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Abstract 

This thesis investigates the corrosion properties and behavior of the two Multi Principal 

Element Alloys (MPEAs) CrMnFeCoNi and CrCoNi in different aqueous environments. 

Research in MPEAs sparked in the early 2000s, with CrMnFeCoNi representing one of the 

initial MPEA systems that revealed solid state solutions with a single phase and desirable 

mechanical properties such as high strength. In the following years, MPEAs received 

significant attention in the material and electrocatalysis science communities due to their 

remarkable properties including thermal stability and hardness as well as corrosion and wear 

resistance. Moreover, their electrochemical stability within a wide pH range and the freedom 

in chemical design gained MPEAs a rising interest in corrosion and electrocatalysis research. 

While in the literature a substantial body of research is dedicated to the investigation of 

corrosion characteristics of MPEAs with 5 or more component elements (CrMnFeCoNi), 

MPEAs with 4 or 3 elements (CrCoNi) are underrepresented. 

The focus of this work lies on the general corrosion analysis of the two MPEAs in 

aqueous NaCl and H2SO4 containing media through potentiodynamic polarization techniques 

in combination with the analysis of the protective passive film through electrochemical 

impedance spectroscopy and X-ray photoelectron spectroscopy. The respective results are 

further supported by the quantitative analysis of dissolved metals in the corrosion electrolytes 

through inductively coupled mass spectrometry. Local corrosion processes due to alloy surface 

imperfections (inclusions, possible defects at grain boundaries, etc.) in the microstructure of 

the base materials or processing related changes in the surface microstructure are 

investigated by ex- and in-situ methods including scanning electron microscopy and atomic 

force microscopy. To evaluate the alloys’ corrosion characteristics when exposed to corrosive 

media over longer periods of time, long-term immersion tests are presented and discussed. 

Finally, the promising electrochemical properties of some MPEAs hold the potential for the 

application in electrochemical catalysis. Using scanning electrochemical microscopy with tip 

substrate voltammetry, the onset of the oxygen evolution reaction on CrMnFeCoNi and CrCoNi 

is examined in NaCl at three different pH levels. Coupling these electrochemical 

measurements with the quantitative analysis of corrosion electrolytes through ICP-MS and UV 

Vis spectroscopy, the corrosion characteristics of the transpassive region are determined. 
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Zusammenfassung 

In dieser Arbeit werden die Korrosionseigenschaften und das Korrosionsverhalten der beiden 

Multihauptelementlegierungen (MPEAs) CrMnFeCoNi und CrCoNi in unterschiedlichen 

wässrigen Umgebungen untersucht. Die Forschung auf dem Gebiet der MPEAs begann in den 

frühen 2000er Jahren, wobei CrMnFeCoNi eines der ersten MPEA-Systeme war, das 

einphasige Mischkristalle mit wünschenswerten mechanischen Eigenschaften wie hoher 

Festigkeit bildete. In den folgenden Jahren erhielten MPEAs aufgrund ihrer bemerkenswerten 

Eigenschaften wie thermische Stabilität und Härte sowie Korrosions- und 

Verschleißbeständigkeit große Aufmerksamkeit in der Material- und Elektrokatalyseforschung. 

Auch ihre elektrochemische Stabilität innerhalb eines breiten pH-Bereichs und die Freiheit bei 

der chemischen Zusammensetzung verschafften den MPEAs ein wachsendes Interesse in der 

Korrosions- und Elektrokatalyseforschung. Während in der Literatur ein beträchtlicher Teil der 

Forschung der Untersuchung der Korrosionseigenschaften von MPEAs mit 5 oder mehr 

Bestandteilen (CrMnFeCoNi) gewidmet ist, sind MPEAs mit 4 oder 3 Elementen (CrCoNi) 

unterrepräsentiert. 

Der Schwerpunkt dieser Arbeit liegt auf der allgemeinen Korrosionsanalyse der beiden MPEAs 

in wässrigen NaCl- und H2SO4-haltigen Medien mit Hilfe potentiodynamischer 

Polarisationstechniken in Kombination mit der Analyse der schützenden Passivschicht durch 

elektrochemische Impedanzspektroskopie und Röntgen-Photoelektronen-Spektroskopie 

(XPS). Die entsprechenden Ergebnisse werden durch die quantitative Analyse der gelösten 

Metalle in den Korrosionselektrolyten mittels induktiv gekoppelter Massenspektrometrie (ICP-

MS) unterstützt. Lokale Korrosionsprozesse, die auf Unvollkommenheiten der 

Legierungsoberfläche (z.B. Einschlüsse, mögliche Defekte an Korngrenzen usw.) im Gefüge 

der Grundwerkstoffe oder auf verarbeitungsbedingte Veränderungen des Oberflächengefüges 

zurückzuführen sind, werden mit Ex-situ- und In-situ-Methoden einschließlich 

Rasterelektronenmikroskopie und Atomkraftmikroskopie untersucht. Um die 

Korrosionseigenschaften der Legierungen zu bewerten, wenn sie über längere Zeiträume 

korrosiven Medien ausgesetzt sind, werden Langzeittauchversuche vorgestellt und diskutiert. 

Schließlich bieten die vielversprechenden elektrochemischen Eigenschaften einiger MPEAs 

das Potenzial für die Anwendung in der Elektrokatalyse. Mit Hilfe der elektrochemischen 

Rastermikroskopie mit Tip-Substrat-Voltammetrie wird der Beginn der 

Sauerstoffentwicklungsreaktion auf CrMnFeCoNi und CrCoNi in NaCl bei drei verschiedenen 

pH-Werten untersucht. Durch Kopplung dieser elektrochemischen Messungen mit der 

quantitativen Analyse der Korrosionselektrolyte mittels ICP-MS und UV-Vis-Spektroskopie 

werden die Korrosionseigenschaften des transpassiven Bereichs der beiden MPEAs 

bestimmt. 
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1 Introduction 

Conventional alloys such as ferrous, nickel, aluminum or copper alloys are produced based on 

one principal constituent to which secondary elements are added to alter the properties of the 

material in a desired way. For example, to be used as a durable tool or weapon, copper was 

alloyed with tin to overcome the inherent softness of copper. The resulting alloy, bronze, is 

stronger and harder than pure copper.[1-2] As this propelled civilization from the stone age to 

the bronze age, so did other alloys with specific functional properties lead to application 

breakthroughs in our modern society. Some examples include superalloys, gum metals and 

stainless steels. Superalloys are classified into three subgroups, Ni, Co, and Ni-Fe based.[3] 

They present outstanding heat-resistant properties and are widely used as aerospace 

structural materials.[4] Gum metals are Ti-based quaternary Ti-Nb-Ta-Zr alloys with high 

elasticity and formability that due to their distinguished biocompatibility find applicability in 

medicine.[5] While widely known, stainless steels offer a vast field of application from small 

surgical instruments to large structural elements because of their good corrosion resistance 

and mechanical strength.[6-7] 

With ongoing technological advances and demands, the search for new materials with 

improved functional properties does not cease. Alloys based on one principal element are 

limited in their total number of possible element combinations. In fact, this limitation can be 

observed in phase diagrams which represent stable homogeneous portions of a system with 

uniform chemical and physical characteristics (phases) with respect to temperature and 

composition for alloys.[8] Typically, conventional alloys accumulate close to the edges and 

corners, leaving the numerous combinations at the phase diagram’s center inevitably 

unexplored.[9-10] For carbon steels, the Fe-Fe3C phase diagram only shows the compositions 

of C of up to 6.7wt% C, after which Fe3C (cementite) predominantly forms, and consequentially 

the 6.7wt% C are considered 100% Fe3C (see Figure 1.1a).[8] Moving away from one base 

element to which others are marginally alloyed to employing multiple main constituents yields 

phase diagrams that increase in dimensional space and with that generates more possible 

alloy combinations. To visualize the increasing complexity with the number of alloy 

components, Figure 1.1b shows a simulated ternary phase diagram for CrCoNi, and Figure 

1.1c schematically illustrates how a quaternary phase diagram could be constructed. The 

complexity is underlined by the fact that binary phase diagrams allow to determine the phases 

formed with changing temperature and composition. Upon mixing three components, phase 

diagrams must be constructed at a certain temperature or composition as shown in Figure 1.1b 

and c which represent the phases with change in composition at a constant temperature. 
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Figure 1.1. Exemplary phase diagrams of a (a) binary conventional carbon steel, (b) ternary CrCoNi alloy and (c) a 
generic quaternary alloy. (a) The Fe-Fe3C phase diagram where the maximum composition of C is 6.7 wt% shows 
the phases formed in relation to temperature and composition. (b) The CrCoNi phase diagram shows the different 
phases depending on composition at 600°C, simulated with Thermo-Calc. (c) The generic phase diagram 
represents the compositional space of formed phases of a quaternary alloy ABCD at a set temperature. 

In their initial publication on equiatomic multicomponent alloys, Cantor et al.[11] 

described their investigation of the central region of the phase diagram for different 

multicomponent transition metal alloys. Independently, Yeh et al.[12] also reported an alloy 

design approach that employs multiple principal elements in equimolar and near-equimolar 

ratios. They introduced the non-conventional hypothesis that, due to their large configurational 

entropy of mixing Sconf, the resulting solid solutions of multiple components will be more stable 

than alloys with less elements. More specifically, the increased configurational entropy of 

mixing is assumed to be large enough to overcome the formation enthalpies fH of intermetallic 

compounds. Due to this hypothesis, the authors coined the term “high entropy alloys”. Detailed 

definitions on metallurgical terms are discussed in Chapter 2. 

The mere number of possible multiple element alloy combinations exceeds 5 million for 

5-component equimolar alloys considering 60 elements of the periodic table as usable.[13] 

Thus, many studies have focused on producing new alloys by combining multiple principal 

elements. The resulting alloys are consequentially termed multi principal element alloys 

(MPEAs). These initial studies focused on investigating the alloys’ mechanical and 

microstructural properties.[14-17] To explore applications for these alloys, this thesis focuses on 

the two model MPEAs CrMnFeCoNi and CrCoNi, and their corrosion behavior in aqueous 

media. The two alloys are comparable in their random texture and grain sizes.[18] Mechanically, 

they exhibit high yield strength, tensile strength, and ductility which increase with decreasing 

temperature.[19-21] In their study, Laplanche et al.[18] describe the mechanical superiority of 

CrCoNi over CrMnFeCoNi and report an earlier onset of twinning stresses. Deformation by 

twinning may increase ductility and it contributes to the observed higher yield strength and 

work hardening rate.[18, 22] For exploring new fields of application, resistance to corrosive 

deterioration is imperative for safe and economically feasible operation of these materials 

aside from their promising mechanical properties. Previous corrosion studies of CrMnFeCoNi 

and CrCoNi demonstrated that the two systems behave dissimilarly in different aqueous 

environments.[23-25] 
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Specifically, this thesis seeks to examine the corrosion characteristics and interfacial 

reactions in aqueous media of two model MPEAs (equimolar CrCoNi and CrMnFeCoNi). 

Accordingly, Chapter 2 briefly outlines the materials science of metals and alloy systems to 

then discuss the concept of MPEAs in Chapter 3. Chapter 4 discusses relevant corrosion 

electrochemistry including an overview on published corrosion studies of CrCoNi and 

CrMnFeCoNi. Chapters 5 and 6 describe the surface specific characterization methods 

employed within this work and the corresponding experimental details. The results are then 

presented in Chapters 7 and 8. While Chapter 7 focusses on the general corrosion and oxide 

film properties in NaCl- and H2SO4-based electrolytes, the dissolution and water splitting 

behavior at high anodic potential is elucidated in Chapter 8. Lastly, Chapter 9 summarizes the 

findings presented in this work and discloses an outlook for future research.
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2 Materials Science of Metals 

For metals and alloys the onset and progression of aqueous corrosion is largely influenced by 

the complexity of their surface microstructure and composition. Metal corrosion in general is a 

redox process, in which anodic and cathodic partial reactions proceed simultaneously at the 

same metal part. The structure of metallic specimens determines whether the oxidation and 

reduction sites are localized or fluctuate, resulting in local corrosion phenomena such as pitting 

or general corrosion (Chapter 4.4), respectively. This chapter will give on overview on metallic 

microstructures, structural heterogeneities and defects which can influence the corrosion 

behavior of metals and alloys. 

 

2.1 Metal Structures and Defects 

Metals and alloys, which are metallic substances made up of two or more elements, are 

polycrystalline solids.[26] The individual crystals in a single-phase metallic specimen are termed 

grains which have the same structure and composition but are oriented differently. The 

boundary between grains of different orientation is referred to as grain boundary (Figure 2.1). 

Microstructural differentiations can be made based on the misorientation between adjoining 

grains, where a misorientation of more than 15 degrees is considered a high-angle grain 

boundary otherwise it is a low-angle grain boundary (Figure 2.1).[27] 

 

 
Figure 2.1. Grain and phase boundaries within a generic polycrystalline alloy. 

The general structure of metal and alloy crystals encompasses 3 closed packed 

structures: body-centered-cubic (bcc), face-centered-cubic (fcc) and hexagonal-close-packed 

(hcp) (Figure 2.2a-c). Within these structures, the metal atoms are assumed to be hard spheres 

with a well-defined diameter that are arranged periodically in arrays (lattices) with long-range 
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order.[26] The smallest structural unit is the unit cell, and its repetition gives the full 3D structure. 

Depending on environmental factors such as temperature and pressure certain metallic 

elements exhibit more than one crystal structure (polymorphism). 

 
Figure 2.2. Unit cell of (a) face-centered cubic, (b) body-centered cubic and (c) hexagonal close packed structures. 

In conventional alloys the host metal or solvent metal determines the crystal structure. 

For steels, e.g., this would be Fe. The additional elements to the solvent metal are called 

solutes. The resulting crystals with mixed composition are referred to as solid solutions in which 

the solutes are uniformly and randomly dispersed.[28] Further distinctions can be made for 

conventional alloys between interstitial and substitutional solid solutions (Figure 2.3). For 

interstitial solid solutions smaller elements than the solvent may occupy interstitial sites and 

vacancies (Figure 2.3c). For MPEAs, substitutional solid solutions are applicable where solute 

atoms replace host atoms (Figure 2.3b). While the literature is clear on deeming MPEAs as 

solid solutions,[13] the chemical complexity of MPEAs does not allow for a clear distinction 

between solvent and solute atoms. For appreciable solubility of solutes in the solvent metal, 

certain values regarding electronegativity, atomic sizes, crystal structure and valences 

(summarized under the semi-empirical Hume-Rothery rules)[28] need to be met. If these rules 

are not met, diffusion of the alloying elements may lead to phase formation. More recent 

research shows that the rules do not universally apply to MPEAs,[29] and that the complexity of 

the free energy landscape needs to be considered when discussing solid solution formation in 

MPEAs.[30] 
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Figure 2.3. Crystal defects within a metal where a) shows a void, b) a substitutional solid solution, c) an interstitial 
solid solution and d) an intermetallic compound. 

Phase transformations in alloys are achieved by the diffusion of atoms that can then 

partition into phases of different compositions.[31] Generally, diffusion comprises the stepwise 

migration of atoms due to atomic motions via empty adjacent sites (vacancies or interstitials). 

This is an activated process because the bond energy to neighboring atoms in the metal lattice 

must be overcome.[32] Diffusion in the bulk metal may occur as interdiffusion or self-diffusion. 

While self-diffusion (or tracer diffusion), entails the atomic movements in the absence of a 

concentration gradient, interdiffusion describes atoms of one metal diffusing into another. The 

resulting phases define homogeneous portions within the metallic system that differ in their 

chemical and physical characteristics (Figure 2.1). Phases may also exist in pure metals due 

to polymorphism but are especially relevant in alloys where deviations from the Hume-Rothery 

rule may lead to phase formation. While the initial research highlighted the single-phase nature 

of MPEAs, Raabe et al.[13] noted that most studied MPEAs are heterogenous systems (two or 

more phases present). 

Furthermore, with more than one metal present in the alloy, intermetallics may form. 

Intermetallics are compounds of a distinct chemical formula that are typically undesirable within 

alloys as they reduce mechanical strength due to their brittle nature.[13] The formation of solid 

solutions and intermetallics depends on the relative free energies of mixing and formation. 

Typically, when intermetallic compound formation is favored, they precipitate within the solid 

solution matrix of the respective alloy (Figure 2.3d). Generally, the possibility of intermetallic 

compound formation increases with the number of mixed elements which is the source of the 

traditional metallurgist’s reluctancy toward concentrated, multi-element alloys.[13] 

 

2.2 Mechanical Properties of Metals 

In the material science context, the mechanical behavior of an alloy reflects its response 

towards the application of a load which leads to deformation. The load can be compressive, 

tensile, or sheared; it may be applied constantly or it may fluctuate over time.[19] Typically, to 

determine mechanical properties such as strength, hardness, ductility and toughness, the 
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stress-strain behavior is investigated. In engineering, stress  refers to the applied load divided 

by the original cross-section of the specimen and strain  is the change in length divided by 

the original length. Figure 2.4 represents a typical stress-strain curve and characteristics that 

can be drawn from it. 

 

 
Figure 2.4. Generic stress-strain curve for (b) a ductile and (c) a brittle metallic specimen (a) with A0 to which a load 
Fl is applied. In both (b) and (c) the regions are highlighted for elastic, elastic + plastic, and plastic deformation. 
Points P, YS, TS and F represent the proportional limit, yield strength, tensile strength and fracture, respectively.  

