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Abstract 

 

In this dissertation a methodology for tailoring the electrochemical double layer of 

electrodes covered by electrolyte layers in the sub-monolayer and monolayer range 

was developed. It is based on the emersion of electrodes under potential control from 

the electrolyte into inert atmosphere of different relative humidity. By adjusting the 

relative humidity to different levels, the thickness of the resulting double layer of the 

emersed electrode can be controlled. Furthermore, a simple Kelvin probe-based 

approach for determining the kinetics of important electrochemical reactions on such 

electrodes was developed. Thus, it should be possible to correlate kinetics and 

structure in an unprecedented way, since the whole double layer region is directly 

accessible for surface analytical methods. Such correlation should not only be of 

importance for providing deeper insight into fundamental electrochemistry, but also 

for applications such as electrochemical reactions on catalysts in fuel cells or 

surfaces of technical materials exposed to atmospheric corrosion conditions, where 

in both cases electrochemical reactions underneath ultra-thin electrolyte layers play a 

crucial role. In this work the studies were mainly carried out on gold electrodes 

emersed from aqueous electrolytes. More precisely, the samples consisted of a 200 

nm gold layer deposited by physical vapor deposition (PVD) on glass substrates. 

Electrolytes with different anions and pH values were chosen: 0.1 mol L-1 NaClO4, 

0.05 mol L-1 H2SO4 and 0.1 mol L-1 NaOH. A complex instrumentation system was 

assembled for this study, as part of dedicated a laboratory concept. For this, a three-

electrode electrochemical cell, a Kelvin probe and a Fourier-transform infrared 

spectrometer (FT-IR) were combined, between which samples could be transferred 

without exposure to atmosphere, thus preserving the prepared double layer. 

Furthermore, a spectroscopic ellipsometer and a Near Ambient Atmosphere (NAP) X-

ray Photoelectron Spectrometer (XPS) were employed. The Kelvin probe and the 

NAP-XPS analysis chambers allow in operando studies (at different atmosphere 

conditions). As reference for the electrochemical cell and for the Kelvin probe 

calibration Ag/AgCl/3M KCl reference electrodes were chosen (all potentials 

presented in the results and discussion sections are referred against this electrode). 

e 



Potentials applied on the sample during immersion were stepped in a wide range: 

from -0.4 until 1.3 V (positive direction) and from 1.3 until -0.4 V (negative direction). 

Different atmospheric conditions were adjusted for the studies on the emersed 

sample surface: relative humidity values of 1-3%, 65-70% and 90-95% and nitrogen 

or synthetic air were investigated. The Volta potential difference was determined by 

Kelvin probe technique and a linear range with unity slope after emersing the 

electrode from the electrolyte was generally observed for applied potentials between 

about 0.1 until 1.0 V, depending on the electrolyte and atmospheric condition. This 

potential range corresponds to the potential window from PZC to gold oxidation. 

When the measured values were calibrated vs the Ag/AgCl reference electrode, the 

resulting potential values where close to the applied values or higher, depending on 

the relative humidity. This is attributed to the role of amount water molecules and 

their orientations and corresponding dipole moments to the potential. Increases in the 

Volta potential difference up to 0.2 V were observed when stepping the potentials 

during the polarization in the negative direction compared to the experiments in 

which the potentials were stepped in positive direction. Around PZC and towards 

potentials below PZC the measured potential values suggest a re-orientation of the 

water molecules. Some characteristics in the diagrams ΔΨ vs E suggest a 

dependence on the electrolyte anions. The FT-IR spectra show the presence of 

hydroxide group from water molecules adsorbed on the emersed gold electrode 

surface and a possible reorientation around the PZC. The results obtained by 

ellipsometry suggest a layer thickness in sub-monolayer range adsorbed on the gold 

surface. 
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1 Motivation 

 

Electrochemistry is playing a crucial role in many important technical 

processes and in corrosion and last but not least plays a key role in transforming our 

current economy based on fossil fuels into an economy free of carbon dioxide 

emissions. Although our understanding of electrochemistry is already quite 

advanced, deeper insight of the molecular structure of the double layer region and 

the correlation of structure and interfacial kinetics is still of great importance to further 

advance our knowledge. However, the electrochemical layer region is buried 

underneath an analytical barrier of bulk water. Over the last decades this problem 

gave rise to a variety of different research approaches aimed at making the 

electrochemical double layer region more accessible. One is the approach of the 

emersed electrode, which is based on emersion of an electrode under potential 

control into an inert atmosphere, aiming at preserving the electrochemical double 

layer while stripping the bulk electrolyte. More recent is the concept of the electrode 

in the “dry”1,2,3, which is based on polarizing the electrode from its backside by 

permeation of hydrogen. 

To make the interface accessible was already an idea behind the development 

of the so called emersed electrodes, which refers to electrodes that are pulled out of 

the electrolyte under potential control. The idea is that thus the double layer is 

preserved. Indeed, the first investigations on composition and structure of electrodes 

and the electrochemical double layer were performed on electrodes emersed under 

potential control into UHV (Ultra High Vacuum). This ex-situ surface science 

approach, performed the first time by Hansen et al.4, was extremely important for the 

development of modern electrochemical science.5 Although for emersion into UHV it 

was found that for samples polarized during immersion within the potential window of 

ideal polarizability (i.e. in absence of Faraday processes), a 1:1 correlation between 

applied potential and measured work function is usually obtained, indicating that the 

double layer was transferred intact, usually no water or only very low amount of water 

was detected, i.e. during transfer into UHV the water in the double layer is lost.6 

Interestingly, although a 1:1 correlation between applied potential and measured 
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work function was observed, the corresponding absolute potential was estimated to 

be up to 400 mV more positive than the one of the applied potential. 

Emersion into inert atmosphere (nitrogen) of high relative humidity (close to 

100% RH) seems to preserve water in the double layer region at least to some 

extent, leading to significantly lower potentials compared to what was obtained from 

the work function measurements for emersion into UHV.7 Samec et al. proposed that 

while both emersion into UHV and emersion into nitrogen atmosphere of high relative 

humidity showed a 1:1 correlation of potentials measured on the emersed electrode 

vs the applied potential, the offset in the values should be caused by the difference in 

adsorbed water.7 

It seems intriguing to have a closer look into the role of water on the potential 

of then preserved electrochemical double layer, i.e. how will the potential change 

when water is gradually added into double layer of surface charge and counter ions. 

Hence, in this work for the well-established example of gold as electrode material, 

the emersed electrode was re-investigated again, but this time with different relative 

humidity of the inert nitrogen atmosphere. As will be seen in this work, a quite 

complex dependence was found and also a significant effect on the resulting 

electrochemical activity, e.g. for the case of oxygen reduction reaction on emersed 

electrodes. 

The results will be certainly of great importance for a better fundamental 

understanding of electrochemistry, but maybe also of considerable practical 

relevance. Ultra-thin electrolyte layers play a crucial role e.g. in fuel cells and 

atmospheric corrosion. In fuel cells based on reacting hydrogen and oxygen, these 

gases have to be able to freely diffuse through a porous network in the gas diffusion 

layers, but also the membrane electrode assemblies, which means that catalyst 

particles are not immersed in bulk electrolyte but covered by ultra-thin electrolyte 

layers. For oxygen reduction reaction (ORR) on a “bare” catalyst particle in a 

Membrane Electrode Assembly (MEA), protons have to be delivered from the 

ionomer in the vicinity.3 It is reported that proton transport can readily occur on the 

surface of the metallic catalyst, e. g. for Pt via Pt-OH or Pt-H.8,9,10 

Furthermore, the results reported here should be of importance for obtaining a 

better understanding also of atmospheric corrosion. For instance, besides the 
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cathodic activity in micro-droplets that are forming around the larger primary droplets, 

it might be also important to consider the activity in the seemingly inactive area 

between them, which is just covered by ultra-thin electrolyte layers in the monolayer 

range.11 Atmospheric corrosion is highly researched due to the high variety of 

applications of metals in this environment, such as for buildings, bridges, cars, ships, 

airplanes and so on. 

In this sense, the concept of the electrode in the “dry” emersed from aqueous 

electrolytes and relating the applied potentials with the potential obtained by Kelvin 

probe technique may be of great importance for a better understanding 

corrosion/electrochemical processes. The necessary development of new 

experimental approaches developed in this PhD study provided some great 

challenges. The combination of different non-destructive measurement techniques in 

this dissertation allows the study of water layers adsorbed on the metal/electrode 

surface (i.e. the electrical double layer) even in the range of few monolayers and 

below, i.e. in the nanometer and sub-nanometer range. This approach only is 

possible after emersing an electrode from the electrolyte under potential control, 

avoiding the presence of bulk water, which is a barrier for analyzing the 

electrochemical interface.    

 The experimental development work of this study made possible the 

combination of the traditional electrochemical cell (three-electrode cell) with the 

Kelvin probe, X-ray Photoelectron Spectroscopy (XPS), ellipsometry and infrared 

spectroscopy, also allowing in operando experiments. Especially, the use of Fourier-

transform infrared spectroscopy enables a wide spectral range of analysis with high 

sensitivity. Coupling all these techniques in a closed system under vacuum or 

controlled atmosphere made possible the study without exposure of the samples to 

the environment, avoiding not only according contamination but also any possible 

discharging of the electrochemical double layer transferred during the emersion of 

the electrodes.  

 The wide range of analytical techniques from Kelvin probe, ellipsometry, 

infrared and X-ray spectroscopy used in this work, was fundamental for this research 

and helped to understand the electrochemical behavior of such electrode in the “dry”.   
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2 Introduction 

 

 In this section of the dissertation some background information about the 

subjects involved in this work will be presented and discussed, especially on the 

emersion of electrodes from aqueous electrolytes and what is known so far about the 

correlated potentials of the emersed electrodes compared to the ones applied during 

immersion. General aspects of metallic corrosion processes (i.e. electrochemical 

processes), relevant key methods and techniques, such as Kelvin probe and its 

principles, electrochemical cell set-up and spectroscopic techniques, such as infrared 

spectroscopy, ellipsometry and X-ray photoelectron spectroscopy will be shortly 

discussed. Also described are some aspects of thermodynamics and kinetics in 

electrochemistry. 

 

2.1 Corrosion 

 

 Ideas about corrosion emerged with the beginning of metallurgical process, 

ore extraction and its processing to obtain metals. Corrosion is a natural process that 

affects all materials, especially metals.12 According to the European Federation of 

Corrosion (EFC), “corrosion processes may be considered as reactions of metals 

with species in the environment to form chemical compounds”.13 Metal corrosion is an 

electrochemical process, characterized by oxidation and reduction reactions 

occurring on the metal surface (metal/electrolyte interface).14 While in homogeneous 

corrosion both anodic and cathodic reactions are evenly distributed, in 

heterogeneous corrosion some areas on these surfaces act as net anode (oxidation 

reaction) and some as net cathode (reduction reaction) with respective ionic current 

exchange between them through the electrolyte.12 Generally, an electrolyte is 

composed by a solvent with dissolved species (cations and anions). Water is the 

most usual solvent in corrosion.15 In order for electron transfer to occur, it is 

necessary that a correspondence between the energies of the orbitals in which the 
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transfer takes place in the involved species exists. In a metal it is the Fermi energy 

level (EF). Already in soluble species it is the orbital of the valence electron.16 A 

common example of heterogeneous -here caused by different access of oxygen to 

the surface- corrosion of steel is the scheme presented in Figure 1. 

 

Figure 1. Scheme of the electrochemical process of steel corrosion. 

 

From economic aspects, estimates reveal that corrosion is responsible for a 

loss of about 3.5% of the national gross product in industrialized countries.14,15 Some 

of these economic losses are related to plant downtime, loss of products, loss of 

efficiency and contamination. Corrosion has also a very important significance 

regarding human health and safety.17 

 

2.1.1 Thermodynamics and kinetics related to corrosion 

 

 In this section some characteristics of thermodynamics and kinetics related to 

corrosion are shortly described. From a thermodynamic aspect, corrosion is 

necessary for the energy balance. Metals are extracted from minerals, and the same 

(or similar) amount of energy necessary to extract these metals from the respective 
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minerals is released during the corrosion reactions, producing chemical compounds 

that are similar or identical from the original mineral.17 This means the stored energy 

acquired in the extraction and refining process is available to supply the driving force 

when the metal returns to the native (original) state.18 In Figure 2 as an example the 

thermodynamic energy balance for iron is displayed, synthetized from hematite 

(Fe2O3) and producing rust (FeOOH) after corrosion process.  

 

 

Figure 2. Example of energy balance in the life cycle of iron.  

 

 Chemical and electrochemical processes in corrosion are influenced by their 

thermodynamic characteristics which can explain if a process may or not occur under 

some conditions. The rates of the reactions involved on the metal surface are 

determined by the corresponding kinetics, which determine whether the process will 

actually occur and how fast.14  

The energetics involved in a chemical reaction are described by internal 

energy (U) and enthalpy (H).15 The change of these energetics is internal energy 

change (ΔU) and enthalpy change (ΔH). When a reaction involves only solid, liquid or 

dissolved species, then ΔU is equal ΔH.14 If volume changes are involved, i.e. 

especially for gases, then the following equation is valid:14  
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 ΔH = ΔU + pΔV                                     (Equation 1) 

where ΔV and p are the volume change and the pressure, respectively.  

  

The enthalpy of a reaction, in stoichiometric conditions, can be calculated as 

the standard enthalpies of formation (ΔHf
0) of the species involved. The ΔHf

0 

correspond to the formation of the involved species from the elements for 

temperature T = 298 K and pressure p = 1.013 x 105 Pa (standard conditions).14 If 

ΔH0 < 0, the reaction is exothermic, i.e., energy is lost to the surroundings and if ΔH0 

> 0, the reaction is endothermic, i.e., energy is supplied in order to the reaction 

occur.19 

 The Gibbs free energy change (ΔG) is one parameter to give the driving force 

of a chemical reaction, according to the next equation:14   

 

                                                     ΔG = ΔH – TΔS                                      (Equation 2) 

where ΔS is the change of entropy of a reaction.  

 

 For a spontaneous process in an isolated system, ΔS is positive.14 With 

respect to Gibbs free energy change, if ΔG < 0 than the reaction is possible; if ΔG > 

0 the reaction will not occur and ΔG = 0 represents an equilibrium.15  

Corrosion involving metals normally consists of an anodic dissolution (metal) 

and a cathodic process, such as reduction of dissolved oxygen or hydrogen 

evolution. The measured current density is the superposition of the anodic dissolution 

and the cathodic deposition with i = 0 at the corrosion potential.14 

The concentration of species at the electrochemical interface is dependent on 

the mass transport of these species from the solution. It can be described by the 

mass transfer coefficient (kd). By an irreversible reaction, a high kinetic barrier has to 

be overcome, which is reached by the application of an extra potential (overpotential, 

ƞ). In this situation, k0 << kd, where k0 is the standard rate constant (kinetics are 

expressed by this constant). When the reaction is reversible, then k0 >> kd (the 

kinetics of the electrode reaction is much faster than the transport).16  
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2.1.2 The Pourbaix diagram 

 

 When it comes to thermodynamics, the Pourbaix diagram shows the 

Thermodynamically expected states of an element and its ions, solids and gaseous 

compounds in an aqueous electrochemical system.17,20 In corrosion science, a 

Pourbaix diagram is a potential – pH equilibrium diagram (E vs pH) which represent 

corrosion and non-corrosion domains, i.e., the diagram makes a clear distinction 

between domains where corrosion is or is not possible to occur. Corrosion is 

impossible in the region of immunity (where the metal is in its metallic state) and in 

the region(s) of passivation (oxides, hydroxides, hydrides or salts of the metal). In the 

latter situation, the metal will be coated with the oxide, hydroxide, hydride or salt 

layers formed on the metal surface as non-porous or a porous film. When these films 

are non-porous they protect the underlying metal and thus can significantly slow 

down corrosion. In general, the metals are resistant to pure water around 25 °C when 

they cross perpendicularly at pH = 7 only the regions of immunity and/or passivation 

at potential between -0.8 and +0.7 V. Titanium and gold, for example, have the 

possibility to be corroded at high electrode potentials, and a slight dissolution can be 

observed at highly oxidizing situations.20 In Figure 3 as example the Pourbaix 

diagram for gold at 25 °C is shown, as gold is the main metal investigated in this 

thesis as electrode material.  
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Figure 3. Pourbaix diagram (E vs pH) for gold at 25 °C. In the diagram, the domain 

hatched with     represents the immunity region (corrosion not possible); the domain 

hatched with    represents the regions where corrosion is possible (adapted from 

references 20,21; in the Au(OH)3 region some degree passivity is expected). 

 

The two parallel and diagonal dashed lines (in black color) in Figure 3 

represent the equilibrium conditions of the reduction and oxidation of water.20 This 

situation is explained next in another Pourbaix diagram shown in Figure 4, 

representing water and its decomposition products.  
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Figure 4. Pourbaix diagram (E vs pH) for water and its decomposition products 

(adapted from reference 17). 

 

In Figure 4 for the hydrogen electrode (a) the Nernst equation (will be 

presented and explained in section 2.2.1.1) after substituting the constants with the 

appropriate  values (at 25 °C temperature and 1 atm pressure) is used according to: 

E = E0 – 0.059 log α. The pH is defined as – log α, then E = E0 – 0.059 pH.17 

Following is demonstrated the relation of the Nernst equation with some data from 

the Pourbaix diagram:  

 

For reaction (a): E = 0.000 – 0.059 pH. If pH = 0, E = 0.000; if pH = 14, E = – 0.828; 

For reaction (c): E = 1.229 – 0.059 pH. If pH = 0, E = 1.229; if pH = 14, E = 0.401.17,20    

  

(a) 

(b) 

(c) 

(d) 
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The three regions in the diagram shown in Figure 4 represent the domain 

where water can be electrolyzed anodically and form oxygen (upper region), the 

domain where water is stable (center) and the domain where water can be 

electrolyzed cathodically and form hydrogen (lower region). The two parallel and 

diagonal lines representing the equilibrium potentials for hydrogen electrode 

(reactions (a) and (b)) and the oxygen electrode (reactions (c) and (d)) (shown here 

in blue color) are normally inserted on the Pourbaix diagrams for metals.17 Additional 

to Figures 3 and 4 in Table 1 some standard potentials related to reduction reactions 

for gold and for water are shown. 

 

Table 1. Some reactions for gold and for water and their standard reduction 

potentials (adapted from reference 22). 

Substance  Reaction E0 (V vs. SHE) 

  Au+ + e-       Au + 1.680 

 Gold Au3+ + 3e-       Au + 1.420 

 Au3+ + 2e-       Au+ + 1.290 

Water 

O2 + 2H+ + 2e-      2H2O + 1.229 

O2 + 2H2O + 4e-      4OH- + 0.401 

2H+ + 2e-      H2 

2H2O + 2e-      H2 + 2OH- 

+ 0.000 

– 0.828 

 

One important practical function of the Pourbaix diagram is related to the 

domains where corrosion is thermodynamically impossible. In other words, in some 

cases potential and/or pH values can be adjusted to prevent corrosion 

thermodynamically.17 Unfortunately there are some limitations of these diagrams. No 

information about behavior of alloys is provided, only for pure metals and non-

metals.20 Furthermore, no information related to corrosion rates (kinetics aspects) are 

given by Pourbaix diagrams.17 
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2.1.3 Corrosion types 

 

 Many forms of corrosion are possible to occur. Uniform corrosion, where the 

corrosive environment has the same access to the entire homogeneously reactive 

metal surface; galvanic corrosion, which occurs when two different metals/alloys are 

in contact with the electrolyte and one of these metals are preferentially corroded; 

pitting corrosion, where the corrosive attack is localized;17 crevice corrosion, which is 

a localized corrosion occurring in areas of restricted flow and where the metal 

surface is in contact with a small confined liquid volume.23 The environmentally 

induced cracking may be responsible for failures, like stress corrosion cracking, 

corrosion fatigue cracking and hydrogen-induced cracking. All those are originated in 

the presence of an environment that causes some uniform corrosion. Another type of 

corrosion, common in many alloy systems, is the intergranular corrosion, induced by 

the presence of reactive impurities (like chromium).17 The erosion-corrosion occurs 

by the growth of the mechanical abrasion/friction of the metal simultaneously to the 

corrosion attack.12 However, since this thesis is focused on electrochemistry and the 

electrochemical double layer of non-immersed electrodes, -besides its relevance for 

a fundamental understanding of electrochemistry- its main relevance for corrosion 

will be on atmospheric corrosion. 

 Atmospheric corrosion has been intensely studied around the world, especially 

because of the many applications of metals in outdoor structures, such as bridges, 

buildings, cars, ships, for example.24 This corrosion type, caused by weather action, 

is responsible for the main part of economic losses attributed to corrosion. The 

atmosphere is a very complex environment due to the variation related to time and 

location.25 In a perfectly dry atmosphere, the metallic corrosion has a very slow rate 

and may be considered negligible for practical purposes.26  

 Atmospheric corrosion occurs in a complicated system composed by the 

metal, corrosion products, electrolyte and the atmosphere surrounding this system.24 

Many environmental variables are involved and cause influence on the atmospheric 

corrosion. The most significant influences are from temperature, sunlight, wind, 

moisture and contaminants. Another aspect to be taken in consideration is the site 
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nature, i.e., the environment where the metal structure is situated, for example, 

marine or industrial environment. In these situations, chlorides and sulfur dioxide are 

present, in marine and industrial environments, respectively.27 In countries with 

temperatures below freezing in the winter, salts for de-ice are commonly used. Acid 

rain condition (due to anthropogenic activity) combined with marine environments, 

deicing salts and humidity were shown as responsible for severe atmospheric 

corrosion on a bridge in New York.28   

Precipitation water (rain, snow, fog) is not pure in the atmosphere; however, it 

is a complex chemical solution composed by water, radicals, ions and reactive 

molecules. Great part of the corrosion is caused by the interaction of these trace 

species present in precipitation water with the metals. To evaluate atmospheric 

corrosion it is necessary detail the following factors: precipitation frequency, chemical 

compounds present in the precipitation water and the susceptibility of the metal to 

react with these chemical compounds.29 In the scheme in Figure 5 the main variables 

responsible for atmospheric corrosion are schematically explained. 

 

 

 

Figure 5. Scheme representing the main constituents responsible for atmospheric 

corrosion.   
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 Dew formation on metallic surfaces occurs when the surface temperature is 

below the dew point of the atmosphere. It is an important cause of corrosion under 

sheltered situations and dew periods are considered as very corrosive. Around 10 g 

of dew water covers a surface of 1 m2, that can be considered more than the amount 

of adsorption layers covering metal surfaces.24  

 Rain promotes two different situations: firstly, it creates electrolyte layers with 

about 100 g m-2 and affects the corrosion by adding some corrosion stimulators (for 

example, H+ and SO4
2-); on the other hand, rain washes the metal surface, removing 

away contaminants accumulated during dry periods.24 In an industrial site, sulfur 

dioxide in the atmosphere causes acid rain, which is very corrosive.27 In Table 2 are 

presented the amount of water values related to different moistures.  

 

Table 2. Moisture and the amount of water correlated (adapted from reference 24). 

Moisture Amount of water (g m-2) 

Critical relative humidity 0.01 

100% relative humidity 1 

Covered by dew 10 

Wet from rain 100 

 

Sunlight is a variable that affects the degree of wetness on a surface as well 

as the performance of some nonmetallic species and coatings. In this sense, it is 

important to monitor the extent of the sunlight at atmospheric test sites.27 The 

ambient atmosphere temperatures maintain corrosion rates relatively low; on the 

other hand, it may increase condensation of water on the metal surface and the 

corrosion rate. In addition, higher temperatures will dry the metal surface, and so, 

reduce corrosion.17  

The principal chemical constituents involved in atmospheric corrosion are 

different compounds containing sulfur, nitrogen and chlorine. Sulfur is the most 

important gaseous stimulant in the atmospheric corrosion process, proceeding from 

oil and coal burning emissions, petrochemical and pulp and paper industries. 



16 | I n t r o d u c t i o n  

 

Nitrogen compounds, especially NO and NO2, are mainly formed in combustion 

reactions in power plants and vehicles. The chlorides mainly are provided from 

marine atmospheres (aerosols) and from de-icing salts, coal burning and incinerators 

emissions. Furthermore, Cl2 from industrial processes can photo-dissociate into 

radicals which can lead to form HCl.30  

One important question not much addressed up to now in the research on 

atmospheric corrosion is how important electrochemical reactions on metal surfaces 

just covered by electrolyte in the monolayer and maybe even sub-monolayer range 

may be. This is because often atmospheric corrosion does not take place beneath 

homogeneous films of electrolyte, but on surfaces covered by a high density of larger 

and smaller droplets. Besides the cathodic activity in micro-droplets that are forming 

around the larger primary droplets11, it might in such case be also important to 

consider the activity in the seemingly inactive area between them, which is just 

covered by ultrathin electrolyte layers in the monolayer range.3  

For instance, the so-called cathodic spreading of droplets11 might be driven by 

cathodic oxygen reduction on that “dry” surface area in the vicinity of these droplets. 

This can be enabled by cation migration from the droplets into this surrounding area, 

which was e.g. recently investigated by Prabhakar et al.31, a process which is similar 

as to cathodic delamination of organic coatings.32 In both processes cations 

(accompanied by electrons in the metal underneath) migrating into the yet unaffected 

surface/interface result in a pull down of the electrode potential, enabling onset of 

oxygen reduction, which then occurs on the “dry” surface or buried coating/metal 

interface. 

Electrochemistry on “dry” surfaces may not only be of interest for atmospheric 

corrosion, but might also play a crucial role e.g. in fuel cells, where the catalyst 

particles in the porous catalyst layers are not immersed in bulk electrolyte, as this 

would block the gas transport through the pores. Instead they are just covered by an 

ultra-thin electrolyte film most likely in the monolayer range.3 This is suggested by the 

fact that in fuel cells current densities for oxygen reduction are observed that are 

significantly higher than what is expected, as oxygen reduction at high rates is limited 

by transport processes. In bulk electrolyte this is the oxygen diffusion towards the 

surfaces, which for thin electrolyte layers shows a dependence inverse to the 
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thickness of the electrolyte layer. However, for layers below a thickness in the range 

of about 10 micrometers that dependence is lost and the rate is determined by the 

oxygen uptake kinetics at the electrolyte/gas interface.33,34,35,36,37 This raises the 

question why much higher reaction rates than expected from this observed uptake 

limitation in the range of a few mA/cm2 are possible (see Zhong et al.3). 

The reason may be that the main part of the ORR in fuel cells occurs of the 

surface of catalyst particles just covered by such ultra-thin electrolyte layers, as it 

was observed that then no uptake reaction at the surface exists.3  

The methodology developed by Zhong et al. for measuring ORR on surfaces 

covered by ultra-thin electrolyte layers, however, relies on a known hydrogen 

permeation rate from the backside of the sample that is correlated with the potential -

established as equilibrium potential of ORR and HOR- measured by Kelvin probe on 

the surface (concerning Kelvin probe, see section 2.4). This demonstrates that 

electrochemistry on “dry” surfaces plays a real role in practical applications. In fact, 

the concept of the “electrode in the dry” was first reported in the context of a novel 

Kelvin probe-based approach for the high sensitive and highly resolved detection of 

hydrogen, as will be discussed in the following.  

 

2.2 Hydrogen 

 

 Hydrogen is the most abundant element in the entire universe, representing 

more than 90% of overall composition. This is due its presence in the stars (in form of 

plasma) and in the interstellar matter (mostly as atomic hydrogen). On the planet 

Earth, hydrogen is the ninth most abundant element, present in the water molecule 

and in organic compounds, for example.38 Hydrogen is considered environmentally 

friendly and nonpolluting for atmosphere as well as for water.39  

An important application for hydrogen is as fuel. In the past, the NASA Space 

Shuttle booster rockets and the Apollo missions rockets used a combination of liquid 

hydrogen and liquid oxygen as fuel.38 Another application of hydrogen, in gas form, is 

in meteorological balloons.  
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2.2.1 Innovation involving hydrogen energy 

 

For aviation and aerospace industry enthusiast like me, Airbus announced in 

September 2020 very great news: the ZEROe concept, a new concept for three 

airplanes powered by hydrogen.40 This concept idea is based on reducing aviation’s 

CO2 emissions to the atmosphere by up to 50%. By 2035, three different commercial 

aircraft models, called Airbus ZEROe, are planned to be available. These aircrafts 

will be powered by a hybrid propulsion system: liquid hydrogen combustion and 

hydrogen fuel cells. The gas turbine engines will be modified to burn liquid hydrogen 

as fuel; complementing the propulsion, hydrogen fuel cells will generate electrical 

power.40   

The employment of liquid hydrogen as fuel is a solution for aerospace and 

also other industries to achieve neutral climate targets.41 According the reaction 

below38, the combustion of liquid hydrogen fuel generates only water vapor and 

energy (heat) as products:  

 

2H2 + O2 → 2H2O + heat                             (Reaction 1) 

 

Hydrogen fuel cells combine hydrogen and oxygen to produce electric power. 

