different components (Figure 5.4-3 b). The darker areas are 

significantly less deep than monolayer deep holes resulting from surface de-alloying. In 

general, the noise level of the surfaces after EC treatment is higher than on the as-prepared 

surface (see Figure 5.4-3 b compared to the as-prepared surface in Figure 5.4-3 a). The higher 

noise level is most likely caused by residual adsorbates which remained on the surface after 

emersion from the electrolyte 
[190]

. Hence, at 0.85 V the surface is still stable with respect to 

restructuring, which agrees well with findings from previous STM studies 
[190,287]

 and also 

with the absence of measurable corrosion currents under these conditions (see Section 5.4.4.1) 

[287]
. This changes for higher values of the upper potential, as shown in the STM images in 

Figure 5.4-3 c – f, which were recorded on electrode surfaces that were exposed to potential 

step transients at potentials of between 0.95 and 1.05 V. Although the main characteristics 

seem to be identical with those resolved on the previous surface, a closer look reveals distinct 

changes in the surfaces morphology. After a potential transient at Eup = 0.95 V (Figure 

5.4-3c), the surface exhibits the same roughness like the one stepped to lower potentials, but 

in addition it also shows some monolayer deep holes within the terraces (density about 

2  0.5 x 10
12

 cm
-2

, diameter up to 1.5 nm). For better resolution, the colour table in that 
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image was partly changed in the small scale STM image in the inset in Figure 5.4-3 c (right). 

The height profile demonstrates that these holes correspond to monolayer deep vacancy 

islands. This observation of some monolayer holes agrees well with previous findings on the 

stability of AgxPt1-x/Pt(111) surface alloys during potentiodynamic cycles 
[190]

. A further 

increase in the upper potential to Eup = 1.00 V leads to a surface as imaged in Figure 5.4-3 d, 

which shows a clear increase in the abundance and size of the monolayer deep vacancy 

islands compared to Figure 5.4-3 c (density 40.5 x 10
12

 cm
-2

, diameter 2 – 5 nm, coverage 

25%). This is illustrated again by the height profile included in this figure. An even stronger 

effect on the surface structure occurs after a potential step to 1.05 V. In the large-scale STM 

image depicted in Figure 5.4-3 e (left), the surface still shows the main characteristics like in 

Figure 5.4-3 b, but the high resolution image reveals structures very similar to percolation 

networks, with a width of the resulting wall structures in the range of 2-4 nm, with monolayer 

deep areas in between. The formation of monolayer vacancy islands in between the walls is 

evident from the height profile. Most likely these structures resulted from coalescence of 

monolayer vacancy islands. In total, the monolayer vacancy islands cover about 40 % of the 

surface. The smaller value of the area covered by monolayer vacancy islands compared to the 

amount of surface Ag dissolution determined in the electrochemical transients (see Figure 

5.4-2) can be understood by a well-known experimental artefact in STM imaging, where tip 

effects tend to increase the measured island size compared to their real size. This results in a 

apparently lower coverage of monolayer holes. 

Stepping the potential finally to Eup = 1.10 V drastically changes the surface structure, and 

these changes are also different in nature compared to those obtained upon stepping to the 

previous potentials up to Eup = 1.05 V. This is mainly due to the formation of new structures 

on top of the two level morphology with monolayer holes and the percolation network 

structure described above. This leads to a significant increase of the surface roughness 

compared to the surfaces shown before (Figure 5.4-3 f). This is more clearly resolved in the 

high resolution image in Figure 5.4-3 f and in the height profile in that figure. Interaction with 

the electrolyte at 1.10 V obviously results in the formation of second layer structures and thus 

in a rougher structure of the surface. This cannot be explained by corrosive removal of Ag, 

but must involve also removal of Pt atoms from the second layer, and/or re-deposition of Pt 

ions from the electrolyte on top of Pt surface ensembles. This point will be discussed further 

in Section 5.4.4.3, together with a mechanistic discussion leading to the observed surface de-

alloying. 
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Figure 5.4-3: STM images with corresponding height profiles (corresponding to the white 

dashed lines) recorded on Ag70Pt30/Pt(111) monolayer surface alloys before a) and after b) – 

f) potential step experiments (left: 100 nm  100 nm, right: detail images with 50 nm  50 

nm², middle: schematic height profiles along the lines marked in white in the left images). 

The square area in the left image in a) shows the surface with enhanced contrast to better 

resolve the tendency for phase separation in the surface layer. Images in b) represent a stable 

surface after a potential step to 0.85 V without dissolution features. Images c), d) and e) show 

the corroded surface obtained after potential steps to 0.95 V, 1.00 V and 1.05 V, respectively, 

with monolayer deep vacancy islands in the surface. Image f) represents a corroded 

Ag70Pt30/Pt(111) surface alloy after a potential step to 1.10 V, unveiling a rougher 3D 

restructured surface. a) left: IT = 0.71 nA; UT = 0.3 V; right: IT = 0.63 nA; UT = 0.4 V; b) left: 

IT = 0.25 nA; UT = 0.1 V; right: IT = 0.25 nA; UT = 0.1 V, c) left: IT = 2.20 nA; UT = 0.1 V; 

right: IT = 22.0 nA; UT = 0.4 V, d) (left: IT = 22.0 nA; UT = 0.8 V; right: IT = 71.0 nA; UT = 

0.2 V, e) left: IT = 0.56 nA; UT = 0.7 V; right: IT = 4.00 nA; UT = 1.0 V, f) (left: IT = 7.10 nA; 

UT = 0.1 V; right: IT = 1.40 nA; UT = 0.1 V). 

 

Overall, the STM observations clearly demonstrate that measurable Ag surface dissolution 

from a Ag70Pt30/Pt(111) monolayer surface alloy starts at 0.95 V, in perfect agreement with 

findings from the electrochemical measurements. This results in the formation of monolayer 

vacancy islands, in agreement with findings from potentiodynamic measurements 
[190]

. 

Raising Eup further increases the tendency for Ag dissolution from the surface, leading to a 

lateral growth of the monoatomic deep structures on the surface. Finally, at 1.10 V a more 
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pronounced restructuring of the surface sets in, including also an effective displacement of the 

Pt surface atoms.  

 

5.4.4.3 Proposed dissolution mechanism 

The electrochemical as well as the STM measurements do not show any indication of Ag 

surface dissolution on the AgxPt1-x/Pt(111) surface alloys for potentials of 0.85 V and below, 

although bare Ag surfaces in the same electrolyte are only stable in a potential regime up to 

0.50 V 
[184,330]

. The present observations agree fully with previous results of potentiodynamic 

measurements on the same AgxPt1-x/Pt(111) surface alloys, where the stabilization of the Ag 

surface atoms was ascribed to a stabilizing interaction between the Pt(111) substrate and the 

Ag surface atoms (‘vertical ligand effects’) 
[190]

. In particular for lower Ag surface contents, 

Ag surface atoms can be further stabilized by lateral Pt-Ag interactions with adjacent Pt 

surface atoms (lateral ligand effects). Based on temperature programmed desorption results 

(desorption of Ag from a Pt(111) surface), the binding strength of the Ag-Pt bond was 

estimated to 283 kJ mol
-1

, which is about 25 kJ mol
-1

 more than that of Ag-Ag bonds 
[331]

. 

Here one has to keep in mind that during the temperature ramp Ag at least partly intermixes 

with the Pt(111) substrate surface and desorbs out of a surface alloy.  