Elasticity is an indicator of stiffness and elastic deformation occurs when stress and 

strain are proportional, the quotient giving the elastic modulus (the elastic regions are in 

indicated in Figure 2.4b and c). On the stress-strain curve, the point where plastic deformation 

begins represents the material’s yield strength (YS) which is typically determined at a specified 

strain offset (indicated by a parallel dashed line in Figure 2.4b).[19] The region following yield 

strength displays the degree of plastic deformation termed ductility. Towards higher strain, this 

region ends with the fracture (F) of the specimen. Figure 2.4c displays the opposite case of a 

stress-strain curve for a brittle metal where fracture occurs shortly after YS. Hardness refers 

to the susceptibility to plastic deformation and is typically tested by indentation. Often other 

properties such tensile strength (TS) which reflects the maximum point on the stress-strain 

curve can be obtained from hardness measurements.[19] Toughness as a mechanical property 

is used in many contexts, most importantly as fracture toughness, i.e., the ability of a metal to 

absorb energy before fracture. If a metal exhibits both high strength and ductility it is 

considered tough.[19] Prior deformations and defects influence yield and tensile strength as well 

as ductility. Targeted deformation processes (e.g., rolling or bending) termed strain- or work-

hardening are employed to strengthen ductile metallic materials.[19] 

 

2.3 Defects and Strengthening in Metals 

Within the lattices of metals or alloys, defects may disrupt the 3D structure. The defects can 

be classified as point defects (0D), line defects (1D), interface defects (2D) and volume defects 
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(3D).[13] Point defects comprise vacancies, interstitials and substitutionals (Figure 2.3). 

Vacancies enable diffusion, interstitials occupy interstitial sites in the crystal lattice and 

substitutionals substitute host atoms which, however, are difficult to differentiate in MPEA solid 

solutions. The main carriers of plastic deformations are line defects which can be dislocations 

of edge-, screw-, or mixed-type. An edge dislocation line describes an extra half-plane of atoms 

and a screw dislocation line results from shear distortion and runs through the center of a spiral 

(Figure 2.5a and b).[33] Apart from grain and phase boundaries, interface defects include twin 

boundaries, stacking faults and the exposed surface to the environment.[13] Twin boundaries 

are a type of grain boundary where atoms on one side of the boundary are positioned as the 

mirror-image to the atoms on the opposite side (Figure 2.5c). Twins result from plastic 

deformation either through mechanical shear forces (mechanical twins, observed for bcc and 

hcp phases) or through deformation after heat treatments termed annealing (annealing twins, 

observed for fcc phases) which are carried out to relieve stress and increase certain 

mechanical properties (e.g., ductility).[3, 28] Stacking faults result from disruptions in the normal 

stacking sequence and the exposed surface may inhabit steps and kinks.[33] Intermetallics, 

inclusions and voids constitute volume defects.[13] 

 
Figure 2.5. (a) Schematic of an edge dislocation indicated within the lattice by ┴. (b) Screw dislocation within a 
generic crystal. (b) Twin formation as a result of deformation. 

The outlined defects may influence the plasticity of an alloy. Plasticity results from deformation 

and anything that hinders the motion of atoms during deformation makes a metal/alloy 

stronger.[33] In MPEAs it has been observed that especially twin boundaries allow partial 

dislocations to glide along the interface defect.[33] This in turn releases stress and enhances 

ductility. Unlike conventional alloys where strengthening is invariably accompanied by loss in 

ductility and toughness (strength-ductility trade-off), in some MPEAs such as CrCoNi and 

CrMnFeCoNi this trade-off is avoided and renders materials with desirable mechanical 

properties.[18] In contrast to pure metals where 0D to 2D defects only disrupt the local structure, 

in MPEAs such defects also disrupt the local chemistry which sets them further apart from 

conventional alloys.[13]
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3 Multi Principal Elements Alloys 

3.1 Multi Principal Element Alloys and Manufacturing Processes 

Interestingly and despite the contemporary high interest in research on multi principal element 

alloys, the concept of combining a higher number of alloying materials in similar ratios is not a 

recent discovery.[34] In fact, German metallurgist Franz Karl Achard studied alloys with five to 

seven elements in equimolar ratios in the late eighteenth century, culminating in his report 

“Recherches sur le Propriétés des Alliages Métallique”.[35] His results comprised over 900 as-

cast alloy compositions in as many possible combinations of up to seven components from a 

pool of 11 metals. Nearly two centuries later, Smith[36] re-introduced Achard’s work, bestowing 

the modern research on MPEAs a broader historical perspective. Nevertheless, it is the two 

works published independently in 2004 by Cantor et al.[11] and Yeh et al.[12] that paved the way 

for the surge in research interest in MPEAs. The two publications introduced two definitions 

for these alloy systems, which are based on the initial motivation of rendering stable alloy 

systems by a high configurational entropy ∆Sconf, in order to overcome intermetallic compound 

formation and yield single-phase solid solutions. This motivation has sparked the term “high 

entropy alloy”.[12, 37] ∆Sconf is calculated based on the Boltzmann equation which describes the 

relationship between the complexity and the entropy of a system.[38] Considering the 

configurational entropy in the liquid state, ∆Sconf for any ideal alloy mixture can be given by: 

∆����� = −	 
 �� ln����
�

 3.1 

where n is the number of components, R is the gas constant and xi the fraction of component 

i.[39] 

Alloys with ∆Sconf ≥ 1.5 R are considered high entropy alloys. Accordingly, medium 

entropy alloys possess ∆Sconf values between 1.0 R and 1.5 R, whereas anything below 1.0 R 

is considered a low entropy alloy.[40] Caution should be exercised with this definition as it 

primarily supports the high-entropy concept and assumes that there is only one single value 

for ∆Sconf, neglecting the effects of formation enthalpies fH and other entropic contributions 

(e.g., vibrations, magnetic and electronic effects).[34] To overcome this problem, the alloy is 

assumed to acquire a high-temperature random solid solution.[31] However, ∆Sconf may change 

with temperature and for the determination of ∆Sconf, the atoms must randomly occupy the 

lattice positions which seldom is the case in metallic solutions.[34] Finally, the indicated values 

only hold true when dealing with close-to equimolar alloy systems (see example calculations 

in Appendix 1) and overlooks previous findings that metallic solutions are typically not ideal.[39] 

A high entropy alloy encompasses 5 or more principal elements in equimolar ratios.[12] 

However, this restriction is mitigated in the same publication to allow for compositions of 5 - 35 

at. % of major elements, whereas minor elements may be present in atomic percentages below 



Multi Principal Elements Alloys  

10 
 

5 at. %.[12] This broadens the possible combinations of multi principal element alloys and avoids 

the confusion that comes with the conceptual challenges of the ∆Sconf definition. 

Consequentially, it also permits more complex systems with different phase formations and 

intermetallic compounds. This work will use the term multi principal element alloys (MPEAs). 

To date MPEAs have been fabricated via three main methods, melting and casting, 

mechanical alloying of powders and deposition techniques. Originally, Yeh et al.[12] obtained 

their MPEA specimens through arc melting. Indeed, most MPEAs studied are manufactured 

by vacuum arc melting as the arc may reach temperatures of up to 3000°C and may be 

controlled by regulating the electrical power.[41-42] Here, the pure metals are melted and mixed 

in the liquid state and solidified in a cooled copper crucible repeatedly to ensure 

homogenization.[43] The seminal work by Cantor et al.[11] first used vacuum induction melting 

for which the pure metals are melted and mixed through eddy (“whirlpool”, i.e., swirling) 

currents that are induced and supplied by an electromagnetic field.[44-45] Both arc and induction 

melting may experience metal loss by evaporation of metals with lower melting points than that 

of other alloying constituents. Alloying in the solid state by powder metallurgical methods is 

predominantly accomplished through spark plasma sintering (SPS) and avoids deterioration 

by evaporation loss. During SPS the mixed MPEA metal powders are simultaneously 

subjected to pressure and an electric field that results from passing a current through the 

sample leading to improved powder densification.[44] Deposition techniques are mainly used 

either to retrieve alloy coatings of MPEAs deposited on a carrier material such as steel,[46-47] or 

to produce bulk MPEA specimen by depositing the alloy matrix layer-on-layer in an additive 

fashion.[48] Figure 3.1 compiles the methods outlined above with respective examples of the 

most common procedures. The interested reader is directed to other sources for further 

manufacturing procedures.[41, 43-44, 49] 

 
Figure 3.1. Graphic compilation of most frequently used MPEA manufacturing processes with respective examples. 
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The two model systems studied within this work are single-phase fcc solid solutions 

with equimolar concentrations of their component elements whereas one MPEA comprises 

five (CrMnFeCoNi) and the other three elements (CrCoNi). The main motivation behind 

studying MPEAs seems to be the exploration and expansion of the compositional space of 

alloy design offered by the interior region of MPEA phase diagrams and to investigate the 

resulting properties.[10-12] These properties are governed by four core effects that define this 

group of alloys.[31] 

 

3.2 Key Properties of Multi Principal Element Alloys 

Based on the research available in early publications,[10, 50-53] Yeh[31] proposed four core effects 

that determine the key properties of high entropy alloys. These effects are summarized in 

Figure 3.2 and arise from the material’s thermodynamics, kinetics, structure, and synergistic 

properties. 

 
Figure 3.2. Four core effects that determine the properties of MPEAs. Adapted with permission from [54]. Copyright 
2020, American Chemical Society.  

 

3.2.1 High Entropy Effect 

Counterintuitively, Yeh et al.[12] reasoned that high entropic phases such as solid solution 

phases are stabilized through the high contribution of configurational entropy to the total free 

energy of mixing, ∆Gmix, which is given by the Gibbs-Helmholtz equation: 

∆���� = ∆���� � �∆���� 3.2. 

In fact, it was expected that intermetallic compound phases would favorably form with 

an increasing number of components. The Gibbs phase rule predicts the number of phases, 

P, that may form under isobaric equilibrium conditions: 
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� = � � 1 − � 3.3, 

where C is the number of alloying elements and F represents the degrees of freedom.[42] With 

that, a 5-component system may assume a maximum of 6 equilibrium phases if F = 0.[55] 

Surprisingly, early fabrication of MPEAs yielded solid solutions without intermetallic 

compounds and much simpler microstructures, mainly single-phase fcc, or bcc.[11, 31, 37, 55-57] 

Yeh et al.[12] argued that if the strain energy does not contribute toward the mixing enthalpy, 

the difference between intermetallic compounds and solid solutions caused by large negative 

∆Hmix but small ∆Smix versus medium negative ∆Hmix but large ∆Smix for solid solutions.[58] For 

that reason, the two phases compete, promoting the formation of solid solutions with increasing 

number of components and temperature. Equation (3.1) shows how ∆Sconf increases with the 

number of components, whereas ∆Sconf is assumed to be the main contributor to ∆Smix,[59] and 

Equation (3.2) demonstrates how ∆Gmix increases with temperature. 

Contrarily, further research has brought forward MPEAs that do not form single-phase 

solid solutions but materials that do show fcc and bcc faces or succumb to spinodal 

decomposition, a spontaneous phase separation due thermodynamically instable solid 

solutions.[50, 60-65] Primarily, the high entropy effect was introduced to describe the formation 

and stabilization of solid solutions as the signature concept in high entropy alloys. It should be 

noted, however, that the high entropy rational disregards contributions from electronic, 

magnetic, and vibrational entropies toward ∆Smix, and that the competition between 

intermetallic compound and solid solution phase formation is more complicated.[34] 

 

3.2.2 Sluggish Diffusion 

Compared to alloys with lower configurational entropies, diffusion of single elements in MPEAs 

with potentially higher configurational entropies, is assumed to be sluggish.[66] A distinction 

needs be made when considering the diffusion paths. While most publications on diffusion in 

MPEAs consider bulk diffusion and discuss the effect on mechanical properties,[67] faster 

diffusion paths such as the migration of atoms along surfaces and defects (e.g., grain boundary 

diffusion) are typically simulated for high temperature corrosion,[68] but are of equal importance 

when considering aqueous corrosion processes. However, specific investigations on the effect 

of such faster diffusion paths on aqueous corrosion behavior are cumbersome and remain 

scarce. Nevertheless, the effects are evident when analyzing the layered structure of passive 

films and the modified metal layers underneath.[69] 

In equimolar MPEA CrMnFeCoNi, Tsai et al.[70] showed that the diffusion coefficients 

were the smallest in the fcc MPEA matrices compared to the pure metals and that the degree 

of sluggish diffusion increases with the number of components. However, other publications 

on tracer and interdiffusion in MPEAs contradict the concept of slow diffusion.[71-75] 
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3.2.3 Lattice Distortion 

The lattice distortion effect considers lattice displacements that arise at the atomic level of the 

alloy crystal structure. Since all elements in MPEAs are solute atoms and differ in their atomic 

sizes, the lattices of these materials may experience severe strain and stress as a result of 

lattice site displacement.[76] Furthermore, because of the multi-element-solute matrix, each 

atom may be exposed to different chemical environments (e.g., bonding energies) due to 

varying non-symmetrical neighboring elements.[58] The displacement of single atoms within the 

MPEA lattice implies uncertainty in their position which is suggested to increase configurational 

entropy and allegedly leads to increased hardness, reduced electrical and thermal conductivity 

and decreased thermal dependence of these properties.[31, 34, 59] As noted by Owen and 

Jones,[77] the maximum tolerable difference in atomic radii in binary solid solution alloys is 15%. 

Systems with lattice strains due to larger atomic radii differences are likely to decompose into 

multiple phases.[77] 

 

3.2.4 Cocktail Effect 

Due to alloying various constituent components, MPEAs present unique, unpredictable, and 

synergistic properties, which are summarized by the umbrella term of the cocktail effect.[78] 

First employed by Rangathan[10] to emphasize the pleasures in alloy design and development, 

the author addresses the outstanding properties of gum metals and bulk metallic glasses 

(amorphous alloys with unique properties) with the multi-metallic cocktail effect term. Within 

the concept of MPEAs, this effect summarizes all the properties that arise from the atomic 

(interactions among elements, diffusion, phase formation) and micro-scale (grain morphology, 

grain size, grain and phase boundaries) multi principal element composition.[58] Liu et al.[78] 

compiled three properties of MPEAs that can be attributed to the cocktail effect. Firstly, the 

multi-metallic alloying may lead to the embedding of metastable crystalline structures. These 

structures allow for athermal transformation processes caused by mechanical stimuli (e.g., 

deformation)[79-80] that generate mechanical twinning, duplex microstructures and martensitic 

transformations, all of which are associated with enhanced work-hardening capacities.[78] The 

second property resulting from multi-metallic alloying, entails thermodynamic transformations 

that drive the formation of multicomponent intermetallics.[81-83] The final property arises from 

alloying interstitial elements to the metallic cocktail, which may enhance lattice distortion and 

give rise to short-range ordering, both of which influence the dislocation behavior and with that, 

again, mechanical properties.[84-85]
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4 Corrosion 

4.1 Redox Reactions and Corrosion 

There exist various definitions of corrosion with slight differences between them. According to 

the International Union of Pure and Applied Chemistry (IUPAC), corrosion generally comprises 

the “irreversible interfacial reaction of a material (metal, ceramic, polymer) with its environment 

which results in consumption of the material or in dissolution into the material of a component 

of the environment”.[86] This definition is most applicable to electrochemical corrosion as an 

interfacial process. The IUPAC definition further specifies that other degradation processes of 

a mechanical (fracture or abrasion) or physical (melting or evaporation) nature are not 

considered under the term corrosion. However, such degradation processes may intensify 

corrosive deterioration and its effects will be described briefly in Chapter 4.4. Other corrosion 

definitions are directed to volume-related metal-physical processes like hydrogen 

embrittlement which are not subject of this thesis.[87] 

The corrosion of metals is an interfacial electrochemical process which involves 

chemical reactions that are accompanied by a flow of electrons. An electrochemical reaction 

can be divided into two half-cell reactions, the reduction, and the oxidation reaction; the sum 

of which is termed a redox reaction. Herein, the reacting species undergo a change in their 

oxidation state, due to donating (oxidation) or accepting electrons (reduction). Equations (4.1) 

to (4.3) show the reactions for the dissolution of chromium in an acidic solution. 

 

Oxidation: Cr��� ⇌  Cr"#�$%�  �  3 e( 4.1 

Reduction: 2 H#�$%� �  2 e( ⇌  H+ �,� 4.2 

Redox reaction: 2 Cr���  �  6 H#�$%�  ⇌  2 Cr"#�$%�  �  3 H+ �,� 4.3 

 

It can be seen from the two half-cell reactions that corrosion entails the transfer of 

charge and mass at the metal/solution interface.[88] In Equation (4.1), metallic Cr goes into 

solution incurring a loss of mass of the metallic phase and leaving behind electrons, i.e., 

charge, at the metallic interface (electrode). Electrochemically this is called the anodic reaction. 

The counter reaction to ensure the flow of charge is the cathodic reaction (Equation (4.2)), in 

which dissolved protons take up the electrons to produce hydrogen (hydrogen evolution 

reaction, HER). The reaction in Equation (4.2) is the prevalent cathodic reaction in acidic 

solutions. In neutral or basic media, the predominant cathodic reaction comprises the reduction 

of dissolved O2 (ORR, Equation (4.4)). 
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O+�,�  �  2 H+O �  4e(  →  4 OH( 4.4 

Compared to bimolecular redox reactions in solution such as the redox titration of Fe2+ 

with KMnO4 (Equation (4.5)), where the reducing (Fe2+) and oxidizing reagent (KMnO4) must 

meet each other in solution, electrochemical reactions are spatially separated.[88] 

MnO2(  �  5 Fe+#  �  8 H#  →  Mn+#  �  5 Fe"#  �  4 H+O 4.5 

 

 
Figure 4.1. Depiction of two galvanic cell set ups. (a) Daniell cell where the Zn electrode dissolves in the anodic 
half-cell and dissolved Cu2+ deposits on the Cu electrode in the cathodic half-cell. Electron and ion flow are ensured 
by wire connections between the electrodes and a salt bridge between the electrolytes, respectively. (b) Galvanic 
cell in a corrosion system, where the Cr electrode serves both as the anode (1) and cathode (2). Here, electron and 
ion flow occur within the electrode material and within the electrolyte, respectively. 