It is an electrochemical process in which hydrogen is fed to the anode and oxygen to 

the cathode.42 The chemical reaction involved in this process also produces water 

and heat:43  

 

2H2 + O2 → 2H2O + Q + W                           (Reaction 2) 

 

where H2 is the fuel, O2 is the oxidant, Q is the heat transferred and W is the rate of 

electrical work produced by the system.43  
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2.2.2 Hydrogen negative effect on metals 

  

 Despite all benefits of hydrogen that were shortly discussed above, this 

chemical element also causes serious problems in metals. Atomic hydrogen that is 

formed during processing (such as e.g. chemical or electro-chemical cleaning steps, 

electro-galvanizing etc.) or during the lifetime (e.g. during corrosion) can get 

absorbed into the metal. In circumstances with sufficient hydrogen solubility on the 

metal, with low obstruction of hydrogen entrance into the metal, with high diffusion 

rate of atomic hydrogen and by high coverage of the metal surface with atomic 

hydrogen, adsorbed hydrogen from the metal surface will be absorbed into the metal 

interior (Had → Hab).44   

Serious degradation of metals due to strong hydrogen absorption can cause 

decreased mechanical strength and may induce embrittlement and stress corrosion 

cracking.14 The high hydrogen mobility causes the main problem in materials prone 

to hydrogen embrittlement. The hydrogen solubility and diffusivity, the possibility to 

react and form hydride or react with impurities and alloying elements are some 

factors related to the effect of hydrogen in metals.45 When atomic hydrogen migrates 

from the surface into internal defects are created voids, where molecular hydrogen 

can nucleate and form enough internal pressure to rupture the metal locally.17  

 A metal can absorb hydrogen along many processes, like casting, forging, 

heat treatment, welding, finishing or during service. In order to obtain thermodynamic 

equilibrium, if the external pressure is reduced after the hydrogen absorption, 

diffusion from the metal is necessary. This equilibrium is a function of temperature.45  

Analyzing the Pourbaix diagrams for corroding metals, the two parallel and 

diagonal lines shows conditions that will promote hydrogen evolution and/or reduce 

dissolved oxygen.17   

Given the great importance of hydrogen in materials, being able to measure 

hydrogen permeation through and effusion out of materials is of great importance, at 

high sensitivity and if possible even with high lateral resolution. Such a method was 

developed based on the so called hydrogen electrode in the “dry” concept. 
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The concept of the hydrogen electrode in the “dry” was presented by Evers 

and Rohwerder1 as an approach to determine mobile hydrogen in metals and its 

permeation through metals by measuring the work function utilizing the Kelvin probe 

technique. The origin of this were experiments, where it was found that the work 

function measured on one side of the sample -exposed to dry nitrogen- was found to 

be correlated 1:1 to the potential applied on the other side by electrochemical 

polarization. This was initially observed for palladium (25 µm membrane) and a 

“sandwich” sample (25 µm Pd membrane coated by 1 µm of Fe and 100 nm of Pd). 

The explanation is, that hydrogen is in chemical equilibrium throughout the system, 

where the hydrogen activity controls the potential. Consequently, on the surface 

exposed to the dry nitrogen there is a hydrogen electrode in the “dry”: the electrode 

surface is covered by water in the monolayer and sub-monolayer range.1 A set-up 

example of the system is presented in Figure 6. Hydrogen transport trough metals 

like palladium is very fast.39  
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Figure 6. Instrument set-up example for the hydrogen electrode in the “dry” concept: 

a) potentiostat; b) reference electrode; c) counter electrode; d) connection to the 

working electrode; e) gas inlet; f) gas outlet; g) electrolyte; h) working electrode 

(sample); i) Kelvin probe tip; j) Kelvin probe; k) gas inlet; l) gas outlet (adapted from 

reference 1). 

 

 As mentioned, the work function was measured on the palladium membrane 

side exposed to dry N2 atmosphere (Figure 6k) represents this gas inlet). Hydrogen 

has a high solubility in palladium and the work function measured shows linearity with 

applied potentials in a wide range. Such behavior is similar if the palladium 

membrane was totally immersed and both sides were in contact with electrolyte 

a 

b c d 
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g 
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k l 
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(electrochemical double cell), i.e., there is an electrochemical equilibrium between 

the applied electrode potential (on the entry side/electrolyte contact) and the other 

side of the palladium membrane (“dry” side, represented in Figure 6h)).1 Hence, it 

was proposed that a hydrogen electrode is forming. 

According the authors, the linear wide range was achieved between 

approximately 0 and 400 mV (SHE); above 400 mV (SHE) the hydrogen activities are 

too low and the work function stops to correlate. Under 0 mV (SHE) the linear 

correlation between the applied potentials and the work function measured by the 

Kelvin probe is lost, because of the formation of a binary phase of Pd with dissolved 

hydrogen and Pd hydride, pinning the hydrogen activity to the equilibrium activity for 

the co-existence of the two phases.1  

As the example of the work by Zhong et al. discussed above this shows that 

electrodes covered by electrolyte layers in the monolayer or even sub-monolayer 

range are relevant and “real” electrochemistry occurs there. An obvious advantage of 

such “dry” electrodes is that the electrochemical double layer range is directly 

accessible by standard surface analytical tools, such as photoelectron spectroscopy 

(XPS). However, the hydrogen electrode in the “dry” does not contain ions that can 

be analytically detected by methods such as XPS, as only H+ cations are expected. 

In the present PhD study, the idea of these electrode in the “dry” was therefore 

combined with the emersed electrodes concept, that will be described further below. 

The aim was to prepare electrodes, where the double layer region is accessible, such 

as in these electrodes in the “dry” and where electrochemical reactions can be 

investigated. 

 

2.3 Electrodes, potentials and the electrochemical double layer 

 

 In the following some short overview of the electrochemical double layer will 

be given. An electrochemical double layer can be defined as an electrically neutral 

system in which a layer of positive and a layer of negative charges are opposed. 

Furthermore, layers of oriented polar molecules and/or polarized atoms are present 
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in this system. The electrochemical double layer is composed of two charge layers 

with thickness and distance apart in the atomic dimension.46 In Figure 7 is 

represented schematically an electrochemical double layer system.  

 

 

Figure 7. Schematic sketch of Galvani potential (composed by the surface potential 

difference and the Volta potential difference) at electrode with positive charge. 

 

In Figure 7 is represented the Galvani potential (Δφ), i.e., the potential 

difference between the interior of two substances which is defined as:46  

Δφ = ΔΨ + Δχ                                     (Equation 3) 

where ΔΨ represents the Volta potential difference (which can be directly determined 

by Kelvin probe measurement and will be described in section 2.4.1) and Δχ 

represents the surface potential difference.  
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The distance represented by “d ” in Figure 7 correspond to the double layer 

thickness. Its measure is in angstroms order (1 Å correspond to 10-8 cm or 0.1 nm) 

and was deduced by Thomson as the minimum distance between two charged 

layers.46  

 Usually electrodes are polarized and investigated in electrochemical cells. 

Usually this is a three-electrode cell, composed of a reference electrode (RE), a 

counter electrode (CE) and a working electrode (WE).14 The CE is an inert conductor 

which supplies the current (flowing to the WE) for the electrochemical cell.47 The cell 

is purged with an inert gas, like argon or nitrogen to remove the oxygen dissolved in 

the electrolyte.14,15  

In laboratory studies, normally the electrochemical process of interest is 

occurring on the WE over the potentiostatic control, i.e., controlling the potential of 

the WE and measuring the current it passes, or over the galvanostatic control, i.e., 

controlling the current which the WE pass and measuring its potential. The resistance 

between WE and RE has to be the smallest possible to ensure accurately potential 

on the WE.16 When carrying out potentiodynamic experiments, a linear sweep of the 

electrode potential with time is required.14 In Figure 8 is represented a scheme of a 

three-electrode cell. The electrodes are briefly described at sections 2.3.2 and 2.3.3.  
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Figure 8. Scheme of a three-electrode cell: a) voltmeter (potentiostat); b) commercial 

Ag/AgCl reference electrode; c) working electrode; d) counter electrode; e) inert gas 

inlet; f) gas outlet; g) Luggin capillary; h) electrolyte.   

 

2.3.1 Nernst equation and the cell potential 

 

 The Nernst equation provides the relation between electrode potential and the 

oxidizing and reducing species in the electrolyte.48 As example are shown the 

reaction of iron in water (neutral pH): 

 

Anodic semi-reaction:    Fe(s) → Fe2+
(aq) + 2 e-                                 (Reaction 3) 

Cathodic semi-reaction: O2(aq) + 2 H2O(l) + 4 e- → 4 OH-
(aq)                    (Reaction 4) 

Global reaction:              2 Fe(s) + ½ O2(aq) + H2O(l) → Fe(OH)2(aq)      (Reaction 5) 
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The activities of the species involved in the cell reaction are related to the 

Gibbs energy change of the related reaction according to:48  

ΔG = ΔG0 + RT ln α                              (Equation 4) 

where α is the quotient of the activities of the involved species.  

 

The cell potential is given by:16,48 

 

 ΔG = – nFEcell                                    (Equation 5) 

Dividing both sides of Equation 4 by (– nF) and combining with Equation 5, the 

following equation is obtained:48 

                                                    Ecell = – 
ΔG0

nF
  – 

RT

nF
  ln α                           (Equation 6) 

where n is the electrons stoichiometric coefficient in the half-reaction.48   

 

The standard cell potential can be defined as:48  

 

                                    E0
cell = – 

ΔG0

nF
                                   (Equation 7) 

Finally, with combination of Equations 6 and 7 is formed the Nernst equation 

(Equation 8), i.e., an equation for the cell potential related to its composition:48   

                                                    Ecell = E0
cell – 

RT

nF
  ln α                              (Equation 8) 

The Nernst equation also can be formulated in terms of log α. For temperature 

of 298.15 K and replacing the constants R and F for the corrects values, then the 

equation is written as:17 

          Ecell = E0
cell – 

0.059

n
  log α                            (Equation 9) 
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2.3.2 Reference electrodes 

 

 A standard hydrogen electrode (SHE) establishes, by definition, the zero point 

on the electrochemical scale. This electrode is called primary reference. The 

hydrogen half-cell reaction has a potential, EH
+

/H2 = 0, defined for reactants and 

products at the standard state.17  

 For the major part of electrochemical experiments secondary reference 

electrodes are used.17 These electrodes have a reproducible and stable potential 

relative to the SHE. Some secondary reference electrodes are Hg2SO4, HgO, the 

calomel and the Ag/AgCl electrodes.14 The both last are shortly described here.    

  A much known secondary reference electrode is the saturated calomel 

electrode (SCE), composed by Hg2Cl2 with a mixture of a paste and liquid Hg. The 

Hg is in contact with a saturated KCl solution and a platinum wire immersed in the Hg 

made electrical contact. The SCE potential of 0.241 V is lower than the standard 

potential of 0.268 V from the calomel half-cell reaction (Hg2Cl2 + 2e- → 2Hg + 2Cl-). 

This happens due to the saturation of chloride, i.e., the Cl- activity is greater than 1 

and influences the result at the Nernst equation.17  

A Ag/AgCl electrode is composed of a silver wire covered with AgCl in contact 

with a chloride solution.14 Platinum wire can also be employed for an electroplated 

silver coating. The Cl- can be provided from HCl (used to oxidizing the silver surface) 

or from KCl (electrode solution). The half-cell reaction (AgCl + e- → Ag + Cl-) gives 

the potential of 0.222 V and the electrode potential is given by EAg/AgCl = 0.222 – 

0.059 log [Cl-] (Nernst equation).17 In Table 3 are presented some secondary 

reference electrodes with the related standard potentials. 
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Table 3. Some secondary reference electrodes and its related standard potentials 

(adapted from reference 14). 

Electrode E0 (V vs. SHE) 

Ag/AgCl electrode + 0.222 

Calomel electrode + 0.268 

Hg2SO4 electrode + 0.615 

HgO electrode + 0.926 

 

 A Luggin capillary (as shown previously in Figure 8g)) is applied to ensure a 

resistance as small as possible between reference and working electrodes. The 

reference electrode is inserted into the capillary (normally made of glass) which is 

positioned near the working electrode.16 The use of excess of salts where cations 

and anions have the same mobility, like KCl, provides a small liquid junction potential 

(Ej). The Ej difference occurs at the contact between electrolytes with different 

diffusion mobilities of cations and anions due to the concentration gradients. 

Therefore, solutions of these kinds of salts, like KCl, are used in the reference 

electrodes and in electrolyte bridges.14 

 

2.3.3 Working and counter electrodes 

 

 Most working electrodes are solid, but there are also some liquid electrodes 

(at room temperature); the most common is the mercury electrode used as a 

dropping electrode.16 The sample in study can also be the working electrode, like 

palladium.49 The surface of a solid working electrode has to be free of physical 

defects, i.e., the surface has to be polished.16 Counter electrodes normally are made 

of inert materials, such as platinum16 or gold49 and are used to complete the electrical 

circuit.16  
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2.4 Kelvin probe 

 

 The Kelvin probe (KP) is a device able to measure the potentials of local 

electrodes or corrosion without touching the surface under study. The measure 

occurs across a dielectric environment with infinite resistance50 and is also a non-

destructive technique.51 Furthermore, KP measurements allows the electrode 

potential determination at buried interfaces beneath coatings and at ultrathin 

electrolyte layers covering the electrode.52 Principles and applications of the KP will 

be described next.  

 

2.4.1 Measurement of the Volta potential 

 

Basically, the KP is composed by a metallic reference electrode (tip) 

connected to the sample by a metallic wire. KP tip and sample are separated by a 

dielectric medium.50 The Kelvin probe measures the Volta potential difference (ΔΨ) 

between the tip and the sample.52 Before explaining the measurement of ΔΨ, it is 

necessary to define some concepts.  

The work function (ɸ) is defined as the least amount of energy necessary for 

the removal of an electron from a solid surface just outside this material.51,53 The true 

work function can also be defined (at uniform surfaces of an electric conductor) as 

the electrochemical potential (Fermi energy level) difference of the electrons just 

inside the conductor and the electrostatic potential energy of an electron just outside 

the conductor (in the vacuum).54 In Figure 9 the principles of a Kelvin probe are 

represented schematically.  
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Figure 9. Kelvin probe: a) schematic of the principle with a vibrating tip (adapted 

from reference 52); b) diagram representing the Fermi energy levels of the Kelvin 

probe tip (EF KP) and the sample (EF Sample), the work functions of the Kelvin probe 

(ɸKP) and the sample (ɸSample) and the contact potential difference (VCPD, also called 

ΔΨ) between tip and sample. Evac represents the vacuum level. The tip represented 

in b) is drawn inverted to facilitate interpretation of the diagram (adapted from 

reference 55). 

                                         

If the work functions of the sample and the KP tip are, respectively ɸSample and 

ɸKP, the electrochemical potentials of the electron (Fermi energy levels) in the sample 

and in the KP tip are, respectively EF Sample and EF KP, the chemical potentials of the 

electron in the sample and in the KP tip are, respectively µe
Sample and µe

KP, the 

surface potentials of the sample and the KP tip are, respectively χSample
 and χKP, 

then:50   

ɸSample = – EF Sample = – (µe
Sample – F χSample)             (Equation 10) 

ɸKP = – EF KP = – (µe
KP – F χKP)                      (Equation 11) 

where F is the Faraday constant. The EF are also called absolute electrode potentials 

according to Trasatti.56  

 

a b 
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 The µe represents the chemical work necessary to transfer one electron from 

the infinity into the sample and – µe
 represents the chemical work necessary to 

transfer one electron from the sample to the infinity.57 

When KP tip and sample shown in Figure 9b) are connected by a wire, then 

their Fermi energy levels are equal, i.e., EF Sample = EF KP 58 and a charging on one of 

them (KP tip or sample) regarding to the other will cause a Volta potential 

difference:50 

EF Sample = – ɸSample – F ΨSample                        (Equation 12) 

EF KP = – ɸKP – F ΨKP                                (Equation 13) 

ΔΨ = ΨKP – ΨSample                                (Equation 14) 

where ΔΨ is the Volta potential difference between the Kelvin probe tip and the 

sample under investigation.  

 

According to the diagram represented in Figure 9b), the energy difference 

between the Fermi energy levels from the Kelvin probe tip and the sample is equal to 

the Volta potential difference:55  

ΔΨ = EF KP – EF Sample                               (Equation 15) 

 

The scheme represented in Figure 10 shows an electron energy level diagram 

for the Kelvin probe tip and a sample without and with electrical contact. 
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Figure 10. Electron energy level diagram for Kelvin probe tip and sample: a) without 

electrical contact between them; b) with electrical contact between them (adapted 

from references 51,55). 

 

The electrical contact between Kelvin probe tip and sample results in a 

transfer of electrons from the lower work function (KP tip) to the higher work function 

(sample)55 and the Fermi energy levels equalizes (EF Sample = EF KP).55,58 The term Vc 

in Figure 10b) is called contact potential and is resulted by the correlated flow of 

charge between tip and sample.51 To measure the contact potential the distance 

between Kelvin probe and sample is modulated harmonically and an external 

potential is applied (backing potential Vb) until no displacement current can be 

measured anymore, i.e. the surface charge was revoked (Vb = – Vc).51,59 

The Kelvin probe tip has to be calibrated against a known surface (determining 

the work function) to calculate the work function of the sample.51 This calibration is 

possible using readily available reference electrodes, for example, Ag/AgCl/KCl.52 

The calculation can be done using the following equations:51  

 

ɸKP = ɸTest sample – ΔΨ                             (Equation 16)  

ɸSample = ɸKP + ΔΨ                               (Equation 17)  

a b 
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The tip of a Kelvin probe can be made of different materials. The use of nickel, 

Ni/Cr, gold and stainless steel as material for Kelvin probe tips have been reported.52 

Tips can have different diameters. As some examples, 125 µm 60, 300 µm 61, 400  

µm 1, about 500 µm 52 and 2.0 mm 55 diameter tips were employed in different 

studies. Tips made of Ni are apparently more stable in variable atmospheric 

conditions when compared to tips made of Ni/Cr, gold or stainless steel.52   

 

2.5 Fourier-transform infrared spectroscopy 

 

 The connections between the atoms in a molecule in a way behave like elastic 

bonds and can perform periodic motions (vibrations). Polyatomic molecules 

composed by n atoms have 3n-6 normal vibrations, whereas linear molecules have 

3n-5. These vibrations will define the vibrational spectra of a molecule. The spectra 

present characteristic vibrations which are particular of some functional groups of 

atoms. Infrared (IR) spectroscopy is one of the most important methods of vibrational 

spectroscopy.62 It is also an analytical technique for surface analysis involving 

photons.63 The infrared radiation comprehends the range of wavelengths between 

the visible and microwaves of the electromagnetic spectrum. For many years the 

dispersive spectrometers were used to obtain the infrared spectra64, where prisms or 

diffraction gratings disperse the radiation.65  

 The relative motions of the atoms in a molecule and the corresponding 

frequencies of that motions are defined by the molecular geometry, by the atoms 

masses and by the bonds force constants. These vibrations can be symmetric (νs) or 

antisymmetric (νa) stretching and deformation vibration (δ) of the OH bonds in the 

water molecule.62 In Figure 11 vibrations characteristic for water and carbon dioxide 

molecules are schematically sketched.  
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Figure 11. Representation of periodic motions of water molecule (a – c) and carbon 

dioxide (d – g), where νs represents the symmetric stretching vibration, νa represents 

the antisymmetric stretching vibration and δ represents the deformation vibration; the 

representations f) and g) are the same, but viewed from two different perspectives 

(adapted from references 62,64).   

 

 The absorption of light in the infrared region of the electromagnetic spectrum 

covers the wavelengths range from 0.78 until 1000 μm, with wavenumber from 12800 

until 10 cm-1. In this region, the far infrared (FIR) comprehends the absorption 

spectrum between 200 and 10 cm-1. Mid infrared (MIR) are the wavenumbers 

between 4000 and 200 cm-1. The region from 12800 until 4000 cm-1 is called near 

infrared (NIR).66 In Table 4 are listed the vibrations and the respective wavenumbers 

present in the infrared spectrum of water and carbon dioxide molecules. These 

a b c 

d e 

f g 
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wavenumbers are of interest due to the presence of both substances in the 

atmosphere. 

 

Table 4. Vibrations and the respective wavenumbers present in water and carbon 

dioxide molecules (adapted from reference 64).  

Substance Vibration Wavenumber (cm-1) 

Water 

νa OH 3756 

νs OH 3652 

δ  OH 1596 

Carbon dioxide 

νa CO2 2350 

νs CO2 1340 

δ  CO2 665 

 

For the present work, some other substances were of high importance, for 

example, the perchlorate ion. In this case, wavenumbers from 1130 – 1090 cm-1 are 

attributed to perchlorate ion adsorbed on gold surfaces.67   

The Fourier-transform infrared spectroscopy is an infrared technique with 

many advantages: the wavelengths are very accurate and all elements (vibrations 

and deformations from the molecules) providing from the IR source reach the 

detector simultaneously. Huge advantages of the FT-IR spectroscopy compared to 

conventional spectroscopy is the shorter measurement time and also a better relation 

signal/noise.66  

In the FT-IR spectroscopy, the radiation is separated in two beams. One beam 

reaches a fixed mirror and the other one reaches a movable mirror.64 A beamsplitter, 

composed by two semitransparent mirrors with a multiple constructive interference 

for all wavelengths in the middle62 is responsible for dividing the IR beam in two 

beams. All these components together compose the interferometer, also called 
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Michelson interferometer.66 A diagram representing the interferometer in a FT-IR 

spectrometer is presented in Figure 12. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Diagram of the interferometer parts in a FT-IR spectrometer: a) IR beam 

coming from the source; ax) part of the IR beam reflected by the beamsplitter; ay) part 

of the IR beam transmitted through the beamsplitter; by) the “ay” beam reflected by 

the fixed mirror; bx) the “ax” beam reflected by the movable mirror; b) combined beam 

of “bx” and “by” reaching the sample surface; c) beam reflected on the sample surface 

reaching the instrument detector (adapted from references 62,64). 

 

While the movable mirror is moving, constructive and destructive interferences 

are generated. This creates variations of the IR radiation that reaches the sample 

and the detector, the called interferogram (in time domain), which is converted trough 

the Fourier-transform in an interferogram in frequencies domain. The continuous 

movement of the movable mirror then modifies the beam (bx) travelled distance and 

these movements generates the whole infrared spectra.64    
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2.6 Spectroscopic ellipsometry  

  

 The spectroscopic ellipsometry (SE) technique employs light as measurement 

probe (optical measurement technique). In ellipsometry, polarized light waves 

irradiates the sample surface at a specified angle. The polarization (reflection or 

transmission) will be changed by the surface film thickness and by the optical 

constants.68 Polarized light (oriented in two perpendicular planes) is focused on the 

sample surface; in Figure 13, Eip represents the incident electric wave amplitude in 

the same plane of incidence as the sample surface (horizontal, in this case) and Eis 

represents the incident electric wave amplitude perpendicular to Eip.68,69 The 

subscript “i” is referred to incident light68 and the subscripts “p” and “s” are referred to 

“parallel” and “senkrecht”, respectively (German words for parallel and 

perpendicular).69 The ellipsometry name is attributed to the “elliptical form” of the light 

waves after been reflected/transmitted by the film on the sample surface, like 

presented in Figure 13.    

 

 

 

 

Figure 13. Schematic principle of the ellipsometry technique, where “p” and “s” 

represent the parallel and the perpendicular waves, respectively (adapted from 

references 68,69). 
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 After reaching the sample/surface film, the incident polarized light is reflected; 

Erp for reflected electric wave amplitude (parallel) and Ers for reflected electric wave 

amplitude (perpendicular). The phase difference between the two polarized incident 

waves and the two polarized reflected waves is called “delta” (Δ). This phase shift is 

induced by the reflection of the light on the sample/surface film.69 Another important 

parameter in ellipsometry is “psi” (Ψ), which correspond to the amplitude ratio 

between “p” and “s” polarizations.68 The total reflection coefficient is the ratio 

between the amplitudes of outgoing and incoming waves, and this is generally a 

complex number. Therefore, the magnitudes of these amplitude diminutions are |Rp| 

and |Rs| and the following equations can be written:69 

 

tan Ψ = |Rp|/|Rs|                                 (Equation 18) 

 

ρ = Rp/Rs                                      (Equation 19) 

where ρ is a complex number (the complex ratio of the total reflection coefficients).69  

 

 Now it is possible to define the fundamental equation of ellipsometry:68  

 

ρ ≡ tan Ψ exp(iΔ)                                (Equation 20) 

 

Example of the application of ellipsometry in electrochemical studies are 

investigation of the electrochemical oxidation of gold which is accompanied by 

chemisorbed species and leads to a change of the optical properties.70 Of great 

relevance for this thesis are examples where the thickness of an adsorbed water 

layer on gold surfaces at different humidity is revealed by ellipsometry.3 Another work 

of ellipsometry application on gold surfaces show results between 0.2 and 0.5 nm.71 

 

2.7 X-ray photoelectron spectroscopy 

 

 The X-ray photoelectron spectroscopy (XPS) is a common technique 

employed for surface analysis and often used in replacement of the older name 
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“electron spectroscopy for chemical analysis” (ESCA). In the XPS technique, the 

sample surface is irradiated with photons of characteristic energy, which interact 

directly with core electrons present in the sample atoms. This interaction produces 

ionized states in which a photoelectron is emitted; the kinetic energy of this 

photoelectron is approximately the difference between the photon energy and the 

electron binding energy.72 In Figure 14 the key components and the trajectory of 

impinging X-ray and emitted photo-electron in the XPS instrument are shown. 

 

  

 

Figure 14. Schematic representation of an XPS system with four differential pumping 

stages; p0, p1, p2, p3 and p4 represents the pressure in each of the chamber/stages, 
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where p0 > p1 > p2 > p3 > p4. This instrumentation was also used in the present work 

and is described in section 3.1.6 (adapted from references 72,73,74). The differential 

pumping depicted here is necessary to achieve so called Ambient Pressure XPS 

(APXPS). 

 

In Figure 14 is shown the energy (hν) route from the X-ray source through the 

monochromator and the focused radiation hitting the sample (represented in yellow 

color). After the interaction of the photons with the sample surface, the 

photoelectrons from the sample are guided through the nozzle (small cone placed 

near the sample) into the differential pumping stages (p1, p2, p3 and p4) in ultra-high 

vacuum (UHV) conditions. This is necessary for so called Ambient Pressure XPS 

(APXPS), where the sample can be exposed to pressure up to a few mbar and for 

some instruments already up to 1 bar. The sample surface has to be very close to 

the entrance nozzle of the analyzer, in order to prevent collision of the photoelectrons 

with gas molecules. Going through the hemispherical energy analyzer, the 

photoelectrons with different kinetic energies reach the detector.  

Besides the UHV pumps in the XPS system, some other important 

components can be mentioned, such as the X-ray source and the energy analyzer. 

X-rays are generated when a sufficiently energetic electron beam hits a metallic 

solid, called X-ray anode. As X-ray anodes commonly employed in XPS systems are 

the Al-Kα X-rays. These anodes present some advantages, such as high robustness, 

high energy and intensity, minimal energy spread and Al is also a good heat 

conductor.75 With respect to the energy analyzers, only the hemispherical analyzer 

shall be mentioned in this section due its application in the present work. The 

hemispherical sector analyzer (HSA), also called concentric hemispherical analyzer 

(CHA), is one of the mostly employed electron energy analyzers in commercial XPS 

systems.72,75 One advantage of the HSA is a better energy resolution than provided 

by other analyzers. Resolution values of < 0.01 eV can be achieved with HSA 

analyzers.75 HSA analyzers are composed of two concentric hemispheres, where on 

the outer hemisphere a negative potential (-V) against the inner hemisphere is 
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applied.72 Applying specific potentials to the hemispheres will result in deflection of 

the electrons (with accordingly specific energies) onto the detector.75    

The photoelectron spectrum from the XPS analysis represents a direct 

indication of the binding energies from the different core electron levels in the atoms. 

The higher the electron binding energy, the lower the photoelectron kinetic energy.72 

The kinetic energies of the electrons emitted from the sample are measured and their 

binding energies are determined using the following equation:76 

 

Eb = hν – Ek + Δɸ                                 (Equation 21) 

where Eb is the electron binding energy in the solid, hν is the incident photon energy, 

Ek is the electron kinetic energy and Δɸ is the work function difference between 

sample and detector material (assuming that there is no charge at the sample 

surface).76 

 

The XPS technique is able to identify and quantify the elemental composition 

of solid surfaces (electrons of the outer 10 nm or less) of the majority of chemical 

elements, with exception of H and He (this is attributed to the fact that XPS is 

sensitive to core electrons, not to valence electrons; furthermore, their photoelectron 

cross-sections yields are below the XPS limits of detection).75  

 

2.8 Potential of zero charge 

 

 Potential of zero charge (PZC) is considered, according the International 

Union of Pure and Applied Chemistry (IUPAC), “the value of the electric potential of 

an electrode at which one of the charges defined is zero. The reference electrode 

against which this is measured should always be clearly stated. The potential 

difference with respect to the potential of zero charge is defined by: Epzc = E – Eσ = 0 , 

where the potential at the point of zero charge is that for the given electrode in the 

absence of specific adsorption”.77 The electrode (sample surface) is charged 

negatively below the PZC and positively above the PZC.67 The PZC value also is 
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important due information about species orientation/reorientation on an electrode 

surface/electrolyte interface, which can be studied, for example, employing infrared 

spectroscopy techniques67 and will be further discussed in section 4.2.2. 

 

2.9 The idea of electrodes emersed from aqueous electrolytes 

 

 In the early 80s, Neff and Kötz6 proposed a study to a surface science 

approach to the electric double layer (solid/liquid interface). In their experiment, gold 

samples (electrodes) were emersed under control of the electrode potential from acid 

aqueous electrolytes into UHV conditions and the samples were investigated by 

ultraviolet photoelectron spectroscopy, with which the adsorbed species on the 

surface were analyzed and also the work function was determined.6 In another study, 

in the 90s, Samec et al.7 determined the Volta potential difference between a Kelvin 

probe tip and gold or platinum electrodes emersed from different aqueous 

electrolytes into a water saturated nitrogen gas phase (around 99% RH). A wide pH 

range was employed for such studies. As example, acid solutions (H2SO4 and HCl)6,7 

and neutral solutions (NaCl and KCl)7 were employed. Alkaline solutions, such as 

NaOH, were also used in investigations of the electrochemical double layer on silver 

electrodes.78   

All these investigations show (for polarization in the ideally polarizable range) 

a linear behavior between the applied potentials on the sample surface (for example, 

gold) and the related Volta potential difference determined after the emersion from 

the electrolyte. The experimental procedures of such experiments carried out in this 

PhD work are presented in section 3.10 and the results in section 4.2. 