For higher potentials (Eup = 0.95 V – 1.05 V), the potential step experiments revealed distinct 

changes in the surface morphology of the Ag70Pt30/Pt(111) monolayer surface alloys, the 

formation of monolayer holes (‘vacancy islands’), where the size and abundance of these 

holes increases with increasing potential. The very different amounts of removed Ag cannot 

be explained from a simple Butler-Volmer type kinetics, where the dissolution rate increases 

with increasing overpotential, since independent of the potential in this range the dissolution 

of surface Ag is very fast. Whatever amount of surface Ag can be removed in a potential step 

transient at a given potential is removed within about 1-2 s. Instead, there must be different 

types of surface Ag atoms, which are stabilized to different extents. With increasing potential, 

more and more of them can be removed by the surface etching process. The existence of Ag 

surface atoms of different stability can most simply be explained by lateral ligand effects, i.e., 

by stabilization of Ag surface atoms by neighbouring Pt surface atoms. Considering that Pt-

Ag interactions are stronger compared to Ag-Ag interactions, which based on density 

functional theory based calculations holds true also for the AgxPt1-x/Pt(111) monolayer 

surface alloys 
[18]

, we expect Ag surface atoms to be increasingly stabilized with increasing 

number of adjacent Pt surface atoms. In that picture, Ag monomers surrounded by 6 Pt 
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surface atoms would be most stable, followed by structures with 5 Pt neighbours such Ag2 

dimers or the end atoms of longer Ag strings, etc.. Least stable in an otherwise perfect surface 

would be Ag surface atoms in the interior of larger two-dimensional (2D) Ag ensembles. 

Considering that based on high resolution STM images of the bimetallic Ag70Pt30/Pt(111) 

surface after preparation (see 
[16]

 and beginning of Section 5.4.4.2) the maximum Pt island 

sizes on these surfaces are around 2 nm and that the Ag ensembles are in the same order of 

magnitude, the fraction of such kind of Ag surface atoms, in the inner part of domains of Ag 

surface atoms should be significant, definitely larger than the amount of 10 – 20% of the total 

Ag content of 0.7 ML which could be removed upon stepping the potential to 0.95 V. A 

comparable observation was reported by Damian et al., who reported that for 

NixPd1-x/Au(111) monolayer surface alloys with Ni surface concentrations <60% passivation 

of monatomic vacancy island edges by Pd enrichment occurred, which drastically slowed 

down Ni dissolution 
[328]

. 

In a kinetic picture, one would expect that Ag corrosion proceeds via nucleation and growth 

processes, where nucleation of surface vacancies is likely to be rate limiting and subsequent 

2D growth of vacancy islands is fast(er). For the bimetallic surface with its tendency towards 

2D phase separation, 2D growth of Ag vacancy islands is limited to the respective Ag surface 

domain, and will cease close to Pt surface areas, due to stabilization of Ag surface atoms by 

adjacent Pt surface atom. (Note that in a bimetallic mixed surface with two components of 

strongly different stability, step-flow corrosion processes as they were observed for 

electrochemical etching of Cu(100) 
[318,332]

 can be ruled out.)  

In combination, these effects result in the surface corrosion mechanism that is schematically 

illustrated in Figure 5.4-4. Figure 5.4-4 a shows the as prepared Ag70Pt30/Pt(111) surface 

alloy, with the Ag surface atoms (yellow) arranged in small monolayer islands incorporated in 

the Pt(111) surface layer. After a potential step to 0.85 V we find no significant change in the 

surface morphology (see Figure 5.4-4 b). Nucleation and initial growth of 2D vacancy islands 

starts upon stepping the potential to 0.95 V, removing about 10 – 20 % of the Ag surface 

atoms (Figure 5.4-4 c, A, B). Further nucleation and also growth of the 2D vacancy islands 

takes place after potential steps to 1.0 – 1.05 V, removing Ag surface atoms up to the 

perimeter of the Ag ensembles, except for the Ag atoms with neighbouring Pt surface atoms 

(Figure 5.4-4 d, e, C). The fact that after stepping to ‘lower’ dissolution potentials (0.95 V, 

1.0 V) only a fraction of the (least stable) Ag surface atoms in the inner part of Ag surface 

domains is removed seems to indicate that under these conditions nucleation and subsequent 
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growth of 2D Ag vacancy islands is limited to part of the Ag surface areas. Such behaviour 

could arise, e.g., from defect assisted nucleation of vacancy islands (heterogeneous 

nucleation). Another possibility one may speculate about is that the nucleation of surface 

vacancies is enhanced by the potential step, during double layer charging. Either of these 

effects could explain why after stepping to ‘lower’ dissolution potentials (0.95 V, 1.0 V) Ag 

surface dissolution ceases very quickly, although there are still significant amounts of 

‘central’ Ag surface atoms available, which based on their neighbourhood should be similarly 

stable. Higher potentials, namely stepping to 1.10 V, are then required to remove Ag surface 

atoms with 1 or more neighboured Pt surface atoms. The fraction of these atoms can be 

estimated to be around 15 – 20% in the Ag70Pt30/Pt(111) surface alloy, which agrees 

qualitatively with our observation that after stepping to 1.05 V still 15% of the surface Ag 

atoms are not dissolved. Very similar structures have been observed upon electrochemical 

corrosion of a Au60Ag40 alloy 
[322]

. Under these potential conditions surface roughening sets in 

as well (Figure 5.4-4 f, D), which is attributed to the formation of Pt surface oxides at 

potentials  1.10 V and their reduction after returning to more cathodic potentials 
[122,124,125]

. 

This results in the increasing growth of 3D island structures on the surface. A loss of Pt into 

the electrolyte during the roughening process can also not be neglected (Figure 5.4-4 f, E). 

The oxidation of Pt surface atoms is responsible for the high charge detected during the 

potential step to 1.10 V, exceeding the value expected for 100% Ag dissolution from the 

surface alloy. 

The above picture of the surface corrosion / Ag dissolution and surface roughening processes 

at higher potentials is supported by the results of cyclic voltammetry characterization of the 

resulting surfaces in supporting electrolyte, which was performed after the potential step 

experiments. Figure 5.4-5 a shows the cyclic voltammograms recorded on a Ag70Pt30/Pt(111) 

surface alloy before PS experiments and of the surfaces resulting upon potential steps (PS) to 

0.95 V, 1.00 V, 1.05 V and 1.10 V, respectively. Note that the CV given for the surface alloy 

before the PS was already presented in Figure 5.4-1 a. After the potential step to 0.95 V we 

find a clear change in the adsorption behaviour of the surface compared to the surface before 

the PS. In the H adsorption regime the adsorption charge increases significantly, which 

indicates a significantly larger area of Pt exposed on the surface after the dissolution of Ag. 

Furthermore, a new feature appears in a potential region higher 0.40 V, attributed to sulphate 

sorption. This feature which was also observed for AgxPt1-x/Pt(111) surface alloys with lower 

Ag contents, but absent on surfaces with higher Ag contents, was attributed to sulphate 

adsorption on Pt(111) like sites 
[190]

. Hence, its formation supports the conclusion of Ag 
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dissolution from the surface. With further increase of the upper potential during the potential 

step transient, for 1.00 V and more, we find the formation of distinct current features at 

potentials of 0.12 V and 0.24 V, which are attributed to the adsorption of Hupd on Pt (110) and 

(100) type sites 
[122,124,125]

. The latter peak is different from that at 0.25 V already present in 

the CV of the as prepared surface, see above, and which was attributed to bisulphate 

adsorption on Ptx sites surrounded by Ag surface atoms 
[190]

. It disappears upon corrosion at 

higher potentials. 