Figure 4.1 shows two electrochemical cells. Figure 4.1a depicts a typical laboratory set 

up of a Daniell cell where the anodic (Zn) and cathodic (Cu) half-cells are in separate half-cells 

that are connected by a salt bridge to enable ionic conduction. The anode is metallic Zn 

immersed in its own sulfate solution and the cathode is metallic copper immersed in its sulfate 

solution. Connecting the two metal rods with a wire allows electron transport: Zn spontaneously 

dissolves, while Cu deposits at the Cu rod. Further thermodynamic considerations that 

describe this so-called galvanic cell can be found in Chapter 4.3.2. Figure 4.1b on the other 

hand shows how anodic and cathodic sites have formed on a single metallic chromium surface 

that faces a single acidic electrolyte. The flow of electrons (i.e., the current) to the cathodic site 

(Figure 4.1b, (2)) occurs within the electrode body itself due to its metallic nature. The aqueous 

solution provides ionic conductivity. The ion-conductive solution is generally termed the 

electrolyte. Electrochemical half-cells as depicted in Figure 4.1b may arise on a metal surface 

due to the heterogeneity of the metal surface or due to concentration gradients in the 

electrolyte.[88] 

 

4.2 Effects of Metal Structures on Corrosion 

The polycrystalline nature of metals leads to an array of different surface site morphologies 

and energies. The metal surfaces expose their grains, grain boundaries, and other structural 
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defects to the electrolyte.[88-89] Furthermore, contaminants in the form of enclosed impurities in 

the crystal lattice and adsorbates such as ions from the solution also change the surface 

energy. MPEAs may exhibit different local chemical compositions especially when different 

phases are present. For the AlCoCrFeNi2.1 MPEA, e.g., an L12 (“Legierungen” in German, alloy 

compound of Cu3Au lattice structure) and a B2 (compound made up of two elements, with 

CsCl lattice structure)[90] phase form, whereas the former is enriched in Cr, Co and Fe, and the 

latter is mainly composed of Al and Ni.[91] This introduces potential sites for galvanic corrosion. 

Figure 4.2 summarizes the different variants of heterogeneities that may be present at the 

metal surface. 

 
Figure 4.2. Schematic representation of possible heterogeneous site on a metallic surface.  

 

4.3 Basics of Electrochemical Corrosion 

4.3.1 Definitions 

The key reactions in electrochemical corrosion are interfacial processes, where the solid (s) 

metal surface in contact with the liquid (l) solution forms a metal/solution interface (s/l). As 

stated above the solution phase (electrolyte) contains dissolved ions that enable the 

conduction of current. Apart from controlled laboratory settings, such electrolytes may contain 

a multitude of ions (e.g., Na+, Cl-) and neutral molecules such as water and organic molecules. 

The electrolyte must at some point meet the physical boundary of its vessel and, in the case 

of corrosion systems, an immersed metallic specimen (electrode). The immersed metal or alloy 

as an electronic conductor may be connected to an external power source like a potentiostat 

with which electrons may be supplied or extracted from the metal. This charging leads to the 

controlled formation of a particular state of the electrical double layer (EDL) at the 

metal/solution interface.[92] Due to their dipole character, water molecules are attracted by the 

charged electrode and will orient correspondingly. Dissolved ions of opposite charge to the 

metal surface will also be attracted to the interface. An array of adsorbed species accumulates 

at the interface forming the EDL that balances the charge applied to the electrode. Closest to 

the electrode surface is the inner Helmholtz layer (IHL) of directly adsorbed ions and water at 
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the metal surface. This layer is followed be the outer Helmholtz layer (OHL) of hydrated 

counter-ions and then a diffuse layer (DL) with a certain concentration gradient that depends 

on the charge applied to the metal.[93]  

As shown schematically in Figure 4.3, there is a difference in electrostatic potential 

between the metal electrode and the electrolyte. The symbolis employed to clearly 

distinguish between the potentials of single phases (e.g., electrode, or electrolyte) and the cell 

potential U. The electrostatic potential difference is the work required to move a small unit 

charge between different phases, e.g., from solution to metal. However, this potential 

difference between metal and solution, or, i.e., the Galvani potential difference Me/sol) cannot 

be measured directly. For this reason the potential of an electrode E is measured against the 

potential of a thermodynamically well-defined reference electrode.[94] The electrode potential 

E is shifted by an unknown but constant value against (Me/sol)

 

 
Figure 4.3. The electrostatic potentials of different phases as a function of distance x, from the metal electrode. 
Herein, Me refers to the electrostatic potential of a metal electrode, sol to the electrolyte and Ref to a reference 
electrode. IHL – inner Helmholtz layer through nuclei of specifically adsorbed ions, OHL – outer Helmholtz layer 
through nuclei of non-specifically adsorbed ions, DL – layer indicating the extent of the double layer. For clarity only 
excess charges are indicated. 

All standard electrode potentials E° are given versus the standard hydrogen electrode 

(SHE) which is set to be E° = 0.0 V at p = 100000 Pa and pH = 0 at all temperatures.[95] The 

standard electrode potentials apply to the pure metals immersed in an aqueous solution of 

their own cations, where the concentration activity of the cation is 1 mol L-1 (unit activity, a° = 

1).[92] The order within the electrochemical series provides an overview on the nobility, i.e., the 

chemical stability of the electrode. The most positive standard electrode potentials belong to 

the noble metals, e.g., gold, and nobility decreases with decreasing standard electrode 

potential. The Nernst equation (Equation (4.9)) can be used to calculate electrode potentials 

for concentration activities deviating from a° and pH values other than zero. Since the SHE is 
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a rather impractical electrode, reference electrodes such as the Ag/AgCl/3M NaCl (0.204 V vs. 

SHE)[95] and the saturated calomel electrode (SCE; 0.241 V vs. SHE)[95] find regular use in 

corrosion studies. 

 

4.3.2 Thermodynamic Considerations of Electrochemical Reactions 

The standard electrode potentials are generally employed to determine whether a reaction 

proceeds spontaneously, non-spontaneously or is at equilibrium. A reaction is spontaneous 

when the change in Gibbs free energy G < 0, non-spontaneous when G > 0, and at 

equilibrium when G = 0. Generally, the G may be presented by 

Δ� = Δ� − �Δ� 4.6 

where H is the change in enthalpy, T is the temperature and ∆S is the change in entropy.[96] 

The Gibbs free reaction energy ∆rG of an electrochemical reaction can be expressed by 

Δ7� = −89� 4.7 

where ∆rG is a molar quantity, U is the cell potential, n is the number of exchanged electrons, 

F is the Faraday constant and the minus sign results from conventions.[96-97] To obtain ∆rG and 

the respective cell potential U from the standard rG° or U°, ∆rG must first be described by 

using the standard terms 

Δ7� = Δ7�� � 	�ln : ;<�<�=>? ,
�

 
4.8 

where vi is the signed stoichiometric number which depends on the direction of the reaction. 

Dividing by -nF and applying the decadic logarithm gives the Nernst equation from which the 

cell potential U may be retrieved by 

9 = 9A − 2.303 	�
8� log : ;<�<�=>?

�
. 4.9 

When the reaction takes place at room temperature (T = 298 K) and bearing in mind 

that R = 8.314 As V K-1 mol-1 and F = 96845 As mol-1, Equation (4.9) further simplifies to 

9 = 9� − 0.059G
8 log : ;<�<�=>? .

�
 

4.10 

Since the activities are given by the concentrations for dilute solutions, the logarithmic term of 

activities can be substituted by the equilibrium constant K, considering the generic reaction  

<A �  IB ⇄  LC �  MD 4.11 

where the equilibrium constant can be obtained via 
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O = LPQLRSLTULVW
 . 4.12 

K can then be employed in the general equation  

Δ� = Δ�� � 	�ln XLPQLRSLTULVW
Y = −8�9� � 	�lnO 

4.13 

and provides a link between the standard Gibbs free energy, the equilibrium constant and 

standard electrode potential. Figure 4.4 visualizes this relationship.[96] 

 
Figure 4.4. Relation between Gibbs free energy, the standard electrode potential and respective equilibrium 
constant. 

The Daniell cell mentioned above (see Figure 4.1) is a prime example of a galvanic 

cell. Considering the half-cell reactions and the respective standard electrode potentials E° 

Zn+#�$%�  �  2 e(  ⇌  Zn���;  \]�  =  −0.762G 4.14 [95] 

Cu+#�$%�  �  2 e(  ⇌  Cu���;  \+�  =  �0.342G 4.15 [95] 

the standard cell potential is the difference of the standard electrode potentials 

9� = \+� − \]� =  �0.342 G − �−0.762 G� =  �1.104 G. 4.16 [98] 

When coupling half-cells, the metal with the lower E° (Zn) dissolves while ions are deposited 

on the electrode with the higher E° (Cu).[98] Similarly to the classical Daniell cell, galvanic 

couplings can take place on an alloy metal surface. The most obvious coupling takes place, 

when the alloy composition entails phase formation of different chemical compositions. For 

example, in the MPEA AlCoCrFeNi2.1 where two phases are present, one rich in Al (Eo = -1.676 

V) one rich in Ni (Eo = -0.257 V), the dissolution of Al is observed.[91] However, the formation 

of solid solutions as in CrMnFeCoNi and CrCoNi renders MPEAs with homogenous surfaces 

where no different phases, i.e., potential sites for galvanic corrosion are present. Generally, 

the application of the MPEA needs to be considered. The approach to add aluminum to an 

MPEA composition reduces the weight of the material.[99] Furthermore, aluminum alloys are 

able to form dense oxide layers that may protect well against corrosion.[100] 

Other cathodic reactions may take place on other MPEAs with simpler structures and 

no phase segregation. Many MPEAs contain chromium and research has shown that it is one 
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of the metals dissolving during corrosion.[101-102] In acidic solution, a possible cathodic reaction 

of a Cr-containing MPEA may be the evolution of hydrogen as in Equation (4.2). In neutral or 

alkaline solutions, the cathodic reaction may be the reduction of dissolved O2, shown in 

Equation (4.4). Galvanic cells may also emerge when the same metal surface is exposed to 

differing concentrations, generally termed differential concentration cells. Considering two Cr 

half-cells (set up as in Figure 4.1), one with a metal concentration of cCr3+ = 0.5 mol L-1 and one 

with cCr3+ = 0.001 mol L-1 at 298 K and otherwise identical conditions, the Nernst equation 

allows to calculate the respective electrode potentials.[98] 

\ = \A − 0.059 V
8 log]A

[L�]
[Cr"#] ;  

\cd,A.ef = −0.750 V; \cd,A.A]f = −0.803 V 

4.17 

The cell potential of this Cr concentration cell is 0.053 V and Cr will dissolve in the lower 

concentrated half-cell until equilibrium is reached. 

Another form of concentration cell is the O2 concentration cell. Evans was the first to 

demonstrate the effect of different O2 concentrations and showed that surfaces that experience 

electrolytes low in O2 will be anodic in relation to areas of the same surface that are exposed 

to the same electrolyte with higher O2 concentration.[103] This is typically the case when the 

electrolyte is exposed to the atmosphere and O2 can diffuse freely at the 

electrolyte/atmosphere (liquid/gas) interface and O2 concentration gradients develop within the 

electrolyte. Geometrically occluded sites hinder diffusion, resulting in crevice corrosion (Figure 

4.8) and propagation of pitting corrosion (Figure 4.9). As with the metal concentration cell, the 

Nernst equation allows to determine the potential differences that arise from different O2 

concentrations.  

Based on the Nernst equation (Equation (4.9)), Pourbaix or equilibrium diagrams show 

the chemical stability of a metal and its respective species as function of the applied potential 

at different pH levels.[104] Figure 4.5 shows a simplified version of the Pourbaix diagram of 

chromium at T = 25°C and allows the reader to discern areas of metal corrosion, passivity, and 

immunity. The dotted lines indicate the stability of water or, i.e., at which pH and potential, H2 

(HER) or O2 evolution (OER) are favored.[105] 
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Figure 4.5. Pourbaix diagram of Cr at T = 25°C showing the thermodynamically most stable oxidation state with 
respect to electrolyte pH and applied electrode potential. The areas of immunity (green), passivity (blue) and 
corrosion (red) are indicated. 

Despite their usefulness, the standard potentials, derived potentials, and pH-potential 

diagrams should generally be treated as guidelines for determining a metal’s electrochemical 

stability. Corrosion studies generally investigate solutions with high contents of different 

dissolved ionic species (e.g., NaCl) than the respective metal salt. With that, shifts from the 

standard potentials arise for which the Nernst equation could be employed to determine the 

deviating potential. However, the thermodynamics of corroding systems are difficult to treat 

due to their non-equilibrium nature. Further complexity arises from the non-ideality and 

deviating surface composition. These problems are augmented by the strong dependence on 

electrode kinetics.[104] 

 

4.3.3 Kinetic Considerations of Electrochemical Reactions  

Corrosion is a kinetically controlled process, in which the rate of the electrocatalytic 

reactions (HER and ORR) are very important. These rates differ largely between different 

metallic materials and thus require further consideration for predicting corrosion reactions. The 

thermodynamic treatment offers information on whether an electrochemical reaction is 

energetically feasible. However, no information can be drawn on how fast these reactions 

occur which is of the utmost importance for corrosion.  

Generally, electrochemical reactions are multi-step processes, where charge transfer 

processes only take place at the electrode/electrolyte-interface and are coupled to mass 

transfer processes which may be caused by diffusion, convection, or migration.[106] This may 

limit the reaction rate either through slow electrode reactions (activation polarization), 
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concentration changes in reacting species near the electrode (concentration polarization), or 

the IR drop across surface films or in solution (ohmic polarization).[107] While a certain energy 

barrier EA as determined by thermodynamics, must be overcome for the reaction to 

proceed,[108] the overall reaction rate generally depends on the slowest step, i.e., the rate 

determining step (RDS). 

Electrochemical polarization describes the deviation of the electrode potential from its 

equilibrium value Eeq to a potential where either the anodic or cathodic reaction predominates. 

The degree of polarization is defined as the overpotential η given by the difference of the 

applied potential E and the equilibrium potential Eeq of a specific reaction. 

g = \ − \h%. 4.18 

Regarding corrosion processes, this deviation from Eeq is inherently complicated to determine 

since at least two redox couples react simultaneously at one electrode (Equations (4.1) and 

(4.2)). In this context, Ecorr is the potential at which the currents of all four potential reactions 

balance each other to an external zero current. Due to the external zero current, Ecorr is also 

referred to as open circuit potential EOCP. 

While Ecorr is used instead of Eeq for a corroding system, it distinctly differs from the 

equilibrium potentials of the separate metal and hydrogen electrodes. For corrosion, the main 

anodic process would be metal dissolution (e.g., Cr dissolution) and the dominating cathodic 

process would be HER or ORR. This situation is typically visualized through Evans diagrams 

and Figure 4.6 depicts the exemplary redox couple of metal dissolution and HER (as in 

Equations (4.1) and (4.2)) occurring on a generic metal electrode. The potential (Ecorr) where 

the metal dissolution and HER curves cross is a mixed potential and is situated between the 

E°(Me/Me+) and E°(H/H+).[87] 

 
Figure 4.6. Evans diagram of a generic metal electrode corroding in an aqueous electrolyte showing the application 
of mixed potential theory.  
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For one redox process, e.g., either Equation (4.1) or (4.2), the relation between the 

reaction rate constant (i.e., current density) and the overpotential can be expressed by the 

Butler-Volmer equation (Equation (4.19)).[87] 

i = 8�j���� kLl�� = 0, m�exp p�1 − q�8�g
	� r − Ls�� = 0, m� exp p−q8�g

	� rt  4.19 

When the electrode is at equilibrium (Eeq), there is no net current density, and the 

corresponding current density is called the exchange current density, jo, which may be 

expressed as 

i� = i$� − |i�$v| = 0.  4.20 

Due to the electrochemical equilibrium, the concentration of reductant R and oxidant O at the 

electrode surface (x = 0) is equal to the bulk concentrations which results in a simplified form 

of the Butler-Vomer equation 

i = i� Xexp w�1 − q�8�
	� gx − exp k−q8�

	� gtY.  4.21 

For a typical corrosion system, two Butler-Volmer equations must be considered, one 

for the metal electrode and one for the hydrogen electrode (assuming that for the corroding 

system only these two redox couples exist). Although there is a complementarity between the 

anodic and cathodic process as in electrochemical equilibria, there is a very strong difference 

to an equilibrium, because the dominating anodic and cathodic processes involve different 

redox couples in corrosion reactions. Therefore, the dominating anodic and cathodic reactions 

must be treated with their own specific parameters. At sufficiently high overpotentials (η > |± 

50 to 70 mV|),[109] either the cathodic or anodic reaction predominates and the counter 

exponential term may be neglected. 

log i = log|i�| k −q8�
2.303	� gt 4.22 

In the notation of the Tafel equation this yields 

g�$v = − 2.303	�
q�$v8�$v� log]A X i

i�,�$vY = y�$v log]A X i
i�,�$vY 

4.23 

g$� = 2.303	�
�1 − q$��8$�� log]A X i

i�,$�Y = y$� log]A X i
i�,$�Y 

4.24 

where β is the respective Tafel slope. 

When contemplating corrosion reactions, a mix of different anodic (dissolution of 

different metals from an alloy electrode) and cathodic reactions (HER or ORR) may contribute 

towards the observed currents. The current densities of either the cathodic or anodic reactions 

at Ecorr are called corrosion current density jcorr. It usually strongly deviates from jo of the partial 

reactions. 
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i��dd = log]Azi�,$�z wq$�8$���\��dd − \h%,$��
	� x

= log]Azi�,�$vz wq�$v8�$v��\��dd − \h%,�$v�
	� x. 