Concerning, water molecules in the double layer, in the experiments by Neff 

and Kötz6 no indications for water present on the electrodes emersed into UHV, while 

in the experiments carried out by Samec et al.7 water was definitely present on the 

electrodes emersed into nitrogen of high relative humidity and is proposed to play a 

role in the observed significantly overall lower potentials than observed by Neff and 

Kötz. For immersed polarized electrodes, it is suggested that on metal surfaces, 



I n t r o d u c t i o n  | 43 

 

uncharged or charged positively, the water molecules form a structure called “ice-

like” (in situ study for the determination of water molecules orientation).67  

 

2.9.1 The role of humidity inside the analysis chamber 

 

 According a study proposed by Heras and Viscido,79 the presence of water 

layers on clean gold surfaces in vacuum conditions was not detected at room 

temperature, once adsorbed water molecules start to desorb at temperatures around 

– 73 °C.79 With respect the vacuum, experiments carried out in the 70’s by Wells and 

Fort Jr.80 presented detectable water adsorbed on gold surfaces only at pressures 

around 10-9 bar and higher.80 As mentioned, also for emersed electrodes the study 

conducted by Neff and Kötz under UHV conditions and at room temperature gives no 

proof for the emersion of an intact (i.e. still containing the water molecules of the 

double layer region) electrochemical double layer; probably most part of the water in 

this double layer desorbs.6 In other words, the structure of the double layer could not 

be considered totally retained.7  

The desorption of water under UHV conditions can be expected from a 

thermodynamic point of view in which the desorption will be faster with the presence 

of low solvation free energy ions adsorbed.7 Experiments show the influence of water 

vapor (to form water layers) on the dielectric constant behavior: for the first 

monolayer, the water molecules adsorbed on surface of α-Fe2O3 were observed to 

be quite rigid on a solid surface (in this case, a surface of α-Fe2O3), i.e. these 

molecules cannot orient with an applied alternating field (AC) and, consequently, will 

not contribute to the system capacitance. With the presence of a second layer, the 

dielectric constant rises up; this behavior is due the ability of adsorbed water 

molecules to respond to the AC field. The experiment proposed that the relative 

change in the dielectric constant after the formation of approximately three layers 

levels off. With this study it was possible to notice that the multilayers are more 

mobile than the first adsorbed layer.81  

Wells and Fort Jr.80 show in their study that the water vapor adsorption on gold 

surfaces follows two steps: first, a fast physical adsorption and second, a slow 
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chemisorption.80 As conclusion about all the studies shortly presented in this section: 

one good alternative to “preserve” or contour the desorption situation is to emerse 

the electrode in study into an inert atmosphere saturated with water vapor.7  

This was the case in the experiments carried out by Samec et al.7 on 

electrodes emersed into high humidity inert nitrogen atmosphere, where water was 

definitely present on the samples. Hence, since in both cases a linear dependence of 

the work function (for emersion into UHV) and of potential (emersion into high 

humidity) on the potential applied during immersion was observed, the question is 

what role of the water molecules in the electrochemical double layer play on potential 

and reactivity of electrochemical reactions. This is a key question of this PhD thesis.  

 

2.10 Gold employed as electrode 

 

For the investigation of an electrode/electrolyte interface, gold is chosen due 

its wide double layer potential range. This means that the water molecule orientation 

can be investigated over a wide potential range without Faraday reactions such as 

surface oxidation or hydrogen evolution.67 Although gold is considered the noblest 

and most inert of the metals and is mentioned as the ideal solid electrode for 

fundamental electrochemistry studies due the absence of Faraday reactions -referred 

to as ideally polarizable- in the wide range of potential region, i.e., approximately 0.0 

to 1.3 V (SHE) and 0.0 to 1.2 V (SHE) in acid and alkaline media, respectively, there 

are studies presented in the literature suggesting the formation of oxygen species in 

this ideally polarizable potential range.82 In one interesting study, as an example 

employing combined electrochemical and spectroscopic techniques, the authors 

observed slow adsorption reaction on 10 to 20% of the gold surface caused probably 

by the specific adsorption of hydroxide anion (from NaOH) in neutral and alkaline 

media and adsorption of water in acid media electrolytes83 (more information 

regarding specific ions adsorption will be presented/discussed in section 4.2).  

A model of gold dissolution was proposed by Cherevko et al.84 The authors 

suggest two dissolution mechanisms: at low anodic potentials, gold and adsorbed 
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hydroxide anions and oxygen ions are exchanged; on the other hand, at higher 

potentials (in the oxygen evolution reaction area), the dissolution takes place on the 

gold oxide surface initiating gold losses.84  

 

2.11 Choosing the electrolyte: NaClO4, H2SO4, NaOH 

 

 Solutions containing perchlorate ions (ClO4
-) are used as supporting 

electrolyte with different electrodes in electrochemical research.85 The perchlorate 

ions, in HClO4 or NaClO4 aqueous solutions, for example, weakly adsorb on gold 

surfaces at more positive potentials than the PZC.67,86,87 In studies of water molecule 

orientation on gold, these ions also are used in order to minimize the influence of 

specific adsorption of electrolyte anions.67  

Sulfate anions (SO4
2-) are described as presenting similar specific adsorption 

to the perchlorate anions.88 Specific adsorption plays an important role in the 

electrode surface/interface; specifically adsorbed anions are responsible for the local 

electric field. This promotes the orientation of molecules with their negative dipole 

moment towards the electrolyte solution.89 In the present PhD work, diluted sulfuric 

acid solution was employed as electrolyte. The use of sulfuric acid as electrolyte for 

the passive behavior of gold was studied by Zhang et al.90 The authors identified by 

XPS analysis the presence of gold ions (Au+ and Au3+) after applying 1.4 V (SHE) 

during 2 h on the gold surface; this could indicate the formation of Au(OH)3 or Au2O3 

films on the gold electrode surface.90 These trivalent gold compounds are also 

compatible with predictions provided by the Pourbaix diagram.20  

Regarding the hydroxide anion (OH-), it has been suggested that this anion 

adsorbs specifically on gold surfaces.78,91 In a work proposed by Bodé Jr. et al.88 was 

concluded that hydroxide anions are significantly adsorbed on gold surfaces and 

these anions are more pronounced then less adsorbable anions, such as ClO4
- and 

SO4
2-, for example.88 More discussions involving on electrolytes (ClO4

-, SO4
2- and 

OH- anions) will be provided in section 4.2. 
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3 Experimental 

 

 In this section details on the materials used, such as reagents, substrate 

materials and other materials and the equipment used in this work will be described. 

Also, the methodologies used to preparing the samples, the assembly of the set-ups 

and the operational procedures to obtain the results will be discussed. All potentials 

applied in the experiments presented in this section are referred against the 

Ag/AgCl/3M KCl reference electrode. 

 

3.1 Equipment 

 

 The equipment and instruments employed for this work and the corresponding 

laboratory concept (combination of different analytical techniques, such as Kelvin 

probe and infrared spectroscopy) are described at the following sections.  

 

3.1.1 Kelvin probe system 

 

An ultra-high vacuum Kelvin probe system, model UHV-KP020-50 / UHV-

KP020-100, KP Technology Ltd., Wick (Scotland), United Kingdom, 

http://www.kelvinprobe.com, was used for the measurement of the Volta potential 

difference between sample and Kelvin probe. This system was set-up by the 

manufacturer to operate with amplitude 50, frequency 70 Hz and gradient 300.51 The 

Kelvin probe tip was made of stainless steel and had a diameter of 4.0 mm. The 

Kelvin probe was connected to a Digital Control Unit, model DCU Series 10, KP 

Technology Ltd. and to an oscilloscope, model Smart DS5032EV, Owon Technology 

Inc., Zhangzhou, P. R. China, http://www.owon.com. The computer connected to the 

Kelvin probe system was equipped with the software Kelvin Probe Measurement 
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System Version 11.30b, KP Technology Ltd. In Figure 15 a drawing of the Kelvin 

probe system is shown.  

  

                   

 

Figure 15. The Kelvin probe system: a) probe retract manipulator; b) tip; c) sample; 

d) sample holder; e) KP grounding; f) sample grounding; g) adjustable probe retract 

manipulator.  

 

In order to improve a better adjustment of the tip position over the sample, the 

original probe retract manipulator was exchanged by an adjustable manipulator, VAb 
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(Vakuum-Anlagenbau GmbH), Elmshorn, Germany, http://www.vab-vakuum.com 

(Figure 15g)). This manipulator is equipped with three adjustable screws, allowing 

the placement of the tip at a desirable position/angle. Furthermore, the manipulator 

has a numerical scale for distance control.  

An anti-static wrist strap was used while handling the Kelvin probe as a 

recommendation from the manufacturer.51    

 

3.1.2 FT-IR spectrometer 

 

A Fourier-transform infrared spectroscopy (FT-IR) equipment, model VERTEX 

70v, Bruker Optik GmbH, Ettlingen, Germany, http://www.bruker.com, was employed 

for the sample surface analysis. An LN-MCT (Liquid Nitrogen cooled HgCdTe) 

detector, model ID316, InfraRed Associates, Inc., Stuart, USA, 

http://www.irassociates.com, was installed in the external detector chamber (see 

section 3.1.4). This detector was used for the infrared determinations in this work. 

The FT-IR equipment was controlled by OPUS Spectroscopy Software version 7.5. 

According the manufacturer, the FT-IR covers a spectral range from 8000 cm-1 to 350 

cm-1 (using the standard optical components, like KBr beamsplitter, DLaTGS detector 

and MIR source).92 To evacuate the FT-IR spectrometer and the external detector 

chamber a mechanical pump was used, model nXDS15i, Edwards Limited, Burgess 

Hill, United Kingdom, http://www.edwardsvacuum.com. 

 

3.1.3 Electrochemical cell 

 

The electrochemical cell (made of PTFE) was inserted in a glass chamber 

cross containing six windows (for x, y and z axes). One of these windows was used 

for placing the working electrode, which was connected to a potentiostat, model 

Compactstat Electrochemical Interface, Ivium Technologies B. V., Eindhoven, 
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Netherlands, http://www.ivium.nl. The computer connected to this potentiostat was 

equipped with the software IviumSoft, release 2.828(3), Ivium Technologies B. V. For 

testing the potentiostat, a testcell, model Testcell 1, Ivium Technologies B. V. 

operating at 1000 Ω resistivity was employed.93 In the opposite window the counter 

electrode (platinum) and the reference electrode were placed. This last electrode was 

from the model 6.0726.107, Ag/AgCl/3M KCl, Metrohm AG, Herisau, Switzerland, 

http://www.metrohm.com. This electrode features a potential of approximately +0.211 

V (SHE) at 20 °C.94 On the top window of the chamber a gas inlet/outlet system for 

purging the electrochemical cell was installed. The rear window was connected to the 

Kelvin probe/infrared beam chamber (passing through the sample transfer chamber) 

and the front window was connected to a sample manipulator. The bottom window 

was closed, opened by a valve only for cleaning when electrolyte was leaked out 

from the electrochemical cell. The electrolyte for the experiments in the 

electrochemical cell was stored in a PTFE flask with approximately 200 mL volume 

capacity. The flask cap had four entrances/exits. Two of them were for entrance and 

exit of N2 (inert atmosphere) and the other two were for entrance and exit of the 

electrolyte. In this case, a Diaphragm Laboratory Pump, model Liquiport® NF 100 

KT.18S, KNF FLODOS AG, Sursee, Switzerland, http://www.knf-flodos.ch, was 

employed to carrying the electrolyte until the electrochemical cell. The gas valves, 

connections and hoses for N2 were from Sang-A, Sang-A Pneumatic Co., LTD., 

Daegu, South Korea, http://www.sanga2000.com and the valves, connections and 

hoses for electrolyte were from BOLA, Bohlender GmbH, Grünsfeld, Germany, 

http://www.bola.de. These valves, connections and hoses employed for electrolyte 

were all made of PTFE, which due to its high degree of inertness helps to avoid 

unwanted reactions between this material and the electrolyte. A scheme of the 

electrochemical cell is presented in Figure 16.  
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into the electrochemical cell; d) gas inlet for the electrolyte flask; e) drying N2 inlet for 

drying the sample surface after contact with the electrolyte; f) Ag/AgCl reference 

electrode; g) working electrode connection; h) electrolyte inlet in the electrochemical 

cell; i) counter electrode connection; j) electrolyte waste outlet valve; k) diaphragm 

pump for the electrolyte; l) potentiostat connected to the electrochemical cell via 

reference electrode, working electrode and counter electrode; m) valve for changing 

the electrolyte flow from the electrochemical cell back to the electrolyte flask; n) 

control valve to controlling the flow of the “removing electrolyte”; o) glass trap 

containing inert oil to prevent entrance of atmospheric air in the electrochemical cell; 

p) flask for waste (electrolyte leaking) collecting; q) valve for overpressure releasing; 

r) electrolyte refill system; s) electrolyte flask; t) drain system for clean out the 

electrolyte flask and the electrochemical cell hoses; u) glass traps with the second 

trap containing inert oil to prevent entrance of atmospheric air in the electrolyte flask; 

v) flask for collecting mixture of electrolyte and inert oil in case of overpressure in the 

system. Hoses and cables in the drawing may differ in length from the real 

equipment. All valves are represented in “closed” mode.    

 

 The valve presented in Figure 16e) was chosen as “for electrolyte” in order to 

prevent some electrolyte remnants went in contact with a gas valve (if one of these 

would be employed here). The glass device for the reference electrode shown in 

Figure 16f) was filled with the respective electrolyte in study (this part of the device 

was directly connected to the electrochemical cell); the other side of the device (with 

the electrode) was filled with a 3.0 mol L-1 KCl solution. The counter electrode was 

made of platinum wire and platinum foil. The oil used to fill the glass traps (Figures 

16o) and 16u)) was the DIFFELEN ultra pump fluid, Ref.-No. 176 71, Leybold 

Vakuum GmbH, Köln, Germany, http://www.leybold.com.   

 A more detailed layout of the electrochemical cell is shown in Figure 17. The 

cell was assembled slightly tilted on the system to facilitate the electrolyte outflow 

when it was removed from the cell. Moreover, reference and counter electrodes were 

placed near the bottom of the cell and near the sample (working electrode) in order to 

maintain the potential control up to the end of the electrolyte removal step. 
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Figure 17. Layout of the electrochemical cell: a) device extremity for sample 

introduction in the cell with a sample (yellow detail); b) counter electrode (platinum 

foil); c) Luggin capillary ending with a small platinum wire at the extremity; d) 

electrochemical cell itself; e) electrolyte inlet and outlet (when removing electrolyte 

from the cell); f) electrolyte outlet; g) counter electrode (platinum wire); h) Ag/AgCl 

reference electrode. This system is represented slightly tilted as in the real 

instrumentation.  

 

 The parts a) with the sample and d) are “sealed” with a PTFE O-ring. Some 

more details and operational parameters involving the electrochemical cell are 

described in appendix A. 
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3.1.4 Laboratory concept: combining electrochemical cell, Kelvin 

probe and FT-IR 

 

The electrochemical cell, the Kelvin probe and the complete FT-IR system 

were mounted on a steel and aluminum frame structure provided by SPECS Surface 

Nano Analysis GmbH, Berlin, Germany, http://www.specs.de, as shown in Figure 18. 

This configuration is able for in operando experiments, as will be presented later in 

this dissertation.  

In Figure 18 is also represented a FT-IR microscope, model HYPERION 3000, 

Bruker Optik GmbH and a macro imaging chamber, model IMAC, Bruker Optik 

GmbH, however this instrumentation was not employed for sample analysis in this 

PhD study.    
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e 
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Figure 18. Technical drawing of the FT-IR spectrometer with microscope and macro imaging chamber, the electrochemical cell and the Kelvin 

probe mounted on the SPECS structure: a) FT-IR external detector; b) Kelvin probe manipulator; c) IR beam guide chamber (equipped with a 

light polarizator); d) FT-IR spectrometer; e) microscope; f) macro imaging chamber. Some cables and hoses were neglected in this 

representation. 
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This complete instrumentation was part of the new “laboratory concept”, built 

up during the PhD study at the MPIE and which contributed to acquire so to speak 

“industrial experience”, a very important opportunity and knowledge about laboratory 

organization and instrumentation assembling, complementing the PhD work.  

In order to improve the visualization of the electrochemical cell, the sample 

transfer chamber and the Kelvin probe/infrared beam chamber, a representation of 

these devices is shown as from an on top view perspective in Figure 19.  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Top view perspective of the system: a) sample manipulator (with inlet and 

outlet for cooling water); b) Kelvin probe/infrared beam chamber; c) “quick-closing” 

door to connecting a vacuum suitcase; d) electrochemical cell; e) FT-IR external 

detector; f) sample transfer with storage (for up to three samples) chamber. Cables 

and hoses were neglected in this representation.  

 

The sample manipulator presented in Figure 19a) was provided by VAb 

(Vakuum-Anlagenbau GmbH) and is adjustable in the x and y axes and also in the 

inclination for the correct sample positioning under the Kelvin probe tip and the IR 
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beam. Furthermore, this manipulator allows cooling down the sample temperature 

when connected to a water chiller.  

For the purpose of transfer samples from this system to the NAP-XPS system 

(see section 3.1.6), a vacuum suitcase, model V2, SPECS Surface Nano Analysis 

GmbH, with a removable sample vessel was employed. This suitcase, also 

compatible with UHV conditions, is connected (hooked) to the system through a 

“quick-closing” door (for example, on the door in Figure 19c)). It allows transporting 

up to three samples at time and is represented in Figure 20.    

 

 
 

Figure 20. Lateral view of the vacuum suitcase: a) removable sample vessel; b) hook 

for connection to the desired system; c) UHV valve; d) transferring bar. 

 

Wet atmosphere (N2 or synthetic air) was adjusted employing six water 

(“washing”) bottles where gas was run through and then introduced into the Kelvin 

probe/infrared beam chamber (Figure 19b)). A chilled mirror hygrometer, model 

DewMaster, Edgetech Instruments Inc., Hudson, USA, 

http://edgetechinstruments.com, was installed in order to control the humidity through 

the dew point inside this chamber (chamber gas inlet). The chamber´s gas outlet was 

also connected to a trace moisture analyzer, model 8800A, Teledyne Analytical 

Instruments, City of Industry, USA, http://www.teledyne-ai.com, via a hybrid dew 

point transmitter, model XTR-100 sensor, COSA Xentaur Corporation, Yaphank, 

a 

b 

c 

d 
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USA, http://www.cosaxentaur.com. The oxygen concentration inside the chamber 

(less than 10 ppm during dry or wet N2 flow) was monitored by an oxygen measuring 

transmitter (chamber gas outlet), model Insta-Trans, Teledyne Analytical Instruments. 

The flow of dry and wet atmosphere to the chamber was controlled by two mass flow 

meter/controller, model Mass-Stream D-6311, M+W Instruments GmbH, 

Leonhardsbuch, Germany, http://www.mw-instruments.com. This flow was set 

around 40 L h-1, independently when only “dry” or when combining “dry and wet” 

atmosphere was employed to achieve the desired humidity inside the Kelvin 

probe/infrared beam chamber. A layout of the system is presented in Figure 21.    
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Figure 21. Humid atmosphere control system for the Kelvin probe/infrared beam 

chamber: a) gas inlet in the system; b) wet atmosphere mass flow meter/controller; c) 

dry atmosphere mass flow meter/controller; d) Kelvin probe; e) Kelvin probe/infrared 

beam chamber; f) connection to the FT-IR external detector; g) connection to the FT-

IR spectrometer; h) dew point meter (chamber outlet); i) dew point sensor; j) dew 
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point meter (chamber inlet); k) chilled mirror hygrometer; l) oxygen measuring 

transmitter; m) water flasks for the humid atmosphere; n) glass traps with the second 

trap containing inert oil to prevent entrance of atmospheric air in the system. Hoses 

and cables in the representation may differ in length from the real equipment. All 

valves are represented in “closed” mode.     

 

 High values of humidity, such as e.g. 90% RH or more (for Kelvin probe 

measurements, for example), were achieved cooling the sample down: a cooling 

circulator, model Ministat 240, Huber Kältemaschinenbau AG, Offenburg, Germany, 

http://www.huber-online.com, was connected to the sample manipulator (Figure 19a)) 

and the sample was cooled down while wet atmosphere was provided from the 

humid atmosphere system (previously presented in Figure 21). This circulator 

operates between - 45 °C (cooling) and 200 °C (heating) and was controlled by the 

Pilot ONE® system, Huber Kältemaschinenbau AG. The humidity inside the Kelvin 

probe/infrared beam chamber was then calculated based on the dew point and 

cooled sample temperatures using the software PST Michell Humidity Calculator, 

Michell Instruments Ltd., http://www.processsensing.com/en-us/humidity-calculator/. 

This software was also used to calculate all RH values when employing the humid 

atmosphere system. The sample temperature inside the Kelvin probe/infrared beam 

chamber was monitored by a digital microprocessor indicator, model JUMO di 08, 

JUMO GmbH & Co. KG, Fulda, Germany, http://www.jumo.de, connected to the 

sample manipulator.  

 

3.1.5 Spectroscopic ellipsometer 

 

An in-situ spectroscopic ellipsometer (iSE) device, model iSE, J.A. Woollam 

Co., Lincoln, USA, http://www.jawoollam.com, inserted into a chamber located over 

the sample transferring chamber was employed to determine the thickness and 

optical properties of films on the sample surface (the transfer chamber was 
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previously presented in Figure 19 and the ellipsometer was placed over the fictitious 

blind flange (shown to avoid overlap) between positions c) and f) in Figure 19). The 

light source (quartz tungsten halogen lamp; wavelength range: 399.9 – 997.1 nm) 

was situated in a control box, model CCE-200, J.A. Woollam Co., and the light beam 

was guided to the input unit (source) through an optical fiber cable. The source and 

the receiver units were separated from the chamber with UV fused silica (quartz) 

windows and the light incident angle was around 68° from the sample surface normal 

vector. For the ellipsometer operation RH values between 20 and 80% were 

recommended.95 The computer connected to the ellipsometer was equipped with the 

CompleteEASE Software, J.A. Woollam Co. A 25 nm SiO2 layer on Si calibration 

wafer, J.A. Woollam Co., with 20 – 25 nm SiO2 thickness was cut into a rectangle 

shape and fixed on a sample holder with conductive silver paint. This SiO2 reference 

wafer was employed for the ellipsometer calibration/system check.     

The ellipsometer device was not presented in Figures 18 and 19 in order to 

avoid overlap with other parts of the entire system (Kelvin probe, for example); 

therefore, the ellipsometer is shown in Figure 22. The ellipsometer chamber can also 

be flushed with dry or wet N2 atmosphere in the same way as the Kelvin 

probe/infrared beam chamber (sample cooling, however, is not possible).  
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Figure 22. Spectroscopic ellipsometer device: a) gas inlet in the system; b) 

manipulator (x, y and z axes); c) analysis chamber; d) receiver unit; e) input unit; f) 

control box; g) optical fiber cables; h) gateway to the sample transferring chamber, in 

which is located the gas outlet.  

 

3.1.6 NAP-XPS spectrometer 

 

A Near ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) device 

from SPECS Surface Nano Analysis GmbH was employed for sample surface 

analysis. This NAP-XPS device was composed by an UHV manipulator (x, y and z 

axes), model DeviSim NAP, with in-situ reactor NAP cell and a custom gas handling 
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system; a twin anode X-ray source, model XR 50; an X-ray monochromator suitable 

for NAP conditions, model µ-FOCUS 600, with aluminium excitation line (Al-Kα X-

rays); a 180° hemispherical energy analyzer, model PHOIBOS 150 NAP, with a 2D-

DLD (delayline) detector. A nozzle, with 300 µm aperture diameter, was the 

“entrance” for the photoelectrons into the energy analyzer, which was equipped with 

four differential pump stages. The vacuum in the chambers/stages were provided by 

turbomolecular pumps achieving around 10-10 mbar. The first stage was equipped 

with an UHV pump, model HiPace® 700, Pfeiffer Vacuum GmbH, Aßlar, Germany, 

http://www.pfeiffer-vacuum.com; the second and third stages were equipped with the 

model HiPace® 300 and the fourth stage was equipped with the model HiPace® 80. 

The models HiPace® 700, HiPace® 300 and HiPace® 80 provides a rotation speed of 

49200, 60000 and 90000 rpm (± 2%), respectively.96,97,98 As pre-pumps for the UHV 

pumps were used mechanical pumps, model nXDS15i, Edwards Limited.  

The NAP-XPS device with its main components is represented in form of a top 

view perspective in Figure 23. Shown is the so-called first level (analysis level). The 

top of the analysis chamber (Figure 23i)) is represented as a blind flange in order to 

avoid overlap with other parts of the system, but in the real instrument it is the 

connection between this chamber, the second level of the system and an UHV 

sample manipulator from VAb (Vakuum-Anlagenbau GmbH). This manipulator was 

adjustable in x, y, z axes and variable in the y axe angle.  

Furthermore, an electrochemical cell, similar to the system presented 

previously in section 3.1.3, was attached one level above the NAP-XPS device (not 

represented in Figure 23 to avoid overlap with other parts of the system). After the 

polarization in the electrochemical cell, the sample was first transferred to a buffer 

chamber, in which UHV conditions could be provided (10-6-10-7 mbar) in order to 

prevent transferring impurities (electrolyte) and humidity to be carried into the NAP-

XPS device.  After this stage, the sample was transferred to the analysis chamber 

(10-10 mbar), passing through the transfer/storage chamber (10-9 mbar) and the 

preparation chamber (10-9 mbar). 
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Figure 23. Top view perspective of the NAP-XPS device (first level): a) UHV manipulator with in-situ reactor NAP cell; b) focused monochromatic 

X-ray source; c) X-ray monochromator; d) first pumping stage; e) UHV pump on the second pumping stage; f) UHV pump on the third pumping 

stage; g) hemispherical energy analyzer; h) gas handling system; i) analysis chamber; j) X-ray source; k) fourth pumping stage; l) detector. The 

major part of cables and hoses were neglected in this representation. 
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 In Figure 24 the chambers composing the second level of the system are 

schematically shown (preparation level).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24. Top view perspective of the second level of the system composed by: a) 

electrochemical cell; b) buffer chamber; c) transfer/storage chamber; d) load lock; e) 
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f 



66 | E x p e r i m e n t a l  

 

 

preparation chamber; f) load lock compatible with a vacuum suitcase. Cables and 

hoses were neglected in this representation. 

 

 Only components used for experiments in this PhD study are represented in 

Figure 24. The top of the buffer chamber (Figure 24b)) is represented with a blind 

flange; in the real instrument is inserted a Kelvin probe (as described in section 

3.1.1). Also, the top of the preparation chamber (Figure 24e)) is represented with a 

blind flange; here is placed the manipulator in which is inserted the sample and then 

transferred to the first level (analysis chamber). 

For a better signal/noise ratio, the X-ray source shown in Figure 23j) was 

employed for characterization of ions in the double layer of the emersed electrodes, 

as this source provided a much higher intensity, with 12 kV anode voltage and 400 W 

power (this source with aluminium excitation line provides up to 400 W power with a 

10 mm spot size).  

 

3.1.7 Other devices 

 

A physical vapor deposition (PVD) device, model Univex 450, Leybold AG, 

Köln, Germany, http://www.leybold.com, was used to evaporate chromium or titanium 

(as adhesion layers) and, posteriorly, gold on the glass substrates. For grinding and 

polishing sample holders (used in the NAP-XPS device as samples covered with 

gold), a grinding/polishing machine was employed, model Forcipol 2V, Metkon 

Instruments Inc., Bursa, Turkey, http://www.metkon.com.  

Reagents for preparation of the aqueous solutions were weighed with a 

milligram balance (readability of 0.001 g and maximal weighing capacity of 210 g), 

model Quintix 213-1S, Sartorius Lab Instruments GmbH & Co. KG, Göttingen, 

Germany, http://www.sartorius.com. The measurement of the pH of the electrolyte 

was done with a pH measuring instrument, model SevenCompact pH/Ion S220, 

Mettler-Toledo AG, Schwerzenbach, Switzerland, http://www.mt.com, equipped with 
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a pH electrode, model InLab® Expert PRO-ISM pH, Mettler-Toledo AG, operational at 

pH range 0-14 (temperature between 0 °C and 100 °C). The device is also equipped 

with a temperature compensation system.    

 

3.2 Reagents and gases 

 

 All the reagents used in this work were of analytical grade. The water for 

preparing the electrolyte solutions was purified by an ultrapure water system, model 

Milli-Q® Reference A+, Millipore SAS, Molsheim, France, 

http://www.merckmillipore.com, presenting final resistivity around 18.2 MΩ cm at 25 

°C and Total Oxidizable Carbon (TOC) below 5 ppb.99 This ultrapure water was also 

used to rinse the laboratory glassware.   

As electrolyte for the first experiments in the electrochemical cell sodium 

perchlorate monohydrate (NaClO4 
. H2O) was used, cod. A11243, ≥ 97%, Alfa Aesar, 

Kandel, Germany, http://www.alfa.com. The NaClO4 was dissolved in ultrapure water 

and stored in a polyethylene flask, a concentration of 0.1 mol L-1 was employed. 

Electrolyte solution of potassium chloride (KCl), cod. 83605.290, AVS TITRINORM, 

3.0 mol L-1, VWR International, Leuven, Belgium, http://www.vwr.com, was used for 

the preparation of reference electrodes for the Kelvin probe calibration.   