 

Figure 5.4-4: Proposed dissolution mechanism for a Ag70Pt30/Pt(111) monolayer surface alloy 

at different potentials, given in a schematic side view (Ag atoms: yellow, Pt atoms: blue). For 

comparison the intact surface alloy before electrochemical measurements is shown in a), with 

the Ag atoms embedded in the surface layer. b) - f) illustrate the proposed dissolution 

processes on the surface with increasing corrosion potential. Further explanation is given in 

the text. 
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A quantitative correlation between the adsorption charge in the CVs in Figure 5.4-5 a, 

corrected by the double layer charging, and the charges from the re-deposition of charged 

species (Ag
+
 ions) at the collector electrode during different potential steps is shown in Figure 

5.4-5 b. Considering the error bars in the respective evaluations, the data show a linear 

correlation between adsorption charge and Ag removal, as it would be expected from the 

mechanistic model for Ag dissolution on a Ag70Pt30/Pt(111) surface alloy in sulphuric acid 

presented above. In addition to supporting this mechanistic model this result also underlines 

the sensitivity and suitability of quantifying the Ag dissolution by a simple collector electrode 

set-up. 

 

Figure 5.4-5:a) Cyclic voltammograms recorded in the potential range 0.05-0.55 V in 

supporting electrolyte on Ag70Pt30/Pt(111) surface alloys before (black trace) and after 

(coloured traces) potential step experiments to different upper potential limits as labelled in 

the figure. All CVs are performed with 50 mV s
-1

 in 0.5 M H2SO4. b) Total adsorption 

charges of the respective surfaces, corrected for double layer charging, plotted against the 

collector charges resulting from the re-deposition of the Ag ions.  
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5.4.4.4 Activity of corroded surfaces in the oxygen reduction reaction 

After the potential step experiments and subsequent structural characterization by STM the 

corroded Ag70Pt30/Pt(111) electrodes were transferred back to the EC cell to test for their 

performance in the oxygen reduction reaction (ORR). ORR polarization curves recorded on 

the differently corroded Ag70Pt30/Pt(111) surface alloys in O2-saturated supporting electrolyte 

(0.5 M H2SO4, scan rate 10 mV s
-1

) are shown in Figure 5.4-6 b - e. Since polarization curves 

were and should be recorded in the potential range 0.05 – 0.95 V, to include also the onset of 

the ORR, it was not possible to measure such curves on a non-corroded Ag70Pt30/Pt(111) 

surface alloy. Corrosion would occur while recording the polarization curve. Therefore we 

included an ORR polarization curve recorded on a freshly prepared Pt(111) surface as 

reference (Figure 5.4-6 a). The corresponding flow rates are indicated in the figure. Here it 

should be noted that slight differences in the cell geometry (cell height), which will inevitably 

occur when assembling the cell, will lead to different flow velocities for identical flow rates, 

and thus to differences in the mass transport limited currents. In addition to the Faradaic 

current we also recorded the H2O2 oxidation current on a Pt collector electrode, which was 

biased at 1.2 V, and calculated the peroxide yields (see experimental section). These are 

indicated by the right y-axis.  

For all surfaces investigated the resulting ORR polarization curves exhibit the typical 

characteristics known for Pt-based electrodes in sulphuric acid 
[9,120,219,295]

. In brief, 

measurable ORR currents appear at potentials slightly above 0.90 V. They increase 

exponentially up to about 0.80 V, indicating that in this range the ORR rates are purely 

kinetically controlled. On the other hand, between 0.30 V and 0.50 V the reaction rates are 

purely determined by O2 mass transport. At potentials between 0.50 V and 0.80 V the reaction 

rates are under mixed kinetic and mass transport control. At low overpotentials the ORR 

follows the 4 e
-
 pathway to H2O for all electrode surfaces investigated. This is different at 

high overpotentials, where hydrogen peroxide formation along the 2 e
-
 pathway is observed, 

together with a decay of the Faradaic current This is most pronounced for the Pt(111) surface 

Figure 5.4-6 a, where the current density diminishes at potentials lower than 0.30 V, reaching 

at 0.05 V a value of about 60% of the mass transport limited current at higher potentials, in 

good agreement with findings from rotating ring-disc experiments in sulphuric acid 
[219]

. This 

latter value corresponds to a selectivity for H2O2 formation of about 80%. The tendency for 

hydrogen peroxide formation decreases drastically for the ORR on the corroded 

Ag70Pt30/Pt(111) electrodes, as shown in Figure 5.4-6 b - e, although the onset is at slightly 

higher potential (0.5 V) than on Pt(111) (0.3 V). For the slightly corroded surface stepped to 
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0.95 V before the ORR (Figure 5.4-6 b), the decay of the current density at potentials below 

0.30 V is much lower than on Pt(111), and correspondingly the H2O2 yield is much lower. For 

the other bimetallic electrodes, which had been stepped to higher potentials before the ORR 

(Figure 5.4-6 c - d), we find nearly no reduction of the current densities in the low potential 

range, and accordingly also the H2O2 yields are very low. 

 

 

Figure 5.4-6: ORR-polarization curves recorded at 10 mV s
-1

 in O2 saturated 0.5 M H2SO4 

solution on Pt(111) a) and on the corroded surface electrodes b)–e) after corrosion at different 

potentials (black traces, left y-axis), together with the peroxide yields detected at the Pt 

collector electrode (red traces, right y-axis) (Ecoll= 1.2 V, electrolyte flow rate see figure). f) 

Extracted kinetic current densities for the ORR for Pt(111) and the corroded surface 

electrodes as labelled in the figure. 

 

To compare the ORR activity of the corroded surfaces with that of the Pt(111) reference we 

extracted the kinetic current densities from the polarization curves (anodic scan), using the 

classic Koutecky-Levich equation 
[333]

. Figure 5.4-6 f displays the resulting potential 

dependent kinetic current densities (jkin) for Pt(111) and for the differently corroded 
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Ag70Pt30/Pt(111) electrode surfaces. The data reveal a clear shift of the kinetic current 

densities to higher potentials (lower overpotentials) compared to Pt(111), by about 30 mV (at 

jkin = 1 mA cm
-2

) for the 0.95 V corroded surface alloy and by about 100 30 mV for the more 

strongly corroded surfaces, 

Considering the pronounced differences in surface composition and surface morphology, it is 

clear that the upshift of the ORR potential and hence the lowering of the ORR overpotential 

on the differently corroded Ag70Pt30/Pt(111) surface alloys cannot result from a single effect 

alone. For the electrode corroded at 0.95 V, with its rather small loss of Ag from the surface 

electronic ligand and strain effects are expected to be mainly responsible for the up-shift in 

ORR potential, similar to previous findings for PtxRu1-x/Ru(0001) and AuxPt1-x/Pt(111) 

monolayer surface alloy electrodes 
[117,120]

, and similar also to our recent observation for the 

ORR on non-corroded AgxPt1-x/Pt(111) surface alloys with lower Ag surface contents in 

sulphuric acid. For the electrode surfaces corroded at higher potentials, where the Ag content 

decreased continuously down to almost zero after corrosion at 1.10 V, other effects must play 

a similar role. Most probably, on these surfaces structural effects will be increasingly 

responsible for the enhanced ORR activity. This conclusion is supported by the findings of the 

base CVs, which showed the formation of sites with Pt(100) and Pt(110) characteristics with 

increasing corrosion (see Figure 5.4-5 a). It is indeed well known that Pt(100) and (110) 

electrodes are significantly more active for the ORR than Pt(111) in sulphuric acid 
[334]

. This 

agrees also with the tendency for lower hydrogen peroxide formation with increasing 

corrosion, since ORR measurements on both Pt(100) and Pt(110) in sulphuric acid revealed 

an extremely low hydrogen peroxide yield compared to Pt(111) 
[9,219,334,335]

. 