4.25 

 

Corrosion current densities are important parameters that are determined in 

polarization experiments. Since corrosion processes entail the simultaneous transfer of mass 

and charge across the interface between metal and solution, corrosion rates can be 

determined. The relationship between the transferred charge and the corresponding mass is 

given by Faraday’s law[110] 

{ = |��dd}
8� =  i��dd~m}

8�  
4.26 

where n is number of exchanged electrons for the reaction, Q is the charge, given by the 

product of current density j, electrode area A, time t (| = i~m�, and F is the Faraday constant. 

Equation (4.26) allows to calculate the mass lost during corrosion. Generally, the corrosion 

rate is given as a change in thickness over time. Considering that the mass may be expressed 

as the volume times density of the material and rearranging Equation (4.26) (where x = V/A, 

thickness of dissolved metal surface) gives 

���dd = d�
dm = i��dd}

8��   4.27 

where dx/dt is the corrosion rate expressed in thickness loss per unit time. Due to small 

numerical values, the thickness loss [cm s-1] is commonly expressed per year, e.g., mm/year 

or µm/year. American corrosion rates are often expressed in mpy (milli-inch/year).  

 

4.4 Passivity and Modes of Corrosion 

Corrosion is sometimes referred to as reversed metallurgy because metals return to their 

naturally occurring and thermodynamically more stable ore (metal oxides, sulfides, silicates), 

whereas metallurgy expends high energy to turn metal ores into their elemental states.[111] 

When these metals in their elemental or alloyed state encounter different environments such 

as air or aqueous solutions, they react, e.g., with O2 and water to form passive oxide/hydroxide 

films that protect the metallic specimen from further corrosion.[112-113] Passivity can be defined 

as the inactivity of a metal to undergo further chemical or electrochemical reactions with its 

environment although such features would be thermodynamically favorable. This feature 

enables the broad use of metallic materials. Most corrosion studies therefore dedicate their 

research to the physical and chemical properties of the protective passive film of metals or 

alloys. In anodic polarizations curves (see Chapter 5.1.1), passivity can generally be observed 

over potential ranges where the current density seems to remain constant. 
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There exist three general models on the formation of passive films. Based on Evans,[114] 

the oxide film model assumes a three-dimensional thin film of oxides which separates the metal 

surface from the electrolyte and acts as a barrier. The film introduces two new interfaces, the 

metal/oxide film and oxide film/electrolyte interface. Contrarily, multiple studies indicate that 

the charge required to achieve initial passivation corresponds to the chemisorption of a 

monolayer of O2.[115-117] Correspondingly, in the adsorption model,[118] the chemisorbed 

monolayer represents the primary cause of the reduction in metal surface reactivity. 

Considering that the passive film forms in a sequence of steps, Hackerman[119] combined both 

models within the film sequence model. Here, passivation is initiated by the adsorption of 

molecular O2 which propagates by splitting and charging to adsorbed Oads
- species. The 

intrusion of by cations from the metal lattice results in the growth of the passive layer.  

Depending on the metal or alloy in question these oxide films have thicknesses ranging 

from a few nanometers (e.g., transition metals)[120-121] to hundreds of nanometers (e.g., non-

transition metals).[122] Generally, the films formed on transition metals tend to be thin (below 10 

nm) and electronically conductive.[123] Films on aluminum on the other hand are much thicker 

and less electronically conductive. While electronic conductivity may be desired especially in 

catalytic applications, ionic conductivity is undesirable as it may enhance attack by aggressive 

ions such as halides (e.g., Cl-).[124] For good surface protection, the oxide layer must be 

chemically stable, i.e., have low solubility in the immersed medium and withstand a broad 

range of potentials. Chemical stability may be estimated from Pourbaix diagrams for the 

respective metal or alloy. Depending on the field of application, mechanical stability against 

abrasion, deformation or intrusion of aggressive ions is given by passive films with good 

adhesion and high compressive strength.[123] The structure of the passive film, which may be 

amorphous or crystalline, strongly affects the properties outlined above.[125-127] Generally, it is 

believed that amorphous morphologies resist corrosive attack more effectively due to the 

absence of grain boundaries and fewer defects. Different models on the structure of passive 

films have been proposed. Iron possesses one of the largest repertoires of proposed models, 

e.g., the bilayer model and bipolar-fixed charge model.[128-130] Most recently, Marcus et al.[131] 

proposed a duplex layer structure for the passive film formed on the CrMnFeCoNi MPEA where 

the inner layer is enriched in Mn oxide and the outer layer is preferentially occupied by Co and 

Fe oxides. Both layers contain Cr oxide whereas metallic Ni was mainly found in a modified 

metallic layer beneath the oxide film. Unfortunately, passive films inherently contain defects, 

microstructural weak points, or are exposed to aggressive media and succumb to corrosive 

deterioration at some point. Figure 4.7 summarizes typical forms of corrosive attack, i.e., 

passivity breakdown and each type will be described briefly below.[88] 
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Figure 4.7. Summary of different modes of corrosion.[88] 

General corrosion (or uniform corrosion) is observed when the entire exposed metallic 

surface deteriorates evenly and the depth of metal loss on different areas is essentially the 

same.[111] In contrast to localized corrosion (see below), no preferential attack occurs, and the 

metal specimen is uniformly thinned away. Even though localized anodic and cathodic sites 

exist on the surface, they distribute and change over time, leading the overall general metal 

dissolution.[88] This form of corrosive deterioration usually entails the greatest metal loss. 

Nevertheless, it is deemed the least troublesome, as its consequences are typically apparent 

and predictable.[132] 

Galvanic corrosion arises wherever two dissimilar metals or alloys are in contact. In 

contrast to the Daniell cell (see Figure 4.1), corrosion cells usually develop where two different 

metals or alloys are immersed in the same electrolyte or the same metal or alloy surface is 

immersed in a single electrolyte. As demonstrated in Chapter 4.3.2, the tendency of one metal 

to dissolve over another is related to its standard potential. Galvanic corrosion in alloys usually 

occurs due to compositional heterogeneities on the surface. For the MPEA AlCoCrFeNi2.1 

where two phases are present, one rich in Al and Ni (B2 phase), the other enriched in Cr, Co 

and Fe (L12 phase), the dissolution the B2 phase is observed.[91] 

Crevice corrosion may occur in geometrically constricted cavities such as between 

overlapping metal sheets or under seals, gaskets, bolt heads and deposits (e.g., corrosion 

products) as illustrated in Figure 4.8. After its initiation, this form of localized corrosion can 

evoke severe deterioration of the crevice upon its propagation.[133] Crevice corrosion initiation 

arises due to the development of differential O2 cells. Upon immersion in an electrolyte, the 

metal surface exposed to the bulk electrolyte (external) and part of the metal surface within the 
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crevice (internal) face the same O2 concentration. As general corrosion proceeds, the 

respective cathodic reaction (Equation (4.4)) consumes O2 near the distinguished metal 

surfaces. The O2 concentration is readily replenished at the external metal surface, but 

diffusion of O2 into the crevice is restricted by the narrow diffusion path, causing the depletion 

of O2 within the crevice. As a result, the diffusion limited current density jl,crevice for O2 reduction 

is considerably reduced within the crevice compared to the bulk diffusion limited current, jl,bulk, 

and the corrosion potential consequentially decreases. If the potential difference between the 

internal and external metal surface is large enough a differential O2 cell develops, and metal 

dissolution occurs within the crevice. Propagation then takes place due to the concentration 

changes within the crevice electrolyte which become substantial because of the restricted 

diffusion. Thus, metal cations accumulate within the crevice and hydrolyze as seen in Equation 

(4.28) for a generic metal species Me. 

Me�#  � H+O →  Me�OH��  �  8 H# 4.28 

Subsequently, the pH decreases within the crevice electrolyte. In electrolytes containing 

halides such as Cl-, the accumulation of H+ and metal cations leads to the migration of Cl- into 

the crevice to sustain charge neutrality. While the initiation stage may be slow, the propagation 

stage is accelerated because of the highly corrosive environment that develops.[133] 

 
Figure 4.8. Schematic of crevice corrosion. (a) The constant diffusion of atmospheric O2 into the electrolyte 
replenishes the O2 concentration to the external metal surface. (b) O2 diffusion is hindered by the crevice former. 
(c) Anodic metal dissolution and cathodic O2 reduction contribute toward the passive film formation. (d) O2 reduction 
and metal dissolution lead to O2 depletion and dissolved cation accumulation in the crevice. Metal cations reacting 
with water lead to a decrease in pH. (e) Accumulation of positive species within the crevice attracts anions such as 
Cl-. 

Pitting corrosion is, in contrast to crevice corrosion, a stochastic event occurring at 

points where the passive film is locally weaker or flawed or faces a more aggressive 

environment. Inclusions, impurities, and surface finishing (the rougher the surface the more 

prone to pitting) may render locally weaker passive films.[133] As with crevice corrosion, the 

pitting process can be divided into two stages: pit initiation and pit propagation. Crucial for pit 

propagation is the formation of a stable pit (as shown in Figure 4.9) during initiation which apart 

from local weak points also depends on exposure time, stagnant or moving electrolytes, 

surface positioning (horizontal or vertical) and the presence of aggressive ions (e.g., Cl-, SO4
-, 
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Br- or NO3
-)[134] and their concentration. Due to its ubiquity reaching from the human body to 

sea water, Cl- is the most extensively studied aggressive ion in pitting and crevice corrosion. 

Chemically, Cl- ions are strong Lewis bases and readily interact with Lewis acids such as metal 

cations or protons. Compared to other anions such as SO4
2- (D = 1.065*10-5 cm2 s-1, where D 

is the diffusion coefficient), Cl- ions are not as bulky and inhabit higher diffusivity, D = 

2.032*10-5 cm2 s-1.[95] Other factors that may initiate pitting are active bacteria such as sulfur-

reducing or iron-oxidizing bacteria which possess their own dedicated field of research termed 

microbial corrosion (MIC).[135-136] In polarization diagrams the critical pitting potential Epit marks 

the point where pit initiation results in stable pits, which propagate upon potential increase. 

Normally, pit propagation proceeds via an anodic site that resides within the pit and a cathodic 

site outside the pit, analogous to internal and external sites in crevice corrosion. As with crevice 

corrosion, the continuous metal dissolution within the pit leads to acidification inside the cavity 

which renders the process autocatalytic.[137] The exact mechanisms of pit initiation are 

unknown and remain subject to on-going research, including computational methods.[138] 

However, three main mechanisms which are the penetration, film thinning by adsorption, and 

film breaking mechanism are widely accepted as initiation steps.[139-140] The first mechanism 

assumes that aggressive ions (e.g., Cl-) penetrate through the passive film to the metal/oxide 

interface, assisting dissolution. Multiple models have been proposed to confirm this 

mechanism. Most notably may be the point defect model (PDM) by Macdonald et al.[141] which 

postulates the migration of cations outward to the oxide/electrolyte interface and cation 

vacancies inward to the metal/oxide interface. The condensation of cation vacancies gives rise 

to voids at the metal/oxide interface and induces pit initiation due to increased stresses on the 

passive film. In accordance with the PDM, Cl- ions are transported across the oxide layer via 

oxygen vacancies, as they are slightly larger than oxide ions with ionic radii of rCl- = 1.81Å and 

rO2- = 1.40 Å.[95, 142] The film thinning mechanism accounts for the attack of considerably larger 

aggressive ions that are thought to attack the oxide film by initial adsorption, subsequent 

clustering followed by the formation of surface complexes which then dissolve prompting local 

thinning. This approach has been supported by XPS analyses of passive films on iron and 

aluminum.[143-144] For the film breaking mechanism, the oxide layer is assumed to have defects 

through which aggressive ions may intrude. Such defects may also be due to impurities, 

inclusions, or grain boundaries.[123, 140] 



Corrosion  

29 
 

 
Figure 4.9. Schematic of pitting corrosion. (a) The constant diffusion of atmospheric O2 into the electrolyte 
replenishes the O2 concentration to the external metal surface. (b) O2 diffusion is hindered geometrically by the 
small size of the pit, which may reduce further due to film formation. (c) Anodic metal dissolution and cathodic O2 
reduction contribute toward passive film formation. (d) O2 reduction and metal dissolution lead to O2 depletion and 
dissolved cation accumulation within the pit. Metal cations reacting with water lead to a decrease in pH. (e) 
Accumulation of positive species within the pit attracts anions such as Cl-. 

Intergranular corrosion describes the selective deterioration of the grain boundary 

(GB) network of the metal surface exposed to the electrolyte.[145] Similar to pitting and crevice 

corrosion, intergranular corrosion is a local corrosion phenomenon that may penetrate deep 

into the material. Typically, this form of corrosion is dependent on the presence of impurities, 

intermetallic compounds, specific elemental accumulations, the atomic structure, and 

crystallographic nature of the grain boundary. Apart from intergranular corrosion due to 

chemical heterogeneities, data has shown that alloys are more susceptible to intergranular 

corrosion for high angle grain boundaries than for low angle grain boundaries (Figure 2.1).[145] 

In correlation to the surface energy, which arises because surface atoms cannot bind to the 

optimum number of neighboring atoms compared to bulk atoms, interfacial grain boundary 

atoms also bind less regularly.[89] With increasing misorientation, the grain boundary energy 

increases, rendering them ideal sites for corrosive attack. 

Environmentally assisted corrosion generally comprises forms of corrosion under 

the influence of an additional mechanical load and shall only be mentioned for completion. 

Stress-corrosion cracking (SCC) as an interdisciplinary phenomenon combines 

electrochemistry, mechanics, and materials science.[146] It typically occurs in alloys with good 

general corrosion resistance under tensile load in the presence of corrosive species such Cl-. 

Another form of corrosion under mechanical load is corrosion fatigue which occurs because of 

cyclic load repetition in corrosive media.[146] In erosion corrosion the metallic specimen is 
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exposed to moving liquids whereas the velocity of the flow, depending on whether it is laminar 

or turbulent, influences the severity of corrosion. With higher velocities and turbulent flows 

increasing the deterioration by corrosion. More generally, tribocorrosion has been established 

as a field of research and studies the combined effects of corrosion and tribology which 

encompasses the investigation of wear, lubrication, and friction.[147] 

 

4.5 Corrosion of MPEAs 

Since the beginning of increased research interest in MPEAs in the early 2000s, studies have 

initially focused on the ductility and strength trade-off of MPEAs.[79, 148-150] The focus then shifted 

to other physical and microstructural properties under specific conditions, such as cryogenic 

exposure and irradiation at high temperatures.[21, 151] Finally, an increasing number of studies 

on MPEAs included corrosive behavior investigations.[101, 152-153] Nevertheless, shortly after 

introducing the concept of MPEAs, Yeh et al.[154] first presented results that indicated better 

resistance to uniform corrosion of the as-cast Cu0.5NiAlCoCrFeSi MPEA over 304 stainless 

steel (SS) in 0.5 M H2SO4 and 1 M NaCl. In Cl- containing electrolytes, the MPEA experienced 

more severe pitting corrosion than 304 SS, but in Cl- free solutions the MPEA exhibited 

resistance to pitting corrosion. However, the polarization experiments clearly display an overall 

better performance of 304 SS in terms of lower current densities at high anodic potentials and 

during re-passivation, indicating superior passivation. It should be noted that this initial and 

many following investigations of the corrosion behavior of MPEAs employed as-cast 

specimens which can differ severely in their corrosion resistance from mechanically and/or 

heat-treated alloys. With conventional alloys this is generally not an issue, as a vast number 

of engineering alloys (e.g., some aluminium alloys) are used in their as-cast state.[155-156] 

However, this presents a critical lack in understanding the vast compositional space of MPEAs 

for which phase diagrams are widely unknown and difficult to calculate. Computational efforts 

are undertaken to conceive the multidimensional phase diagrams to find and investigate 

temperatures where phase changes occur.[157] In turn, few corrosion studies of MPEAs 

investigate the influence of the microstructure on corrosion resistance which is a crucial 

parameter.[158-159] Since 2015, corrosion investigations of MPEAs surged and lead to the 

general observation that this class of alloys exhibits inherent corrosion resistance despite 

microstructural heterogeneities.[156] Qui et al.[160] compiled a galvanic series on the basis of 

measured Ecorr and Epit data of a multitude of multiphase MPEAs which exhibited nobler 

potentials than aluminum alloys and carbon steel. Some even compared favorably to austenitic 

and ferritic steels which are usually more resistant to corrosion.[3] 

The corrosion characteristics of MPEAs have been investigated in a small selection of 

typical electrolytes including H2SO4, NaCl, HCl and NaOH.[161-165] Only a few studies 
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investigated the electrochemical responses of MPEAs in more specialized electrolytes such 

as simulated sea water, simulated body fluid (SBF), artificial saliva (AS) and microbial 

electrolytes.[166-172] Studies in simulated sea water may test for the applicability in marine 

environments and may additionally test the resistance toward tribocorrosion due to the 

continuous movement of oceans or seas. The MPEAs CrCoNi and FeCrNiCoM (where M = Al 

or Mo) have shown that an increase in Cr-content in the former improves its resistance towards 

tribocorrosion whereas the FeCrNiCoMo specimen outperformed 304 SS, exhibiting the 

smallest wear rate.[166-167] For medical implants, alloys need to withstand corrosion in 

biologically relevant media, i.e., solutions that resemble ionic concentrations in, e.g., blood 

plasma (SBF) and other equivalent bodily fluids. Considering that Ti inhabits excellent 

biocompatibility due to its high corrosion resistance, appropriate reactivity, and high strength 

to weight ratio,[173-174] it is a prime candidate to be present in an MPEA for medical applications. 