Sulfuric acid (H2SO4), cod. 1.00731.1000, EMSURE®, 95-97%, Merck KGaA, 

Darmstadt, Germany, http://www.merckmillipore.com, hydrogen peroxide (H2O2), 

cod. 8.22287.1000, 30%, Merck KGaA, acetone (CH3COCH3), cod. 1.00014.1000, 

EMSURE®, Merck KGaA and ethanol (C2H5OH), cod. 1.00983.1011, EMSURE®, 

Merck KGaA, were used for cleaning the laboratory glassware, the polyethylene 

flasks and the glass samples. The same H2SO4 was also used to prepare electrolytes 

with lower pH values. For the cleaning procedure of sample holders used in the NAP-

XPS device as samples, Extran® (laboratory cleaning agent composed by ionic and 

non-ionic surfactants, phosphates and excipients) was employed, cod. 1.07553.2500, 

Extran® MA 02, liquid neutral concentrate, Merck KGaA. Sodium hydroxide (NaOH), 

cod. 1.06462.1000, pellets pure, ≥ 99%, Merck KGaA, was used as electrolyte with 
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higher pH values. Potassium bromide (KBr), cod. 1.04907.0100, Uvasol®, Merck 

KGaA, was also employed as electrolyte for some experiments. 

As internal electrolyte for the Ag/AgCl/3M KCl reference electrode (inside the 

Luggin capillary) a 3.0 mol L-1 KCl solution was used, InLab® Solutions, Mettler-

Toledo AG. For the pH measuring instrument calibration technical buffer solutions 

(pH 2.00, 4.01, 7.00, 9.21 and 11.00 at 25 °C) were employed, Mettler-Toledo AG.    

For grinding the sample holders silicon carbide grinding paper was used, 

CarbiMet (P1000), CarbiMet (P2500) and MICROCUT (P4000), Buehler Ltd., Lake 

Bluff, USA, http://www.buehler.com; for polishing these holders a polishing disc was 

used, model MD Plus, 1 µm grain size, Struers Inc., Cleveland, USA, 

http://www.struers.com. This polishing procedure was supported by a water-based 

monocrystalline diamond suspension, cod. 39-410-M, DIAPAT-M (1µm), Metkon 

Instruments Inc. and a water-based diamond lubricant, cod. 39-502, DIAPAT, Metkon 

Instruments Inc.    

Nitrogen (N2), 99.999%, Nippon Gases Deutschland GmbH, Düsseldorf, 

Germany, http://www.nippongases.com, was used to purge the electrochemical cell, 

the electrolyte flask and to dry the rinsed glassware and samples. This nitrogen was 

also used as liquid nitrogen for cooling down the LN-MCT detector. Argon (Ar), 

99.999%, Air Products GmbH, Hattingen, Germany, http://www.airproducts.de, was 

also employed to dry glassware and samples. Synthetic air, (20.5 ± 0.5% O2 in N2), 

Air Liquide, Düsseldorf, Germany, http://www.airliquide.com was employed in some 

experiments in the Kelvin probe/infrared beam chamber. 

 

3.3 Samples 

 

 Glass samples (approximately 15 mm x 12 mm x 3 mm) were used as 

substrate for deposition of a gold layer as they present a smooth surface. This gold 

layer (200 nm) was deposited on the glass substrate surface by PVD, as described in 

section 3.6.   

Stainless steel sample holders were covered with gold when used in the NAP-

XPS device as samples. This was done in order to avoid using silver paint or another 
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adhesive that eventually could cause some contamination inside the vacuum 

chambers of the system.  

 

3.4 Cleaning procedures 

 

The laboratory glassware and polyethylene flasks were decontaminated using 

a freshly prepared piranha solution. This solution was composed by 70% of H2SO4 

(95-97%, v/v) and 30% of H2O2 (30%, v/v). Afterwards, the glassware and flasks 

were rinsed many times and filled with ultrapure water and sonicated for 10 min in an 

ultrasonic bath, model Elmasonic P, Elma Schmidbauer GmbH, Singen, Germany, 

http://www.elma-ultrasonic.com. The ultrapure water was changed and another 

ultrasonic cycle was carried out. Then, the glassware and flasks were rinsed many 

times again with ultrapure water and dried with Ar or N2 stream. When some of the 

glassware or flasks were employed for hydrophobic solutions, they were also rinsed 

with ethanol before drying with Ar or N2.  

 

3.5 pH determination of the electrolyte 

 

 The pH value of 0.01, 0.05, 0.1, 0.5 and 1.0 mol L-1 NaClO4 solutions was 

determined. The pH measuring instrument was previously calibrated with pH 2.00, 

4.01, 7.00, 9.21 and 11.00 buffer solutions, and then tested with pH 4.01 and 7.00 

buffer solutions. Furthermore, pH values of 0.05 mol L-1 H2SO4, 0.1 mol L-1 NaOH 

and 0.1 mol L-1 KBr solutions were determined. In this way, electrolytes with a wide 

pH range were evaluated.   
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3.5.1 pH values of different electrolyte concentrations 

 

The calibration of the instrument for measuring the pH was performed with 

buffer solutions of pH 2.00, 4.01, 7.00, 9.21 and 11.00 (see Figure 25a)). In order to 

check the calibration, the pH 4.01 and 7.00 buffer solutions were measured after the 

calibration and the concordance is presented in Figure 25b). The pH values of 0.01, 

0.05, 0.1, 0.5 and 1.0 mol L-1 NaClO4 solutions are presented on the graphic in Figure 

25c).  

The laboratory and solutions temperature were around 19.5 °C and 

compensated by the instrument. The pH values of the different NaClO4 

concentrations vary from 5.55 (1.0 mol L-1) until 5.91 (0.05 mol L-1). Therefore, no 

expressive differences of the pH values from NaClO4 solutions between 0.01 and 1.0 

mol L-1 were observed, as presented in Figure 25c). 
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Figure 25. a) measured potential of the pH meter vs the pH of the pH buffers with 

trend line (in black color); b) concordance of measured pH buffers; c) measured pH 

for different NaClO4 concentrations. 

  

According the Pourbaix diagram for gold (presented in section 2.1.2, Figure 3), 

corrosion is possible at potentials around/above 1.2 V (SHE) for pH in the interval 

from 5.55 and 5.91. Furthermore, NaClO4 solutions with lower pH than 5.55 may 

corrode gold only at potentials above 1.2 V (SHE). In this way, NaClO4 

concentrations between 0.01 and 1.0 mol L-1 under 1.2 V (SHE) potentials should not 

corrode metallic gold. In Table 5 the pH values of the electrolytes chosen for this 

work are listed.  
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Table 5. Determined pH values in different electrolytes.  

Electrolyte Concentration (mol L-1) Determined pH value 

H2SO4 0.05 1.38 

NaClO4 0.1 5.63 

NaOH 0.1 12.71 

KBr 0.1 5.45 

 

 The pH values of the selected electrolytes presented in Table 5 covers the 

interval from acid (H2SO4) to alkaline (NaOH), passing through neutral pH (NaClO4). 

 

3.6 Sample preparation and introducing into the electrochemical 

cell 

  

The glass samples, before the PVD procedure, were precleaned by rinsing 

them with acetone and ultrapure water. Then, they were immersed in a piranha 

solution for approximately 10 min and finally rinsed many times with ultrapure water 

and dried in an Ar or N2 stream. After preparation and before using in the 

experiments, the samples were stored in polystyrene boxes placed in a desiccator 

and handled with powder-free gloves and tweezers.    

In order to provide a better adhesion of the gold layer, first a titanium layer as 

an adhesion layer (thickness of approximately 5-10 nm) was deposited onto the glass 

substrate by PVD, with a deposition rate of 2.3-2.5 Å s-1. Finally, gold was 

evaporated (thickness of approximately 200 nm) on the substrate with a deposition 

rate of 0.6-0.7 Å s-1. The deposition was done by use of an electron beam 

evaporator, using a pressure of approximately 10-7-10-8 mbar in the chamber.  

The sample fixation on the stainless steel sample holder for the 

electrochemical cell was carried out using conductive silver paint, Pelco® Conductive 

Silver Paint, cod. 16062, Ted Pella Inc., Redding, USA, http://www.tedpella.com or 
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Silberleitlack, cod. 530042, Ferro GmbH, Hanau, Germany, http://www.ferro.com. 

This silver paint was also in touch with at least one corner of the gold layer in order to 

provide electrical contact between sample/sample holder. After the fixation of the 

sample on the holder, the paint solvent was allowed to evaporate naturally during 

approximately 24 h before introduced into the electrochemical cell.    

The sample holder with the prepared sample was placed in the device for 

sample introduction in the electrochemical cell according to the schematic drawing in 

Figure 26. With this device the sample has an electrical contact to the WE connector 

of the potentiostat. 
 

 

 

 

Figure 26. Representation of the electrochemical cell with the device for sample 

introduction into the system: a) device pulled back; b) enlarged view of the device 

a 

b 

c 

d 
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extremity (without sample/sample holder); c) device with sample (yellow detail) 

connected to the other side (sample in contact with electrolyte); d) enlarged view of a 

gold sample fixed on the sample holder.  

 

 After the experiments, the samples were removed from the sample holders by 

immersing them in a beaker containing acetone and, in sequence, they were 

sonicated during 5-10 min in an ultrasonic bath. This process takes off the silver paint 

and removes the samples from the holders. The sample holders were then rinsed 

many times with ultrapure water, immersed in acetone and sonicated for 10 min. 

Another two ultrasonic cycles were carried out using ultrapure water. Then, the 

sample holders were rinsed many times with ultrapure water and ethanol and, finally, 

dried with Ar or N2 stream.   

 The sample holders used as samples in the NAP-XPS device were grinded 

with silicon carbide paper (first with P1000, second with P2500 and last with P4000) 

using the grinding/polishing machine at 120 rpm. After the grinding, they were 

polished using the polishing disc and the diamond suspension and lubricant solutions 

at 120 rpm. The sample holders were rinsed with abundant water and cleaned with 

an aqueous solution of neutral Extran® (5%, v/v) heated at 80 °C, ultrapure water and 

dried with Ar or N2 stream. After this, they were heated during 60 min at 80 °C to 

eliminate remaining water on the surface. The PVD procedure for the deposition of 

the gold was the same as employed for the glass substrates. 

 

3.7 Calibrating the Kelvin probe 

 

 The Kelvin probe was calibrated using a self-prepared reference electrode of 

Ag/AgCl/KCl. This reference electrode was prepared according the procedure 

adopted by Uebel et al.52 with some modifications. First, a glass substrate was 

precleaned at the same way as described for the gold samples in section 3.6. After 

this, the glass substrate was introduced into the PVD system. At first, a titanium 
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adhesion layer was evaporated with a deposition rate of 2.0 Å s-1 (thickness of 

approximately 5.0-10.0 nm) and then an Ag layer of approximately 500 nm at a 

deposition rate of 5.0 Å s-1 was evaporated onto the glass substrate. The pressure in 

the PVD chamber was around 3.0 x 10-7 mbar. A layer of AgCl was deposited onto 

the as prepared glass substrate covered by Ag by an electrochemical process. This 

was done using a three-electrode cell, composed by a platinum foil, cod. 7812031, 

10 mm x 10 mm x 0.025 mm, purity 99.9%, HMW – Hauner Metalische Werkstoffe, 

Röttenbach, Germany, http://www.hmw-hauner.de, as counter electrode, connected 

by spot welding to a platinum wire, an electrode model 6.0726.110, Ag/AgCl/3M KCl, 

Metrohm AG, as reference electrode (filled with 3.0 mol L-1 KCl electrolyte solution, 

cod. 6.2308.020, Metrohm AG) and the glass substrate covered by Ag as working 

electrode. This working electrode was fixed on a self-constructed PTFE sample 

holder device and the connection between sample (WE) and cable from the 

potentiostat was done using a silver wire, cod. 4734037, 0.5 mm thickness, purity 

99.99%, HMW – Hauner Metalische Werkstoffe. The cell was purged with an Ar flow 

of approximately 30 mL min-1 for 20 min before starting the polarization; the outlet of 

the purge system was connected to a glass trap containing inert oil, DIFFELEN ultra 

pump fluid, Ref.-No. 176 71, Leybold Vakuum GmbH. As electrolyte a 3.0 mol L-1 KCl 

solution was employed and the working electrode was polarized at -0.1 V for 30 s 

and then at 0.1 V during 120 s using the potentiostat (previously described in section 

3.1.3). After the polarization, the thus prepared Ag/AgCl/KCl reference electrode was 

removed from the cell and dried under an Ar stream.52 In Figure 27 a schematic 

drawing of the three-electrode cell used for this preparation of the Ag/AgCl/KCl 

reference electrode is depicted. 
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Figure 27. Sketch of the electrochemical cell set-up used for the preparation of the 

Ag/AgCl/KCl reference electrodes: a) Ar inlet; b) working electrode (Ag sample); c) 

reference electrode; d) counter electrode; e) electrochemical cell; f) electrolyte. The 

gas outlet is placed on the rear of the cell.   

  

 After the preparation, the Ag/AgCl/KCl reference electrode was fixed on a 

sample holder with conductive silver paint, inserted into the Kelvin probe/infrared 

beam chamber, placed under the KP tip and the Volta potential difference measured. 

Thus the KP tip was calibrated and the potential of emersed electrodes was 

measured vs this calibrated tip (Figure 28).   

 

d c a b 

e 

f 
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Figure 28. Schematic representation of the Kelvin probe calibration process: a) the 

homemade Ag/AgCl/KCl reference electrode is removed from the electrochemical 

cell, dried and the Volta potential difference determined using the Kelvin probe 

providing the calibration of the tip; b) a sample is polarized in the electrochemical 

cell; c) the same polarized sample has the potential determined by the previously 

calibrated Kelvin probe. Cables and hoses were neglected in this representation.   

 

 Since the Volta potential differences measured in these calibrations of the KP 

tip vs Ag/AgCl were observed to vary quite significantly, raising the question whether 

this variance is mainly a problem of the tip or the reference electrodes, further tests 

on the stability/variance of the tip potential were carried out with highly oriented 

pyrolytic graphite (HOPG). The work function of HOPG is reported to be stable vs 

air/nitrogen gas changes. It is, however, not very stable in atmospheres of different 

humidity. Hence, HOPG was not tried to use for calibration, but just to obtain further 

information on the responsiveness of the tip on changes of the surrounding 

atmosphere. 

a 

b 

c 
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HOPG, in form of a carbon foil, 10 mm x 10 mm x 2 mm, Goodfellow 

Cambridge Limited, Huntingdon, England, http://www.goodfellow.com, was employed 

for the Kelvin probe tip stability test in different atmosphere conditions. This HOPG 

sample was fixed on a sample holder using an adhesive film and one corner of the 

sample was connected to the holder with conductive silver paint. The HOPG surface 

was renewed for each experiment using a Scotch® Magic Tape, 3M, USA, 

http://www.3m.com; a piece of this tape was stuck on the surface and pulled off 

removing the (potentially contaminated) topmost layers, as proposed in works 

available in the literature.100,101 The Volta potential difference between Kelvin probe 

tip and the HOPG sample was usually measured for 40 min. In this period, after 

every 10 min, the atmosphere inside the analysis chamber was changed: the first 

experiment started with “dry” N2 and then changed to “dry” synthetic air; second 

experiment started with “dry” N2 and then changed to “wet” N2. Each experiment was 

repeated three times (different days). Furthermore, two other experiments were 

carried out during 120 min with changing atmosphere and repeated three times 

(different days): atmosphere inside the analysis chamber started with “dry” N2 and 

then changed to “dry” synthetic air after 30 min; atmosphere inside the analysis 

chamber started with “wet” N2 and then changed to “wet” synthetic air after 30 min. 

The “wet” atmosphere for all experiments employing HOPG was around 65-70% RH. 

 

3.8 Open circuit potential measurement 

 

 The open circuit potential (OCP) from the Au/glass sample was determined by 

using the potentiostat at “Open cell mode”. First, the flask containing electrolyte and 

the electrochemical cell were purged with a N2 flow of 250 mL min-1 for approximately 

1 h. Then, the potential was measured during 24 h, while electrolyte continued 

flowing through the cell. The N2 flow of 250 mL min-1 was kept until the end of the 

experiment. Electrolyte used in the experiments were 0.1 mol L-1 NaClO4 and 0.05 

mol L-1 H2SO4 solutions. 
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3.8.1 Open circuit potential measured on the gold sample in the 

main electrolytes used in this work 

 

For orientation the OCP of the gold sample (Au/glass substrate) was 

measured for 24 h, see Figure 29.  

 

Figure 29. OCP of the gold sample for 24 h. For a) 0.1 mol L-1 NaClO4 and b) 0.05 

mol L-1 H2SO4 solutions, purged with N2 at a flow rate of 250 mL min-1 during the 

whole time of measurement. 

 

The OCP values on the Au/glass surface after 24 h are 0.250 V and 0.440 V 

when using NaClO4 and H2SO4 as electrolyte, respectively. 

 

3.9 Cooling the sample down to achieve higher RH values 

 

 For experiments with higher relativity humidity values inside the Kelvin 

probe/infrared beam chamber (for example, 90% RH or higher) a cooling system 

previously described in section 3.1.4 was employed. This was necessary due the 

impossibility to reach RH over 80% in the chamber (sample at room temperature), as 

such a humidity was not compatible with the Kelvin probe used here (optimized for 

use in UHV) which lost its signal and stopped working at relative humidity above 

a 

b 
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80%. Therefore, the sample was cooled down (between approximately 4 °C and 5 °C 

lower than room temperature) and the dew point/chilled mirror hygrometer was 

configured in order to achieve RH values lower than 70%. Thus it was possible to 

reach higher RH values without affect the Kelvin probe operation and accuracy.  

The time needed to cooling the sample down was determined in the following 

way: a sample (fixed on the sample holder) was heated on a heating plate 

(approximately 5 °C higher than room temperature). The time for the sample surface 

(gold layer) to achieve the 5 °C increase was determined using a portable 

thermocouple and was approximately 5 min. Therefore, in order to be on the safe 

side, 10 min waiting time between the moment of sample placement on the 

manipulator and starting the cooling and the measurement of the Volta potential 

difference was applied.  

 

3.10 Measurement of the potential of the emersed samples as 

function of the potential applied during immersion 

 

The experiments were carried out by a procedure inspired by the experiments 

carried out by Samec et al.7 which showed a linear correlation between the applied 

potential on metal surfaces emersed from liquid electrolytes and the following 

measurement of the Volta potential difference by KP. However, in this PhD work the 

inert nitrogen atmosphere into which the samples were emersed was not restricted to 

high relative humidity. The relative humidity was varied in order to unravel the effect 

of water molecules in the double layer region. 

Furthermore, three electrolytes with different anions and pH values were 

chosen for the investigation: a 0.05 mol L-1 H2SO4 solution (acid pH), a 0.1 mol L-1 

NaClO4 solution (neutral pH) and a 0.1 mol L-1 NaOH solution (alkaline pH). The 

electrolyte flask (see Figure 16s)) and the electrochemical cell were purged with a N2 

flow of approximately 250 mL min-1. Glass substrate covered with gold (previously 

described in section 3.6) was used as sample. Potentials from -0.4 to 1.3 V (for 

NaClO4 and H2SO4 electrolytes) were applied in intervals of 0.1 V for a duration of 2 
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min each. These potentials were stepped in positive (from -0.4 to 1.3 V) and in 

negative (from 1.3 to -0.4 V) direction. The electrolyte was removed from the 

electrochemical cell while the potential remains applied. After each applied potential, 

the sample was removed from the cell and transferred to the Kelvin probe/infrared 

beam chamber, adjusted correctly under the KP tip and the Volta potential difference 

was measured for a duration of 10 min. The relative humidity inside the chamber was 

adjusted as “dry” N2 (1-3% RH) and as “wet” N2 (65-70% RH and around 90-95% 

RH). After each measurement by Kelvin probe the sample was transferred back to 

the electrochemical cell and a new potential applied.  

Inside the Kelvin probe chamber also in operando experiments with changing 

atmosphere conditions were carried out. Different RH values and also the 

employment of synthetic air were evaluated (these experimental conditions are 

described in section 4.5). However, due to the high responsiveness also of the tip on 

changes of the atmosphere such experiments were found to be difficult to analyze.   

 

3.11 FT-IR measurements on gold samples after applying potentials 

in the electrochemical cell 

 

 The LN-MCT detector was cooled down for approximately 60 min before the 

FT-IR measurements were started. Background measurements were taken on the 

gold samples surface before any electrochemical process (“clean” sample). 

Potentials from -0.4 until 1.3 V (in intervals of 0.1 V) were applied in the 

electrochemical cell for a duration of 2 min each and as electrolyte 0.1 mol L-1 

NaClO4 and 0.05 mol L-1 H2SO4 solutions were employed (the samples were 

emersed from the electrochemical cell while the potential remains applied). The FT-

IR measurements took place in the Kelvin probe/infrared beam chamber using the 

external detector after each polarization step. This analysis chamber was flushed 

with “dry” N2 atmosphere (< 3% RH) and also flushed with “wet” N2 atmosphere (65-

70% RH). The data acquisition was done by 1024 scans repeated 5 or 10 times. This 

procedure was chosen in order to reduce the signal/noise ratio as maximum as 
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possible. The spectrometer was configured with the following settings: 4 cm-1 

resolution, 2 mm aperture, MIR light source and KBr beamsplitter. The IR beam 

incident angle was 83° from the sample surface normal vector.    

 

3.12 Ellipsometry determinations 

 

The ellipsometer light was turned on and stabilized/warmed up before any 

measurement for at least 1 hour, i.e., 45 min more as recommended by the 

manufacturer.95 The instrument was calibrated (sample alignment and system check) 

with a SiO2 reference wafer (presented previously in section 3.1.5). The gold sample 

was analyzed as “blank sample” and as “flushed with electrolyte” before any 

electrochemical processes and then the electrochemical layer/layers thickness 

adsorbed on the gold electrode surface was measured after polarizing the sample 

(0.1 V in 0.1 mol L-1 NaClO4 solution). Also in the ellipsometer analysis chamber 

different humidity conditions were employed, from dry to wet RH and this chamber 

was flushed with the chosen atmosphere condition for at least 24 h before the 

experimental procedures. 

 

3.13 XPS measurements on gold samples after applying potentials 

in the electrochemical cell 

 

 The XPS technique was employed to identify chemical species present on the 

sample surface after emersion under potential control. The measurements were 

performed for selected potentials applied to the sample (0.0 and 1.0 V with NaClO4; 

0.1 and 0.9 V with H2SO4). These potentials were applied in positive and in negative 

direction, as explained previously. Electrolytes with different pH values were 

employed and the electrolyte was removed from the electrochemical cell while the 

potential remains applied. After this, the sample was transferred to the buffer 
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chamber, remaining there for some hours until the pressure in this chamber reached 

at least a value around 10-6 mbar. Then, the sample was transferred to the 

manipulator which was inserted in the analysis chamber, where the position was 

adjusted to obtain an as maximum signal as possible (energy reaching the detector).  

 

3.14 Flowchart of the processes involved in this work   

 

 In Figure 30 a summary of the processes involved in the course of this work is 

schematically summarized, such as the sample preparation, the electrochemical 

process evaluation and the data acquisition. 
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Figure 30. Flowchart of the processes involved in the dissertation work. 
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4 Results and discussions 

 

 In this chapter the results obtained during the experiments are presented and 

discussed. The main methods applied were Kelvin probe, infrared spectroscopy and 

X-ray spectroscopy, as well as some complementary analysis carried out during this 

work, such as ellipsometry. In the following, all electrode potentials are referred 

against the Ag/AgCl/3M KCl reference electrode; if potentials (often from literature 

references) are referred to other reference electrodes, they will be presented in 

parentheses. 

   

4.1 Kelvin probe calibration by “dry” Ag/AgCl reference electrodes 

 

4.1.1 Background 

 

 Since one of the ideas of this work is to study the effect of water on the 

potential of emersed electrodes and also to at least preliminary check whether there 

is an effect of the different amounts of water in the double layer region on the kinetics 

of electrochemical reactions such as oxygen reduction, it is important to makes sure 

that the measurements of the potential of emersed electrodes can be reliably carried 

out in environments of different humidity, as the amount of water in the 

electrochemical double layer is planned to be adjusted by controlling the relative 

humidity and setting it to different levels. However, this requires that there is a 

reliable reference that is stable in atmospheres of different relative humidity. This is, 

however, quite challenging. Atanasoski et al.102, Ehahoun et al.103 and Uebel et al.52 

point out that for all metal substrates such as gold, platinum, chromium, iron and also 

stainless steel large changes of the work function (or the respective electrode 

potential) are observed when the relative humidity or the oxygen partial pressure in 

the atmosphere are changed. In fact, since the according studies all apply the Kelvin 

 



86 | R e s u l t s  a n d  d i s c u s s i o n s  

 

probe for according measurements, there are always two surfaces involved in the 

measurements and it is difficult to conclude which surface is more or less responsive 

on such changes of the atmosphere. Atanasoski et al. showed quite convincingly by 

modifying a silver tip to a Ag/AgCl electrode and measuring the Volta potential 

difference to a Ag/AgCl sample covered by LiCl electrolyte of different concentration 

(thus adjusting the relative humidity in a wide range, from 40% to nearly 100% RH) 

that a non-immersed Ag/AgCl electrode is insensitive to changes of humidity in that 

investigated range of relative humidity. They even assumed that it would be stable 

down to 0% RH, but did not try to prove that. 

They also showed a high insensitivity of the Ag/AgCl tips vs changes of the 

partial pressure of oxygen. This is in accordance with the work carried out by 

Ehahoun et al. who confirmed the high stability and reliability as well as the 

insensitivity of Ag/AgCl tips vs oxygen/nitrogen atmosphere changes.103 

However, the insensitivity to changes of relative humidity down to 0% was 

never sufficiently proven. Uebel et al. carried out a quite extensive investigation on 

quite a number of different materials on the effect of relative humidity -including 0% 

RH- on the measured potential. They suggested the use of a paraffine coating on the 

tip in order to reduce its responsiveness, but also observed as a side effect the 

occurrence of surface charge effects, which would make problems in practice.52  

Hence, in this PhD work it was decided to make use of a “dry”, i.e. non-

immersed, Ag/AgCl reference electrode as suggested by Atanasoski et al. and 

Ehahoun et al. for calibration, and an additional layer of paraffine was not applied. It 

was also decided not to modify the tip as Ag/AgCl electrode, as it was planned that 

the set-up should be compatible with different gaseous environments, including e.g. 

hydrogen. Since hydrogen can readily reduce silver cations, it was decided not to 

directly modify the tip itself, but rather to regularly calibrate it against a Ag/AgCl 

reference. This was at least always done when a new atmosphere was adjusted.  

However, since the insensitivity of this Ag/AgCl reference vs changes of 

relative humidity down to 0% RH was never proven, but that range was to be covered 

in this work, first investigations were devoted to finding out whether this reference is 

suited as such also in very dry atmosphere. 
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As discussed, it is not easy to verify the insensitivity towards humidity 

changes, because it is usually not known whether the second surface involved in the 

Volta potential measurements is sensitive or not. It was decided to use HOPG as 

comparison to the self-prepared Ag/AgCl electrodes. 

HOPG is hydrophobic and reported to be quite insensitive towards changes of 

partial pressure of oxygen as well as showing only a low sensitivity to relative 

humidity and it is even proposed by some researchers that its work function in air 

may be nearly the same as in ultra-high vacuum (UHV), allowing its use in air and in 

vacuum.100 Another advantage of this material is that its surface is easily refreshed by 

stripping off some topmost layers of graphite by use of an adhesive tape. However, 

being insensitive vs changes of humidity and partial pressure of oxygen does not 

mean that HOPG is an ideal reference electrode. It was found the work function of a 

freshly exposed surface shows a relatively fast shift (usually upwards), most likely 

due to adsorption of contamination.100 These contaminations seem to give rise to 

quite considerable differences of the work function on the microscopic scale, which 

confirms that it may not be suitable as a reliable reference, although annealing in 

UHV at 700 °C seems to yield a suitable surface with homogeneous WF (of 4.6 eV) 

all over the sample.104  

Also, a small sensitivity of the work function vs changes of relative humidity is 

reported (see Liscio et al.105); the authors observed an increase of work function of 

HOPG by approximately 60-70 mV when the RH was increased from 0% to 60-70% 

RH. The authors suggest in their study that the positive dipole moments of the water 

molecules which seem to adsorb at higher humidity on the HOPG are pointed 

towards the HOPG surface and the negative dipole moments (electron-rich oxygen 

atom) are pointed upwards.105 This would lead to the increase in work function 

observed by them. However, the authors applied a Pt/Ir coated AFM tip for their 

measurements with an AFM in the Kelvin probe mode (Scanning Kelvin Probe Force 

Microscopy, SKPFM). Such noble metals are known to show a high sensitivity 

towards changes of relative humidity, and -most importantly in view of the results 

reported by Liscio et al.- water adsorption on these materials results in a decrease of 

work function, indicating a preferential adsorption with the oxygen towards the HOPG 

surface and the hydrogen atoms pointing upwards. Hence, when measuring as a 
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consequence of increasing relative humidity an increase of contact potential 

difference between HOPG and a Pt/Ir tip, this could be solely due to the change of 

work function on the Pt/Ir (when measuring HOPG WF vs the tip). However, Liscio et 

al. assume that the major part of the observed change of contact potential is due to 

changes on the HOPG.105 

In the next section typical results obtained in this PhD work concerning the 

stability of HOPG and “dry” Ag/AgCl vs change the environment are shown. 

 

4.1.2 Results on stability of HOPG vs changes of relative humidity 

and partial pressure of oxygen 

 

In Figure 31 the typical response of the Volta potential difference between 

HOPG and the stainless steel KP tip during changes of the atmosphere is shown.  