Overall, these distinct modifications in the electrochemical behaviour and ORR performance 

of corroded Ag70Pt30/Pt(111) surfaces illustrate the importance of a detailed knowledge of the 

stability and corrosion behaviour of bimetallic catalysts for the atomic-scale understanding of 

bimetallic catalysts in the ORR. 
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5.4.5 Conclusions 

Based on results of a combination of electrochemical /electrocatalytic flow cell measurements 

and STM measurements performed under UHV conditions in a UHV-EC set-up before and 

after electrochemical measurements we arrived at the following conclusions on the 

electrochemical corrosion of a Ag70Pt30/Pt(111) monolayer surface alloys and on the ORR 

performance of the resulting corroded bimetallic electrodes: 

1. Corrosive removal of Ag surface atoms in structurally well-defined Ag70Pt30/Pt(111) 

monolayer surface alloys, which show a tendency towards phase separation, proceeds 

via a nucleation and 2D growth of vacancy islands, starting at a potential of ca. 

0.95 V. 

2. The observation of Ag surface atoms with different stability towards electrochemical 

corrosion, which was observed in electrochemical corrosion transients at different 

fixed potentials on these Ag70Pt30/Pt(111) monolayer surface alloys, is explained by a 

stabilization of Ag surface atoms by neighbouring Pt surface atoms and, weaker, by 

stabilized Ag surface atoms (‘lateral ligand effects’). In addition, all Ag surface atoms 

are stabilized compared to corrosion on bulk Ag electrodes by the interaction of Ag 

surface atoms with underlying Pt(111) substrate atoms (vertical ligand effects). 

3. The stabilization of Ag surface atoms at the perimeter of small Ag ensembles, along 

the boundary to an adjacent Pt surface area, is sufficiently strong that they are 

removed only at potentials where restructuring of the Pt(111) substrate starts as well 

(1.10 V). It is connected with roughening of the surface and the formation of sites with 

Pt(100) and Pt(110) characteristics in the CV. 

4. A combination of electronic ligand and strain effects on the one hand and structural 

effects on the other hand is made responsible for the observation of an improved ORR 

performance of the bimetallic corroded Ag70Pt30/Pt(111) electrodes compared to 

Pt(111), with a decrease of the ORR overpotential by about 0.1 V, which is found for 

Ag70Pt30/Pt(111) surfaces corroded at higher potentials (1.0 – 1.1 V), where between 

35% and 100% of the surface Ag are removed from the surface and surface 

roughening starts (1.1 V). This conclusion is supported also by the pronounced 

decrease of the tendency for hydrogen peroxide formation at low potentials on the 

corroded Ag70Pt30/Pt(111) electrodes, in particular on the more strongly corroded 

surfaces, compared to Pt(111). The latter fits well to the increasing formation of sites 
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with Pt(110) characteristics during corrosion and the known low tendency Pt(110) for 

hydrogen peroxide formation.  

Overall, the results of this study underline the potential of such kind of combined high 

resolution STM and electrochemical measurements on structurally well-defined model 

systems for the understanding of the interplay between electrochemical corrosion and 

catalytic activity / selectivity in (bi-)metal electrocatalysts. 
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6 Summary 

 

In the present thesis structurally well-defined bimetallic model electrodes consisting of 

AgxPt1-x/Pt(111) surface alloys were systematically investigated with a newly developed 

combination of UHV-STM and electro-catalytic/-chemical studies in an electrochemical flow 

cell set-up. First, their electrochemical properties and their stability and restructuring upon 

exposure to an electrochemical environment were analysed, based on a systematic evaluation 

of bimetallic monolayer surface alloys with increasing Ag surface content. Second, the ORR 

activities of the bimetallic surface electrodes were studied and correlated with the exact 

atomic distribution of the surface, including comparison with a kinetic model based on a 

Sabatier-type analysis. Third, the stability and corrosion of AgxPt1-x/Pt(111) surface alloys in 

dependence on the upper potential limit in electrochemical experiments was characterized. 

The results of these studies clearly demonstrate the extent and level of detail of information 

and mechanistic insights gained on the corrosive modification of bimetallic surfaces, which 

are a precondition for deriving structure-activity relationships. Furthermore, they show the 

level of measurement accuracy, which is necessary for the interpretation of the 

electrocatalytic properties of (bimetallic) electrodes for ORR studies. In the following 

paragraphs the main findings of this thesis are briefly summarized, according to the objectives 

presented in Section 2. 

I. UHV-EC set-up 

The newly developed UHV-EC set-up enables electrochemical measurements on 

model electrodes under controlled electrolyte flow conditions with a simultaneous 

detection of reactive intermediates/side products and corrosion species from the 

catalyst surface, e.g., H2O2 during the ORR and dissolved Ag ions from 

AgxPt1-x/Pt(111) surface alloys, respectively, by a collector electrode. The 

performance of the EC flow-cell was demonstrated for Pt(111) and AgxPt1-x/Pt(111) 

electrodes. 

 

II. Electrocatalytic properties of AgxPt1-x/Pt(111) surface alloys 

The systematic evaluation of the electrochemical characteristics of the 

AgxPt1-x/Pt(111) monolayer surface electrodes recorded in 0.5 M H2SO4 shows 

adsorption features for hydrogen, which overlap with current features associated with 
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(bi)sulphate anion sorption. For AgPt surface alloys with increasing Ag content it was 

demonstrated that the surface and the charge of the peak associated with hydrogen 

adsorption decrease with increasing Ag content in the surface alloys. The observed 

changes are discussed in the context of high resolution STM images obtained at our 

institute before, which aimed at elucidating the exact atomic distribution on the 

surface. A detailed charge evaluation revealed that the peak associated with hydrogen 

adsorption is related to hydrogen sorption on Pt3 sites on the AgxPt1-x/Pt(111) surface 

alloys. The almost linear decay of the Hupd charge with increasing Ag surface content 

reflects the pronounced tendency of the AgxPt1-x/Pt(111) surface alloys towards phase 

separation. Since the characteristic features of the Hupd on the surface alloys remain 

almost identical compared to those observed on Pt(111), the influence of the 

surrounding Ag surface atoms on the hydrogen adsorption energy on Pt3 sites is not 

very pronounced. The abundance of the Pt(111)-like peak associated with the 

electrosorption of (bi)sulphate species decreases much faster than the abundance of Pt3 

sites, which supports that (bi)sulphate sorption is not only possible on Pt3 sites, but 

also on sites which are not present on Pt(111), such as Ptx sites neighboured to or 

surrounded by Ag surface atoms. For the adsorption of hydrogen the formation of new 

and more stable adsorption sites was not observed on the AgxPt1-x/Pt(111) surface 

alloys. 

 

III. Corrosion behaviour of AgxPt1-x/Pt(111) surface alloys 

Measurements of the stability of AgxPt1-x/Pt(111) surface alloys with increasing Ag 

content in 0.5 M H2SO4 revealed a different behaviour of the Ag surface atoms for 

corrosive dissolution compared to Ag(111). While it was known that Pt(111) and 

Ag(111) are stable in acidic electrolyte up to potentials of 1.15 V and 0.50 V, 

respectively, we have shown a significant stabilization of the Ag surface atoms when 

alloyed with (for surfaces with Pt >50%), where no Ag dissolution was observed 

below 0.80 V. This is explained by two stabilizing effects: on the one hand by the 

underlying Pt(111) substrate (vertical ligand effect) and on the other hand by 

neighboured Pt atoms (lateral ligand effect) for Ag surface contents <50%. For Ag 

surface contents >50% at higher potentials (<0.90 V) dissolution has been observed, 

both in CVs and in STM images recorded after EC treatment. The latter exhibit 

monolayer deep holes in the surface, which are not observed for Ag contents smaller 

50%. For Ag70Pt30/Pt(111) monolayer surface alloys the stabilization of Ag surface 
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atoms at the perimeter of small Ag ensembles, along the boundary to an adjacent Pt 

surface area, is sufficiently strong that they are removed only at potentials where 

restructuring of the Pt(111) substrate is initiated (1.10 V). 