Other refractory metals including Nb, Ta and Hf also possess good biocompatibility.[175] Hence, 

Ti-based MPEAs TiNbTaZrMo and TiTaHfM (where M = Nb, NbZr or MoZr) were investigated 

and the former surpassed the corrosion resistance of the conventionally employed Ti6Al4V 

implant alloy in SBF and the latter showed reduced ion release in AS when containing Zr and 

Nb. Analyses in microbial environments have demonstrated the deterioration of TiZrNb and 

FeCoCrNiMo0.1 MPEAs due to enhanced localized corrosion aggravated by sulfate reducing 

bacteria.[172, 176] Corrosive investigations of MPEAs in these complex and highly specialized 

electrolytes are currently in their infancy and require further research to deem the respective 

applications appropriate. 

Most of the corrosion research on MPEAs to date has focused on simpler aqueous 

electrolytes as outlined above. In turn, effects on corrosive behaviors because of differing 

microstructures due to heat treatment or compositional changes accomplished by targeted 

element addition have generally been investigated in electrolytes of H2SO4 and NaCl. When 

electrodeposited CrMnFeCoNi MPEA coatings on copper were investigated for corrosion 

resistance in simulated sea water, heat treatment resulted in films with homogeneous 

distribution, improved growth and enhanced corrosion resistance compared to the as-

deposited coatings.[177] In their study on grain size influence on the corrosion behavior of 

CrMnFeCoNi in 0.5 M H2SO4, Jin et al.[178] annealed the MPEA specimen at different 

temperatures for 1 h to compare between the variants. According to the increase in the heat 

treatment temperature, the as-cast state, fine-grained (FG), medium-grained (MG) and coarse-

grained (CG) variants were analyzed. The results demonstrate that for the FG sample rapid 

ion dissolution due to abundant grain boundaries leads to fast passive film formation. However, 

the FG passive film is unstable, and passive film stability increases with grain size. 

Interestingly, the highest amount of protective Cr oxides was found on the MG and not the CG 

sample, highlighting that larger grain sizes are desirable but the balance between fast 
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passivation and film stability needs to be considered. In contrast, results by Don et al.[179] on 

the influence of heat treatment on the corrosion behavior of laser powder bed fusion (PBF-LB) 

produced AlCrMnFeCoNi MPEAs underline the difficulty of finding the appropriate heat 

treatment which may generate divergent microstructures. Their sample exacerbated from the 

as-cast state to the heat-treated state at 850°C with a pronounced increase in pitting corrosion 

in 0.6 M NaCl and 0.5 M H2SO4 because of microcracks and chemical segregation. After heat 

treatment at 1150°C, the MPEA’s corrosion behavior improved compared to the as-cast state 

and exhibited improved strength and ductility. 

CrFeCoNi-based MPEAs with additions of other elements such as Al, Cu, Mo, or Mn 

have been extensively studied whereas the most employed system encompasses Mn and is 

sometimes referred to as the Cantor alloy.[24, 180-184] As a point of reference, the corrosion 

behavior of an MPEA is typically compared to a conventional alloy. For example, Luo et al.[101] 

compared the passive film properties and corrosion behavior of CrMnFeCoNi in 0.1 M H2SO4 

to 304L SS. Despite microstructural and compositional similarities – both alloys contain 

passivating elements Cr and Ni – their corrosive response differed. The selective dissolution 

of Fe is in synergy with the formation of a Cr-rich passive film on 304L SS and surpassed the 

corrosion resistance of the MPEA for which the authors reported similar dissolution of all 

elements and the formation of a defective passive film. After corrosion in 0.05 M H2SO4 Marcus 

et al.[131] examined the thickness and composition of the formed passive layer with XPS and 

ToF-SIMS. To circumvent the complications that arise with 2p core level spectra of transition 

metals, such as interfering Auger transitions, the group analyzed the 3p core level spectra. 

This approach determined a layered structure of the passive film comprising of a Cr-, Fe- and 

Co-rich outer oxide layer and a Cr-, Mn-rich inner oxide layer. Our own study looked at a 

comparison of passive film thickness and composition between corrosion of CrMnFeCoNi in 

0.1 M H2SO4 and 0.1 M NaCl.[185] In NaCl, the CrMnFeCoNi succumbs to severe pitting 

corrosion and generally performs poorer than SS. It has been suggested multiple times that 

the alloying of Mn, added to improve phase stability and mechanical properties, may cause 

poor corrosion performance.[23-24, 79, 186] A study by Torbati-Sarraf et al.[24] focused on the effect 

of Mn on the corrosion behavior of CrFeCoNi in 0.1 M NaCl through XPS investigation, and 

found that the Mn containing MPEA forms a more defective as well as less corrosion resistant 

passive film. In 0.1 M H2SO4, the influence of Mn on the corrosion properties of CrFeCoNi 

showed that Mn suppresses initial passivation and deteriorates passive film stability.[23] 

Omission of Mn seems to improve the corrosion performance of the typical CrFeCoNi-based 

MPEA. Alloying only three elements leads to CrCoNi and FeCrNi MPEAs which both exhibit 

excellent mechanical properties.[18, 187] Corrosion studies of CrCoNi showed that the MPEA 

exhibits superior corrosion resistance over 304 SS and CrMnFeCoNi in H2SO4 and NaCl 

electrolytes.[25] In NaOH media, however, it is not as resistant as 304 SS due to its increased 
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Cr dissolution. The equimolar FeCrNi MPEA resembles the industrially employed Fenicro® 

alloy. While Fenicro® is highly corrosion resistant and does not succumb to intergranular 

corrosion due to its additions of Mo and Si, studies on the FeCrNi MPEA remain scarce. 

Compared with CrCoNi, however, FeCrNi may pose a more feasible option, as Co typically 

comes with a high ethical and economical cost. [188-190] 

Generally, the corrosion properties and surface characteristics have been investigated 

with electrochemical methods where cyclic potentiodynamic polarization and electrochemical 

impedance spectroscopy found predominant use. Analyses of the electrolyte have been 

conducted after electrochemical measurement as well as on-line.[102, 164, 191-192] On-line metal 

dissolution was followed by atomic emission spectroelectrochemical (AESEC) methods, where 

the electrolyte is simultaneously transferred by pumps into an inductively coupled-mass 

spectrometry (ICP-MS) or optical emission spectroscopy (ICP-OES) instrument to quantify 

dissolved metal ions. Surface properties such as structure, composition, and film thickness 

have been examined ex-situ via transmission electron microscopy (TEM), X-ray photoelectron 

spectroscopy (XPS), X-ray diffraction analysis (XRD), time of flight-secondary ion mass 

spectrometry (TOF-SIMS) and atomic force microscopy (AFM).[131, 192-195] Characterization 

methods employed within the scope of this work will be discussed in the following Chapter 5.
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5 Applied Characterization Methods 

5.1 Electrochemical Characterization of the Corrosion Behavior 

The analysis of electrochemical processes is based on measurements that enable the control 

and monitoring of the energy and flow of electrons, i.e., the potential and current.[196] To adjust 

and measure variables, a high impedance potentiostat is needed to prevent undesirable 

current flow.[197] With a potentiostat or galvanostat the electrochemical system may be 

perturbed in a controlled manner to extract information from the resulting current or potential, 

respectively. Many modern instruments, often called electrochemical workstations, can switch 

between potentiostatic operation (applying a potential, measuring current) and galvanostatic 

operation (applying a current, measuring potential). The current I through an electrochemical 

system 

� = d|
dm  

5.1 

corresponds to the amount of electrons because Q is a multitude of the elementary charge 

e = 1.602 x 10-19 C. Q is linked by Faraday’s law (Equation (4.26)) to the amount of converted 

substances.[196-197] 

 

5.1.1 Polarization Measurements 

A typical corrosion experiment starts with monitoring the open circuit potential (OCP) as it is 

often required as a reference point for other measurements. The OCP represents the potential 

difference between the WE and the RE while no current is flowing between the WE and the 

AE.[198] Depending on the stability, the OCP may change over time due to, e.g., corrosion, 

chemical reactions at the electrode surface or other changes at the electrolyte/electrode 

interface. To investigate the corrosive behavior of a material, the current-potential relationship 

is studied over broad ranges of applied potentials.[109] 

In potentiodynamic polarization measurements, a potential range is scanned at a fixed 

rate between set values. For linear potentiodynamic polarization a starting and a terminating 

potential are selected, whereas for cyclic polarization an apex potential is set between the 

starting and final potential (as shown in Figure 5.1). To avoid non-faradaic currents from 

capacitor charging and to maintain steady-state conditions, scan rates range from 0.1 mV s-1 

to 1 mV s-1 are preferred.[109] The resulting current is recorded. 
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Figure 5.1. Generic cyclic potentiodynamic polarization diagram with current (logarithmic scale) plotted versus the 
applied potential. Respective electrochemical parameters and characteristics that can be retrieved from a CPP are 
highlighted. 

To record the current-potential relationship in the Tafel region, potentials need to be 

sufficiently far from the OCP, typically ± 50 - 70 mV vs. OCP.[109] At these potentials either the 

cathodic (Ic) or anodic (Ia) current predominate the net current. The whole scan is then run 

within a range of - 250 mV to + 250 mV vs. OCP which accounts for the fact that the OCP may 

shift during the measurement due to oxide reduction, metal dissolution, or passivation.[109] 

Figure 5.1a shows the Tafel region of a generic potentiodynamic polarization. In the diagram 

the cathodic and anodic region generally expand over more than a magnitude in current, and 

thus allow for extrapolation and fitting. Research has shown that the extrapolation of the 

cathodic region is generally more practical and sensical to deduce the corrosion current and 

Tafel slope c.[199] The anodic portion, especially in corrosion-prone systems, may be affected 

by dissolution or oxide film formation, leading to different corrosion current densities.[109] Most 

software packages of commercially available electrochemical workstations offer fitting of the 

Tafel polarization region through non-linear least squares fitting of the Wagner-Traud equation 

(Equation (5.2)).[200] 
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i�hv = i��dd w�p�+."��(�������� r − �p�+."��(������|��| rx 5.2 

This fitting approach should be applied when both, the cathodic and anodic regions are under 

activation control, as non-Tafel like behavior produces non-sensible values.[109] Corrosion 

current density values are rendered from the recorded net current density jnet and reside in 

between the cathodic and anodic extrapolation values. 

Similar to the Tafel polarization, linear polarization resistance (LPR) is recorded close 

to OCP. Here, the potential scan range is kept narrower, approximately ± 30 mV vs. OCP, to 

measure within a potential region where the current behavior is linear.[109] Figure 5.1b shows 

the linear behavior in current response for an LPR measurement where the slope is the 

polarization resistance RP. 

	�  =  d\
d�  

5.3 

The corrosion current density may also be extracted from these scans by employing the Stern-

Geary equation (Equation (5.4)), when the Tafel slopes are known.[201] 

i��dd = y$y��y$ � y��2.3	� 
5.4 

By combining Equations (5.2) and (5.4), Mansfeld[201] showed that the Tafel slopes may be 

extracted through Equation (5.5) from polarization analysis close to OCP when RP and Ecorr 

are known. 

i�hv = y$y��y$ � y��2.3	� w�p�+."��(�������� r − �p�+."��(������|��| rx 5.5 

Further polarization to higher anodic potentials yields valuable qualitative and 

quantitative information on the electrochemical behavior of the electrode material under 

investigation. Characteristics that can be drawn from these measurements are summarized in 

Figure 5.1 and encompass the corrosion potential (Ecorr), primary passivation potential (i.e., 

active dissolution, Epp), active/passive transition, passive region (ΔE), metastable 

pitting/metastable localized corrosion (including crevice corrosion), breakdown/pitting/pit 

nucleation potential (Eb), transpassive region (the literature typically assumes OER and 

passive film dissolution),[202-204] re-passivation potential (Erp). 

For cyclic potentiodynamic polarization (CPP) studies, the scan is reversed upon 

reaching the pre-defined apex potential where linear potentiodynamic polarization (LPP) 

otherwise terminates. Typically, measured currents in CPP or LPP are recorded and displayed 

on the logarithmic scale and the changes in current ranges are automatically switched by the 

instrument. The resulting hysteresis as indicated in Figure 5.1 provides further information on 

localized corrosion (positive hysteresis) and re-passivation (Erp). A negative hysteresis is 

typically indicative of a stable system. LPP or CPP both provide the data necessary for Tafel 
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extrapolation and LPR as can be seen in Figure 5.1a and b. However, Tafel polarization and 

LPR are generally non-destructive, as the electrode is not perturbed far from its OCP, allowing 

for repeated measurements and long-term monitoring.[109] LPP and CPP, on the other hand, 

render significantly changed electrode surfaces due to passivation and corrosion. Drawing 

from potentiodynamic polarization measurements, the material may also be investigated 

potentiostatically at certain potentials to, e.g., induce passivation or dissolution. 

When employing faster scan rates, potentiodynamic polarization may be termed either linear 

sweep (LSV) or cyclic voltammetry (CV) depending on whether the scan is conducted in a 

linear or cyclic fashion. LSV or CV experiments are typically conducted to elucidate reaction 

mechanisms and kinetics of dissolved reagents.[205] In this work, CV measurements were 

mainly employed in connection with scanning electrochemical microscopy analyses on which 

more information is disclosed in Chapter 5.2.2. 

 

5.1.2 Electrochemical Impedance Spectroscopy  

Electrochemical impedance spectroscopy (EIS) is another non-destructive electrochemical 

technique used to analyze linear time-invariant systems.[206] A periodic perturbation excitation 

of the system under investigation is achieved by applying a small-amplitude sinusoidal signal 

(ac voltage or current) superimposed on a respective dc signal (typically OCP) over a broad 

range of frequencies (commercially available instruments offer ranges from 1 MHz to 10 

µHz).[207-208] The electrochemical impedance Z is a complex quantity that depends on 

frequency f, and accordingly EIS is a transfer function method that measures an output signal 

(ac voltage or current) to an input signal (ac voltage or current) (see Equation (5.6)).[208] The 

measurement of the output signal is complemented by calculating the transfer function using 

equivalent circuits that resemble the electrical behavior of the electrode under study. 

���� =  \����
����� = ∆\���

�A��� = |�|�cos � � i sin �� =  �� � i ��� 5.6 

Here,  is the angular frequency related to the frequency f by  = 2f, = t is the phase angle 

(phase shift between input and output signal), i = √−1, and |Z| = E/I0 is the magnitude. G�  and 

�� are phasors which are complex time-invariant numbers that represent the amplitude and 

phase of a sinusoidal function.[207-208] 

Electrical, electrochemical, and physical processes of an electrochemical system 

exhibit different time behaviors which may be classified into three types of perturbation 

response.[208] At high frequencies, fast processes due to the kinetics of faradaic reactions are 

observed. Within medium frequencies, the charging/discharging of the EDL or other surface 

layers at the electrolyte/electrode interface reside. Slower physical processes such as mass 

transport phenomena are located at low frequencies. The associated time constants of these 

processes may be deconvoluted by EIS analysis.[208] In an electrochemical system, the real 
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part Z’ represents the frequency-dependent resistance which impedes current flow and 

exhibits a phase shift of  = 0°. The imaginary part Z’’ represents the reactance of the system 

when current flow is impeded either by capacitors ( = 90°) or inductors ( = - 90°), 

respectively.[207-208] Due to the different time constants, EIS may enable the analysis of different 

electrochemically relevant events in one experiment.[207] 

The measurements are interpreted by fitting an electrical equivalent circuit (EEC) 

model to the experimental data. The EEC typically comprises resistors, capacitors, inductors 

and often more complicated elements such as the constant phase element (CPE).[208] As 

passive films formed on metal electrodes are inherently defective, the CPE is employed in 

EECs to model a non-ideal capacitor. The impedance of a CPE is given by 

�c��  =  1
�i���|c��, 5.7 

where QCPE (the subscript is included to avoid confusion with the charge, Q) contains the 

capacitance information of the CPE and is given in F sm-1.[208] The exponent m represents the 

degree of deviation from ideal capacitor behavior and may range from m = 0 (resistor) to m = 

1 (capacitor).[209] If the CPE behaves as an inductor, m= -1.[210] As the ideal capacitor has a 

phase shift of  = 90°, the deviation  of the CPE is related to the phase by 

� = 90°�1 − {� 5.8 

For reliable electrochemical impedance spectra, the system under investigation must 

be linear (the use of a small perturbation should ensure that input and output signals have the 

same frequency), causal (the output is dependent on the input signal), stable (the system 

returns to its original state when perturbation ceases) and finite (the impedance of the system 

tends to constant values when   0 and   ∞).[207-208] The Kramers-Kronig relation relies 

on these four criteria and allows to calculate Z’ from Z’’ and vice versa and consequently 

enables the detection of errors due to the interdependence of the real and imaginary parts of 

impedance.[211] 

EIS data for electrochemical systems are typically represented either by Bode or 

Nyquist plots.[207] The spectrum displayed in the Bode plot presents two curves vs. log(f), the 

magnitude of impedance |Z| and the phase shift . Bode representations facilitate matching 

electrochemical processes to the respective frequencies. For Nyquist representations, the 

imaginary part of the impedance is plotted as a function of its real part (-Z’ = f(Z’’)). Both axes 

should be drawn to depict the same range.[208] Figure 5.2 shows the generic Bode (a) and 

Nyquist (b) diagrams for the electrical equivalent circuit (c) employed to analyze the EIS 

spectra in this work. 
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Figure 5.2. Generic (a) Bode and (b) Nyquist diagrams for the electrical equivalent circuit in (c). 