Figure 31a) shows typical changes observed when changing the atmosphere 

between dry nitrogen atmosphere and dry oxygen atmosphere. Striking is that the 

potential decreases when the atmosphere is switched from nitrogen to oxygen. Since 

the opposite is expected, this indicates that the signal is dominated by the changes of 

the tip potential. More precisely, since -as discussed above- HOPG is known to be 

insensitive to oxygen/nitrogen changes, the observed change of potential can be 

safely assumed to originated nearly completely from the tip, i.e. its potential 

increases with changing the atmosphere from nitrogen to oxygen, as is expected. 

However, the observed changes are surprisingly low. In fact, the response of the tip 

on such changes of the atmosphere was varying of the course of the project. The 

native oxide layer of the tip was certainly ageing over the time and also contaminant 

adsorbed over time. This had an effect on tip work function itself, but also on its 

responsiveness on changes of atmosphere. Also much larger responses were found. 

The results shown in the following were obtained in a more or less the same period 

of time, where the tip was very stale and showed only -for stainless steel- low 

responsiveness on changes of the atmosphere. That is why these data were chosen.  
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Figure 31. Diagrams representing the Volta potential difference measured between 

Kelvin probe tip and HOPG sample during: a) 40 min while changing the atmosphere 

conditions every 10 min (dry N2 and dry synthetic air) and b) 20 min while changing 

the atmosphere conditions every 10 min (dry N2 and wet N2). Picture in c) is the real 

HOPG sample fixed on a sample holder and employed in the experiments presented 

in this section. 

a 

b c 
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Also, a general downwards drift is observed over the time, which amounts to 

roughly 30-40 mV/h. This was unfortunately found to be a weakness of the Kelvin 

probe applied in the system used for these studies and will be discussed further 

below, as well as the strategy to overcome that problem so as to obtain reliable 

results on the emersed samples. 

Figure 31b) shows the corresponding response of the Volta potential 

difference on changes between dry and humid nitrogen atmosphere. Like reported in 

the paper by Liscio et al.105, the Volta potential difference between the HOPG and the 

tip increases when the atmosphere is changed to the higher humidity. As discussed 

above, that can be because the water molecules adsorbing on the HOPG surface are 

adsorbing with the hydrogen atoms of the molecule pointing towards the HOPG 

surface. But such a change of the Volta potential difference can also be explained by 

a decrease of the work function of the tip by adsorption of water, as is expected for 

stainless steel (see Uebel et al.52, as discussed also above), or as a combination of 

both. Since the observed change by roughly 60 mV is not very high, it seems likely 

that the main part might be due to the work function change occurring on the tip, i.e. 

that the change of the work function of the HOPG is much smaller. This would be in 

accordance with the discussion made above that the change on HOPG as a 

consequence of change in relative humidity is expected to be very low. 

In order to check that, similar studies were carried out on self-prepared “dry” 

Ag/AgCl electrodes: before these results are presented, first the preparation of the 

Ag/AgCl electrode will be shortly described. 

 

4.1.3 Results on stability of “dry” Ag/AgCl vs changes of relative 

humidity and partial pressure of oxygen 

 

 The fabrication of the “dry” Ag/AgCl electrodes is described in detail in section 

3.7. Figure 32 shows a typical current (I) vs potential (E) curve obtained during the 

electrochemical growth of the AgCl layer on the Ag surface. 
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Figure 32. Diagram representing the current (I) vs the potential (E) typical behavior 

along time during the Ag/AgCl reference electrode fabrication process.  

 

 After the polarization ends, the potential between that electrode and the 

commercial Ag/AgCl reference electrodes was measured (OCP measurement). In 

this way, the recent new build reference electrode immersed in the electrolyte before 

removing it from the electrochemical cell was found to feature a potential of less than 

0.002 V against Ag/AgCl after approximately 60 s. This potential observed is 

therefore in accordance with the expected 0.0 V potential vs Ag/AgCl reference 

electrode used as reference in the electrochemical cell. 

 After immersion, the thus prepared Ag/AgCl electrode was measured in the 

SKP (in humid N2 atmosphere, approximately 100% RH) vs the potential of the 

Cu/CuSO4 reference used in the SKP chamber. The results are shown in Figure 33 

and the potential there was found to be 0.218 ± 0.004 V (SHE). 
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Figure 33. Prepared Ag/AgCl electrode measured in humid N2 atmosphere inside the 

SKP chamber for 50 min (Ag/AgCl electrode vs SHE calibrated against Cu/CuSO4). 

 

With these thus produced Ag/AgCl reference electrodes similar tests in 

changing atmosphere conditions as described above for HOPG were carried out, in 

order to check the inertness of this electrode vs such changes. Furthermore, these 

were also longer-term measurements (around 120 min) to check the stability. Both 

experiments were carried out on the same day and in sequence with the same 

sample: first, dry (1-3% RH) and wet (65-70% RH) N2 atmosphere conditions were 

adjusted every 30 min; second, wet (65-70% RH) N2 and wet (65-70% RH) synthetic 

air were adjusted every 30 min. The results from these experiments are shown in 

Figure 34.     

E
 

Ag/AgCl electrode vs SHE calibrated 

against Cu/CuSO4 
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Figure 34. Volta potential difference determined by Kelvin probe on Ag/AgCl 

reference electrode in changing atmosphere conditions: a) dry (1-3% RH) and wet 

(65-70% RH) N2 and b) wet (65-70% RH) N2 and wet (65-70% RH) synthetic air 

atmosphere. 

 

a 

b 
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 As can be seen, the changes of Volta potential difference between sample and 

tip upon changes of the humidity were even a bit lower than observed for HOPG (see 

above, Figure 31b) and text), roughly about 30-40 mV, with an increase when 

switching to humid and a decrease when switching to low humidity. Again, this is 

indicating that the signal is dominated and most likely even exclusively caused by the 

change of work function experienced by the tip. In view of the discussion of Figure 

31b), where it was assumed that while a small part of the observed Volta potential 

change for HOPG upon changes of humidity may be really caused by water 

adsorbed on HOPG, but the dominating part is caused by the tip, it seems 

reasonable to assume that the slightly lower response of observed on Ag/AgCl is 

completely due to a decrease of work function of the tip caused by adsorption of 

water. 

 Hence, by combining these results and the results reported by Atanasoski et 

al.102, it can be quite safely concluded that the Ag/AgCl reference is stable in the 

whole range of relative humidity from about 1% RH to nearly 100% RH.  

Hence, in the following the Ag/AgCl reference electrode is assumed to be 

stable in atmospheres of different humidity. 

 Also the change of the Volta potential difference vs changes of oxygen partial 

pressure was found to be low (Figure 34b). Since the insensitivity of such Ag/AgCl 

electrodes -as discussed above- is already well documented, this means that during 

these measurements the KP tip was also very insensitive. As discussed further 

above, the responsiveness of metals such as stainless steel on changes of humidity 

and also partial pressure of oxygen depends crucially on the history of the tip and 

was observed to show a huge variability.  

 For changes of partial pressure of oxygen also much larger changes than 

shown here were observed during the course of this PhD work. This can be seen as 

an example in Figure 35, where results obtained for measurements of the Volta 

potential difference between HOPG and the stainless steel tip as consequence of 

different kind of changes of the atmosphere are shown. These measurements were 

carried out several months earlier than the measurements shown in Figure 31. As 

can be seen, the changes of Volta potential difference between dry nitrogen and dry 

air are much larger (for the first change at 30 min) than is observed in Figure 31. 
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Interestingly, the next changes at 60 and 90 min are much smaller which is 

associated with the ageing effects in the native oxide covering the tip. Also shown 

are changes in humid atmosphere where the change of Volta potential in the first 

switch from humid nitrogen to humid air are in the range of 150mV to 200 mV, while 

again in the second and third switch atmosphere much smaller changes are 

observed. Again, as the potential difference is observed to decrease with switch to air 

and HOPG is known to be insensitive to oxygen, the change of the work function of 

the tip is determining the complete signal change. 
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Figure 35. Volta potential difference measured between Kelvin probe tip and HOPG 

sample during 120 min while changing the atmosphere conditions every 30 min: a) 

dry N2 and dry synthetic air and b) wet N2 and wet synthetic air.  

 

a 

b 
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 In Figure 36, typical results obtained a few months later are shown, where the 

tip was observed to be much less sensitive. 

 

 

Figure 36. Volta potential difference measured between Kelvin probe tip and HOPG 

sample during 120 min while changing the atmosphere conditions every 30 min (wet 

N2 and wet synthetic air). Experiment carried out some months later. 

 

Since the tip was observed to be subject to large changes of its work function 

over time as well -as was shown here- also of its responsiveness on changes of the 

atmosphere, it is very important to regularly calibrate the tip. As mentioned above, 

this was at least always done when a new atmosphere was adjusted. 

Another problem that can be seen more or less in all results shown here 

(Figures 31, 34, 35 and 36), there is a general tendency of the Kelvin probe signal to 

drift (usually downwards). This was found to be a problem of the Kelvin probe system 

from KP Technology applied for this work. Drifts in Kelvin probe signal can be 

resulting from the sample, from the Kelvin probe tip or the Kelvin probe system 

(motors, electronic, etc.), or from a combination of them.  
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Since HOPG as well as Ag/AgCl reference are very stable (at least in this time 

scale) and the problem is observed for measurements on both of them, it is quite 

obvious that the problem is the Kelvin probe system itself. 

Figure 37 shows a long-term measurement where the Volta potential 

difference between HOPG and the tip was measured over some time, but not 

continuously. Instead the tip was retracted after 10 min measurement and re-

approached again after 10 min. This was done again and again for more than 2 

hours. As can be seen, also during the 10 min measurement the downwards drift is 

visible, but when withdrawing the tip and then starting a new measurement, the 

measured values are all in the same range as before. This means that while long-

term continuous measurements are subject to continuous drift, these interrupted 

measurements provide constant values (see Figure 37b)), i.e. these values obtained 

in short measurement intervals of 10 min or so are highly reliable. 
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Figure 37. Diagrams representing a long-term determination of the Volta potential 

difference between the Kelvin probe tip and the HOPG sample surface. 

 

Since measurements on the emersed electrodes were done exactly in this 

way: sample was emersed, transferred to the Kelvin probe chamber, measured about 

10 min and then transferred back to the electrochemical cell and polarized anew, to 

a 

b 
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be again emersed and transferred to the Kelvin probe chamber again for further 

measurements and so on, these results can be regarded as reliable. Also, for each 

series of polarization elements a calibration of the tip vs Ag/AgCl was carried out, 

under the respective environment adjusted. This way all measured potentials could 

reliably be referred to SHE. 

Hence, despite the difficulty of obtaining reliably referenced values in different 

atmospheres, reliable results can be obtained, as will be presented in section 4.4. 

Furthermore, for the experiments presented in next sections, each atmosphere 

condition was set several hours before some Kelvin probe measurements took place, 

enabling a high level of atmosphere “stability” inside the analysis chamber during the 

determinations. 

 

4.2 Measurement of the correlation between applied potential and 

the potential of the emersed gold electrode  

 

 The results presented in Tables 6 and 7 and Figure 38 were obtained from 

experiments in which the potential remains applied while the electrolyte was removed 

from the electrochemical cell, before transferring the sample into the Kelvin probe 

chamber. This removal of electrolyte while the electrode is remaining under 

potentiostatic control is equivalent to the emersion of an electrode under potential 

control. The potentials obtained on the emersed electrode by Kelvin probe 

measurements when the potential was either stepped in the positive or the negative 

direction (according to the procedures described in section 3.10) are listed in Tables 

6 and 7, respectively. Results presented in the gray hatched areas in the both tables 

represent the linear ranges observed for each experiment (correlation between the 

potentials applied during immersion and measured on the emersed sample is 

approximately 1:1, i.e. plots of the emersed potentials vs the applied ones have slope 

of about 1). The Kelvin probe was calibrated anew for each new atmospheric 

condition (relative humidity) that was adjusted, with the homemade Ag/AgCl/KCl 

reference electrode, as described in section 3.7. 
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E (V Ag/AgCl) 

E (V Ag/AgCl) 

0.05 mol L-1 H2SO4 0.1 mol L-1 NaClO4 

N2 (< 3% RH) N2 (65-70% RH) N2 (90-95% RH) N2 (< 3% RH) N2 (65-70% RH) N2 (90-95% RH) 

-0.4 0.2024 ± 0.0055 0.2923 ± 0.0112 0.1336 ± 0.0222 0.1897 ± 0.0060 0.2245 ± 0.0148 0.1114 ± 0.0063 

-0.3 0.1541 ± 0.0098 0.2944 ± 0.0081 0.0894 ± 0.0094 0.1713 ± 0.0063 0.2398 ± 0.0148 0.1004 ± 0.0103 

-0.2 0.1579 ± 0.0075 0.2987 ± 0.0116 0.1132 ± 0.0054 0.1239 ± 0.0057 0.3144 ± 0.0136 0.1159 ± 0.0069 

-0.1 0.1443 ± 0.0086 0.3477 ± 0.0143 0.1259 ± 0.0046 0.1802 ± 0.0068 0.4071 ± 0.0088 0.1955 ± 0.0070 

0.0 0.1775 ± 0.0096 0.3477 ± 0.0120 0.1764 ± 0.0046 0.2469 ± 0.0057 0.4219 ± 0.0078 0.2038 ± 0.0045 

0.1 0.1948 ± 0.0090 0.3657 ± 0.0149 0.1676 ± 0.0054 0.2482 ± 0.0064 0.4831 ± 0.0041 0.2440 ± 0.0118 

0.2 0.3429 ± 0.0045 0.3977 ± 0.0108 0.2329 ± 0.0041 0.3230 ± 0.0059 0.5248 ± 0.0057 0.2701 ± 0.0081 

0.3 0.3770 ± 0.0052 0.4753 ± 0.0112 0.3141 ± 0.0075 0.3827 ± 0.0068 0.5860 ± 0.0042 0.3096 ± 0.0082 

0.4 0.5058 ± 0.0051 0.5492 ± 0.0138 0.3921 ± 0.0053 0.4582 ± 0.0054 0.6601 ± 0.0063 0.3645 ± 0.0041 

0.5 0.6021 ± 0.0062 0.7776 ± 0.0105 0.5143 ± 0.0107 0.5778 ± 0.0070 0.8301 ± 0.0058 0.4724 ± 0.0063 

0.6 0.7365 ± 0.0078 0.8431 ± 0.0143 0.6303 ± 0.0116 0.6576 ± 0.0068 0.8812 ± 0.0076 0.5472 ± 0.0054 

0.7 0.8171 ± 0.0057 0.8967 ± 0.0126 0.6694 ± 0.0105 0.7397 ± 0.0062 0.9590 ± 0.0105 0.5909 ± 0.0085 

0.8 0.8840 ± 0.0077 0.9890 ± 0.0165 0.7448 ± 0.0112 0.8216 ± 0.0084 1.0154 ± 0.0125 0.6710 ± 0.0080 

0.9 0.9567 ± 0.0075 1.0578 ± 0.0166 0.8352 ± 0.0186 0.9086 ± 0.0089 1.0922 ± 0.0207 0.7542 ± 0.0145 

1.0 1.0294 ± 0.0100 1.1277 ± 0.0237 0.9317 ± 0.0213 0.9903 ± 0.0089 1.1978 ± 0.0174 0.7852 ± 0.0106 

1.1 1.1799 ± 0.0060 1.3254 ± 0.0163 0.9487 ± 0.0281 0.9901 ± 0.0074 1.2614 ± 0.0202 0.9263 ± 0.0113 

1.2 1.3863 ± 0.0066 1.3624 ± 0.0156 0.9155 ± 0.0300 0.9928 ± 0.0077 1.2338 ± 0.0183 0.9290 ± 0.0097 

1.3 1.3989 ± 0.0055 1.3250 ± 0.0142 1.0986 ± 0.0151 0.9587 ± 0.0095 1.2492 ± 0.0198 0.9732 ± 0.0171 
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Table 6. Potentials of the emersed electrode measured by Kelvin probe and referenced vs Ag/AgCl vs the potentials applied 

during immersion, for stepwise polarization into the positive direction, for H2SO4 and NaClO4 solutions as electrolyte and N2 

atmosphere with different RH values.   
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E (V Ag/AgCl) 

E (V Ag/AgCl) 

0.05 mol L-1 H2SO4 0.1 mol L-1 NaClO4 

N2 (< 3% RH) N2 (65-70% RH) N2 (90-95% RH) N2 (< 3% RH) N2 (65-70% RH) N2 (90-95% RH) 

-0.4 0.1178 ± 0.0048 0.6428 ± 0.0184 0.3129 ± 0.0062 0.2354 ± 0.0058 0.2852 ± 0.0173 0.1881 ± 0.0090 

-0.3 0.1172 ± 0.0051 0.6138 ± 0.0152 0.3124 ± 0.0131 0.1016 ± 0.0063 0.2484 ± 0.0121 0.1645 ± 0.0075 

-0.2 0.1028 ± 0.0056 0.4553 ± 0.0113 0.2958 ± 0.0063 0.1286 ± 0.0056 0.2645 ± 0.0114 0.1632 ± 0.0093 

-0.1 0.1363 ± 0.0102 0.5247 ± 0.0109 0.3242 ± 0.0085 0.2837 ± 0.0058 0.2855 ± 0.0081 0.2032 ± 0.0042 

0.0 0.1685 ± 0.0047 0.6288 ± 0.0139 0.3415 ± 0.0093 0.3394 ± 0.0053 0.4589 ± 0.0062 0.3494 ± 0.0053 

0.1 0.2020 ± 0.0050 0.5656 ± 0.0115 0.3845 ± 0.0083 0.2706 ± 0.0063 0.4883 ± 0.0059 0.3462 ± 0.0043 

0.2 0.2374 ± 0.0051 0.5862 ± 0.0094 0.4280 ± 0.0078 0.3498 ± 0.0059 0.5496 ± 0.0057 0.4051 ± 0.0035 

0.3 0.3160 ± 0.0050 0.6532 ± 0.0115 0.5287 ± 0.0123 0.4559 ± 0.0068 0.6403 ± 0.0094 0.5134 ± 0.0055 

0.4 0.4096 ± 0.0069 0.8794 ± 0.0115 0.6456 ± 0.0119 0.5163 ± 0.0057 0.7203 ± 0.0074 0.6081 ± 0.0126 

0.5 0.5617 ± 0.0056 1.0509 ± 0.0137 0.8242 ± 0.0169 0.6852 ± 0.0061 0.8089 ± 0.0115 0.7343 ± 0.0066 

0.6 0.7284 ± 0.0130 1.1687 ± 0.0321 0.9277 ± 0.0140 0.7983 ± 0.0075 0.9136 ± 0.0119 0.8592 ± 0.0067 

0.7 0.8429 ± 0.0072 1.2354 ± 0.0254 0.9543 ± 0.0245 0.8301 ± 0.0080 1.0474 ± 0.0134 0.9518 ± 0.0107 

0.8 0.9812 ± 0.0082 1.3137 ± 0.0294 1.0424 ± 0.0221 0.8677 ± 0.0082 1.0996 ± 0.0092 1.0130 ± 0.0100 

0.9 1.1414 ± 0.0211 1.3685 ± 0.0271 1.1794 ± 0.0288 0.8851 ± 0.0058 1.0995 ± 0.0124 1.0332 ± 0.0091 

1.0 1.2602 ± 0.0075 1.2405 ± 0.0370 1.2462 ± 0.0225 0.9268 ± 0.0068 1.1560 ± 0.0123 1.0472 ± 0.0111 

1.1 1.2737 ± 0.0071 1.3410 ± 0.0369 1.2197 ± 0.0161 0.9647 ± 0.0061 1.1956 ± 0.0175 1.1001 ± 0.0119 

1.2 1.2285 ± 0.0082 1.3668 ± 0.0369 1.2365 ± 0.0202 1.0039 ± 0.0071 1.2469 ± 0.0166 1.1366 ± 0.0152 

1.3 1.1884 ± 0.0060 1.4020 ± 0.0148 1.2364 ± 0.0224 1.1178 ± 0.0072 1.1185 ± 0.0142 1.1183 ± 0.0116 
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Table 7. Potentials of the emersed electrode measured by Kelvin probe and referenced vs Ag/AgCl vs the potentials applied 

during immersion, for stepwise polarization into the negative direction, for H2SO4 and NaClO4 solutions as electrolyte and N2 

atmosphere with different RH values.   
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The results listed in Tables 6 and 7 are represented as diagrams in Figure 38. 

Also trend lines and the slope and R2 values for the linear regions are shown. In the 

first part of the figure (a) and b)) the results for H2SO4 and in the second part (c) and 

d)) for NaClO4 as electrolyte are shown. The “color gradient effect” in the diagrams 

represents the humidity, i.e., the darker the color, the higher the humidity value in the 

corresponding atmosphere.   
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Figure 38. Plots  of  the  potential  measured  by  KP  on  the  emersed  electrode (vs 
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Ag/AgCl) vs the potentials applied on evaporated gold for emersion into nitrogen 

atmosphere of different relative humidity. Electrolytes were 0.05 mol L-1 H2SO4 

solution (a) and b)) and 0.1 mol L-1 NaClO4 solution (c) and d)), with the potentials 

stepped in a) and c) positive and in b) and d) negative direction.  

 

In the study conducted by Samec et al.7, linearity with unity slope was 

observed in a range of approximately 1.1 V (between about 0.0 to 1.1 V vs Ag/AgCl) 

when 0.05 mol L-1 H2SO4 was employed as electrolyte.7 Such a similar range (from 

0.0 to 0.9/1.1 V, depending on the atmosphere condition) was also found in this 

dissertation in the experiments using the same electrolyte, but using different relative 

humidity (Tables 6 and 7). This behavior of linearity (slope near 1) is usually 

interpreted to indicate that the electrical double layer after emersing the electrode 

from the electrolyte is more or less intact, without any loss of charge.7,106 Hansen and 

Kolb106 reported that the electrical double layer will not be retained unchanged in the 

“extreme” regions (very negative and very positive potentials) during emersing the 

electrode; in these regions, the electrical double layer is discharged by 

electrochemical reactions and the unity slope is no more achieved.106 These regions 

with very negative and very positive potentials are the hydrogen evolution and the 

oxygen reduction reaction areas, respectively. 

The use of 0.1 mol L-1 NaClO4 as electrolyte and gold as electrode was also 

investigated by Hansen and Kolb106; linearity with unity slope was observed by the 

authors and the beyond the limits of the potential range determined by the Kelvin 

probe (very negative and very positive potentials) the measured potentials were 

independent of the applied potential (polarization).106 The question is whether this is 

just due to discharging of the electrochemical double layer or also has to do with 

more significant re-orientation of the water molecules. 

In fact, the electrochemical double layer consists of the involved charges (on 

the electrode surface and the according counter ions in the double layer region, as 

well as specifically adsorbed anions and the according countering cations) as well as 

the water molecules in the double layer region. Since water molecules are electric 

dipoles, they will play a crucial role in determining the resulting potential.   
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A common and quite intuitive assumption is that the work function and 

consequently the corresponding electrode potential of an emersed electrode should 

decrease with the increase of humidity. This is because of two reasons: 1) the work 

function of metals gets lowered by water adsorption, since usually the water 

molecules adsorb with the oxygen atom pointing to the electrode107,108 and 2) the 

linear range observed above is more or less completely in the positively charged 

range (as will be further discussed below) where such an orientation is even the 

more expected. The extend is of course correlated to the surface coverage.79,107 

Furthermore, charge transfer between adsorbate and substrate is another factor 

affecting the surface coverage (water adsorption) and related change of work 

function/potential.107,109 The substances involved (substrate/surface and adsorbate) 

will act as Lewis acids (electron acceptors) and/or Lewis bases (electron donors); the 

net electron transfer can be determined by the work function change, i.e., a positive 

change indicates net electron transfer from the surface (Lewis base) to the adsorbate 

(Lewis acid); on the other hand, a negative change will indicate net electron transfer 

to the surface (Lewis acid) from the adsorbate (Lewis base).109  

In this dissertation the results show (see Figure 38) lower E values determined 

by Kelvin probe at 90-95% RH values than at 65-70% RH values, independently from 

the polarization direction. As mentioned recently, this behavior would be expected 

owing to more significant water adsorption at higher RH values.  

However, the potential in dry N2 atmosphere do not correspond “directly” to 

this reasoning; the E values should by higher then the other RH values applied in the 

experiments, however the E values for dry N2 atmosphere were observed between 

90-95% and 65-70% RH values or even below 90-95% RH values.  

However, a quite plausible theory/hypothesis how this may be explained is 

shown in schematic drawing depicted in Figure 39. In this representation, a gold 

electrode potential is presented before and after a positive polarization, indicating the 

probable orientation of water molecules (with dependence on the humidity level and 

the presence of an anion) and its behavior on the potential. 
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Figure  39.  Schematic  explanation  of  the  probable  dependence  of  the  potential  

           Anion 
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a b 

c d 

e f 

g 

E
 



R e s u l t s  a n d  d i s c u s s i o n s  | 109 

 

 

measured on the emersed electrode and relative humidity: a) clean gold (i.e. without 

any ions or water molecules adsorbed) in vacuum, where the measured potential is 

corresponding to the work function of the clean gold, b) gold polarized (anion 

adsorbed and corresponding positive charge on the gold surface) in UHV condition 

(without water molecules), c) same as b) but with a presence of a minimum amount 

of water molecules, assumed to be adsorbed preferentially to the charges, d) very 

low humidity (of 1-3% RH, which is the dry condition in this work), e) intermediate 

relative humidity of 65-70% RH, f) higher humidity of 90-95% RH (and with d)-f) 

indicated by 1-3), g) experimental example demonstrating the corresponding 

difference observed between the three different humidity conditions analyzed in this 

study. 

 

 The hypothesis presented in Figure 39 suggest an influence of the water 

molecules orientation on the determined potential, and this behavior is influenced by 

the amount of water molecules present in the system (relative humidity).  

 Concerning, these water molecules in the double layer, in the experiments by 

Neff and Kötz no indications for water present on the electrodes emersed into UHV6, 

which would correspond to situation in Figure 39b) (or maybe c)), while in the 

experiments carried out by Samec et al.7 water was definitely present on the 

electrodes emersed into nitrogen of high relative humidity and is proposed to play a 

role in the observed significantly overall lower potentials than observed by Neff and 

Kötz. In fact, the potentials (absolute potentials calculated from the work functions 

reported by Neff and Kötz and the IUPAC recommended (4.44 V) values of the 

absolute electrode potential of the hydrogen electrode) are shifted about +400 mV 

compared to the applied potentials, while Samec et al. observed about 200 mV lower 

potentials than the ones applied. Since the first and most likely also the second layer 

of water molecules in the electrochemical double layer are (at the positively polarized 

surface in the linear range) preferentially oriented with the oxygen atom pointing 

towards the gold surface, a lowering effect of the water molecules on potential is to 

be expected. In fact, it was estimated by Trasatti that the total solvent contribution to 

the applied potential is about 0.4 V.110 Hence, this would fit well with the values 
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observed in UHV by Neff and Kötz. However, it is surprising that a constant shift is 

observed in the whole linear range (extending over more than 1 V). This would mean 

that the dipole potential of the water is constant in a wide potential range, i.e. no re-

orientation seems to take place form at least 0 mV to 1 V vs Ag/AgCl, which includes 

also the PZC. This seems in contradiction with reports on clear evidence for water re-

orientation with increasing or decreasing potentials (see e.g. Ataka et al.67). 

 What is easier to understand are the lower potentials than applied observed by 

Samec et al. in theirs studies at very high relative humidity. They suggest that the 

main reason for the lower potential observed on their emersed electrodes is the 

missing contribution of the dipole potential at the surface of the bulk electrolyte. They 

assume that for the emersion into the relative high humidity close to 99% RH they 

transfer the first highly ordered water layers of the double layer region, so that the 

topmost water layer is still one with the oxygen atoms pointing towards the gold, 

while for bulk water the surface layer has weak dipole moment pointing in the 

opposite direction, leading to an increase in work function by about 130 mV 

(according to the most reliable estimate of the contribution of the surface potential of 

bulk water to the absolute electrode potential).7,111  

This line of thought is reflected in Figure 39. As already mentioned above, the 

case of electrodes emersed into UHV is corresponding to the situations sketched 

either in Figure 39b) or c). In Figure 39c), two water molecules with their negative 

dipole moment pointing diagonally towards the metal cause a slight decrease of the 

potential compared to the situation sketched in Figure 39b). When the dry condition 

used in this PhD work, i.e., < 3% RH is applied (Figure 39d)), more water molecules 

are suggested to be present in the system, building up the first water layer, with their 

negative dipole pointing towards the metal surface and the potential decreases 

further. At 65-70% RH (Figure 39e)), additional water molecules are suggested to 

adsorb with their positive dipole pointing in direction of the adsorbed anion, which 

results in the observed increase of the potential. At the end, with 90-95% RH (Figure 

39f)), even more water molecules are present in the system, building up a second 

water layer, with their negative dipole pointing towards the first water layer, leading 

again in a decrease of the potential. Figure 39g) shows typical results obtained in this 

work (see also Figure 38), which are showing the observed behavior of first an 
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increase in potentials for increasing relative humidity from 1-3% RH to 65-70% RH 

and then again a decrease when further increasing to about 90-95% RH (Figure 

39g)). All potentials are between the values reported for emersion into UHV and for 

emersion into very high humidity of about 99% RH, which fits well with the situations 

sketched in Figure 39, assuming that in the work by Samec et al. even further quite 

oriented water layers were adsorbed in the double layer region of the emersed 

electrodes. And nearly all of them show higher potential values than the applied ones 

during immersion and subsequent emersion (see also Figure 40 in the next section). 