The dissolution of Ag from a Ag70Pt30/Pt(111) surface alloy was investigated in detail 

in a qualitative and quantitative manner with electrochemical and structure sensitive 

measurements (STM). There dissolved Ag was detected by a collector electrode in the 

flow cell set-up. Based on the experimental observations the corrosive removal of Ag 

surface atoms in structurally well-defined Ag70Pt30/Pt(111) monolayer surface alloys 

proceeds via nucleation and 2D growth of vacancy islands.  

 

IV. Electrocatalytic Activity of AgxPt1-x/Pt(111) surface alloys 

For a better understanding of the ORR and to study the electrocatalytic effect of Ag 

surface atoms introduced into a Pt(111) surface, the electrocatalytic activity of AgxPt1-

x/Pt(111) surface alloys with well-known distribution of the surface atoms was 

investigated. Measurements revealed an increase of the ORR reaction rate for Ag 

atoms in the topmost layer of Pt(111) for all AgxPt1-x/Pt(111) surface alloy 

compositions with x ≤ 0.5 compared to Pt(111). For surface alloys with x > 0.5 no 

such measurements have been performed, since these surfaces are not 

electrochemically stable in the potential regime of the ORR. The increase of the 

reaction rate was explained by a kinetic model for the determination of rates on 

inhomogeneous surfaces (jk averaging) based on a theoretical approach developed by 

Nørskov et al 
[143]

 and the experimentally determined abundance of different types of 

AgxPt3-x ensembles. AgPt2 trimer atomic ensembles were identified as the catalytically 

most active ensemble for the ORR on AgxPt1-x/Pt(111) surface alloys. The hysteresis 

in the polarization curves of the ORR, as it is known for Pt(111) surfaces, is usually 

explained as a kinetic phenomenon resulting from the slow kinetics for the removal of 

surface oxides and/or adsorbed OH. On AgxPt1-x/Pt(111), a decrease of this hysteresis 

is seen in the experimental kinetic data with increasing Ag content, attributed to a 

lower potential-dependent coverage of OHads for AgxPt1-x/Pt(111) surfaces, which 

mainly affects the cathodic scan. We explain this by the considerably weaker bonding 

of OHad on AgPt2 sites compared to Pt3 sites. This leads to a lower OHad coverage on 

the former sites, while their ORR activity is even higher than that of the Pt3 sites. The 

lower OHad coverage in the cathodic scan without a lower ORR activity results in the 

observed decay of the hysteresis with increasing Ag surface content. 
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 The simultaneous detection of H2O2, which is produced at low potentials 

(<0.35 V) during the ORR on the AgxPt1-x/Pt(111) surface alloys, indicates a 

considerable decay of the tendency for H2O2 production with increasing Ag surface 

content. This behaviour can be explained by the decreasing fraction of Pt3 sites on 

these surfaces with increasing Ag content. While Pt3 sites are active for the ORR to 

both, H2O2 and H2O, and also for H adsorption in the potential range of Hupd, this is no 

more the case for AgPt2 sites. These are still active for the ORR (to H2O), even more 

than Pt3 sites, but are too weakly bonding to adsorb hydrogen under these conditions. 

Considering that it has been proposed for single crystal electrodes that an increasing 

coverage of adsorbed hydrogen favours the formation of H2O2, this leads to a lower 

tendency for hydrogen peroxide production at low potentials. A more detailed 

understanding of the process responsible for H2O2 formation in the low potential 

region requires further studies. 

 Corroded surfaces were tested on their ORR activity. A significant 

enhancement of the reaction kinetics (compared to Pt(111)) was observed for 

Ag70Pt30/Pt(111) surfaces, which were corroded at potentials between 1.0 V and 1.1 V. 

In total 35% to 100% of the surface Ag atoms were removed during the 

electrochemical treatment and surface roughening was observed to start at 1.1 V. A 

combination of electronic ligand and strain effects on the one hand and structural 

effects on the other hand are responsible for the observation of the improved ORR 

performance on these surfaces. In addition the tendency for H2O2 formation decreases 

strongly at low potentials on the corroded Ag70Pt30/Pt(111) electrodes. The decreased 

tendency for H2O2 is related to the formation of sites with Pt(110) characteristics, 

which have a smaller tendency towards H2O2 formation compared to Pt(111). 

 

In total, this thesis contributes significantly to a fundamental understanding of the relationship 

between structure and activity of well-defined bimetallic surface alloys. Furthermore, the 

presented experimental approach provides new insights into the electrochemical stability and 

corrosion behaviour of electrocatalytic active surfaces on an atomic-scale level, which could 

easily be adapted to other model catalysts. The combination of all techniques and approaches 

presented herein allow to draw conclusions on the interplay of structure, stability and activity 

of the surface, which is necessary for the further development of more active and more stable 

bimetallic electrocatalysts.  
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7 Zusammenfassung 

In der vorliegenden Arbeit wurden strukturell wohldefinierte AgxPt1-x/Pt(111) 

Oberflächenlegierungen als Modellelektroden systematisch mittels einer weiterentwickelten 

Kombination aus Ultra-Hoch-Vakuum Rastertunnelmikroskopie (UHV-STM) und einer 

elektro-katalytischen/-chemischen Flusszelle untersucht. Zunächst wurden die Elektroden im 

Hinblick auf ihre elektrochemischen Eigenschaften sowie ihr Restrukturierungsverhalten 

unter elektrochemischen Bedingungen in einer systematischen Untersuchung von 

bimetallischen Monolagenoberflächenlegierungen mit steigendem Ag Anteil analysiert. 

Zweitens wurde die Aktivität der bimetallischen Oberflächen bezüglich der 

Sauerstoffreduktionsreaktion (engl.: oxygen reduction reaction - ORR) untersucht. Die 

erhaltenen Ergebnisse wurden zum einen in Zusammenhang mit der exakten atomaren 

Zusammensetzung der Oberflächen korreliert, zum anderen mit theoretischen Daten, erhalten 

aus kinetischen Modellrechnungen, verglichen. Schlussendlich wurden Stabilität und 

Korrosionsverhalten der AgxPt1-x/Pt(111) Oberflächenlegierungen unter elektrochemischen 

Bedingungen in Abhängigkeit einer oberen Potentialgrenze charakterisiert. Die Studien 

zeigen eindrucksvoll den Umfang sowie die Detailtiefe der gewonnenen Informationen und 

mechanistischen Einblicke bezüglich korrosiv induzierter Veränderungen bimetallischer 

Oberflächen. Derartige Informationen sind eine unumgängliche Voraussetzung für das 

Herleiten von Zusammenhängen von Struktur und Aktivität. Des Weiteren verdeutlichen 

diese Studien die nötige Messgenauigkeit, welche für die Interpretation von 

elektrokatalytischen Eigenschaften (bimetallischer) Elektroden nötig ist. Im Folgenden sind 

die Ergebnisse dieser Arbeit in Kürze zusammengefasst. 