 

5.2 Surface Characterization by Scanning Probe Microscopy 

Scanning probe microscopy uses a pointed sensor to scan a surface and to build an image 

from the sequentially recorded data points. The sensor can be a force sensor in atomic force 

microscopy (AFM), a capacitive sensor in scanning Kelvin force microscopy (SKPFM) or an 

amperometric microelectrode in scanning electrochemical microscopy (SECM). Scanning 

electron microscopy (SEM), on the other hand constitutes a special form of scanning probe 

microscopy, where a focused electron beam probe is scanned over the sample surface.  

 

5.2.1 Atomic Force Microscopy 

The AFM imaging technique is based on monitoring the deflection of a plate spring (termed 

cantilever) while it is scanned over a substrate surface. Typically, the cantilever consists of a 

silicon wafer coated with a specific metal (e.g., Pt, Cr, Al). The cantilever is fixed on a holder 

at one end. At the other end it has a small lever (the plate spring) with a sharp tip that faces 

the sample (see Figure 5.3). 

 
Figure 5.3. Schematic of a cantilever plate spring with its holder from (a) the top and (b) the side view. 
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The sharp tip enables the local monitoring of force interactions (attractive or repulsive) 

that result in bending of the lever. The bending of the lever is detected by the deflection of a 

laser beam that is oriented onto the tip of the lever. The reflected laser beam hits a 

photodetector, typically a photodiode with four quadrants to monitor vertical and lateral 

deflection of the lever, that converts the incident laser beam into an electrical signal (see Figure 

5.4).[212-213] A typical AFM image reflects the topography (height) of the investigated surface. In 

addition electrostatic, mechanical, and magnetic properties can also be scanned.[212] 

The force that the cantilever spring experiences can be expressed by Hooke’s law 

� =  −j� 5.9 

where k is the force constant of the cantilever and z is the distance of deflection relative to the 

equilibrium position. The shorter and thicker a cantilever, the higher will be its force constant 

and resonance frequency 0 which is also called the natural frequency of the oscillator.[212, 214] 

 
Figure 5.4. Schematic of the detection of the deflection of the cantilever by a reflection of a laser beam onto a split 
photodiode. 

The translation of the tip during imaging is made by means of piezoelectric motors which 

expand or retract by applying a voltage and enable sub-nanometer precise positioning.[215] 

Further stepper motors enable coarse positioning of the tip over the sample. 

Images may be recorded in different modes which include contact, force modulation, 

non-contact, intermittent contact, and force spectroscopy modes. Figure 5.5 shows a force-

distance curve and schematically presents the range of operation of each mode.[212] Two 

regions are identified in the diagram. Upon approaching the sample from faraway (approx. a 

few 100 nm), the tip enters an attractive interaction region due to capillary and van-der-Waals 

forces, which reach a minimum at a certain distance (see Figure 5.5). After the minimum, the 

tip-sample interaction enters the repulsive region due to electrostatic forces.[213] Both the 

contact and force modulation mode act in the repulsive region where the cantilever tip never 

leaves the sample surface.[212] While the contact mode is either conducted at constant height 
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or constant force, the force modulation mode is the dynamic version of the former. These two 

modes may suffer from lateral deflections and may destroy the interrogated surface due to the 

close contact. On the contrary, in the non-contact mode, the cantilever oscillates within the 

attractive part. This mode is rarely used because capillary forces due to condensed thin water 

films under ambient conditions may pull the cantilever tip into contact resulting in erroneous 

signals.[212] 

 
Figure 5.5. (a) Force interaction between the cantilever tip and sample surface as a function of distance. (b) 
Intermittent contact or tapping mode with a setpoint amplitude. (c) Force spectroscopy or quantitative imaging mode 
where a force curve is recorded at each pixel. Adapted with permission from [212]. Copyright 2017, The Authors. 

In this work, the intermittent contact mode was employed as the main method in 

ambient conditions and force spectroscopy as the main method for in-situ imaging. The 

drawbacks of the contact and non-contact modes are overcome in the intermittent contact 

mode (IC), sometimes referred to as tapping mode, where the cantilever is oscillated and 

operated between the repulsive and attractive region and lightly taps the surface periodically 

(as depicted in Figure 5.5).[212, 216] The distance, z, of the oscillating cantilever is given by 

� = ~ cos��Am � �� 5.10 

where A is the amplitude, 0 is the resonance frequency, t is the time and  is the phase shift 

between the excitation and the oscillation signal.[214, 216] Respectively, the IC mode is either 

operated at a setpoint frequency, phase, or amplitude. The height is then scanned, while the 

position of the cantilever is adjusted via the piezoelectric motor through feedback systems so 

that the setpoint is maintained. To avoid interference due attractive forces acting on the tip, 

cantilevers with force constants of 21 to 78 N/m are employed for the IC mode.[212] 

In force spectroscopy, a full force-distance curve is recorded at each pixel of the scan, 

providing local information on tip-sample interactions while recording topographic images. 

Typically, the instrument records the extension and retraction force-distance curve.[212] Two 

examples are displayed in Figure 5.6, one in ambient conditions (Figure 5.6a) and one in 0.1 M 

NaCl (Figure 5.6b), of a Cr/Pt coated silicon cantilever tip approaching a polished CrCoNi 
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surface. This mode is especially useful for measuring in-situ as the cantilever can be retracted 

as far as required and the damping of the cantilever vibration due to the liquid does not interfere 

with the measurement. 

 
Figure 5.6. (a) Force curves of a Cr/Pt coated silicon cantilever (k = 40 N m-1) approaching a polished CrCoNi 
surface at 25 °C in air. (b) Force curves of a Cr/Pt coated silicon cantilever (k = 40 N m-1) approaching a polished 
CrCoNi surface at 25 °C in 0.1 M NaCl.  

SKPFM as a form of atomic force microscopy, employs conductive cantilever probes 

to scan on top of the topography the electrical properties of a conductive sample surface. The 

method is based on the macroscopic Kelvin method, invented by Lord Kelvin in 1898.[217] The 

Kelvin method measures the contact potential between two metal samples which are brought 

in close proximity to form a plate capacitor.[218] A common mode for SKPFM measurements is 

the lift mode, or hover mode.[217] In this mode, the topography of the surface is recorded in the 

IC mode on the first scan. The retrieved height information is then employed to guide the 

cantilever according to the topographic contour on the second scan but at an offset of 

10 - 100 nm (see Figure 5.7).[217] The lift mode possesses the ability to measure the 

electrostatic force decoupled from long or short range forces that could otherwise act on the 

tip.[217] 

In analogy to the Kelvin method, in SKPFM the tip potential Utip of the conductive 

cantilever is applied through an external circuit. Utip consists of a dc component Udc and an ac 

component Uac.[219] Uac is typically modulated at the resonance frequency 0 of the cantilever. 

Differences between the surface potential  and Utip during the scan lead to a capacitive force 

Fcap which will act on the cantilever. Due to Utip being modulated by Uac, Fcap is also modulated 

and causes the cantilever to oscillate with amplitude Atip which can be measured.[219] In the lift 

mode, the feedback from the topography scan is used to adapt Udc of the cantilever to minimize 

its oscillation Atip. The applied potential Utip of the cantilever is equal to the surface potential 

when Atip = 0. Hence, the scanned Utip information from the lift mode scan results in a surface 

potential difference  image. Figure 5.7 summarizes the acquisition of an SKPFM scan.[219]  
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Figure 5.7. Schematic of the SKPFM lift mode showing the recording of the topography in the IC mode (IC trace) 
and the IC retrace used to record the surface potential difference . Adapted with permission from [219]. Copyright 
2016, The Authors. 

5.2.2 Scanning Electrochemical Microscopy 

SECM is an in-situ SPM technique that employs a microelectrode (ME; also referred to as tip) 

to probe the electrochemical reactivity of an immersed surface. Apart from topographic 

information, SECM predominantly provides a tool to map the rate of electrochemical reactions 

of a sample surface.[220] SECM instruments are commercially available and typically consist of 

four major components, a bipotentiostat, a positioning system for the ME probe, an 

electrochemical cell and the control and data acquisition system. To control and measure the 

current and potential of the ME and sample independently, the SECM is equipped with a 

bipotentiostat. The ME is nanometer to micrometer-sized electrode of disk-shaped geometry 

to probe the surface.[220-221] Both ME shape and geometry determine the image resolution. 

Employing an ME as the probe holds the advantages of small steady-state currents (nano- and 

picoampere-range), short response times, negligible ohmic drop and the possibility to clean by 

mechanical polishing.[221] The three-dimensional positioning of the ME above the sample 

surface is accomplished through stepper- and piezoelectric motors, analogous to AFM. The 

electrochemical cell holds the electrolyte solution which typically consists of a supporting 

electrolyte as well as a redox mediator and is designed in such a way that the surface of interest 

can be mounted from the bottom as depicted in Figure 5.8. Furthermore, the set up allows to 

fix the auxiliary electrode far away from the ME to avoid interfering reactions.[222] 
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Figure 5.8. Set-up of an SECM cell with the respective electrodes and connections to the bipotentiostat. 

Important parameters in SECM entail the measured current response to an applied 

potential which is generally designated by a lower-case i but the reported current is commonly 

normalized and designated with an upper-case I. Indices are added to indicate tip or sample 

(substrate) current iT and iS, respectively. Normalization of the tip current iT is achieved by 

dividing the measured iT by the steady-state bulk current i∞ in the same solution. The sample 

or substrate current is denoted by iS. Another normalized quantity is the tip-substrate distance, 

LT-S which is given by dividing the distance z between tip and substrate by the ME radius r.[220] 

Figure 5.9a shows two approach curves in an iT-z plot and Figure 5.9b shows the same curves 

as normalized current IT vs. distance LT-S. The steady-state bulk current of the ME is measured 

far away from the substrate surface (z > 10r) and is given by  

��,� = 48��L� 5.11 

where n is the number of exchanged electrons, F is the Faraday constant, D is the diffusion 

coefficient of the redox species and c is the concentration.[220] 

 
Figure 5.9. (a) Approach curves of a Pt ME (r = 5 µm) towards (1) a gold sample and (2) an epoxy surface in 0.1 M 
KCl with 5 mM K3[Fe(CN)]6 as the redox mediator, depicting the absolute currents measured. (b) Same as (a) in 
normalized quantities. 
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There are two commonly employed modes in SECM imaging, the feedback mode, and 

the generation/collection mode.[220, 222] The feedback mode is the most frequently utilized 

mode.[220] When the redox mediator is dissolved in the electrolyte in its oxidized form O, biasing 

the probe to a respective reduction potential (deduced by CV) reduces O to R and a respective 

faradaic current at the ME results. At distances z > 10r, O can diffuse freely to the ME tip and 

the steady-state bulk current is observed.[220] If the tip approaches an inert region, e.g., the 

epoxy resin of an embedded sample, diffusion of O to the tip becomes increasingly hindered 

and iT decreases, corresponding to negative feedback (Figure 5.9a, insulator). In contrast, if 

the tip approaches a conducting surface, e.g., a gold sample, R can be oxidized back to O by 

the sample and iT increases, corresponding to positive feedback (Figure 5.9b, conductor).[220] 

Positioning the tip close enough to the surface allows to measure the tip current in the negative 

and positive feedback regime and generates images that show electrochemically active 

regions on a substrate surface. 

In the generation/collection mode, the redox active compound is generated at one 

interface and collected at the other. The mode can be carried out in either the substrate 

generation/tip collection mode (SG/TC) or the tip generation/substrate collection mode 

(TG/SC).[220] The latter mode finds predominant use in kinetic measurements and local surface 

modifications through, e.g., deposition or etching.[223-224] The SECM is a versatile analytical tool 

and other modes comprise e.g., the redox competition mode where the tip and surface 

compete for the same redox species which finds use in catalytic activity and corrosion 

screening or the potentiometric mode which uses potentiometric probes, e.g., for monitoring 

local pH variations.[225-227] 

Due to the high corrosion resistance of the MPEAs studied within this work, imaging of 

electrochemically active sites was mostly impossible. The surfaces formed protecting passive 

films that generally showed no weak points during SECM imaging. For this reason, the SECM 

was employed to conduct tip-substrate voltammetry (TSV) where the ME was polarized at a 

constant potential and held at a fixed position to detect certain emerging redoxactive species 

while the sample was scanned potentiodynamically. 

 

5.2.3 Scanning Electron Microscopy  

SEM represents a special case of scanning probe microscopy where instead of a solid probe, 

a focused electron beam scans the sample surface. To date, SEM is one of the most essential 

and widely employed techniques for materials characterization due to its ease of use, rapid 

imaging and its ability to determine local elemental composition.[228] It provides information on 

the surface structure, composition, and bulk material defects at the sub-micrometer to 

nanometer scale. Typical magnifications are around 200000x, meaning that resolutions of 

1 nm can be achieved which corresponds to beam energies of 20 to 30 kV. 
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Figure 5.10. Schematic of an SEM set-up. (a) Close-up of the electron source. (b) Complete SEM set-up.[229] 

An SEM consists of three major components, the electron column, the sample 

chamber, and the control and data acquisition unit (Figure 5.10b). The electron column 

comprises the electron source that generates the beam, termed electron gun, electromagnetic 

lenses that demagnify and focus the electron beam to a small diameter electron probe and 

scan coils that move the probe across the surface to procure the SEM image.[228] The electron 

gun on top of the column generally generates electrons either by thermionic emission or field 

emission.[229] For thermionic emission a metal filament (e.g., W or LaB6) called the cathode is 

placed at a high negative potential (corresponding to the reported beam energy) and heated 

to a high enough temperature by a current so that electrons can overcome the work function 

of the cathode and leave the surface (see Figure 5.10a). The potential difference between the 

anode which is grounded at zero potential and the cathode accelerates the emitted electrons 

through a hole in the anode. The emission of electrons sets the surrounding Wehnelt cylinder 

at a more negative potential than the filament. This resulting negative bias in turn replenishes 

emitted electrons on the filament and ensures that the electrons are emitted from the tip of the 

filament. A field emission gun employs a very small single crystal wire with a sharp tip instead 

of a filament as the cathode. This enables the generation of a strong electric field at the cathode 

tip, reducing the energy barrier of electron emission. Down the column the electron beam is 

demagnified by condenser lenses, the number of electrons and convergence angle of the 

beam are controlled by apertures and the beam is finally focused by an objective lens.[229] 

Both the electron column and the sample chamber are operated under vacuum 

conditions to avoid scattering of the beam electrons.[229] The electron beam penetrates the 

sample by a few microns and its interaction with sample atoms generates three signals that 

can be detected. When the electrons are scattered elastically, backscattered electrons (BSE) 
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result which are of the same energy as the incident beam and are detected to produce images 

of topographic and qualitative compositional information.[230] Upon inelastic scattering, 

secondary electrons (SE) are emitted from the sample which are lower in energy and once 

detected produce topographic images.[230] The inelastic scattering leaves behind an ionized 

atom with an electron vacancy in a core shell. An outer shell electron may fill the vacancy and 

this process releases energy in the form of an X-ray photon. The emitted photons are element-

specific as the electron transition between any two shells is unique to an element. The 

detection of the emitted X-rays results in a spectrum and typically an elemental map may be 

recorded.[231] 

A conventional SEM typically has two stationary detectors, one for BSE and one for 

SE. BSE and SE signals can only be distinguished by energy. As most BSE are scattered 

upwards and scattering probability decreases towards the sides, the BSE detector is placed 

directly below the objective lens as shown schematically in Figure 5.10b.[229] The SE detector 

is mounted from the side and brought close to the sample surface. Depending on the 

instrument, the X-ray detector is either also stationary or mobile so that the operator can adjust 

the distance between the detector and sample surface which is typically around 20 mm. The 

X-ray detector is an energy dispersive spectrometer and hence gives the measurement the 

name energy dispersive spectroscopy (EDS or EDX).[232] 

 

5.3 Quantitative Surface and Electrolyte Characterization 

5.3.1 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) employs X-rays which irradiate the sample surface. 

Typically, laboratory instruments work with the Al K line with a photon energy of 1486.6 eV.[233] 

XPS is a surface sensitive technique and examines the electrons ejected from core levels upon 

absorption of an X-ray photon. The resulting photoelectron spectrum represents the electronic 

structure of the elements contained at and close to the sample surface. Depending on the 

material under investigation, the energy of the incident X-ray photons and the emission angle 

(typically < 60°), the information depth of XPS reaches a few nanometers.[233] The measured 

kinetic energy EK of the photoelectrons is related to their binding energies EB by Equation 

(5.12). Qualitative and quantitative information are provided on the chemical state of the atoms 

which is influenced by their chemical environment.[233] XPS was used in Chapters 7.1.2 and 

7.2.2 to elucidate the surface compositions and surface composition changes of the MPEAs 

due to corrosion. 

Conventional XPS measurements are run under an ultra-high vacuum (UHV), which 

excludes liquid or gaseous samples. Nevertheless, methods exist, where XPS are collected at 

near ambient pressure which allow in-situ monitoring of electrochemical processes.[234-235] An 

XPS instrument constitutes an X-ray source, a monochromator (e.g., quartz crystal), electron 
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energy analyzer and a data acquisition and processing system. Figure 5.11 shows a schematic 

illustration of a generic XPS spectrometer whereas the X-ray source is magnified to 

demonstrate its components.[236] 

 
Figure 5.11. General set-up of an X-ray photoelectron spectrometer with a close-up of the X-ray source in the left 
hand corner.  