Furthermore, also Figure 38 shows that there is also an effect of direction of 

polarization during immersion, whether it was stepped sequentially into the positive 

or the negative direction. This will be discussed in the following section.  

 

4.2.1 Comparing the Volta potential difference when potentials were 

stepped in positive and in negative direction  

 

Like in the work by Samec et al.7, applied potentials on the samples were 

stepped in positive and in negative direction. In Figure 40 the potential for the 

emersed samples that where polarized during immersion stepwise in positive and in 

negative direction are compared. In these experiments 0.05 mol L-1 H2SO4 and 0.1 

mol L-1 NaClO4 solutions as electrolyte and N2 atmosphere with various RH values 

inside the Kelvin probe/infrared beam chamber were used.  
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Figure 40. Comparison of potentials applied in positive and in negative direction with different electrolytes and atmosphere (RH values) conditions.  
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An upwards shift of the potentials between “positive direction” and “negative 

direction” is observed in most of the cases shown in Figure 40. Larger shifts are 

observed in the experiments with higher RH values (90-95% RH). Such effect 

(difference between “negative direction” and “positive direction”) was also observed 

in the work proposed by Samec et al.7 Furthermore, the authors observed that when 

potentials were stepped in negative direction, higher values of Δψ (in general, about 

0.2 V) were determined by the Kelvin probe.7 This same observation can be made in 

Figures 40b), 40c), 40d) and 40f). The authors also compared the values of Δψ 

determined by Kelvin probe measurements of electrode potential shortly after 

switching off the polarization, and again a similar shift between applied potentials in 

“negative direction” and “positive direction” was noticed.7  

Generally, the results in the diagrams in Figure 40 also present constant shifts 

for all potentials (in the linear range, which roughly starts around the PZC) with the 

change of the humidity. This behavior indicates a similar orientation of all water 

molecules above the PZC. In the study conducted by Samec et al.7, the potentials 

obtained in a humidity around 99% are below the potentials measured for the humid 

atmosphere condition (90-95% RH) applied in this work, which correspond to more 

adsorbed water molecules in the work of Samec et al., each oriented in the same 

way, i.e., not changing gradually with the potential.   

 

4.2.2 Potential of zero charge and specific anion adsorption   

 

A closer look at the plots of emersed potential vs applied potential for the 

different electrolytes and humidity shown in Figure 41 reveals that around 0.0 V the 

linear correlation between measured and applied potential starts, usually with a slope 

close to one; these values around 0.0 V probably correspond roughly the PZC “area”. 

Some reviews in the literature suggest a PZC value for gold at 0.180 V (SHE),112 

which correspond to approximately -0.02 V (Ag/AgCl). Different methods for the PZC 

measurement were employed and values between 0.150 and 0.180 V (SHE) using 

diluted solutions of NaClO4 and between 0.100 and 0.150 V (SHE) using diluted 
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solutions of HClO4 were mentioned in another paper.113 PZC values of 0.140 V (SHE) 

on gold electrodes were obtained using salt solutions containing SO4
2- and ClO4

- 

anions (Na+ as cation) at concentrations of 0.2 and 0.1 mol L-1, respectively.88 Gold 

electrode potentials of zero charge in H2SO4 aqueous solutions are reported as 

following:  0.280  and  0.300 V  (SHE)  for  0.1 mol L-1  and  0.230 V  (SHE)  for  0.01  

mol L-1.114 Resuming all these PZC values on gold surfaces presented above, a 

plausible PZC value (approximately) in the experiments presented in this dissertation 

section (employing 0.05 mol L-1 H2SO4 and 0.1 mol L-1 NaClO4 solutions as 

electrolyte) could be around 0.05 V and -0.06 V vs Ag/AgCl, respectively. 

Hence, for all cases investigated here the PZC is roughly at around 0 mV, for 

the 0.05 mol L-1 H2SO4 slightly above and the 0.1 mol L-1 NaClO4 slightly below.  
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Figure 41. Plots of potential of the emersed electrode vs the applied potential, for the  
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different electrolytes and relative humidity: in a), b) and c) 0.05 mol L-1 H2SO4 

solution and in d), e) and f) 0.1 mol L-1 NaClO4 solution as electrolyte. The black 

vertical dashed lines represent the probable PZC; the red dashed lines represent a 

“potential variation” around the PZC value. 

 

 An effect around PZC is of course expected. Assuming no specific adsorption 

above the PZC, one would expect cation adsorption as counter-ions to negative 

charge at the surface for polarization below PZC and anion adsorption as counter-

ions in the double layer above PZC, and orientation of the water molecules in the first 

layer(s) with oxygen pointing towards the gold a potential above PZC and in the 

opposite direction below PZC. Hence a change in the correlation between emersed 

and applied potential around PZC is expected. As already discussed, above PZC the 

loss of all water should result in potentials of the emersed electrode that are higher 

than applied during immersion, as reported by Neff and Kötz.6 The reason is that the 

water in the double layer has a dipole potential contribution that should result in 

decreasing the work function. Below PZC, with the same reasoning one would expect 

lower potentials. This is not the case here. Below PZC, when following the plots of 

emersed vs applied potential in the negative direction, nearly in all cases first an 

increase in potential is observed and for about a further 200 mV the linear correlation 

between potential of the emersed electrode and the applied one continues. The 

reason for this might be that not all water is lost. Furthermore, also an effect of 

specific adsorption of anions has to be considered. This will be discussed in more 

detail further below. 

The tendency for specific adsorption of anions on gold can be sorted as 

following: I- > Br- > OH- > Cl- > ClO4
- = SO4

2- > F-; in this adsorption sequence the 

amount of adsorbed anions decreases and PZC increases.88 According the study 

conducted by Samec et al.7,  when the anion becomes more adsorbing, for example 

I-, the electrode potential difference determined by Kelvin probe on a gold electrode 

after emersion from the electrolyte was lower (i.e. the potential high) when comparing 

to less adsorbing anions, such as SO4
2-.7 Since for electrolytes with anions that were 

comparatively weakly adsorbing they observed significantly lower potentials on the 
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emersed electrode than were applied, this means that strongly adsorbing anions 

caused a positive shift of the emersed potential. In the adsorption sequence listed 

above, the adsorption of ClO4
- and SO4

2- anions is listed as quite equally strong; this 

could also be a possible explanation for the relatively same potentials where the 

linear range with unity slope in Figure 41 starts (comparing the diagrams in Figures 

41a), 41b) and 41c) with those in Figures 41d), 41e) and 41f). Indeed, as it will be 

shown further below, when using a stronger adsorbing anion such as bromide, the 

linear range extends down to at least -0.1 V. As mentioned, interfacial water is 

expected to reorient around the PZC value.67 This could be a plausible explanation 

for the potential variation represented by the red dashed lines in the diagrams in 

Figure 41, as is discussed next. 

 

4.2.3 Water molecules orientation on the metal surface and the role 

of specifically adsorbed anions 

 

As already discussed above, there are estimates of the surface potential of 

bulk water; a value of 0.130 ± 0.02 V (SHE) is probably the closest to the real 

situation at the surface of an aqueous phase (gas/solution interface).7,111 For the 

surface of bulk water an orientation of the water molecules with their negative dipole 

moment pointing preferentially towards the gas phase is expected (this is the reason 

of the positive potential value of the surface potential of water).7 The relatively low 

value of about 130 mV for the dipole potential indicates a quite low degree of 

ordering. 

Water molecules adsorbed on metal surfaces are normally oriented with the 

oxygen (negative dipole moment) preferentially pointing towards the metal7,115 acting 

as a Lewis base, i.e., the bonding through the oxygen atom is accompanied by a net 

charge transfer to the surface, resulting in a negative work function change.115 As 

mentioned previously in section 2.9, there are strong evidences that water in the 

double layer forms clusters in “ice-like” structures. In such arrangement, water 

molecules are probably organized as in the ice structure (hexagonal), with some 
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molecules bonded directly to the metal surface and other molecules (in the second 

layer) held to the first layer by hydrogen bonds.115 In Figure 42a) a plausible 

arrangement of water molecules in an “ice-like” structure is schematically shown. 

Another interesting water molecule arrangement (with the presence of specifically 

adsorbed anions) is represented in Figure 42b). In this last arrangement, the water 

molecule is attracted simultaneously by the negative pole (the oxygen atom) to the 

metal surface and by the positive pole (the hydrogen atoms) to the adsorbed anion.7 

For the water molecules directly on the metals surface (first layer) this is equivalent to 

the assumed water dipole orientation sketched in Figure 39c) and d). 

 

 

 

Figure 42. Sketches of possible water molecule orientation on metal surfaces: a) 

“ice-like” structure, with the blue dashed lines representing hydrogen bonds (adapted 

from reference 115); b) water molecule in the vicinity of an adsorbed anion, oriented 

with the oxygen atom towards the metal surface and the hydrogen atom towards the 

a 

b 
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specific adsorbed ion (adapted from reference 7). The metal surface is represented 

positively charged in both cases only for illustration.   

 

One aspect to be considered regarding the “ice-like” structure is the specific 

adsorption of the perchlorate anion at higher potentials; this causes the break of the 

structure, once half of the OH from water molecules is non-hydrogen-bonded and the 

other half is hydrogen-bonded to another water molecule.67 The points mentioned in 

this section will be discussed together with the FT-IR results (section 4.4, 4.4.1, 

4.4.2, 4.4.3) obtained during this dissertation work with different electrolytes. 

The water molecules positioned in the second layer sketched in Figure 42a) 

would cause in the orientation sketched there an increase of work function/potential. 

Similarly, it is then expected for water molecules in the next (third) layer interacting 

with these molecules in the second layer that these would again lower the work 

function. This is also expected to the case for water molecule adsorbing on top of an 

anion (see Figure 39e)). 

Combined, as discussed above with help of Figure 39, the increase of 

potential when increasing the relative humidity from 1-3% RH to an intermediate 

humidity of 65-70% RH can be explained by an according orientation of water 

molecules in the second layer and especially on top of anions. This would also mean 

that when more anions are specifically adsorbed, this should cause a higher potential 

of the electrode emersed into intermediate humidity. It should be noted that 

specifically adsorbed “excess” anions, i.e. anions not needed for charging the double 

layer, i.e. not countered by an according positive charge on the electrode, will be 

accompanied by co-adsorbed cations. Water sitting on top of cations should, 

however, have the same orientation as water in the first layer. Hence, these 

accompanying cations will have no effect (above PZC at least), only the anions will 

have one. Since more specifically adsorbed anions can be expected on the electrode 

when the polarization is stepped from high to low potentials, this is the most plausible 

explanation for the higher potentials observed on the emersed electrode for 

polarization into the negative direction, compared to the ones observed for the 

positive direction. 
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For the highest humidity investigated in this work, i.e. about 90-95% RH, it is 

proposed that additional water molecules in the second or third layer are mainly 

preferentially oriented with the dipole moment pointing upwards (see Figure 39f)). 

As mentioned in section 4.2.2, below PZC, when following the plots of 

emersed vs applied potential in the negative direction, nearly in all cases first an 

increase in potential is observed and for about a further 200 mV the linear correlation 

between potential of the emersed electrode and the applied one continues, just 

shifted upwards. This is proposed to be due to a re-orientation of the water molecules 

around PZC. Below PZC the water molecules should preferentially point with the 

hydrogen atoms towards the metal, thus leading to an increase in potential. It is 

interesting that this upward shift of potentials for the case of polarization below PZC 

was not observed for emersion into UHV (see e.g. Neff and Kötz6), where linearity 

was observed down to applied potentials of -0.4 V vs SCE and also not for emersion 

into very high humidity of about 99% RH, as was done by Samec et al.7. The results 

obtained by Neff and Kötz are supporting the assumption that orientation of the water 

molecules plays a crucial role for this phenomenon. 

In the work by Samec et al., the linearity between emersed and applied 

potential for emersion from weakly adsorbing anions (such as sulfate or perchlorate) 

is lost below about 0.15 V vs Ag/AgCl, below which the potentials of the emersed 

electrode are remaining on a constant level. This is not easy to explain, maybe traces 

of oxygen and corresponding onset of oxygen reduction, preventing lower potentials, 

might play a role here. 

 

4.2.4 Alkaline media solution as electrolyte 

 

Alkaline electrolyte was also applied in this study. For this a 0.1 mol L-1 NaOH 

solution was used as electrolyte. The potentials were stepped in positive direction 

from -1.0 until 1.0 V in 0.1 V intervals.  

The experiment was conducted in dry N2 atmosphere condition in the same 

way as for the other electrolytes. The results of the electrode potentials measured by 
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Kelvin probe after emersing the sample from the alkaline electrolyte are shown in 

Figure 43 (also shown there are two pictures of the gold surface after emersing the 

sample from H2SO4 and NaOH electrolytes).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 43. a) Electrode potential measured by Kelvin probe in dry N2 atmosphere vs 

potential applied in 0.1 mol L-1 NaOH solution as electrolyte; b) pictures taken from 

gold samples emersed from H2SO4 and NaOH electrolytes.  

 

There was no linear behavior achieved in this experiment, comparing to the 

experiments with H2SO4 and NaClO4 electrolytes. The NaOH aqueous electrolyte 

seems to be more wetting on the gold electrode than the other electrolytes. After 

emersing the sample from NaOH solution, it was possible to observe (visually) many 

blurred marks on the whole gold surface, differently from those samples emersed 

from H2SO4, for example (Figure 43b)). The idea of emersing an electrode from 

aqueous electrolytes is to obtain a surface/interface free from bulk water (electrolyte) 

and preserve only the electrochemical double layer intact (“frozen-in”), which 

probably was not obtained in this experiment with alkaline media. The result shown in 
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Figure 44 looks a bit better, but clearly also here no reliable 1:1 correlation can be 

defined over a larger potential range.  

 

 

 

Figure 44. Another example for electrode potential measured by Kelvin probe in dry 

N2 atmosphere vs potential applied in 0.1 mol L-1 NaOH solution as electrolyte. 

 

Indeed reports in the literature state a PZC value of -0.09 V (SHE) for gold 

immersed in a 0.1 mol L-1 NaOH solution, suggesting a significant adsorption of the 

OH- anion.88 This fits to the observed pronounced wetting behavior on the gold 

electrode. Interestingly, this value corresponds to approximately -0.290 V in Figure 

43 and 44, and again it is possible (at least for Figure 44 and to some extent also in 

Figure 43) to verify the start of the linear area with unity slope around the PZC value 

(like observed for electrolytes containing SO4
2- and ClO4

- anions discussed above). 

However, in Figure 44 for applied potentials of between 0.2 and 0.6 V vs 

Ag/AgCl the potential measured on the emersed electrode seem to have lost 

correlation completely. Nevertheless, even though reproducibility was low, it is 

assumed that the results between -0.2V and 0.2 V are correct and most likely also 

the one below the PZC, that is below -0.2V, including the tendency of increasing 

E
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values for decreasing applied potential. This would then confirm the re-orientation of 

the water molecules. 

 

4.2.5 Bromide anion solution as electrolyte with higher specific 

adsorption  

 

 Potassium bromide (0.1 mol L-1 KBr aqueous solution) was chosen as 

electrolyte with a higher specific adsorption anion, once the experiment with NaOH in 

this dissertation was not successful. Potentials were applied in positive and in 

negative directions from -0.5 until 0.8 V. The purpose of the experiments with a 

higher specific adsorption anion was to observe what the effect on the measured 

potentials by Kelvin probe technique would be in comparison with those with less 

adsorbing anions, such as ClO4
- and SO4

2-. The Volta potential difference obtained 

when the potentials were stepped in positive and negative directions after the sample 

emersion from the electrolyte are presented in Table 8. Results presented in the gray 

hatched areas represent the linear range (slopes values of approximately 1) in each 

experiment. The Kelvin probe was previously calibrated with the homemade 

Ag/AgCl/KCl reference electrode, as described in section 3.7. For the experiments in 

N2 atmosphere of higher humidity only few applied potentials in the linear range and 

in intervals of 0.2 V were selected.   
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Table 8. Polarization stepped in positive and negative directions on gold surfaces in contact with KBr solution as electrolyte 

and the correspondent potential measured by Kelvin probe in N2 atmosphere with different RH values.  

E (V Ag/AgCl) 

E (V Ag/AgCl) 

0.1 mol L-1 KBr (positive direction) 0.1 mol L-1 KBr (negative direction) 

N2 (< 3% RH) N2 (65-70% RH) N2 (90-95% RH) N2 (< 3% RH) N2 (65-70% RH) N2 (90-95% RH) 

-0.5 0.1799 ± 0.0039    0.1801 ± 0.0035   

-0.4  0.1885 ± 0.0028    0.1866 ± 0.0031    

-0.3  0.1840 ± 0.0022    0.1875 ± 0.0039   

-0.2  0.2315 ± 0.0035    0.1823 ± 0.0035   

-0.1  0.2572 ± 0.0026    0.1916 ± 0.0049   

0.0  0.3401 ± 0.0037  0.2807 ± 0.0161 0.3489 ± 0.0093 0.2979 ± 0.0029 0.2247 ± 0.0097 0.2696 ± 0.0078 

0.1  0.4291 ± 0.0037    0.3339 ± 0.0041   

0.2  0.5112 ± 0.0035   0.4422 ± 0.0158 0.5224 ± 0.0092 0.4152 ± 0.0030 0.3984 ± 0.0085 0.4474 ± 0.0058 

0.3  0.6064 ± 0.0028    0.5425 ± 0.0033   

0.4 0.6901 ± 0.0031  0.6028 ± 0.0176 0.6727 ± 0.0109 0.6122 ± 0.0041 0.6045 ± 0.0110 0.6169 ± 0.0062 

0.5 0.7832 ± 0.0031    0.7450 ± 0.0039   

0.6 0.9193 ± 0.0049  0.8115 ± 0.0236 0.8487 ± 0.0150 0.8845 ± 0.0050 0.7283 ± 0.0164 0.8281 ± 0.0128 

0.7 1.0636 ± 0.0047    1.0139 ± 0.0094   

0.8 1.1338 ± 0.0053   1.0781 ± 0.0204   
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For experiments employing NaClO4 and H2SO4 solutions as electrolyte, the 

potentials were stepped up until 1.3 V; this was not done in the experiments with KBr 

as at 1.0 V the entire gold layer was “removed/dissolved” from the glass substrate in 

the first test with this electrolyte. Therefore, the experiments were only carried out 

until 0.8 V in order to preserve the gold layer intact. The results presented in Table 8 

are represented as diagrams in Figure 45, which include the trend lines and the slope 

and R2 values from the linear region. The “color gradient effect” in the diagrams 

represents the humidity, i.e., the darker the color, the higher the humidity value in the 

correspondent experiment.  
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Figure 45. Potential of the emersed gold sample (calibrated vs Ag/AgCl) as function 

a 

b 
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of applied potential during immersion, measured by Kelvin probe in different RH 

conditions. As electrolyte was used 0.1 mol L-1 KBr solution, with the potentials 

stepped in a) positive and in b) negative direction.  

 

Samec et al. observed for their experiments on electrodes emersed into high 

humidity nitrogen environment that the potential shifted to higher potentials for anions 

which are more specific adsorbing than for those with a weaker adsorption.7 Since 

the results obtained by Samec et al. where solely obtained at very high relative 

humidity of close to 100% RH, the question here what the effect of the strongly 

adsorbing bromide would be at the lower relative humidities investigated in this work. 

In Table 9 the difference (shift) in the potentials obtained when employing 0.1 

mol L-1 KBr solution compared to 0.1 mol L-1 NaClO4 and 0.05 mol L-1 H2SO4 

solutions (in the linear range with slope around 1 for all experiments) are shown. A 

direct comparison of the emersed potentials as function of applied potential obtained 

for the three different relative humidities investigated in this work is also shown in 

Figure 46, where the results obtained for NaClO4 and H2SO4 are compared to the 

results for KBr. 

A significant positive shift of about 0.2 V is generally observed for all cases 

where the emersion took place into dry atmosphere of 1-3% RH, compared with the 

values obtained from the sulfuric acid and sodium perchlorate containing solution. 

Also, for the high humidity of 90-95% RH there is a clear positive shift of even up to 

0.3 V for the values obtained when the polarization was towards higher potentials, 

i.e. in the positive direction. The latter result is in good agreement with the 

observations made by Samec et al. for close to 100% RH. However, for intermediate 

humidity of 65-70% RH difference is close to zero or even negative. For the high 

humidity very low differences were observed when the sample was polarized into the 

negative direction. 

Figure 46 shows that the reason for the different differences in different 

humidity and the different polarization direction is that for emersion from KBr 

electrolyte the resulting potentials of the emersed electrode are much less depending 

on relative humidity and direction of polarization than is observed for the other two 

electrolytes. 
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Table 9. Difference of the potentials measured by Kelvin probe on the emersed electrodes when employing 0.1 mol L-1 KBr 

solution compared to 0.1 mol L-1 NaClO4 and 0.05 mol L-1 H2SO4 solutions (in the linear range with slope around 1 for all 

experiments). 

E (V Ag/AgCl) 

Difference in E (V Ag/AgCl) 

0.1 mol L-1 KBr / 0.1 mol L-1 H2SO4 (positive direction) 0.1 mol L-1 KBr / 0.1 mol L-1 H2SO4 (negative direction) 

N2 (< 3% RH) N2 (65-70% RH) N2 (90-95% RH) N2 (< 3% RH) N2 (65-70% RH) N2 (90-95% RH) 

0.1  0.2343      

0.2  0.1683 0.0445 0.2895 0.1778 -0.1878 0.0194 

0.3  0.2294   0.2265   

0.4  0.1843 0.0536 0.2806 0.2026 -0.2749 -0.0287 

0.5  0.1811   0.1833   

0.6  0.1828 -0.0316 0.2184 0.1561 -0.4404 -0.0996 

0.7  0.2465   0.1710   

E (V Ag/AgCl) 

Difference in E (V Ag/AgCl) 

0.1 mol L-1 KBr / 0.1 mol L-1 NaClO4 (positive direction) 0.1 mol L-1 KBr / 0.1 mol L-1 NaClO4 (negative direction) 

N2 (< 3% RH) N2 (65-70% RH) N2 (90-95% RH) N2 (< 3% RH) N2 (65-70% RH) N2 (90-95% RH) 

0.1  0.1809    0.0633   

0.2  0.1882 -0.0826  0.0654 -0.1512 0.0423 

0.3  0.2237   0.0866   

0.4  0.2319 -0.0573 0.3082 0.0959 -0.1158 0.0088 

0.5  0.2054   0.0598   

0.6  0.2617 -0.0697 0.3015 0.0862 -0.1853 -0.0311 

0.7  0.3239      
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 Figure 46. Comparison of measured potentials in positive and in negative direction for the electrolytes employed in this work.  
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Apparently, the results shown in Table 9 and especially in Figure 46 reveal a 

“constant” behavior when KBr was employed, which could be explained by the 

stronger specific adsorption of bromide that hence resulted in no pronounced 

changes in the potentials comparing the polarization in positive and in negative 

directions. Furthermore, the water molecules are also probably stronger adsorbed 

and on the surface are higher concentrations of K+ and Br- ions.  

 

4.2.6 Evaluation of the addition of N2 atmosphere inside the 

electrochemical cell during the emersing process 

 

Generally, after emersing the gold electrode from the electrolyte sometimes 

some drops remaining on the surface were possible to be noticed, even for the non-

alkaline electrolytes. Therefore, the experiment procedure described in section 3.10 

was modified in two different ways in order to verify the reliability of the data: the 

electrolyte was removed as previously described and, in another test, additionally dry 

N2 was introduced into the electrochemical cell through the hose shown previously in 

Figure 16e) and blown over the surface. This complementary experiment was done 

only to check if then there would be indication of presence of potential thicker 

electrolyte layers on the surface that would be better removed that way. Polarization 

and Kelvin probe measurement duration were 5 and 10 min, respectively. As 

electrolyte was employed 0.1 mol L-1 NaClO4 and the potentials were stepped in 

positive direction from -0.4 until 1.3 V in intervals of 0.1 V. This experiment was done 

in dry N2 atmosphere in the Kelvin probe chamber and the results are presented in 

Figure 47. 
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Figure 47. Potentials of the emersed gold electrode vs applied potential obtained 

with additional blowing of dry nitrogen. Electrolyte was 0.1 mol L-1 NaClO4 solution. 

The electrolyte was removed from the electrochemical cell before the sample 

polarization was stopped. 

 

 No significant difference between slopes and R2 values were observed 

comparing these results with the ones obtained in the earlier measurements. Very 

similar behavior is observed, confirming by the trendlines (from 0.1 until 1.0 V, as in 

Table 6), suggesting no significant influence by the addition of dry N2 when removing 

the electrolyte from the electrochemical cell. In this sense, all experiments were 

carried out without the addition of N2 in the electrochemical cell during the emersing 

process. Hence, only for the alkaline electrolyte serious problem with excess 

electrolyte staying on the surface was observed.   

 

 

E
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4.3 Preliminary investigation on electrochemical reactivity of the 

emersed electrodes  

 

In order to assess the electrochemical reactivity of the gold electrodes 

emersed into atmosphere of different humidity, gas change experiments were 

performed. These in operando experiments were carried out inside the Kelvin probe 

chamber (these were the first in operando experiments employing this 

instrumentation).  

A key problem with a non-modified tip is -as already discussed- that the work 

function/potential of the Kelvin probe tip may also change in such a gas change 

experiment. Two examples are shown in Figures 48 and 49 (where only the potential 

change is relevant, as the tip was not calibrated vs Ag/AgCl in these experiments). In 

the first case the atmosphere inside this chamber was switched from dry N2 to dry 

synthetic air while the Volta potential difference was measured by Kelvin probe. First, 

a gold sample was polarized at -0.3 V for 2 min and then the electrolyte (0.1 mol L-1 

NaClO4) was removed from the electrochemical cell before the sample polarization 

ended. The sample was transferred to the Kelvin probe chamber and the Volta 

potential difference was measured during 6 h. The atmosphere was set to dry N2 for 

the first 60 min; then the atmosphere was changed to dry synthetic air for the next 

140 min; for the last 160 min, the atmosphere was changed again to dry N2. The 

results of this experiment are presented in Figure 48. As mentioned, the Volta 

potential difference values presented in Figures 48 and 49 were not calibrated; they 

are only values to show the influence of a changing atmosphere. Furthermore, a 

steady drift can be seen in the dry nitrogen atmosphere, where a stable level is 

expected. This is due to the already discussed instability of the Kelvin probe during 

long-term continuous measurements. The focus here, however, is on the change 

follwing the change of atmosphere. Surprisingly the Volta potential is decreasing (by 

approximately 0.2 V), although it is expected that the potential of the emersed gold 

sample should increase. It seem reasonable to assume that the reason for this is an 

even larger response of the stainless steel Kelvin probe tip.  
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Figure 48. Volta potential difference behavior during atmosphere changing 

experiments. The vertical dashed lines represent the atmosphere changing time and 

the horizontal dashed lines represent the maximal difference between the highest 

and the lowest Volta potential difference value.  

  

Another factor might be that the relative humidity is also changing. The dry N2 

atmosphere has a RH near 1%. When changing the atmosphere to dry synthetic air, 

the RH grows instantly to over 8% and then starts to decrease slowly, however 

remains over 2% until the atmosphere is changed again. In the third part of the 

experiment, in dry N2 atmosphere, the RH drops again to the initial level (around 1%) 

and also the Volta potential difference value starts to increase. It could be possible 

that the higher RH value in the dry synthetic air contributes for some extent to the 

decrease of the Volta potential difference, however, this is most likely only a minor 

factor.  

Also an experiment at higher humidity was performed. For this a gold sample 

was polarized in the same way as the previous sample. The RH in the Kelvin probe 

chamber was set to approximately 30%. The measurement started in wet (30% RH) 

Dry synthetic air Dry N2 Dry N2 
(< 1% RH) 
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t 
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N2; after 60 min, it was changed to wet synthetic air (30% RH) for the next 60 min. 

The results of this experiment are presented in Figure 49.  

 

 

Figure 49. Volta potential difference behavior during atmosphere changing 

experiment. The vertical dashed line represents the atmosphere changing time. 

 

 In this case an increase of the Volta potential difference value by 0.04 to 0.05 

V can be seen after changing the atmosphere from wet N2 (approximately 30% RH) 

to wet synthetic air (approximately 30% RH). In this case the relative humidity stayed 

the same. Hence, changes of humidity should not have an influence here. Although 

now indeed the potential increases upon switch to synthetic air, the change is still 

quite small and in view of the prior experiment is seems likely that also the tip 

potential increased, leading to relatively small change of the Volta potential 

difference. 

Hence, it was decided to repeat these experiments, but this time not only on 

samples that were emersed from negative applied potential, but also from positive 

Wet N2 (≈ 30% RH) Wet synthetic air (≈ 30% RH) 
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applied potential where the potential was high enough as not to lead to a change due 

to switch from nitrogen to oxygen containing atmosphere. Gold in air has typically a 

potential between 0.2 and 0.3 V vs Ag/AgCl. Obviously above 0.3 V the oxygen 

reduction reaction is too slow as to further increase the potential. Hence it was 

decided to perform such gas change experiments on samples emersed from -0.3 V 

and from +0.4 V vs Ag/AgCl. The changes seen for the Volta potential difference for 

the samples emersed from +0.4 V vs Ag/AgCl can be assumed to originate solely 

from the tip. 
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a 

b 

Figure 50. Volta potential difference between emersed electrode and Kelvin probe for 
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different gas change experiments and for applied potential of -0.3 V corresponding to 

potential change: a) in positive and b) in negative direction. 

 

Figure 50 show the Volta potential difference between emersed electrode and 

Kelvin probe for different gas change experiments and for applied potential of -0.3 V 

corresponding to potential change in positive and in negative direction. In all cases 

after about 60 min in nitrogen atmosphere, the nitrogen was exchanged for synthetic 

air and after further 60 min the atmosphere was changed back to nitrogen. The 

difference was just the relative humidity: dry (1-3% RH), intermediate (65-70% RH) 

and high (90-95% RH). 