I. UHV-EC Versuchsaufbau 

Der weiterentwickelte UHV-EC Versuchsaufbau ermöglicht elektrochemische 

Untersuchungen an Modell-Elektroden unter kontrolliertem Elektrolytfluss mit 

zeitgleicher Detektion reaktiver Übergangs- und Nebenprodukte sowie 

Korrosionsprodukte der katalytischen Oberfläche mittels einer Kollektor-Elektrode 

(z.B. während der ORR entstehendes H2O2 oder korrosiv aus der AgxPt1-x/Pt(111) 

Oberflächenlegierung gelöste Ag Ionen). Die Leistungsfähigkeit der 

elektrochemischen Flusszelle wurde anhand von Messungen an Pt(111) und 

AgxPt1-x/Pt(111) Modellelektroden aufgezeigt. 
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II. Elektrochemische Eigenschaften von AgxPt1-x/Pt(111) Oberflächenlegierungen 

Die systematische Untersuchung der elektrochemischen Eigenschaften der 

AgxPt1-x/Pt(111) Monolagenoberflächenlegierungen in 0.5 M H2SO4 zeigt eine mit der 

von Sulfat überlappende Adsorption von Wasserstoff. Für AgPt 

Oberflächenlegierungen konnte mit steigendem Ag Gehalt eine Abnahme sowohl der 

Wasserstoffadsorption zugehörigen Oberfläche als auch der Ladung des zugehörigen 

elektrochemischen Signals (Peak) nachgewiesen werden. Dieses Verhalten wurden im 

Kontext mit vorher am Institut für Oberflächenchemie und Katalyse erhaltenen 

hochaufgelösten STM Aufnahmen, welche zum Zwecke der Bestimmung der genauen 

atomaren Oberflächenverteilung durchgeführt worden waren, diskutiert. Eine 

detaillierte Auswertung zeigte einen direkten Zusammenhang des mit der 

Wasserstoffadsorption assoziierten Signals und dem Auftreten von Pt3 Ensembles in 

der AgxPt1-x/Pt(111) Oberflächenlegierung. Die nahezu lineare Abnahme der HUPD 

Ladung mit ansteigendem Ag Anteil in der Oberfläche spiegelt die ausgeprägte 

Neigung von AgxPt1-x/Pt(111) Oberflächenlegierungen zur Phasenseparation wider. Da 

die charakteristischen Kennzeichen der HUPD auf den Oberflächenlegierungen nahezu 

identisch zu denen auf Pt(111) sind, wird von einem nur schwach ausgeprägten 

Einfluss der umgebenden Ag Oberflächenatome auf die H-Adsorptionsenergie der Pt3 

Ensembles ausgegangen. Das Auftreten eines Pt(111) ähnlichen Signals, welches mit 

der Elektrosorption von (Bi)-Sulfaten in Verbindung gebracht wird, nimmt deutlich 

schneller als die Häufigkeit des Auftretens der Pt3 Ensembles ab. Dies spricht dafür, 

dass die Adsorption von (Bi)-Sulfaten nicht ausschließlich auf Pt3 Ensembles, sondern 

auch auf bei Pt(111) nicht vorliegenden Adsorptionsplätzen, wie Ptx Plätze in direkter 

Nachbarschaft oder der Umgebung von Ag-Atomen, möglich ist. Im Gegensatz dazu 

konnten für die Adsorption von Wasserstoff keine Bildung neuer, stabiler 

Adsorptionsplätze beobachtet werden. 

III. Korrosionsverhalten von AgxPt1-x/Pt(111) Oberflächenlegierungen 

Untersuchungen der Stabilität von AgxPt1-x/Pt(111) Oberflächenlegierungen mit 

steigendem Ag Gehalt in 0.5 M H2SO4 zeigten ein unterschiedliches Verhalten 

bezüglich der korrosiven Auflösung von Ag Oberflächenatomen verglichen mit reinen 

Ag(111) Oberflächen. Während bereits bekannt war, dass Pt(111) und Ag(111) in 
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saurem Elektrolyt bis zu einem oberen Potential von jeweils 1.15 V bzw. 0.50 V stabil 

sind, wurde in dieser Studie eine signifikante Stabilisierung von Ag 

Oberflächenatomen in Legierungen mit Pt nachgewiesen. So konnte für Pt legierte Ag 

Oberflächenatome keine Auflösung unterhalb von 0.80 V beobachtet werden (bei 

Oberflächenlegierungen mit Pt >50%). Dies wird mit zwei stabilisierenden Effekten 

erklärt: einerseits mittels Stabilisierung durch das darunterliegende Pt(111) Substrat 

(vertikaler Ligandeneffekt), andererseits durch Stabilisierung über benachbarte Pt 

Atome (lateraler Ligandeneffekt). Bei Ag Oberflächengehalten >50% wurde bei 

höheren Potentialen (<0.90 V) ein Auflösen sowohl mittels cyclischer Voltammetrie 

als auch mittels STM nach der Elektrochemie beobachtet. Im Gegensatz zu 

Oberflächenlegierungen mit einem Ag Anteil <50% zeigten sich hierbei im letzteren 

Fall Löcher mit der Tiefe einer Monolage in der Oberfläche. Bei Ag70Pt30/Pt(111) 

Oberflächenlegierungen ist die Stabilisierung von Ag Oberflächenatomen am äußeren 

Rand kleiner Ag Ensembles (entlang der Grenze zu anliegenden Pt Bereichen) 

ausreichend stark, dass diese nur bei Potentialen bei denen es bereits zur 

Restrukturierung der Pt(111) Oberfläche kommt (1.10 V) herausgelöst werden. 

Die korrosive Auflösung von Ag Atomen einer Ag70Pt30/Pt(111) Oberflächenlegierung 

wurde ausführlich sowohl qualitativ als auch quantitativ unter Verwendung 

elektrochemischer und strukturaufklärender Methoden (mittels STM) untersucht. 

Dabei wurde im Elektrolyt gelöstes Ag in der Flusszelle mittels einer 

Kollektorelektrode detektiert. Basierend auf den hierbei erzielten experimentellen 

Beobachtungen erfolgt das Herauslösen der Ag Oberflächenatome aus der 

wohlstrukturierten Ag70Pt30/Pt(111) Oberflächenlegierung durch Nukleation sowie 2D 

Wachstum von "Leerstellen-Inseln". 

IV. Elektrokatalytische Aktivität von AgxPt1-x/Pt(111) Oberflächenlegierungen 

Für ein besseres Verständnis der Sauerstoffreduktionsreaktion sowie zur Analyse der 

elektrokatalytischen Auswirkungen von in die Pt(111) Oberfläche eingebrachten Ag 

Atomen wurden die elektrokatalytischen Aktivitäten von AgxPt1-x/Pt(111) 

Oberflächenlegierungen mit wohl definierten Oberflächenzusammensetzungen 

untersucht. Hierbei zeigten bei Legierungszusammensetzungen von x ≤ 0.5 die in der 

oberste Lage einer Pt(111) liegenden Ag Atome eine erhöhte Aktivität der Rate der 

Sauerstoffreduktionsreaktion verglichen mit Pt(111). Legierungen mit x > 0.5 konnten 

auf Grund ihrer im nötigen Potentialbereich mangelnden elektrochemischen Stabilität 
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in Hinblick auf die ORR nicht untersucht werden. Diese Trends wurden mittels eines 

kinetischen Modells zur Bestimmung der Raten von inhomogenen Oberflächen (jk 

averaging), welches auf einem von Nørskov et al. 
[143]

 entwickelten theoretischen 

Ansatz beruht, sowie der experimentell bestimmten Häufigkeiten verschiedener Arten 

von AgxPt3-x Ensembles, erklärt. Hierbei konnten AgPt2 Trimere als die für die 

Sauerstoffreduktionsreaktion auf AgxPt1-x/Pt(111) katalytisch aktivsten Ensembles 

identifiziert werden. 