In XPS, X-ray photons are generated by bombarding the anode which is a metallic 

solid, typically Al or Mg, with electrons from a thermionic source (cathode) as discussed for the 

SEM in Chapter 5.2.3. Depending on the anode material, energies of 1486.6 eV and 1253.6 eV 

can be generated by Al and Mg, respectively. Due to the high energy and intensity of the Al K 

X-ray, minimal energy spread, effective heat conduction and the ease of manufacture as well 

as the inherent robustness, Al anodes are commonly used.[237] An XPS spectrum displays the 

intensity of emitted photoelectrons versus the energy either in form of the kinetic energy EK or 

the binding energy EB which are interrelated by 

\  = ℎ¢ − \£ − � 5.12 

where h is the photon energy and  is the instrument specific work function.[233] From 

Equation (5.12) it becomes clear that EB is an intrinsic property of the examined material, 

whereas EK depends on the energy of the X-ray source.[233] The characteristic photoelectron 

peaks in XPS spectra are formed by photoelectrons that reached the detector without inelastic 

scattering (loss in EK). Electrons that succumb to inelastic scattering, lose energy, and will 

contribute to the background of the spectrum. To label the element specific peaks, the 
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spectroscopists’ notation is used.[233] The peaks are labelled by nlj where n is principal quantum 

number (given by integers), l = n - 1 is the orbital angular momentum (given by integers, and 

denoted s, p, d, etc.), and j = |l+s| is the total angular momentum with s being the spin angular 

momentum (either s = + 1/2 or s = - 1/2). 

The ejection of an electron from a core level as shown in Figure 5.12a is recorded in 

XPS. The process ionizes the atom which can relax by X-ray fluorescence (Figure 5.12b) or 

Auger emission (Figure 5.12c). For first-row transition metals as studied in this thesis, Auger 

emission peaks in XPS spectra can complicate the XPS analysis due to the overlap of AES 

and XPS peaks.[131]  

 
Figure 5.12. Illustration of (a) emission of photoelectrons, (b) emission of X-rays and (c) emission of an Auger 
electron as the result of an incident electron hitting the sample surface.[233] 

The analysis of the 2p XPS spectra of the first-row transition metals is further 

complicated by shake-up satellites, plasmon loss and multiplet splitting effects.[238] Shake-up 

satellites arise due to emitted photoelectrons exciting valence electrons.[239] This excitation is 

observed in XPS spectra by structures appearing at binding energies above the actual 

photoelectron peak. Satellite peaks may be evaluated if they are well separated from the main 

peak and of identifiable intensity.[239] The spectrum evaluation is complicated when satellite 

peaks introduce asymmetry to the main photoelectron peak. Plasmon loss is generally 

observed for clean metallic surfaces where outgoing photoelectrons interact with conduction 

band electrons, leading to a loss in EK and thus, an apparently higher EB.[239] The peaks that 

arise merely complicate XPS spectra. Transition metals are known to possess unpaired 

electrons. Due to the emission of an electron, the unpaired electron within the core level can 

interact with unpaired valence electrons. This interaction results in multiplet splitting and is 

observed, e.g., for Cr(III), Mn(II) and Fe(III).[238] To circumvent the complications with 2p XPS 

spectra of transition metals, this work focused on analyzing the respective 3p level peaks which 

while less sensitive do not overlap with Auger emission peaks.[131] 
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5.3.2 Inductively Coupled Plasma Mass Spectrometry 

Inductively coupled plasma mass spectrometry (ICP-MS) is an analytical technique that allows 

to measure elemental species qualitatively and quantitatively.[240] Most commonly the 

technique is employed to analyze the composition of fluids (liquid and gaseous) and its high 

sensitivity enables the analysis of trace elements in the range of ng L-1, i.e., ppb. The 

inductively coupled plasma is the ionization source for the analytes which are then passed to 

the enclosed mass spectrometer (see Figure 5.13).[240] The plasma is generated by passing 

argon gas through a quartz torch which resides in an induction coil. A radio frequency, typically 

27.1 MHz or 40.6 MHz, is applied to the induction coil, resulting in an electromagnetic field at 

the top of torch.[241] With a tesla coil a spark is applied that initiates the stripping of electrons 

from the argon atoms. The resulting argon cations and electrons are then trapped in the 

magnetic field and subsequently accelerated in closed circular paths.[241] Some electrons 

collide with neutral argon atoms which removes electrons, and a chain reaction is established. 

These collisions generate the plasma flame which is of a high temperature of approximately 

6000 to 10000 K. The plasma which consists of neutral and positively charged argon atoms 

and electrons persists as long as the radio frequency is applied.[241] 

Once the plasma is established, the analyte can be introduced for ionization. Via pumps 

the liquid sample is converted into an aerosol in the nebulizer. Droplets that are larger than 

10 µm are removed from the aerosol in the spray chamber before introducing it into the plasma. 

Within the plasma flame, the droplets undergo rapid de-solvation, vaporization, atomization 

and ultimately ionization which is ensured by the high plasma temperature.[240] The ICP 

generates the ionized analyte under atmospheric pressure. Extraction of the plasma which, 

after ionization, now also contains analyte ions is accomplished through a sampling cone 

orifice into a low-pressure expansion chamber.[241] The plasma accelerates and expands 

quicker than the local speed of sound which is termed supersonic expansion and leads to jet 

formation. The jet is then extracted through a skimmer cone by an extraction lens that is 

essentially a negatively charged metal tube to accelerate and move forward the positive ions 

while repelling electrons.[241] The resulting ion beam of positively charged ions enters the ion 

optics. This device comprises further electrostatic lenses that act as ion energy filters and guide 

the analyte ion beam to the mass spectrometer. Here, a quadrupole mass filter (QMF) 

consisting of four rod electrodes utilizes time-variant electric fields to separate the analyte ions 

by their mass/charge ratio.[242] The electric field within the QMF represents a selective mass 

window and is adjusted by applying a potential with dc and ac components. Only ions with the 

respective mass/charge ratio have the correct trajectory to pass the QMF and reach the 

detector. Another mass window is selected by re-adjusting the applied potential while the ac/dc 

ratio is kept constant.[240] Via external calibration, the concentrations of elements within the 
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sample can be quantified. ICP-MS analyses of corrosion electrolytes have been widely used 

to clarify metal and alloy dissolution.[101, 243-244] In this thesis the electrolytes after corrosion were 

quantified for the dissolved metal ion concentrations. 

 
Figure 5.13. Schematic setup of an ICP-MS instrument.
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6 Experimental 

6.1 Chemicals 

All chemicals employed during the preparation and analyses of the specimens are listed in 

Table 6.1 and Table 6.2. The supplier and purity grade of all commercially acquired metallic 

specimens can be found in Chapter 6.2. The aqueous solutions were prepared at room 

temperature, using deionized water (Evoqua, USA) with a conductivity of 18.2 M. If not stated 

otherwise, all chemicals were used without further purification and were of analytical grade. 

 

Table 6.1. Preparation of Metal Interfaces. 

Product Formula Supplier 

diamond paste (3µm/1µm) C ATM Qness GmbH, Germany 

diamond lubricant - ATM Qness GmbH, Germany 

colloidal silicon dioxide  SiO2 ATM Qness GmbH, Germany 

acetone (CH3)2CH2O ChemSolute, Germany 

ethanol CH3CH2OH ChemSolute, Germany 

EpoFix Resin Oxirane mixture Struers, Germany 

EpoFix Hardener Amine mixture Struers, Germany 

alumina (3µm/1µm) Al2O3 ATM Qness GmbH, Germany 
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Table 6.2. Electrochemistry and Surface Characterization. 

Product Formula Supplier Grade 

sodium chloride NaCl ChemSolute, Germany 99% 

sulfuric acid H2SO4 ChemSolute, Germany 98% 

sodium hydroxide NaOH ChemSolute, Germany 99.5% 

potassium iodide KI ChemSolute, Germany 99.5% 

nitric acid HNO3  65% 

hydrochloric acid HCl ChemSolute, Germany 37% 

chromium dichromate K2Cr2O7 abcr, Germany 99% 

Cr(VI) solution K2CrO4 ChemSolute, Germany 50g L-1 

chromium(III) chloride 

hexahydrate 
CrCl3   6H2O ChemSolute, Germany 98% 

rhodium solution Rh Certipur Merck, Germany 1 g L-1 

ICP-multi element standard IV 
Including: Cr, Fe, 

Mn, Co, Ni 
Certipur Merck, Germany 1 g L-1 

Sea salts - Sigma-Aldrich, USA - 

hydrogen peroxide H2O2 ChemSolute, Germany 30% 

potassium chloride KCl ChemSolute, Germany 99.5% 

potassium ferricyanide K3(Fe(CN)6) ChemSolute, Germany 99% 

 

6.2 Materials 

MPEA Samples. The MPEAs CrMnFeCoNi and CrCoNi were manufactured in equiatomic 

ratios via vacuum induction melting by the Laplanche group at Ruhr-University, Bochum, 

Germany.[18, 245] For the five component MPEA, the respective pure metals (in elemental form, 

>99.9 wt%) were melted in an alumina crucible under argon atmosphere (high purity, Ar 99.998 

vol%) in a Leybold Heraeus IS 1/III vacuum induction furnace operating at 5-20 kW. The 

furnace was evacuated to 3 mbar and subsequently filled with Ar to reach a pressure of 500 

mbar prior to melting. An ingot was cast by pouring the melted MPEA mixture into a cylindrical 

zirconia coated steel mold. Afterwards the as-cast ingot was homogenized at 1200°C for 48h 

in an evacuated and sealed quartz tube to eliminate undesirable oxidation. Finally, the heat-

treated ingot was reduced in diameter in seven steps via rotary swaging at room temperature 

with a HMP R6-4-120-21S four-die swaging machine (HMP Umformtechnik GmbH, Pforzheim, 

Germany) from 40 mm to 16.5 mm.[245] The three component MPEA was fabricated in an 
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identical fashion, except that a MgO crucible was employed for casting.[18] Table 6.3 

summarizes the elemental compositions measured by the Laplanche group as presented in [18, 

246]. 

 

Table 6.3. Chemical compositions of CrMnFeCoNi and CrCoNi as reported in [18, 246]. 

MPEA Cr Mn Fe Co Ni O S C 

CrMnFeCoNi 19.41 20.10 20.56 20.26 19.58 0.033 0.009 0.051 

CrCoNi 32.53 0.09 0.95 33.30 32.85 0.226 0.004 0.019 

 

Pure Metals. Pure metal specimen of Cr, Co and Ni were acquired in 7.5mm (Cr) and 

5 mm (Co, Ni) thick sheets (HMW Hauner GmbH & Co. KG, Germany) that were cut into 15 

mm x 15 mm square coupons. The metals were of ≥ 99.9% purity, according to the 

manufacturer. 

 

AISI 304. Apart from the MPEA and pure metal samples, AISI 304 stainless steel as a 

widely used alloy system was employed as a reference material in this work. Received as 1.2 

mm thick annealed sheets, the austenitic stainless-steel sheets (AISI 304, Goodfellow 

Cambridge Ltd. United Kingdom) were cut into smaller size sheets of 15 x 15 mm dimensions. 

The corresponding chemical composition is compiled in Table 6.4 as it has been reported 

in [247]. 

 

Table 6.4. Chemical composition of AISI 304 as reported in [247]. 

AISI 304 Fe Cr Ni Mn C 
S, P, N, 

Si 

at% 69.88 19.46 7.46 0.96 0.16 << 2 

 

Auxiliary Electrodes. For electrochemical measurements inert metals were used to 

function either as a source or sink of electrons, i.e., auxiliary electrode (AE). High purity wires 

of Au and Pt (Goodfellow, 99.9% each) were acquired and coiled up to immerse a large surface 

area of the AE in the electrolyte. 

 

6.3 Preparation of Metal Interface 

Metal and Alloy Surfaces. The metal and alloy specimens all underwent the preparation 

methods indicated in the following. Depending on the investigation method some alloy surfaces 

were subjected to further polishing and cleaning steps. First, the surfaces were wet-ground 
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consecutively with SiC paper (600 to 4000 grit, ATM GmbH, Germany) and then polished with 

diamond paste on respective polishing clothes (3 to 1 µm ATM GmbH, Germany). The 

polishing clothes were each reserved for one size of diamond paste and one alloy species to 

avoid contamination. The 1 µm polishing step was the final one for most investigations, 

especially the general electrochemical and SECM investigations. For investigations with the 

AFM, the 1 µm polishing step was followed by another polishing step with a 0.05 µm SiO2 

suspension (ATM GmbH, Germany) to ensure a smoother surface. After the final polishing 

step, the samples were washed in deionized water and acetone in an ultrasonic bath 

(Elmasonic P) for 5 min each at 80 kHz to remove any residual polishing particles and organic 

contaminations. The clean surfaces were dried in an oil-free compressed air stream in the final 

step.  

Embedding. For SECM and in-situ AFM measurements the samples were embedded 

in a two-component epoxy resin (Technovit Epox Resin and Technovit Epox Hardener regular, 

Kulzer GmbH, Germany). The embedded specimens were ground and polished as stated 

above and rinsed in deionized water in the ultrasonic bath. However instead of rinsing them in 

acetone, ethanol was employed to avoid dissolution of the epoxy resin.  

Microelectrode. Before any SECM measurements, the microelectrode (ME) was 

carefully and subsequently polished on separate polishing cloths (ATM GmbH, Germany) with 

first 0.3 µm and then 0.05 µm Al2O3 (ATM GmbH, Germany). In between polishing steps, the 

ME was thoroughly rinsed with DI-water and finally rinsed in acetone in an ultrasonic bath 

(Elmasonic P) for at 80 kHz 10 min. 

 

6.4 Instrumentation for General Electrochemical Investigations 

Electrochemistry. All general electrochemical investigations were conducted with a Gamry 

Reference 600+ (Gamry Instruments, C3 Prozess- und Analysentechnik, Germany) using the 

Gamry Framework data acquisition software (version 7.8.2) at room temperature. For the 

electrochemical testing which predominantly comprised cyclic potentiodynamic polarization 

(CPP), open circuit potential, potentstatic polarization and electrochemical impedance 

spectroscopy measurements, a three-electrode set-up was utilized. Within this set-up the alloy 

surfaces were functioning as the WE which was polarized versus a Ag/AgCl/3 M NaCl 

reference electrode (ALS Co. Ltd., Japan) and either Au or Pt were employed as the AE. The 

reference electrodes were regularly controlled against a master Ag/AgCl/3M NaCl electrode to 

ensure accurate measurements. According to the manufacturer the potential of the 

Ag/AgCl/3M NaCl electrode corresponds to E0 = 0.195 V vs. RHE (at 25°C).[248] If not otherwise 

stated, all presented electrochemical potentials within this work are referenced to the 

Ag/AgCl/3M NaCl electrode.  
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Prior to measuring, the cells were sealed and purged with N2 for 30 min and kept under 

a N2 atmosphere during measurements to ensure reproducibility and to exclude interfering 

redox reactions. Before the electrochemical experiments were conducted, samples were 

cathodically conditioned at - 1.00 V for 10 min, to remove oxides formed on the surfaces. CPP 

measurements were run at a scan rate of 1 mV s-1 from - 0.25 V vs. OCP to 1.50 V. The scans 

were reversed before 1.50 V if the current density reached 5 mA cm-2. EIS measurements were 

generally performed in the frequency range from 100000 Hz down to 0.1 Hz and with an 

applied ac voltage of 10 mV and a dc voltage at OCP. The Gamry EChem Analyst software 

(version 7.8.2) was utilized to analyze the EIS data and fit the equivalent electrical circuits 

(EEC).  

 

Inductively Coupled Mass Spectrometry. The ICP-MS analyses were executed 

using the iCAP Q ICP-MS (Thermo Fischer Scientific, Germany) coupled to an ESI SC 4 DX 

Fast autosampler (Elemental Scientific, USA) and the QtegraTM software (Thermo Fischer 

Scientific, version 2.10.4345.64). In accordance with the guidelines of the manufacturer, the 

MS-system was tuned daily. To allow for, e.g., drift corrections, an external standard of a 

10 µg L-1 Rhodium solution (Merck, 1000 mg L-1 Certipur, Germany) was mixed on-line into the 

samples at a mixing ratio of approx. 1:10 via the autosampler. For the quantitative analysis of 

the electrolyte samples after electrochemical measurements, a multi-element standard was 

used for external calibration (ICP-multi element standard IV (Certipur), Merck, Germany). For 

preparing the standards as well as the sample dilution, Type I reagent-grade water (18.2 MΩ 

cm) obtained from a Milli-Q-System (MerckMillipore, Germany) as well as HNO3 (65 % p.A. 

(Chemsolute), Th. Geyer, Germany (double sub-boiled)) were used prior to the analysis. Metal 

concentrations were obtained in mg L-1 and subsequently converted to molar concentrations. 

 

UV-Vis Spectroscopy. UV-Vis measurements were conducted to measure the Cr(VI)- 

and Cr(III)-contents within the electrolytes after electrochemical measurements. The 

spectrometric measurements were performed by means of a JenwayTM 7315 spectrometer 

(Bibby Scientific, United Kingdom), employing quartz glass cuvettes. Figure 6.1 shows the UV-

Vis spectrum of a Cr(VI) solution with c(Cr(VI)) = 20 mmol L-1 with the maximum at  = 373nm. 

The working wavelength  = 373 nm was used for determination of Cr(VI) concentrations. 
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Figure 6.1. UV-Vis spectrum of a Cr(VI) solution with c(Cr(VI)) = 20 mmol L-1 showing the maximum absorbance at 
 = 373 nm. 