In these experiments even in dry atmosphere a slight positive change of the 

Volta potential difference is observed, indicating a higher inertness of the Kelvin 

probe tip. It is obvious that the magnitude of the potential increase is increasing with 

increasing humidity. The increase is proposed to be caused by oxygen reduction 

which is accompanied by an electron transfer from the electrode to the oxygen 

molecule, which causes then the shift towards higher potentials. The first and rate 

determining step in oxygen reduction under bulk electrochemistry conditions is the 

formation of superoxide O2
-. Most likely this superoxide gets better stabilized by the 

presence of higher amounts of water in the double layer region. Strikingly, the 

potential changes for -0.3 V adjusted by coming from higher applied potentials 

(negative direction) show higher changes, which would in this logic correspond to 

more adsorbed water. 

This will be discussed in more detail later on the basis of the results obtained 

from the further characterization of the water on the emersed electrodes by FT-IR 

and ellipsometry. Since further reaction products such as OH- cannot diffuse away 

into bulk electrolyte, it is assumed that the overall reaction stops here at the 

superoxide level. 
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a 

b 

Figure 51. Volta potential difference between emersed electrode and Kelvin probe for 
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different gas change experiments and for applied potential of +0.4 V corresponding to 

potential change: a) in positive and b) in negative direction. 

 

In Figure 51 also the results obtained for the case of an applied potential of 

+0.4 V vs Ag/AgCl is shown for the same three humidity levels as used above and 

the two polarization directions. In fact, for each of the different humidity levels the 

experiment with +0.4 V applied potential was carried out right after the one with -0.3 

V. As discussed above, the changes in Volta potential difference is in this case 

expected to be solely from the Kelvin probe tip. 

Hence, in a first approximation these can be used as a reference level for 

obtaining the “pure” potential change of the emersed electrode, by subtracting these 

curves from the ones obtained for the electrodes emersed at -0.3V vs Ag/AgCl. 

These curves, thus corrected for the change of the tip potential, are shown in Figure 

52. 
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Figure  52.  Potential  change  of  the  emersed   electrode   during   change  of   the  
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a 
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atmosphere between nitrogen and synthetic air for different humidity (see indicated in 

the figure), corrected vs the tip (Volta potential change obtained on electrodes 

emersed at +0.4 V vs Ag/AgCl). The vertical dashed lines represent the atmosphere 

changing time. The applied potential during immersion was -0.3 V vs Ag/AgCl 

adjusted in: a) positive and b) negative direction. The dashed red curve indicates the 

fitting curve used further below for calculating Tafel plots.  

 

The steeper the potential change, the more significant will be the rate of 

oxygen reduction. For the absolute electrode potential, we can write:56,57 

 

Eabs = - 
𝜇𝑒

𝑒
+ Me

El + S                                          (Equation 22) 

 

where 𝜇𝑒 is the chemical potential of the electron in the gold electrode, Me
El the 

potential drop across the metal/electrolyte layer interface and S the surface potential 

of the electrolyte layer. 

 

Assuming a constant capacitance C of the electrochemical double layer, the 

relation between surface charge σ, capacity and Me
El can be written as: 

 

C = σ/Me
El                                                       (Equation 23)  

 

This can be rewritten as:   

 

Me
El = σ/C                                      (Equation 24) 

 

If the charge of the electrochemical double layer is now changed by 

electrochemical reactions, assuming a constant capacitance, the potential drop 

across the interface between metal and electrolyte will also change. Since chemical 

potential of the electron in the electrode and surface potential of the electrolyte layers 

can be assumed to remain constant, this change of Me
El is also the change of the 

absolute electrode potential. Hence, it can be written: 



144 | R e s u l t s  a n d  d i s c u s s i o n s  

 

CdE/dt = dσ/dt = i                              (Equation 25) 

 

where i is the current (or current density, if C is the capacitance per unit area). 

 

According to the Butler Volmer equation and assuming only the cathodic 

current density as relevant here: 

 

𝜕 𝑙𝑛(𝑖)

𝜕𝐸
= −

(1−𝛽)⋅𝑛⋅𝐹

𝑅𝑇
                      (Equation 26) 

 

where 𝛽 is the so-called geometric factor (usually assumed to be 0.5), n is the 

number of electrons transferred in the electron transfer step, F is the Faraday 

constant, R the gas constant and T the temperature. Hence: 

 

𝜕 𝑙𝑛(𝑑𝐸/𝑑𝑡)

𝜕𝐸
= −

(1−𝛽)⋅𝑛⋅𝐹

𝑅𝑇
                 (Equation 27) 

 

And with ln (i)  2.3lg (i), this can be rewritten as: 

 

     
𝜕 𝑙𝑔(𝑑𝐸/𝑑𝑡)

𝜕𝐸
= −2.3

(1−𝛽)⋅𝑛⋅𝐹

𝑅𝑇
                            (Equation 28) 

 

The inverse of that is 2.3 RT/(1 – ) nF  59 mV/(1 – ) F is called the Tafel 

slope for the cathodic reaction. 

Assuming β = 0.5 and n = 1, this would provide result in a change of the 

current density or here dE/dt by a factor of 10 when the potential changes by 120 

mV.  

For oxygen reduction on noble metal electrodes in bulk electrolyte, Tafel slope 

of about 60 mV/decade at low current densities is found, for the higher current 

densities 120 mV/decade, as is also reported for ORR on Pd in bulk electrolytes.116 

Recently similar Tafel slopes were also found -by use of a hydrogen permeation 

based approach- on non-immersed palladium surfaces exposed to humid oxygen 

atmosphere.3 
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Plots of dE/dt vs E are shown in logarithmic scale in Figure 53 for the 

electrode emersed to intermediate and high humidity (for -0.3 V obtained by 

polarizing in the positive direction). The dE/dt values were for the electrode emersed 

into high humidity determined pointwise for 7 selected potential values along the 

fitted curve shown in red in Figure 52a). This was done because the measured curve 

was extremely noisy and hence allowed only a rough evaluation. Interestingly these 

values show in the logarithmic plot a linear dependence on the potential and the 

corresponding Tafel slope is about 65 mV/decade. The data quality obtained for the 

emersed electrode at intermediate humidity (also Figure 52a)) showed much less 

noisy behaviour and was accordingly fitted in the whole range (see Figure 53b)). 

Initially, (i.e. at the low potentials) a linear behaviour can be seen, with a Tafel slope 

of about 120 mV/decade (indicated by a yellow line), but the Tafel slope (if small 

potential ranges are selected) then quickly decrease (see 60 mV/decade). This 

change in Tafel slope is also present for the electrode emersed into the high 

humidity, but is not shown as the data for potentials in the slowly increasing range of 

about 25 min after the switch to air does not allow a reliable evaluation (potential 

changes are comparable to the noise level). 

 

 

Figure 53. dE/dt vs E plots for a) the electrode emersed at -0.3 V vs Ag/AgCl into a) 

high humidity of 90-95% RH and b) intermediate humidity of 65-70% RH. The data 

b a 
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were obtained from the data of potential vs time upon switching to synthetic air 

(between 60 and 120 min; data from Figure 52a)). 

 

Hence, the results shown here just serve to demonstrate that this approach of 

monitoring the change of potential upon change of the atmosphere from nitrogen to 

oxygen containing atmosphere seems to be a feasible method of investigating the 

kinetics of oxygen reduction on emersed electrodes. Of special interest is certainly 

the effect of the amount of anions and water in the electrochemical double layer.    

 

4.4 Results obtained by FT-IR measurements on the gold 

electrodes after emersion 

 

 The gold sample surface was analyzed using the FT-IR spectroscopy 

technique as previously described in section 3.11. The main goal of this analysis was 

observing the presence of water molecules and IR sensitive anions adsorbed on the 

sample surface. The first FT-IR spectra obtained with the new assembled 

instrumentation are presented in Figure 54. These first spectra were only calculated 

by subtracting the background spectra, obtained on the gold sample surface before 

the electrochemical process (“clean” sample) in the same atmosphere (dry N2) as the 

subsequently performed measurement after immersion, polarization and emersion. 

The potentials were stepped in positive direction in intervals of 0.2 V from -0.2 until 

1.0 V. 
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Figure 54. FT-IR spectra obtained stepwise with an emersed gold sample surface, 

after polarizing stepwise from -0.2 until 1.0 V employing 0.1 mol L-1 NaClO4 solution 

as electrolyte. 

 

The ClO4
- anion is a tetrahedral compound and features following vibrational 

frequencies: 459, 625, 928, 1119 cm-1.117,118 Hence in the spectra in Figure 54, the 

vibrational frequency band between approximately 1030 – 1110 cm-1 can be 

attributed to the perchlorate ion. These results are also compatible with the interval 

between 1130 – 1090 cm-1, which is attributed to perchlorate ion adsorbed on gold 

surfaces.67  

As can be seen the intensity of the 1030 – 1110 cm-1 band increases with 

increasing potential as is expected for the counter-anion to the increasing positive 

charge on the electrode. 

Two other important regions of analysis are the spectra zones at 

approximately 3756 and 3652 cm-1 and at approximately 1596 cm-1. As presented 

previously in section 2.5 (Table 4), these vibrational frequencies are attributed to the 

water molecule, more specifically, to the νa, νs and δ, respectively, of the OH group.64 

Therefore, the band in the spectra between approximately 3800 and 3000 cm-1 and 

at approximately 1600 cm-1 shown in Figure 54 correspond to H2O. These stretching 
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and deformation vibrations at the same spectra zones were also reported by Ataka et 

al. on gold surface studies.67 

The relatively low signals at the spectra could be assigned, in parts, to the 

small sample surface (approximately 0.64 cm2 of polarized area) and to the device 

set-up; as presented previously in section 3.1.4 (Figure 18c)), the infrared beam is 

guided from the spectrometer through an external guide chamber. Here two mirrors 

and a polarizator are placed in the optical path. Furthermore, the Kelvin 

probe/infrared beam chamber is separated by two KBr windows from the other parts 

of the system. All these “extra” optical components could play a role in the signal 

attenuation. In Figure 55 the optical components and the IR beam path are shown 

schematically. 
 

 

 

Figure 55. Infrared beam path guided outside the spectrometer through the IR beam 

guide chamber and analysis chamber (sample location) with the instrumentation 

optical components. 

 

Another important aspect to be noticed is the possibly very low thickness of 

the water layer adsorbed on the sample surface. This will be described and 

discussed in section 4.5. One attempt to increase the signal amplitude was changing 

the aperture configuration by the spectrometer, increasing it from 2.0 to 4.0 mm. This 

resulted in spectra as shown in Figure 56.  
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Figure 56. FT-IR spectra of a gold sample surface polarized from -0.2 until 1.0 V 

using 0.1 mol L-1 NaClO4 solution as electrolyte and spectrometer aperture 

configured to 4.0 mm.  

 

As can be observed in Figure 56, increasing the spectrometer aperture value 

from 2.0 to 4.0 mm did not achieve an expected better signal increase, instead, the 

signal amplitude for bands correlated to water molecules was lower than observed in 

Figure 54. Furthermore, increasing the aperture value also increases more 

absorbance from the sample surroundings, which could contribute for more 

contamination signals. The bands at approximately 2931 and 2850 cm-1 can be 

attributed to CH groups (stretching modes).64  

 The spectra region below 800 cm-1, in both last figures, can be explained by 

the relatively low single beam spectra signals, as presented in Figure 57.  
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Figure 57. Single beam spectra of a gold sample surface polarized from -0.2 until 1.0 

V using 0.1 mol L-1 NaClO4 solution as electrolyte. 

 

These single beam spectra show relatively low intensities below 800 cm-1 

when compared to the other wavenumbers (4000 – 800 cm-1). This could explain the 

high “noise” signal at the FT-IR spectra below 800 cm-1. One solution to reduce this 

noise of the FT-IR spectra in that range could be to increase the measuring time, 

however this was not done in this study, since the most important spectra regions 

here are the ones related to the water molecule, which have a relatively good signal 

quality. 

One important aspect to be considered during the FT-IR determinations is the 

time needed for a complete spectra acquirement, including the stepwise polarization 

and emersion (for example, from -0.4 until 1.3 V in intervals of 0.1 V, as will be 

presented in sections 4.4.1, 4.4.2 and 4,4,3). The whole experiment requires around 

four days, once the LN-MCT detector remains cooled for approximately 9 hours 

(measurement time available). In order to check the instrument stability during the 

different days (especially the detector), the following procedure was carried out: the 

last measurement of the prior day was repeated next day, without removing the 

sample from the chamber, as shown in Figure 58.   
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a 

b 

Figure 58.  LN-MCT  detector  stability  test  experiment  along 5 days. A gold sample 
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was polarized using a) 0.1 mol L-1 NaClO4 and b) 0.05 mol L-1 H2SO4 solution as 

electrolyte. As reference the spectra from the previous day was employed (resulting 

in a perfect horizontal line, signaling high reproducibility and stability) and the next 

day spectra can be directly compared. 

 

Comparing the results from two consecutive days in Figure 58, in general the 

detector shows high stability. Only in some cases minimal imperfections can be 

observed in the results; these could probably be related to noise. The small and 

sharper imperfections present in some spectra between 3500 – 4000 cm-1 and 1500 

– 1800 cm-1 are probably originating from water vapor; as these measurements were 

done with dry nitrogen atmosphere slight variations in humidity had huge effects. For 

instance, after removing the sample from the electrochemical cell and blowing off, 

some water drops sometimes were found to be remaining on the sample surface (at 

the edges), which could have wet the sample holder. As soon the sample holder is 

introduced in the chamber, the water could be evaporated in the dry N2 atmosphere 

and was detected by the FT-IR.    

  

4.4.1 FT-IR spectra from gold surfaces employing NaClO4 solution 

as electrolyte 

 

The gold sample was polarized employing 0.1 mol L-1 NaClO4 solution as 

electrolyte with the potentials stepped in positive (from -0.4 until 1.3 V) and in 

negative (from 1.3 until -0.4 V) directions in 0.1 V intervals. The atmosphere inside 

the analysis chamber was first set as “dry” N2 (< 3% RH). In Figure 59 the spectra 

from these experiments are shown. The spectra shown in Figure 59 were obtained 

with the detector providing quite low signal intensities.  
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a 

b 

Figure  59.  FT-IR spectra obtained on gold surface after polarizing the sample in 0.1 
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mol L-1 NaClO4 solution with the potentials stepped in: a) positive and b) negative 

directions. 

 

 The spectra presented in Figure 59 were calculated by subtracting the 

background spectra, obtained on the fresh gold sample surface before took place the 

first immersion (“clean” sample). It is important to remark that even a clean sample 

freshly introduced into the system could have some adsorbed water molecules 

coming from the atmosphere due the transportation and transferring to the system, 

before it was introduced to a controlled atmosphere condition (more details on this 

will be discussed in section 4.5, on the results obtained by ellipsometry). The spectra 

in red colors represent the potential region of the possible PZC value (as discussed 

in section 4.2.2). Peaks/bands around 1030 – 1240 cm-1 in Figure 59a) can be 

attributed to the perchlorate anion. This wavenumber interval was reported for 

perchlorate ion adsorbed on gold surfaces, under immersed as well as emersed 

conditions.67,119 As mentioned previously in section 2.11, many reports in the 

literature suggest a weak adsorption of perchlorate ions on gold surfaces at 

potentials more positive than the PZC.67,86,87  

 The spectra obtained on the sample polarized stepwise in positive direction 

show more pronounced peaks than the ones obtained when polarization occurred 

into the negative direction. 

 Striking are the very intense peaks/bands obtained after polarization into 

positive direction at -0.4, -0.3 and -0.2 V vs Ag/AgCl, i.e., at potentials more negative 

than the PZC (represented by red color spectra). It is unclear why so high intensities 

that clearly seem to be related to perchlorate are observed here. Such significant 

adsorption is certainly not expected for the negative perchlorate anion on the 

negatively charged surface. Quite notable is the sharp peak at around wavenumber 

1160 cm-1, which is also almost identical with literature reports.67,119 This perchlorate 

peak is due Cl-O stretch vibration.119 Also striking is that at potentials more positive 

than the PZC the perchlorate peak is much less intense. This will be further 

discussed below. When the potentials were stepped in negative direction (Figure 
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59b)), no relevant changes along the different potentials were observed in the 

waveband region correlated to the perchlorate anion at the 1030 – 1240 cm-1 region.  

 With reference to bands related to water molecules (OH stretching between 

approximately 3800 – 3000 cm-1), Figure 59b) shows a negative-going behavior at 

potentials more negative than the PZC, suggesting some change on the water 

vibrational properties.67 This effect was not clearly observed in the same spectral 

region in Figure 59a), although also there negative going intensities are observed 

below PZC and positive going ones above PZC, with no clear tendency of further 

increase when the potentials were stepwise increasing to higher potentials. As 

mentioned before (section 4.4), the instrumentation set-up could play a role in the low 

intensities observed. 

 Besides the water bands also the perchlorate peaks around 1030 – 1240 cm-1 

in Figure 59a) are especially at potentials higher than the PZC not very clear, i.e. the 

overall quality of the spectra seems to be quite low. Therefore, it was tried to optimize 

the alignment of all components in order to obtain less noisy data. Thus results with 

higher intensity were obtained (for the region attributed to perchlorate peaks). Typical 

results are presented in Figure 60. In Figure 60b) the spectra from Figure 60a) were 

replotted by employing the 0.0 V (PZC region) spectra as reference. This procedure 

was carried out in order to achieve a better visualization of changes in the spectra 

below and above the PZC region.  
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a 

b 

Figure 60.  FT-IR  spectra obtained on gold surface after polarizing the sample in 0.1 
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mol L-1 NaClO4 solution with the potentials stepped in positive direction. As reference 

spectra were used: a) spectra of clean sample (background) and b) spectra obtained 

after emersion from 0.0 V (PZC region).  

 

 The spectra depicted in Figure 60 appear much less noisy. Most notably, the 

spectra between 1000 and 1500 cm-1 exhibit two distinguished and very sharp peaks 

around 1160 and 1240 cm-1, which can be probably attributed to perchlorate ions, as 

already discussed above. Above PZC, the peak around 1240 cm-1 in Figure 60a) 

shows an increase in intensity for increasing potentials. Regarding the spectra more 

negative than the PZC (Figures 60a) and 60b)), especially for -0.4 and -0.3 V, an 

intense perchlorate peak can be seen at 1160 cm-1.   

 This peak, but much smaller, is also observed above PZC where it 

systematically growing alongside the peak at 1240 cm-1. Such split perchlorate peak 

was not reported in the literature yet. However, so far the reports on FT-IR spectra of 

perchlorate on gold were either restricted to immersed conditions or for emersion into 

very high humidity.67,119 It is thinkable, that interaction with water at higher amounts of 

water in the double layer regions smears out this splitting. Again, striking is that at 

very low potentials, especially -0.4 V, the peak at 1160 cm-1 is the most intense (just 

as observed in the Figure 59), which then first decreases. At PZC it is still larger than 

the peak at 1240 cm-1. Then it gets smaller. While this peak splitting could be caused 

by the electric field in the double layer region and the changes in the relative 

intensities by a possible reorientation of the molecule as a consequence of the 

changing field, the high intensity of the peak at very low potentials is difficult to 

understand. However, it was very reproducible on gold surfaces emersed from 

perchlorate electrolyte into nitrogen atmosphere of low humidity, i.e. dry atmosphere. 

 The bands attributed to water molecules around 3800 – 3000 cm-1 are more or 

less missing in these spectra (very low intensity, but also very low noise). However, 

around 1600 cm-1 some intensity could be identified. This is more visible in Figure 

60a) and less in Figure 60b), i.e. no systematic differences for the different potentials 

can be identified here. In general, the water bands show very low intensity, which 

could be resulting from the low humidity inside the Kelvin probe/infrared beam 
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chamber (1-3% RH) and the consequently low amount of adsorbed water. Notable, 

however, is that also the noise level in the range of the expected water bands is very 

low, indicating that it is unlikely that the water bands from water adsorbed on the 

surface are not visible because of higher contributions from the gas phase. Hence, 

very probably the water layer in this case is in the sub-monolayer range (as will be 

discussed further on the basis of the results obtained by ellipsometry, section 4.5). 

 Figure 61 shows corresponding spectra to Figure 60, but now from the 

experiments with the potentials stepped in negative direction.  
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a b 

  

Figure 61. FT-IR spectra obtained on gold surface after polarizing the sample in 0.1 mol L-1 NaClO4 solution with the potentials stepped in 

negative direction. As reference spectra were used: a) spectra of clean sample (background) and b) spectra obtained after emersion from 

0.0 V (PZC region). 
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 As in the spectra shown in Figure 60, peaks attributed to perchlorate around 

1240 – 1030 cm-1 are present in the spectra shown in Figure 61. These peaks show 

lower signal intensities (height of the peaks) than for the spectra obtained for 

stepwise polarization in the positive direction, especially the 1240 cm-1 peak 

compared to the spectra in Figure 60 is missing, i.e. no splitting is observed here. 

Only the 1160 cm-1 peak appears here. Above PZC not much changes are observed, 

indicating a strong specific adsorption of the perchlorate, exceeding the effect of 

anions necessary as counter anions in the double layer. 

  

4.4.2 FT-IR spectra from gold surfaces employing H2SO4 solution as 

electrolyte 

 

The gold sample was also polarized employing 0.05 mol L-1 H2SO4 solution as 

electrolyte with the potentials stepped in positive (from -0.4 until 1.3 V) and in 

negative (from 1.3 until -0.4 V) directions in 0.1 V intervals before emersion. The 

atmosphere inside the analysis chamber was again set as “dry” N2 (< 3% RH). In 

Figure 62 spectra obtained from these experiments are shown. The spectra shown in 

Figure 62 and 63 were obtained with the detector presenting low signal intensities. 
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Figure 62. FT-IR spectra obtained on gold surface after polarizing the sample in 0.05 

mol L-1 H2SO4 solution with the potentials stepped in: a) positive and b) negative 

directions. 

a 

b 
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In the same way as for the NaClO4 experiments, the spectra from Figure 62 

were recalculated employing the 0.1 V (PZC region) results as reference. This 

procedure was also carried out in order to improve a better visualization of changes 

in the spectra below and above the PZC region. These recalculated spectra are 

presented in Figure 63. 

 



R e s u l t s  a n d  d i s c u s s i o n s  | 163 

 

 

 

 

 

Figure 63. FT-IR spectra obtained on gold surface after polarizing the sample in 0.05 

mol L-1 H2SO4 solution with the potentials stepped in: a) positive and b) negative 

a 

b 
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directions. Same data as used for Figure 62 above, but as reference were employing 

the 0.1 V (PZC region) spectra. 

 

The spectra presented in Figure 63 were calculated in the same way as 

mentioned previously in section 4.4.1 and the spectra in red colors represent the 

potential region of the possible PZC value (also mentioned previously in section 

4.2.2). Around this potential region it is possible to notice a change in the intensities 

related to water bands (OH stretching between approximately 3800 – 3000 cm-1), 

especially for the spectra obtained by stepwise polarizing into the positive direction 

(Figure 63a)); around 3750 cm-1 the bands start to decrease at potentials lower than 

the PZC and to increase at potentials higher than the PZC. This change of vibrational 

bands of the water molecule around the PZC value was expected and can be 

attributed to the interfacial water reorientation.67 When the potentials were stepped in 

negative direction (Figure 63b)), this behavior was not so pronounced, although there 

is a slight tendency of the absorption band between approximately 3800 – 3000 cm-1 

to get “flatted” at potentials more positive than the PZC value.  

Measuring infrared spectra from aqueous electrolytes is not a simple task; 

some adjustments are needed, such as choosing the correct window material to 

assure compatibility with vapors coming from the liquid, especially if the electrolytes 

are corrosive, such as acids. When trying to obtain information on sulfate related 

bands for comparison with the spectra obtained here, this has to be considered. 

Generally, infrared spectra/wavenumbers corresponding to sulfate are often from 

crystals, such as sodium and potassium sulfate, for example.120 The authors assign 

infrared antisymmetric stretching vibrations to sulfate between approximately 1172 – 

1120 cm-1 and symmetric stretching vibrations between 1100 – 1000 cm-1, depending 

on the crystal.120 These values were chosen for comparison with the results obtained 

here. With respect to vapor of substances containing sulfate, such as H2SO4 vapor, 

reports suggest infrared vibrations assigned to H2SO4 around 1222 and 1465 cm-1 

(symmetric and antisymmetric stretching, respectively).121 Hence, the bands 

observed in Figure 63a) around 1080 – 980 cm-1 and around 1480 – 1360 cm-1 could 

be probably assigned to sulfate anions. Similarly, as for the electrodes emersed form 
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perchlorate electrolyte, there seem to be more changes in positive direction that in 

negative direction. This could be explained by the presence of more specific 

adsorption of anions when decreasing the potential stepwise form high potentials into 

the negative direction. However, for the case of sulfate the peaks are much less 

resolved here.  

The nature of the unusual sharp peaks from 0.6 until 0.8 V around 3000 – 

2800 and 1800 – 1640 cm-1 in Figure 63a) compared to the other spectra is not clear. 

Due the long time needed for a complete analysis, i.e., for the measurement of all 

spectra from -0.4 until 1.3 V and the refiling of the LN-MCT detector after 

approximately 9 hours measurement time, it is only possible to finish the complete 

analysis sequence after some days. In this sense, the measurement on different 

days could here play some influence in the results (as explained in section 4.4 for the 

detector stability). Another plausible explanation could be the presence of CH groups 

(approximately 2931 and 2850 cm-1)64; this contamination could be resulting from the 

organic compounds present in the conductive silver paint employed on the sample 

surface corner for the electrical contact with the sample holder during the polarization 

procedure. But these should have had no contact with the electrolyte. 

Comparing the spectra for potentials stepped in negative direction (Figure 

61b) with 0.1 mol L-1 NaClO4 and Figure 63b) with 0.05 mol L-1 H2SO4 solutions as 

electrolyte), similar behavior could be observed in the 3800 – 3000 cm-1 region 

corresponding to water molecule OH stretching. 

As mentioned in section 4.4, spectra bellow 800 cm-1 present relatively higher 

noise than spectra between 4000 – 800 cm-1; in one experiment, however, it was 

possible to perform vibrational assignments around 770 – 620 cm-1, which could be 

perfectly identified. These results are presented in Figure 64 and are attributed to 

sulfate anions.       
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Figure 64. FT-IR spectra presenting the sulfate vibrational assignments around 770 

– 620 cm-1 obtained on gold surface after polarizing the sample in 0.05 mol L-1 H2SO4 

solution with the potentials stepped in positive direction. 

 

The results presented in Figure 64 show a quite clear signal around 680 cm-1, 

which can be assigned to sulfate. In the literature many vibrational assignments 

between 637 – 736 cm-1 related to sulfate anions in different crystals are suggested, 

such as Na2SO4 and K2SO4.120 Beside the presence of sulfate anions, the spectra 

also demonstrate similar behavior as the presented by the perchlorate peak (1160 

cm-1) in Figure 60a), i.e., higher intensities for negative potentials, specially at -0.4 
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and -0.3 V, which could probably be associated to some chemisorption process. For 

most of the potentials more positive than the PZC value, the correspondent spectra 

present higher intensities, like observed for perchlorate at 1240 cm-1 in Figure 60a). 

Only the spectra corresponding to 0.5 V in this experiment does not fit in with the 

ones obtained after polarization at all other potentials. It is unclear what went wrong 

in that case. A peak splitting is not observed, but there seems to be a shift towards 

lower wavenumbers at very positive potentials. 

Likewise, as for the measurements with perchlorate, results with higher 

intensity were obtained than shown in Figure 62 and 63. These are shown in Figure 

65. The same spectra from Figure 65a) were recalculated employing the 0.1 V (PZC 

region) results as reference. This procedure was carried out in order to achieve a 

better visualization of changes in the spectra below and above the PZC region. 
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Figure 65. FT-IR spectra obtained on gold surface after polarizing the sample in 0.05 

a 

b 



R e s u l t s  a n d  d i s c u s s i o n s  | 169 

 

 

mol L-1 H2SO4 solution with the potentials stepped in positive direction. As reference 

spectra were used: a) spectra of clean sample (background) and b) spectra obtained 

after emersion from 0.1 V (PZC region). 

 

 Again, above PZC the peak associated with sulfate is slightly increasing for 

increasing potentials. The assignment for the pronounced peak at around 1700 cm-1 

is not certain. It is also reported in literature. According to the authors, this peak is not 

due to water.119   

 Figure 66 shows spectra from the experiment with the potentials stepped in 

negative direction. The same spectra from Figure 66a) were also recalculated 

employing the 0.1 V (PZC region) results as reference. 
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Figure 66. FT-IR spectra obtained on gold surface after polarizing the sample in 0.05 mol L-1 H2SO4 solution with the potentials stepped in 

negative direction. As reference spectra were used: a) spectra of clean sample (background) and b) spectra obtained after emersion from 

0.1 V (PZC region). 

a b 
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In the spectra shown in Figure 66 the peak around 1700 cm-1 is also present 

like in the spectra shown in Figure 65. Now, however, it is clearly showing a 

remarkable change in the intensity (upwards) for increasing potentials more positive 

than the PZC. 

In sum, concerning adsorbed water, for electrodes emersed from the sulfuric 

acid electrolyte quite similar observations are made as for the ones emersed form 

perchlorate: the amount of adsorbed water seems to be very low. Hence, also 

emersion into higher humidity was investigated. Also, above PZC anions seem to 

increase in amount for increasing potentials when the potential is stepped in positive 

direction. For negative direction much smaller changes are observed with change of 

the potential. 