Aus den experimentellen Beobachtungen mit zunehmendem Ag Anteil ist eine 

Abnahme der aus den Polarisationskurven der ORR auf AgxPt1-x/Pt(111) erkennbaren 

Hysterese zu sehen. Diese Hysterese ist für Pt(111) Oberflächen bekannt, bei denen 

sie üblicherweise mit kinetischen Phänomenen (langsame Kinetik der Desorption von 

Oxiden und/oder OH von der Oberfläche) erklärt wird. Auf AgxPt1-x/Pt(111) 

Oberflächenlegierungen wird diese Hysterese durch eine niedrigere, 

potentialabhängige Bedeckung von OHads hervorgerufen, welche vor allem den 

kathodischen Scan beeinflusst. Diese lässt sich durch die erheblich schwächere 

Bindung von OHad auf den AgPt2 Plätzen (verglichen mit Pt3 Plätzen) erklären und 

führt zu einer geringeren OHad Bedeckung auf diesen Plätzen, wobei deren ORR-

Aktivität die von Pt3 Plätzen sogar übersteigt. Die niedrigere Bedeckung von OHad im 

kathodischen Scan, ohne gleichzeitige Einbußen bei der ORR-Aktivität, führen zur 

beobachteten Verkleinerung der Hysterese mit steigendem Anteil von Ag in der 

Oberfläche. 

Das während den ORR-Messungen auf AgxPt1-x/Pt(111) Oberflächenlegierungen 

ebenfalls erfasste H2O2, welches bei Potentialen kleiner 0.35 V entsteht, weist mit 

steigendem Ag Anteil in der Oberfläche einen deutlichen Rückgang auf. Dieses 

Verhalten lässt sich durch ein geringeres Auftreten von Pt3 Plätzen bei höheren Ag 

Bedeckungen erklären. Während Pt3 Plätze bei der ORR eine Aktivität sowohl zur 

Bildung von H2O2 und H2O zeigen als auch Wasserstoff adsorbieren (im 

entsprechenden Potentialbereich), weisen AgPt2 Plätze ein abweichendes Verhalten 

auf. Diese sind zum einen aktiv gegenüber der Bildung von H2O (sogar aktiver als 

Pt3), binden zum anderen aber zu schwach um Wasserstoff zu adsorbieren. Da bei 

Einkristalloberflächen gezeigt wurde, dass eine steigende Bedeckung mit Wasserstoff 

zu einer erhöhten Bildung von H2O2 führt, erklärt dies die geringere Bildung von H2O2 

bei niedrigeren Potentialen auf den hier untersuchten Oberflächen. Für ein 
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tiefgreifenderes Verständnis der für die Bildung von H2O2 verantwortlichen Prozesse 

sind weiterführende Untersuchungen unumgänglich. 

Des Weiteren wurden korrodierte Oberflächen im Hinblick auf ihre ORR-Aktivität 

untersucht. Eine deutliche Verbesserung der Reaktionskinetik (im Vergleich zu 

Pt(111)) konnte bei Ag70Pt30/Pt(111) Oberflächen festgestellt werden. Diese waren 

zuvor Potentialen zwischen 1.0 V und 1.1 V ausgesetzt worden, was zu einem Verlust 

von 35% bis 100% der Ag Oberflächenatome führte. Ab einem Potential von 1.1 V 

konnte zusätzlich ein Aufrauen der Oberfläche beobachtet werden. Die erhöhte ORR-

Aktivität dieser Oberflächen wird zum einen durch elektronische Liganden- und 

Spannungseffekte, zum anderen durch strukturelle Effekte erklärt. Zusätzlich zeigt 

sich für die korrodierten Ag70Pt30/Pt(111) Oberflächen eine geringere Tendenz zur 

Bildung von H2O2 bei niedrigen Potentialen. Dies hängt mit der Bildung von 

Oberflächenplätzen mit Pt(110) ähnlichen Eigenschaften zusammen, welche eine 

deutlich geringere Neigung zur Bildung von H2O2 aufweisen. 

Insgesamt trägt diese Arbeit wesentlich zum Verständnis der Beziehung von Struktur und 

Aktivität auf wohl definierten bimetallischen Oberflächenlegierungen bei. Des Weiteren 

ermöglicht das hier vorgestellte experimentelle Konzept neuartige Einblicke in die 

elektrochemische Stabilität sowie in das Korrosionsverhalten von elektrokatalytisch aktiven 

Oberflächen mit atomarer Auflösung, welches ohne großen Aufwand auch auf 

Untersuchungen anderer Modell-Katalysatoren übertragen werden kann. Die Kombination 

aller hierbei gezeigten Techniken und Vorgehensweisen erlaubt es, Schlussfolgerungen in 

Bezug auf das Zusammenspiel von Struktur, Stabilität und Aktivität der Oberfläche zu ziehen, 

was für die weitere Entwicklung aktiverer sowie stabilerer bimetallischer 

(Elektro-) Katalysatoren erforderlich ist.  
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9 Data overview 

This section gives an overview on the data (date of measurement/data recorded, references 

from which data was adopted, etc.) contained in tables and figures in this thesis, sorted by the 

chapters and the respective figure/table number. 

3. Theoretical part 

Figure/table Data information 

Table 3.1-1 Data taken from references: 
[16] [23] [40] [41] [42] [43] [44] [45] [47] [46] [48] [49] [50] [51] [53]

 

Figure 3.1-1 Schematic illustration: designed by the author 

Figure 3.1-2 Schematic illustration: designed by the author 

Figure 3.1-3 Figure reprinted with permission from reference 
[54]

 

Figure 3.1-4 STM images a and b adopted from reference 
[44]

,  

schematic illustrations a and b: designed by the author 

Figure 3.1-5 Schematic illustration: designed by the author 

Figure 3.1-6 Schematic illustration: designed by the author 

Figure 3.1-7 Data adopted from reference 
[16]

 

Figure 3.2-1 Schematic illustration: designed by the author 

Figure 3.2-2 Schematic illustration: designed by the author 

Figure 3.3-1 Date of EC measurement performed: Pt(111) 10.07.2014; 

b) figure reprinted with permission from reference 
[132]

 

Figure 3.3-2 Figure a) reprinted with permission from reference 
[136]

, 

Figure b) reprinted with permission from reference 
[138]

 

Figure 3.3-3 Figure reprinted with permission from reference 
[138]

 

Figure 3.4-1 Figure adopted from reference 
[127]

 

Figure 3.4-2 Figure reprinted with permission from reference 
[143]

 

Figure 3.4-3 Figure reprinted with permission from reference 
[163]

 

Figure 3.5-1 Schematic illustration: designed by the author 

Figure 3.5-2 Figure reprinted with permission from reference 
[186]

 

 

4. Experimental 

Figure/table Data information 

Figure 4.1-1 Schematic illustration and photos: designed by the author 

Figure 4.1-2 Figure adopted from reference 
[38]

 

Figure 4.2-1 Dates of STM images recorded: 

a) 26.01.2016 (inset 25.01.2016), b) 12.10.2015, 

c) 04.04.2016 (inset 18.02.2018) 

Figure 4.3-1 Schematic illustrations and photos: designed by the author 

Figure 4.3-2 Schematic illustrations and photos: designed by the author 

Figure 4.3-3 Electrochemical measurements performed: 14.02.2018 
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5.1 A combined UHV-STM-flow cell set-up for electrochemical/electrocatalytic studies 

of structurally well-defined UHV prepared model electrodes 

The data overview for this section only contains data/measurements performed by the author 

of this thesis. 

 

Figure/table Data information 

Figure 5.1-2 Date of EC measurement performed: Pt(111) 10.07.2014 

Figure 5.1-3 Date of EC measurement performed: Pt(111) 01.08.2014 

Figure 5.1-7 STM images recorded: 

a) 02.09.2014, c) Ag31Pt69 04.09.2014, d) Ag58Pt42 27.10.2014 

Dates of EC measurements performed: 

c) Ag31Pt69 04.09.2014, d) Ag58Pt42 29.10.2014 

Figure 5.1-8 Date of EC measurements performed: 

a) Pt(111) 01.08.2014, Ag31Pt69 04.09.2014, Ag58Pt42 28.10.2014 

STM images recorded: 

b) Ag31Pt69 05.09.2014 d) Ag58Pt42 10.11.2014 

Figure 5.1-11 Dates of EC measurements performed:  

Pt(111) 01.08.2014, Ag31Pt69 04.09.2014, Ag58Pt42 05.11.2014 

 

5.2 Electrochemical characterization and stability of AgxPt1−x/Pt(111) surface alloys 

Figure/table Data information 

Table 5.2-1 Data taken from reference 
[16]

 

Figure 5.2-1 Dates of STM images recorded: 

a) 23.07.2014, b) 04.09.2014, c) 21.08.2014 (inset 29.10.2014) 

Figure 5.2-2 STM images (a-c) and data for figure d) taken from reference 
[16]

, 

Figure 5.2-3 Dates of EC measurements performed: 

a) Pt(111) 10.07.14, b) Ag07Pt93 19.08.2014, c) Ag19Pt81 31.07.2014, 

d) Ag31Pt69 04.09.2014, e) Ag41Pt59 32.08.2014, f) Ag50Pt50 29.10.2014, 

g) Ag58Pt42 04.11.2014, h) Ag70Pt30 19.11.2014, i) Ag85Pt15 27.11.2014 

Figure 5.2-4 Dates of EC measurements performed: 

Pt(111) 10.07.14, Ag07Pt93 19.08.2014, Ag19Pt81 31.07.2014, Ag31Pt69 

04.09.2014, Ag41Pt59 21.08.2014, Ag50Pt50 29.10.2014, Ag58Pt42 04.11.2014, 

Ag70Pt30 19.11.2014, Ag85Pt15 27.11.2014 

Figure 5.2-5 Dates of EC measurements performed: 

a) Pt(111) 10.07.14, b) Ag07Pt93 19.08.2014, c) Ag19Pt81 31.07.2014, 

d) Ag31Pt69 04.09.2014, e) Ag41Pt59 21.08.2014, f) Ag50Pt50 29.10.2014, 

g) Ag58Pt42 04.11.2014, h) Ag70Pt30 19.11.2014, i) Ag85Pt15 27.11.2014 

Figure 5.2-6 Dates of STM images recorded: 

 a) 27.05.2014, b) 05.09.2014, c) 30.10.2014, d) 10.11.2014, e) 19. and 

20.11.2014, f) 28.11.2014 and 01.12.2014 

Figure 5.2-7 Dates of EC measurements performed: 

Pt(111) 10.07.2014, Ag07Pt93 19.08.2014, Ag31Pt69 04.09.2014, Ag50Pt50 

29.10.2014 
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5.3 The Performance of structurally well-defined AgxPt1-x/Pt(111) surface alloys in the 

oxygen reduction reaction - An atomic-scale picture 

Figure/table Data information 

Table 5.3-1 Data taken from reference 
[16]

 

Table 5.3-2 Dates of EC performed: 

Pt(111) 10.07.14, Ag07Pt93 19.08.2014, Ag19Pt81 31.07.2014, Ag31Pt69 

04.09.2014, Ag41Pt59 32.08.2014, Ag50Pt50 29.10.2014 

Table 5.3-3 Data taken from reference 
[14]

 

Figure 5.3-1 a) Dates of STM images recorded: 16.02.2016 (inset 18.02.2016) 

b) Dates of EC measurements performed: 

Pt(111) 10.07.14, Ag07Pt93 19.08.2014, Ag19Pt81 31.07.2014, Ag31Pt69 

04.09.2014, Ag41Pt59 32.08.2014, Ag50Pt50 29.10.2014, Ag58Pt42 04.11.2014, 

Ag70Pt30 19.11.2014, Ag85Pt15 27.11.2014 

Figure 5.3-2 Dates of EC measurements performed: 

a) Pt(111) 01.08.2014, b) Ag07Pt93 19.08.2014, c) Ag19Pt81  31.07.2014, 

d) Ag31Pt69 04.09.2014, e) Ag41Pt59 21.08.2014, f) Ag50Pt50 29.10.2014 

Figure 5.3-3 Dates of EC measurements performed: 

Pt(111) 01.08.2014, Ag07Pt93 19.08.2014, Ag19Pt81 31.07.2014, Ag31Pt69 

04.09.2014, Ag41Pt59 21.08.2014, Ag50Pt50 29.10.2014 

Figure 5.3-4 Dates of EC measurements performed: 

Pt(111) 01.08.2014, Ag07Pt93 19.08.2014, Ag19Pt81 31.07.2014, Ag31Pt69 

04.09.2014, Ag41Pt59 21.08.2014, Ag50Pt50 29.10.2014 

Figure 5.3-5 Dates of EC measurements performed: 

a) Pt(111) 16.05.2014, Ag31Pt69 04.09.2014; b) Ag41Pt59 21.08.2014 

 

5.4 Stability and ORR performance of a well-defined bimetallic Ag70Pt30/Pt(111) 

monolayer surface alloy electrode – Probing the de-alloying at an atomic-scale 

Figure/table Data information 

Figure 5.4-1 Dates of EC measurements performed: 

a) Ag70Pt30 19.11.2015, b)-d) Eup 0.85 V 08.12.2015, Eup 0,95 V 13.11.2015, 

Eup 1.00 V 17.11.2015, Eup 1.05 V 05.11.2015, Eup 1.10 V 01.12.2015 

Figure 5.4-2 Dates of EC measurements performed: 

Eup 0.85 V 08.12.2015, Eup 0,95 V 13.11.2015/19.11.2015, Eup 1.00 V 

17.11.2015/11.11.2015, Eup 1.05 V 05.11.2015, Eup 1.10 V 

01.12.2015/03.11.2015 

Figure 5.4-3 STM images recorded: 

a) 02.11.2015, b) 09.02.2015, c) 27.11.2015, d) 18.11.2015, e) 26. and 

27.10.2015, f) 03.12.2015 

Figure 5.4-4 Schematic illustration: designed by the author 

Figure 5.4-5 Dates of EC measurements performed: 

Eup 0.85 V 08.12.2015, Eup 0,95 V 13.11.2015/19.11.2015, Eup 1.00 V 

17.11.2015/11.11.2015, Eup 1.05 V 05.11.2015, Eup 1.10 V 

01.12.2015/03.11.2015 

Figure 5.4-6 Dates of EC measurements performed: 

a) Pt(111) 01.08.2014, b) Eup 0.95 V 13.11.2015, c) Eup 1.00 V 11.11.2015, 

d) Eup 1.05 V 05.11.2015, e) Eup 1.10 V 03.11.2015 
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