 

4.4.3 FT-IR spectra from gold surfaces emersed into humid 

atmosphere 

 

Also experiments on electrodes emersed into humid atmosphere inside the 

infrared beam chamber were carried out. The gold sample was polarized employing 

0.1 mol L-1 NaClO4 and 0.05 mol L-1 H2SO4 solutions as electrolyte with the potentials 

stepped in positive (from -0.4 until 1.3 V) direction in 0.1 V intervals. The atmosphere 

inside the analysis chamber was set as “wet” N2 (65-70% RH). In Figure 67 spectra 

from experiments with 65-70% RH employing NaClO4 electrolyte are shown. These 

were obtained with the detector providing low signal intensities.  
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Figure 67. FT-IR spectra obtained on emersed gold surface after polarizing the 

sample in 0.1 mol L-1 NaClO4 solution with the potentials stepped in positive 

direction. The atmosphere inside the analysis chamber was set to humid N2 (65-70% 

RH).  

 

The spectra presented in Figure 67 were calculated in the same way as 

mentioned previously in the last two sections and the two spectra in red color 

represent the potential region of the possible PZC value. The water spectral region 

from 3800 – 3000 cm-1 in Figure 67 shows a “flat” profile around the PZC value; 

potentials more positive than 0.0 V presented this region as positive-going (at least 

until 1.0 V). This could be an evidence for water molecules reorientation at potentials 

more positive than the PZC value as mentioned in previous discussions involving the 

FT-IR results in this dissertation. Although in this experiment was employed NaClO4 

as electrolyte, the peaks/bands around 1030 – 1240 cm-1 related to perchlorate 

anions were not pronounced in the results obtained with the electrode emersed from 

aqueous NaClO4.  
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This experiment in humid atmosphere was also repeated with potentials 

stepped in positive direction (between -0.4 and 0.6 V) with higher intensity, see 

Figure 68. 

 

 

Figure 68. FT-IR spectra obtained on emersed gold surface after polarizing the 

sample in 0.1 mol L-1 NaClO4 solution with the potentials stepped in positive direction 

(between -0.4 and 0.6 V). The atmosphere inside the analysis chamber was set to 

humid N2 (65-70% RH). 

 

 The spectra around PZC (-0.1 and 0.0 V) present different profile (i.e. 

underlying slope); therefore, it is difficult to employ these spectra as reference (as 

was done so for the spectra so far). However, it is clearly visible that the spectra in 

Figure 68 shown the same pronounced peaks related to perchlorate at -0.4 and -0.3 
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V as in Figure 59a) and 60a). Furthermore, also here the perchlorate peak shows the 

splitting that was already seen in dry atmosphere (see Figure 60), but not so well 

pronounced and of lower intensity. Water bands are not well visible here. However, 

the pronounced peak at around 1700 cm-1 as discussed already above is again 

visible.  

Sulfuric acid also was used as electrolyte in the FT-IR experiments in humid 

atmosphere. Figure 69 shows spectra from the experiment with the potentials 

stepped in positive direction. The same spectra from Figure 69a) were also 

recalculated employing the spectra obtained for emersion at 0.1 V (PZC region) as 

reference. 
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Figure 69. FT-IR spectra obtained on gold surface in humid atmosphere after polarizing the sample in 0.05 mol L-1 H2SO4 solution with 

the potentials stepped in positive direction. As reference spectra were used: a) spectra of clean sample (background) and b) spectra 

obtained after emersion from 0.1 V (PZC region). 

a b 
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The many sharp peaks around 4000 – 3500 cm-1 and 1800 – 1400 cm-1 shown 

in Figure 69a) are probably attributed to water vapor inside the FT-IR analysis 

chamber. This last spectral region with such sharp peaks was also reported in the 

literature and attributed to gaseous water.119  

Comparing the results obtained by FT-IR measurements with the ones 

obtained by Kelvin probe, generally lower relative humidity conditions inside the 

chamber result in lower difference between potentials stepped in positive and in 

negative directions. This could be related to the low amount of water adsorbed on the 

emersed electrode in the dry atmosphere. 

For higher relative humidity conditions, the potentials measured by Kelvin 

probe resulted in higher difference between potentials stepped in positive and in 

negative directions. This may be due to the higher amount of specifically adsorbed 

anions on the electrode when stepping the potential in the negative direction, in 

combination with higher amount of adsorbed water (see also Figure 39). While the 

difference in adsorbed anions could be confirmed by the FT-IR measurements, the 

information about the water molecules in the double layer region that could be 

derived from the FT-IR measurements was quite weak. Strangely, especially the 

spectra obtained at improved high intensity showed only little information about 

water. 

 

4.5 Results obtained by ellipsometry 

 

 Ellipsometry measurements were performed in order to obtain information 

about the thickness of the water (electrolyte) layer at different relative humidity. For 

this, first calibration measurements (sample alignment and system check) were 

carried out with a SiO2 reference wafer in different atmosphere conditions. The 

results of these calibrations are shown in Table 10.   
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Table 10. SiO2 layer thickness determined by ellipsometry in N2 atmosphere of 

different relative humidity. 

N2 atmosphere 

composition 
SiO2 layer thickness (nm) 

Δ thickness between wet 

and dry conditions (nm) 

1-3% RH 20.53 ± 0.021  - 

65-70% RH 20.65 ± 0.025 0.12 ± 0.026 

90-95% RH 20.70 ± 0.032 0.17 ± 0.036 

 

The SiO2 layer thickness results in Table 10 were obtained from three 

measurements for each atmosphere condition. According the manufacturer, the SiO2 

layer thickness on the reference/calibration sample varies significantly from wafer to 

wafer; 25 nm are provided by the manufacturer as the nominal thickness and the 

employed wafer in this dissertation may have SiO2 thickness thinner or thicker than 

the nominal value (between 20 and 30 nm).95 Hence, value of about 20 nm shown in 

Table 10 are in accordance with the range provided by the manufacturer. The 

thickness difference measured between wet and dry atmosphere conditions suggest 

an influence of the humidity, i.e., the higher the RH inside the analysis chamber, the 

larger the thickness of the water layer adsorbed on the SiO2 surface.   

 Then a potential of 0.1 V was applied on the gold sample, while immersed in 

0.1 mol L-1 NaClO4 solution. The water layer thickness adsorbed on the emersed 

gold sample surface was then determined by ellipsometry in N2 atmosphere of 

different relative humidity. As reference for this experiment a gold sample was 

flushed with electrolyte (in the electrochemical cell) without any polarization (i.e. at 

OCP) and analyzed in dry N2 (1-3% RH) condition. This procedure was carried out in 

order to assure a clean gold surface as reference once the ellipsometry technique is 

very sensible. The results for the experiment after applying 0.1 V on the gold sample 

and emersing it from NaClO4 electrolyte are shown in Figure 70 and the thickness 

was obtained from the calibration at 900.296 nm. The calculation was done using 

light incident angle of 68.9° from the sample surface normal vector. 

 



178 | R e s u l t s  a n d  d i s c u s s i o n s  

 

 

Figure 70. Thickness of the water layer adsorbed on gold surface after applying 0.1 

V and emersion from 0.1 V. Prior to the measurements, the ellipsometry chamber 

was flushed for 24 h with N2 atmosphere with following RH values: 1-3, 65-70 and 

90-95%, which were thus maintained at high stability throughout the according 

measurement. It should be noted that while the relative difference of thickness 

obtained at different relative humidity is quite reliable, the value at 1-3 % RH is 

subject to high uncertainty, i.e. there might be an offset error. 

 

The results shown in Figure 70 show a clear dependence of the water layer 

thickness on the relative humidity, namely an increase with increasing relative 

humidity. According to the widely accepted thickness of a water monolayer of about 

0.286 nm (see Karslioğlu et al.122) at 1-3% RH the water layer thickness is roughly in 

the range of about a third to half monolayer, at 65-70% RH a bit above one 

monolayer and at 90-95% RH about 1.5 monolayers. 

Hence at the dry condition (1-3% RH) the thickness of the water layer is 

probably in the sub-monolayer range. Unfortunately, it is difficult to obtain absolute 
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thickness values in this experiment, as it is complicated to assure a perfect reference 

value. Hence, while the relative difference of thickness obtained at different relative 

humidity is quite reliable, the value at 1-3 % RH is subject to high uncertainty, i.e. 

there might be an offset error. 

But interestingly, the values obtained here are in quite good agreement with 

the assumptions made for explaining the response of the potential measured by 

Kelvin probe on the emersed electrodes at different relative humidity. 

 

4.6 Preliminary investigations by XPS 

 

 For this work also the use of the XPS and NAP-XPS system was planned. 

Furthermore, combining XPS with the other part of instrumentation (electrochemical 

cell, Kelvin probe and FT-IR) via an UHV suitcase for sample transfer was part of the 

laboratory concept, as explained in section 3.1.4. For the preliminary XPS the 

focused X-ray source of the NAP-XPS was used, which has only low power. 

Unfortunately, no satisfactory results were obtained. Hence, according 

measurements need further development work that could not be done anymore in 

this work.  

 

4.7 Measurement of OCP after stopping polarization without 

removing the electrolyte from the electrochemical cell and after 

emersion and re-immersion of the sample 

 

Measurements of the OCP after stopping the polarization were carried out in 

order to further assess the dynamics of the electrochemical double layer. These 

experiments were done in two different ways, employing 0.05 mol L-1 H2SO4 as 

electrolyte: first, a potential was applied and after the polarization (120 s), 

polarization was stopped and the OCP was measured for 10 min. Polarization was 
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carried out at selected potentials (0.0, 0.3, 0.6 and 0.9 V vs Ag/AgCl) and applied in 

positive and in negative direction in order to observe if there might be some 

difference when the potentials are applied in both directions. This was done with the 

sample staying immersed. The second part of the experiment consisted in removing 

the electrolyte (emersing the sample) and after 60 s to refill the electrochemical cell 

again with electrolyte (re-immersing the sample). This part of the experiment was 

also conducted with potentials stepped in positive and in negative directions. 

Furthermore, an unpolarized sample was also analyzed (OCP of the just immersed 

sample without any prior polarization, in the electrolyte and after emersion and re-

immersion). In Figures 71 – 74 the results for these experiments are shown. 
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Figure 71. OCP measurement on the unpolarized gold sample: a) without emersion; b) 

a 

b 

c 
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with emersion and re-immersion; c) after 5 or 10, 60, 300 and 600 s. The red dashed 

lines in b) represents the start of the emersion and re-immersion processes.  

 

The results obtained with the unpolarized gold sample are presented in Figure 

71. The potential shows a relative stable level in both evaluated situations, i.e., 

without emersing the sample and after emersing and re-immersing the sample. 

Thereafter, the sample was polarized and the OCP determined as explained 

previously; these results are presented in Figure 72. A similar potential is measured 

for the as-prepared sample in dry nitrogen atmosphere by Kelvin probe. It should be 

noted that the PZC is at about 150 mV lower and hence the non-polarized sample is 

positively charged. This could be due to oxygen adsorption on the surface. Although 

the electrolyte is purged by nitrogen and hence should be oxygen-free, this is 

thinkable as the sample was prior immersion transported through air. However, as 

will be seen in the following, the same potential was established on the samples 

polarized to significantly lower potentials after polarization was stopped. Hence, a 

prior polarization by oxygen cannot be the explanation for this OCP values.  
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Figure 72. OCP determination on the polarized gold sample: a) and b) without 

emersion; c) and d) with emersion and re-immersion. Electrolyte was 0.05 mol L-1 

H2SO4. 

 

In Figure 72 results are shown of an experiment where the potentials were 

stepped in both directions. Then the polarization was stopped and the evolution of 

the OCP monitored. Four different values for the waiting time were selected and the 

corresponding potentials plotted in the diagrams, for 5, 60, 300 and 600 s waiting 

time. For the emersion and re-immersion experiment 10 s time of waiting time were 

a b 

c d 
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chosen; this was done in order to guarantee the “stop” of the electrolyte pumping into 

the cell and minimizing of the “turbulence” inside the cell, caused by electrolyte filling. 

The OCP values show the expected behavior: the shorter the waiting time, the closer 

the measured potentials are compared to the originally applied potentials (especially 

for 5 and 10 s). Furthermore, the correlation between OCP values and corresponding 

applied potentials shows nearly perfect trend lines (slope 1) between 0.3 and 0.9 V. It 

is also important to mention the relative stability of the electrochemical double layer 

after the emersion and re-immersion processes, as can be seen in Figures 72c) and 

72d), confirming the idea of the “frozen-in” structures during the emersion process 

under controlled potential, as also there a very good correlation is preserved 

throughout the process.  

Interestingly, the correlation between OCP and the potential applied prior to 

stopping the polarization is lost for applied potentials below the PCZ, just as it is 

observed also for the emersed samples measured by Kelvin probe. Furthermore, the 

potential that these reach after a while is the OCP of the samples emersed in 

electrolyte without polarization. Interestingly, the same potential was measured by 

Samec et al.7 for samples when the polarization was stopped when they were 

polarized below PZC. 

  In the same way as for many other experiments presented in this 

dissertation, the results from Figure 72 are replotted so that potentials obtained in 

positive and in negative directions can directly be compared. These diagrams are 

plotted and presented in Figures 73 (without emersion process) and 74 (with 

emersion and re-immersion processes). 
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Figure 73. Plots of OCP at different waiting times after the polarization was stopped 

vs applied potential during polarization, with the potentials stepped in positive and in 

negative directions. Electrolyte was 0.05 mol L-1 H2SO4. 

 

The results in Figure 73 show a very little shift to higher potentials when the 

potentials were stepped in negative direction, but for the 5 s OCP this difference was 

practically no detectable. After 600s up to about 50 mV difference were measured. In 

the next Figure are presented the results for the OCP determinations with emersion 

and re-immersion processes. 

a b 

c d 
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Figure 74. Plots of OCP of re-immersed samples at different waiting times after 

emersion vs applied potential during polarization, with the potentials stepped in 

positive and in negative directions. Electrolyte was 0.05 mol L-1 H2SO4. 

 

 For the emersed and re-immersed samples the difference between potentials 

obtained in positive and in negative direction are already in the 50 mV range even 

after 10 s waiting time and reach a final level of about 80 mV after 60 s. Similar 

values were reported by Samec et al. for the OCP values after stopping polarization.7 

a b 

c d 
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However, in this work the difference of the OCP values for positive and negative 

direction are a bit smaller than reported there. 

 For potentials measured directly on the emersed samples by Kelvin probe 

much higher values of up to 200 mV were obtained at high relative humidity. This 

was also observed by Samec et al. for the very high relative humidity that they used. 

For lower relative humidity investigated in this PhD work much smaller differences 

were observed, as previously presented in the Kelvin probe measurement section. 
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5 Summary and Outlook 

 

In this dissertation a methodology for tailoring the electrochemical double layer 

of electrodes covered by electrolyte layers in the sub-monolayer and monolayer 

range was developed and first studies on these so-called “electrodes in the dry” were 

performed. This methodology is based -under maintenance of the polarization- on the 

emersion of an electrode into inert nitrogen atmosphere of different relative humidity. 

The idea was that by adjusting the relative humidity to different level, the thickness of 

the resulting electrolyte layer in the double layer can be controlled. 

For these studies, first a novel complex experimental set-up was planned, 

built-up and taken into service. This set-up realizes the combination of an 

electrochemical cell with a number of optical spectroscopic techniques, such as FT-

IR and ellipsometry, Kelvin probe and an ultra-high vacuum system featuring electron 

spectroscopies such as XPS (NAP-XPS) and UPS. 

Potentials applied on the sample during immersion were stepped in a wide 

range: from -0.4 until 1.3 V vs Ag/AgCl (positive direction) and from 1.3 until -0.4 V vs 

Ag/AgCl (negative direction). After polarization at a given potential the electrode was 

emersed into nitrogen atmosphere of relative humidity values of 1-3%, 65-70% and 

90-95%. From the measured Volta potential difference between sample and Kelvin 

probe the corresponding electrode potentials of the emersed electrodes were 

obtained, based on a calibration of the Kelvin probe with a Ag/AgCl reference at the 

relative humidity of interest. For the plots of potential of the emersed electrode vs the 

applied potential, a linear range with unity slope after emersing the electrode from the 

electrolyte was generally observed for applied potentials between about 0.1 until 1.0 

V. This potential range corresponds to the potential window from about PZC to gold 

oxidation. The potentials of the emersed electrode were close to the applied values 

or higher, depending on the relative humidity. This dependence on relative humidity 

is attributed to the role of the amount water molecules and their orientations and the 

contribution of the corresponding dipole moments to the potential. In humid nitrogen 

atmosphere up to 0.2 V higher potentials were observed on the emersed electrode 

when the potentials were stepped during the polarization in the negative direction 
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compared to the experiments in which the potentials were stepped in positive 

direction. This is similar to what was observed by Samec et al.7, who suggest that 

this difference between the potentials of the emersed electrode polarized stepwise 

into positive and stepwise into negative direction might be due to a difference in the 

amount of specifically adsorbed anions. As it seems unlikely that specifically 

adsorbed excess anions per se (i.e. anions not needed as countercharge to the 

positive charge on the electrode) whose charge will be compensated by 

corresponding cation adsorption will gave a significant effect on the potential, it is 

proposed here that this effect is caused by adsorbed water that is adsorbed on these 

anions in an orientation with the hydrogen atoms pointing towards the anion and the 

oxygen atom pointing upwards, which indeed should result in a higher potential. 

This fits well with the observation that for electrodes emersed into dry 

condition no difference in the potentials of emersed electrode polarized in positive 

and polarized in negative direction was found. 

In general, the potentials obtained were higher than the ones reported by 

Samec et al., who found that their values were about 0.3 V lower than the applied 

potentials7, while for electrodes emersed into UHV values of about 0.4 V higher than 

applied were reported.123 The higher potentials observed on electrodes emersed into 

UHV is explained by the more or less complete loss of water, which is assumed to 

contribute in total with 0.4 V to the potential, by decreasing it accordingly. In the case 

of Samec et al. the electrodes were emersed into very high humidity, where it is 

assumed that the thickness of the electrolyte layer comprises several monolayers, 

which are decreasing the potential and are still relatively oriented at the topmost layer 

with dipole orientation reducing the potential, while on the bulk electrolyte the water 

molecules show a net orientation increasing the potential. Hence, this difference 

could explain the lower potentials obtained on the electrodes emersed into very high 

relative humidity. 

Since the relative humidity range investigated in this work is in between these 

two extremes, it seems reasonable that the potentials obtained here are in between 

the corresponding values reported for emersion into UHV and in very high humidity. 

However, what seems remarkable is that the correlation observed here 

between potentials of the emersed electrode and the potential applied before 
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emersion shows for most cases a clear linear dependence with slope close to 1. This 

would mean that there cannot be a meaningful re-orientation of the adsorbed water 

molecules with a change of potential, and that throughout the full linear range of 

about 1 V! 

In that context it has to be pointed out that a 1:1 correlation between potential 

of the emersed electrode and the potential prior applied during immersion was 

observed only for applied potentials above PZC. Around PZC it seems that a re-

orientation of the water molecules occurred, resulting in an often visible step in the 

plots of potential of the emersed electrode vs applied potential. For potential slightly 

below PZC still some correlation, but with much less than 1:1, was observed. With 

increasing negative potentials a plateau seems to be reached with even a tendency 

to increasing potentials measure on the emersed electrode with decreasing applied 

potentials. This is especially pronounced for samples emersed from alkaline 

electrolyte. However, since wetting of the alkaline electrolyte on the gold surface was 

quite strong, it was quite difficult to avoid transfer of bulk electrolyte during emersion. 

Hence, the electrodes emersed form alkaline electrolyte were not further 

investigated. 

Concerning the effect of different electrolyte, for the aqueous electrolytes with 

sulfuric acid and the sodium perchlorate quite similar correlations between the 

potentials of the emersed electrode and the applied ones were observed. Both 

anions are weakly adsorbing on gold. In both cases, in dry atmosphere the resulting 

potentials show in the linear range values close to the applied ones. When going to 

intermediate relative humidity (of 65-70% RH), the potentials shift to higher values, 

more for the ones obtained when stepwise polarizing negatively, leading to a 

potential difference between emersed electrodes polarized in the two different 

directions. Precisely, this first occurs for the electrodes emersed from sulfuric acid 

and then is also observed at the higher humidity of 90-95% RH also for perchlorate. 

At this higher humidity for both cases again lower overall potentials are observed. 

This is explained as follows: water in the range of a monolayer or below is 

present in the double layer of the electrode transferred into low relative humidity. This 

leads to potentials that are in the linear range more or less the same as the ones 

applied. And that is the case for samples stepwise polarized into positive and 
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negative direction (maybe with the latter ones showing a slight tendency towards 

higher potentials). For electrodes emersed into intermediate relative humidity, 

additional water molecules are adsorbed on the adsorbed anions in the double layer 

in an orientation with the hydrogen atoms pointing towards the anion and the oxygen 

atom pointing upwards, which results in a higher potential (see Figure 75). A 

difference for electrodes stepwise polarized in the two directions is explained by 

more anions specifically adsorbed for polarization coming from high potentials (i.e. 

into the negative direction). At the highest humidity investigated (90-95% RH) more 

water molecules are adsorbed, mainly on the water layer directly adsorbed on the 

gold surface, which means preferentially in an orientation with the oxygen atom 

pointing downwards, i.e. decreasing now the potential (see Figure 75). This is in 

accordance with the results obtained by ellipsometry, that at 1-3% RH the water layer 

thickness is roughly in the range of about a third to half monolayer, at 65-70% RH a 

bit above one monolayer and at 90-95% RH about 1.5 monolayers. 

 
Figure 75. Schematic representation of water adsorption at different relative humidity 

and how it is affecting the potential of the emersed electrode (1, 2, 3 denoting 1-3% 

RH, 65-70% RH and 90-95% RH, respectively).  

 

The higher amount of specifically adsorbed anions for the electrodes polarized 

in the negative direction, i.e. coming from higher potentials, is confirmed by the 

           Anion 

         Water molecule 
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results obtained by FT-IR. While stepwise increases from lower to higher potentials 

(i.e. into the positive direction) clearly shows an increase of the bands associated 

with perchlorate or sulfate anions, for the negative direction much less changes are 

observed which indicates a higher specific adsorption of anions. Also, in negative 

direction and especially at higher humidity, the according bands are broader. While 

e.g. on electrodes emersed form perchlorate containing electrolyte in dry atmosphere 

a very sharp peak associated with the perchlorate is observed, at higher humidity this 

is much broader. This is assumed to be possibly due to the interaction with the water 

molecules. In dry atmosphere and for emersed electrodes obtained by stepwise 

positive polarization, even a split peak is observed in the FT-IR, which might be 

associated with re-orientation of the perchlorate at different field strength in the 

double layer region. 

Surprisingly, bands that can be associated with water are more or less not 

discernible in the FT-IR spectra, even at 65-70% RH, where about a monolayer of 

water should be present, as indicated by the results obtained by Kelvin probe and by 

ellipsometry. Hence, no conclusions can be drawn about possible water re-

orientation with changing potential. However, that a correlation close to 1:1 in the 

potential range where the potential of the emersed electrode shows a linear 

dependence on applied potential (i.e. above PZC to about 1 V) was found for 

different humidity levels, indicates that water molecules do not re-orient much with 

changes in the field. This is at least the case for potentials above PZC. Below PZC 

strong indications for a re-orientation were found, which even resulted in higher 

potentials for samples polarized prior to emersion to very negative potentials than for 

electrodes polarized to somewhat higher ones. 

Finally, first investigations on the electrochemical reactivity of these emersed 

electrodes were carried out. For this the change of potential of a negatively polarized 

sample (-0.3 V vs Ag/AgCl) upon a change of the atmosphere from nitrogen to air 

was investigated for different levels of relative humidity. It was found that at low 

humidity of 1-3% RH only a very slow increase in potential due to oxygen reduction 

can be observed. For intermediate humidity of 65-70% RH the response is faster and 

much faster at the highest humidity. This shows that the water in the double layer 

region plays a crucial role for electrochemical reactions, e.g. for stabilizing ions 
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formed during the reaction, intermediately or final. Interestingly, for the electrodes 

polarized coming from higher potentials (negative direction), the response of the 

electrode emersed into intermediate humidity was nearly the same as the one of the 

electrode emersed into high humidity, which supports the assumption that -at same 

potential- due to the higher amount of specifically adsorbed anions (and 

corresponding cations needed for charge neutrality) also more water is adsorbed. 

Concluding, this work has demonstrated that the novel experimental set-up 

built at MPIE for electrochemical surface science studies of “dry electrodes” that was 

put into operation here is working well. Furthermore, the results obtained in this work 

clearly show that it is possible to control the amount of water in the double layer 

region and that this has an effect on the resulting potential and electrochemical 

reactivity. The “dry electrode” system seems to be a very promising platform for 

electrochemical surface science studies in order to obtain a better in-depth study of 

the correlation of structure and reactivity of the electrochemical interface. 

As outlook, it would be desirable to be able to better characterize the water in 

the electrochemical double layer. One way would be to enhance the sensitivity of the 

FT-IR. Although XPS and especially NAP-XPS was planned to be a part of this work, 

these studies were not started yet. Besides a better quantified information about 

anions and cations on the emersed electrode, especially NAP-XPS at different 

relative humidity could also provide more information about the amount of water. By 

shifts of the XPS peaks for oxygen one might also learn about different (vertical) 

position of the water in different layers. Another approach would be to try also 

thermal desorption spectroscopy to analyze possible differences of desorption 

energies caused by different binding energies of the water molecules in different 

positions in the electrochemical double layer region. 
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Appendix A: Configuring and testing the electrochemical cell 

 

In order to optimize parameters, such as the time needed to fill the 

electrochemical cell with electrolyte, according tests were carried out. These 

experiments helped to explain some observations made during the experiments.  

In order to assess the reliability of the electrochemical control under the 

operation conditions of this work, the potentiostat was tested using the testcell 

(Figure 1) provided by the manufacturer in order to check the linearity of the equation 

R = U / i. In some of these tests relevant oscillations were observed, affecting directly 

the desired linearity. After checking the cables and connections, it was noticed that 

“instable signal”/oscillations (i.e. noise) was present always when the diaphragm 

pump for the electrolyte was on. The vibration caused by this pump was also 

transmitted to the entire electrolyte hose system and affected directly the reference 

electrode cable.  

 

 

Figure 1. Potentiostat connected to the testcell through the cables for working, 

reference and counter electrodes. This testcell operates at 1000 Ω resistivity.   
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 The diaphragm pump for the electrolyte (as introduced in section 3.1.3) was 

operated according the description presented in Figure 2. 

 

 

 

Figure 2. Diaphragm pump employed in the electrochemical cell system: the rate of 

the electrolyte flow from the reservoir to the electrochemical cell was controlled 

through ten stages (indicated by green LED lights), from minimum to maximum. For 

the experiments in this dissertation, the pump was always set on the second 

pumping stage.   

 

 This pump was operated in the low flow stage (second pumping stage) in 

order to avoid higher pressures in the hoses and connections system and also to 

minimize a turbulent electrolyte flow to the electrochemical cell. The electrolyte was 

removed from the cell while the pump was turned totally off or it was set to the 

minimum pumping stage; the removal of the electrolyte was controlled by the valves 

presented previously in section 3.1.3 (Figures 16m) and 16n)).    

 The time needed for the processes from filling the electrochemical cell with 

electrolyte until removing it from the cell were determined using ultrapure water and 

Second pumping stage 

Electrolyte flow to the electrochemical cell 

Minimum pumping stage  
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monitoring its behavior in the hoses and connections system. Values for the duration 

of key steps in operating the electrolyte in the cell are presented in Table 1.     

 

Table 1. Processes involved in the electrochemical cell study, from filling until 

removing the electrolyte. 

Process step Time needed (s) Observations 

Filling electrolyte 30 – 40   

Flow stabilizing 20   

Pump turned off 30 After electrolyte flow stabilizing 

Polarization 80 Started 30 s after pump was turned off 

Removing electrolyte 20 – 40  Potential maintained applied 

 

 The polarization time was not influenced by these experiments; it was 

stablished for 120 s (total time for the applied potential) and after 80 s the valve for 

changing the electrolyte flow from the electrochemical cell back to the electrolyte 

flask was opened. The electrolyte had up to 40 s to be removed from the 

electrochemical cell while the potential was maintained applied on the working 

electrode (gold sample). It was not possible to assure exactly when the 

electrochemical cell was completely empty (without electrolyte), since it was made 

entirely of PTFE and its construction does not allow a look inside. Nevertheless, the 

time evaluated between 20 and 40 s was sufficient to empty the cell; this was 

confirmed by pulling the device for sample introduction back and no electrolyte leak 

was observed. 

 After setting the time for all the processes presented in Table 1, the 

potentiostat (using the testcell) was configured in the “Linear Sweep (Standard)” 

mode. As mentioned earlier, some interferences from the diaphragm pump were 

noticed. The results of different experiments employing the testcell are presented in 

Figure 3. 
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Figure 3. Results to check the linearity of the equation R = U / i employing the 

testcell: a) diaphragm pump turned on (second pumping stage); b) diaphragm pump 

a 

b 

c 
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turned off and waited 30 s to start the measurement; c) simulation of 120 s 

polarization, opening the valve for changing the electrolyte flow from the 

electrochemical cell back to the electrolyte flask after 80 s (red dashed line). All 

experiments were done employing ultrapure water instead real electrolyte.  

 

 As shown in Figure 3a), visible oscillations are present, however, when the 

diaphragm pump is turned off the result is more stable, as shown in Figure 3b). This 

behavior suggests an influence of the pump vibrations on the stability of the potential 

measurement. The small oscillations near the red dashed line in Figure 3c) were 

probably caused when the valve was opened and the water removed from the 

electrochemical cell.  
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