For the quantitative analysis, a CrO4
2- stock solution was prepared by dissolving K2Cr2O7 in 

water. The stock solution was adjusted to pH 14 and utilized for external calibration. A separate 

Cr(VI) standard, for which a 50 g L-1 K2CrO4 in H2O solution was diluted, was employed to 

ensure the accuracy of the calibration. Furthermore, to ensure successful conversion of Cr(III) 

to Cr(VI), a Cr(III) standard was prepared by dissolving CrCl3*6H2O. It was oxidized by adding 

hydrogen peroxide H2O2 in excess and adjusting the pH to 14. The solutions were then heated 

until the green solution turned bright yellow and gas formation ceased (Equation (6.1)). The 

reaction produces powerful oxidants (OH•, O2
2- and O2

-•), and most likely proceeds via a 

Fenton-like mechanism.[249-250] 

Cr"# � 8 OH( ∆, ¤¥s¥¦⎯⎯⎯⎯̈ CrO2+© � 4 H+O �  3e( 6.1 

Figure 6.2 shows a calibration curve and the respective determinations of the Cr(III) and Cr(VI) 

standards. 
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Figure 6.2. Calibration curve showing the absorbance A versus the Cr(VI) concentration c. The respective standards 
are indicated. 

After respective dilution, the electrolyte samples were alkalized with 3 M NaOH to pH 

14, monitored with pH paper. Cr(VI) concentrations were determined without an oxidation step. 

To determine Cr(III)-contents, another sample solution was oxidized as described above. The 

cooled mixtures were then diluted as needed. The resulting Cr(VI)-contents represented the 

total Cr content and were used to determine the sum of the original Cr(III) and Cr(VI) content. 

From this value the original Cr(III) content was obtained as the difference between the total Cr 

content and the original Cr(VI) content. 

  

6.5 Instrumentation Used for Alloy Surface Characterization 

Atomic Force Microscopy. A NanoWizard 4 (Bruker Nano GmbH, Germany – formerly known 

as JPK instruments) was utilized to study the metal surfaces after polishing and corrosion 

studies. The typical images provided topographic data and were recorded with a resolution of 

512 x 512 pixels in the intermittent contact mode at scan frequencies of 0.4 to 1.0 Hz depending 

on the surface roughness. A Tap300-G Cantilever (Budget Sensors, NanoAndMore GmbH, 

Germany) was used. This silicon cantilever has a conductive Cr/Pt-coating and a nominal 

spring constant of 40 N m-1. Offline analyses were carried out with the JPK Data Processing 

Suite software (version 6.1.88). Image flattening was achieved by applying the first order least 

square polynomial function to remove image tilt and the vertical z-offset between the single 

line scans. 

In-situ Atomic Force Microscopy. Similar to the ex-situ AFM measurements, a 

Tap300-G cantilever with the NanoWizard 4 instrument and the acquired data were processed 

with the JPK Data Processing Suite. For the electrochemical cell, a JPK-manufactured 

electrochemical cell was used which comprised of a Pt-wire as the auxiliary electrode and a 

Ag/AgCl in 3 M KCl reference electrode. The in-situ measurements were coupled to a CPP 
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scan that was independently performed using a Gamry Reference 600+ under the conditions 

stated previously. To monitor the evolution of local corrosion sites, the CPP scan was paused 

at characteristic potentials such as the OCP, the passive and transpassive region. In contrast 

to the ex-situ AFM measurements, the topographical images were recorded with the JPK-

specific Quantitative Imaging mode (QITM mode) which determines force curves at each pixel 

(512 x 512) of the scan region (100 x 100 µm). 

 

Scanning Kelvin Probe Force Microscopy. For SKPFM scans, intermittent contact 

mode topographical image collection had to be set up first with the NanoWizard to adjust the 

primary settings of the instrument. Only afterwards could the SKPFM mode be set up and 

adjusted. Once adjusted, the cantilever tip was lifted to a predefined height of 30 - 50 nm, and 

to determine the surface potential of the underlying topographical profile an ac voltage of 1.0 V 

was applied. The reported values are potential differences since no absolute reference was 

deployed in the SKPFM analyses. Offline analyses were conducted in a similar fashion with 

the same software as for the AFM images. 

 

Scanning Electrochemical Microscopy. SECM imaging was performed with a 

modular M470 (Bio-Logic SAS, France). The electrochemical cell (µ-TriCell, Biologic SAS, 

France) comprised a Pt-plate as the AE and a Ag/AgCl/ 3M NaCl reference electrode as 

described previously. For imaging the metal surfaces had to be embedded in epoxy to fit into 

the cell. For the ME, a fused silica-based Pt-disk electrode (BioLogic, SAS, France) was used 

with r = 5 µm and RG = 10. The measurements were recorded with the M470 software (version 

1.47.5951) and offline analyses were performed with MIRA (version 8.1). 

To image the alloy interface, a base electrolyte of 0.1 M KCl with 5 mM KI as the 

mediator was utilized. Prior to any image recording, the cleanliness of the electrolyte and 

oxidation potentials were monitor via cyclic voltammetry. Approach curves were then run to 

determine the ME-sample distance and ensure that the sample was plane. The images were 

recorded in the feedback mode, where the ME was held 5 µm above the sample surface and 

polarized at 0.6 V to oxidize the iodide to triiodide (Equation (6.2)).[251] 

3I( → I"( �  2e( 6.2 

 

Tip-Substrate Voltammetry. The same set-up was employed as specified in SECM 

imaging description with the additional usage of a Gamry Reference 600+ to run a CPP scan 

while holding the ME at a constant potential to monitor the evolution of O2. The as-delivered 

M470 set-up would not allow for such a measurement. Before monitoring any evolved O2, 

cyclic voltammetry and approach curves were run to ensure the correct selection of applied 

potentials and to set a constant distance of ~ 5µm between the ME and sample surface, 
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respectively. Prior to the measurement, the solution was sparged with N2 to remove dissolved 

oxygen from the electrolyte. The ME was then held potentiostatically at - 0.65 V vs. Ag/AgCl/3M 

NaCl to reduce evolved oxygen. The CPP scans were acquired as described above from an 

initial potential of - 0.25 V vs. OCP to a final potential of 1.50 V vs. OCP at a scan rate of 

1 mV s-1. The scan was also reversed, if the current density reached a value of 5 mA cm-2 

before the indicated apex voltage. 

 

Scanning Electron Microscopy. A Phenom XL Desktop-scanning electron microscope was 

used to perform most of the electron microscopy imaging (secondary electron [SE], or back 

scattered electron [BSE] mode) and energy dispersive X-ray spectroscopy (EDX) data. The 

instrument was operated at 15 kV, other parameters were automatically adjusted by the 

instrument. For SEM images obtained for the long-term corrosion analysis in Chapter 7.3, a 

VEGA3 TESCAN system equipped with an EDX detector operated at 20 kV was used to record 

the scanning electron microscopy (SEM) images (in the SE mode) and EDX data. 

 

 

X-Ray Photoelectron Spectroscopy. X-Ray Photoelectron Spectra of the anodically 

passivated alloy surfaces were recorded with a commercial spectrometer (SPECS Surface 

Nano Analysis GmbH, Germany). To acquire the spectra a monochromatic Al K source 

(hν = 1486.76 eV) and a PHOIBOS 150 hemispherical analyzer combined with a 1D-CMOS 

detector were employed. The angle between the analyzer and the X-ray source was 55° and 

the photoelectron emission angle was 0°. Charge compensation was achieved by a flood gun 

(FG22/35) that emitted a beam of low energy electrons (3.5 eV, 75 µA) onto the sample. For 

the collected 3p core-level and survey spectra, the analyzer was operated in the fixed analyzer 

transmission (FAT) mode with pass energies of 20 eV and 50 eV, respectively. Instrumental 

calibration and specification were accomplished by measuring a cleaned and sputtered Ag 

sample. Using SPECS relative sensitivity factors (RSF; see Table 6.5), the acquired spectra 

were fitted with CasaXPS (version 2.3.22PR1.0). The energy scales of the spectra were 

calibrated via the C 1s peak to 284.8 eV. Peak fitting was performed by applying a Shirley-type 

background and a Gaussian-Lorentzian ratio GL(30).  
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Table 6.5. Summary of SPECS specific relative sensitivity factors of relevant elements for an angle of 55° between 
an Al K X-ray source and the analyzer adjusted to the carbon C 1s photoelectrons. 

Number Element Transition SPECs RSF 

6 C 1s 1.00 

8 O 1s 2.77 

16 S 2p 1.73 

  2p1/2 0.58 

  2p3/2 1.14 

24 Cr 2p 10.96 

  2p1/2 3.73 

  2p3/2 7.23 

  3p 1.24 

  3p1/2 0.42 

  3p3/2 0.82 

25 Mn 2p 12.83 

  2p1/2 4.36 

  2p3/2 8.47 

  3p 1.51 

  3p1/2 0.51 

  3p3/2 0.99 

26 Fe 2p 14.84 

  2p1/2 5.05 

  2p3/2 9.79 

  3p 1.77 

  3p1/2 0.60 

  3p3/2 1.16 

27 Co 2p 16.92 

  2p1/2 5.76 

  2p3/2 11.16 

  3p 2.04 
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  3p1/2 0.70 

  3p3/2 1.34 

28 Ni 2p 19.06 

  2p1/2 6.48 

  2p3/2 12.58 

  3p 2.34 

  3p1/2 0.80 

  3p3/2 1.54 
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7 Corrosion of MPEAs CrMnFeCoNi and CrCoNi in 

Aqueous Solutions 

To study the corrosion behavior of the two MPEAs CrMnFeCoNi and CrCoNi in aqueous 

media, a multitude of analytical methods have been employed. Typical corrosion studies 

commence with the investigation of the electrochemical responses of the material in 

electrolytes with common ions (here Cl- and SO4
2-) by means of cyclic potentiodynamic 

polarization (CPP). The resistance of an alloy towards corrosion strongly depends on its 

passive film characteristics. Therefore, surface specific analyses by means of electrochemical 

impedance spectroscopy (EIS), X-ray photoelectron spectroscopy (XPS), scanning electron 

microscopy (SEM), and atomic force microscopy (AFM) were conducted to investigate the 

protective passive layer. Corrosive metal dissolution could be quantified through inductively 

coupled mass spectrometry (ICP-MS). 

In this work, the corrosive behaviors of CrMnFeCoNi and CrCoNi were analyzed in two 

electrolyte systems. The most extensively studied solutions to evaluate corrosion performance 

contain NaCl as this salt can be found in many environments.[252] Hence, the first part of this 

chapter examines the corrosion characteristics of MPEAs in NaCl solutions with 

c(NaCl) = 0.1 M in Chapter 7.1. Another frequently studied solution encompasses H2SO4.[253] 

Chapter 7.2 deals with the corrosion of CrMnFeCoNi and CrCoNi in 0.1 M H2SO4, presenting 

the electrochemical features of the MPEAs in an acidic environment and under the influence 

of SO4
2- ions. Finally, due to the good durability of both alloys in 0.1 M H2SO4, long-term 

investigations were conducted in 1 M H2SO4 to deduce the stability of the alloys over extended 

times of immersion. The comparison of the corrosion behavior between CrMnFeCoNi and 

CrCoNi in 0.1 M NaCl and 0.1 M H2SO4 have been published in Applied Surface Science.[X2] 

 

7.1 Behavior in NaCl Solution 

NaCl can be found in abundance in our environment. While its most apparent sources include 

seawater, the Earth’s crust, and salt wells, it is a primary salt in body fluids of living organisms 

and an indispensable material in industrial production.[254] Since two thirds of extracted NaCl 

are used in the chemical industry as electrolysis starting material to produce Cl2 and NaOH, 

the salt is of economic importance. The other third finds applicability in, e.g., the food, dye, and 

detergent industries.[252] Another use encompasses chemical and biological laboratories where 

NaCl is an essential compound serving a multitude of purposes.[255] In the corrosion context, 

NaCl is a typical electrolyte studied due to its omnipresence whereas the concentrations under 

study differ and go as high as 3.5 wt.-% which resembles the NaCl concentrations in 

seawater.[256] As discussed in Chapter 4.4, Cl- ions are known to be corrosively aggressive, 



Corrosion of MPEAs CrMnFeCoNi and CrCoNi in Aqueous Solutions 

64 
 

being initiators of pitting corrosion as well as accelerators to other local corrosion phenomena 

such as crevice corrosion.[257-258] Due to the low cost of NaCl extraction from natural deposits 

or seawater, it poses a highly economically feasible electrolyte component in the field of 

electrochemical energy. Properties such as its high conductivity, thermal stability and safety 

render it an even more suitable candidate.[254] While an increasing interest in employing NaCl 

as an electrolyte in electrochemical energy technology exists, its corrosive nature toward novel 

electrode materials such as MPEAs needs to be investigated. Furthermore, considering the 

use of MPEAs in other contexts such as structural materials or coatings, their susceptibility to 

corrosion needs also to be analyzed in the presence of Cl- to evaluate their safe use. Hence, 

this chapter will present and compare the corrosion performances of CrMnFeCoNi and CrCoNi 

in 0.1 M NaCl. To provide a point of reference, the data obtained for the MPEAs will be 

compared to AISI 304 stainless steel. 

 

7.1.1 General Electrochemical Behavior 

Dissolving NaCl in de-ionized water renders a close to neutral electrolyte. In the studies 

conducted within this work, the produced 0.1 M NaCl solution had a pH of 6.25. In neutral 

electrolytes the prevailing anodic and cathodic reactions are 

Anodic: Me ⟶ Me�# � ne( 7.1 

Cathodic: O+ � 4e( � H+O ⟶ 4OH( 7.2 

as discussed in Chapter 4. To investigate the general electrochemical behavior of the MPEAs, 

CPP scans (Chapter 5.1.1) were conducted. Figure 7.1a shows the CPP scan for AISI 304 as 

an exemplary corrosion-resistant alloy, whereas Figure 7.1b depicts the respective Tafel 

region of the scan. From the CPP, it can be deduced that AISI 304 passivates spontaneously, 

as no Epp is discernible.[259] The following passive region E, where the current density j 

remains constant with increasing potentials, ranges from Ecorr at - 0.27 V to 0.43 V. From 0.31 V 

up to the breakdown potential Eb at 0.43 V, j fluctuates suggesting metastable pitting on the 

surface, i.e., the initiation and immediate re-passivation of small pits.[260] With Eb, initiated pits 

grow and do not re-passivate. At this point j increases sharply suggesting rapid breakdown of 

the passive film and transpassive metal dissolution primarily from pits that grow and 

nucleate.[259-260] The scan was reversed upon reaching the current density threshold of 

5 mA cm-2. The apex potential was set at 1.5 V vs. OCP, however the strong transpassive 

dissolution caused j to reach its threshold value before the apex potential. Reversing the 

potentiodynamic scan results in higher j at the same potentials in the reverse scan compared 

to the forward scan (positive hysteresis). In the corrosion literature, this is the prime indication 

for the occurrence of localized corrosion in the form of pitting and/or crevice corrosion. The 

enclosed area may provide predictions upon the severity/extend of pitting/crevice corrosion.[259] 

At - 0.03 V the reversed scan crossed the forward scan which is known as the re-passivation 
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potential Erp. As this cross-over point extends over 0.6 V since the apex potential, AISI 304 

presents rather poor re-passivation characteristics in the Cl--medium, potentially due to the 

severity of pitting and crevice corrosion. 

Through extrapolation of the cathodic and anodic curves within the Tafel region as 

illustrated in Figure 7.1b, jcorr = 8.91x10-7 A cm-2 and Ecorr = - 0.28 V were determined. To apply 

Tafel extrapolation to voltammetric data, the anodic and cathodic portions need to be under 

activation control.[199] This means that for either the cathodic or anodic reaction to take place, 

a certain amount of activation energy must be supplied. In this case the typical rate-determining 

process is a charge transfer process.[261] The symmetry of the of the anodic and cathodic 

branch is a further indicator of the prevalent electrochemical reactions at Ecorr. With |c| >> a, 

the corrosion of AISI 304 in NaCl is cathodically controlled, meaning that in neutral 0.1 M NaCl 

the oxygen reduction reaction (Equation (7.2)) will limit the overall corrosion process at Ecorr. 
[261] 

 
Figure 7.1. (a) CPP scan of AISI 304 in 0.1 M NaCl recorded at 1 mV s-1 vs. Ag/AgCl/3M NaCl. (b) The respective 
Tafel region of the CPP scan in (a) with cathodic (blue, c) and anodic fits (red, a). The diagram in (a) is adapted 
with permission from own publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 license. 
Copyright 2022, The Authors. 

Figure 7.2a represents the CPP diagram of CrMnFeCoNi which shows a comparable j 

response to AISI 304. This similarity may be due to the presence of the same alloying 

elements. While the MPEA encompasses Cr, Mn, Fe, Co, and Ni in equimolar concentrations 

(at.% = 20%), AISI 304 contains apart from Fe (at.% = 69.88%), Cr (at.% = 19.46%), Ni (at.% 

= 7.46%) and Mn (at.% = 0.96%). Only Co is not present in AISI 304. In strong contrast, 

however, the concentrations of Fe and Ni are 3.5 and 2.5 times lower, respectively, and the 

concentration of Mn is 20 times higher in the MPEA. The identical concentrations of Cr may 

potentially be one of the reasons for the similar behavior as this is the main element added to 

alloys to enhance corrosion resistance.[253] It is assumed that Cr addition leads to the formation 

of Cr(III) species such as Cr2O3 within the passive film which protects the alloy underneath 

from further dissolution.[262] The high Mn content in CrMnFeCoNi decreases its corrosion 

resistance but is added to enhance the mechanical properties. As shown by Torbati-Saraf et 
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al.[24] and Wang et. al.[263], the effect of Mn on the corrosion resistance of CrMnFeCoNi related 

MPEAs decreases the corrosion resistance in NaCl and H2SO4. The main reason behind the 

increased corrosion susceptibility arises due to the presence of Mn in the alloy matrix which 

according to the Point Defect Model facilitates the formation and migration of oxygen vacancies 

in the passive film.[24] While CrMnFeCoNi also passivates spontaneously, no stable passive 

region is discernible. After Ecorr, j steadily increases. Upon further inspection of the CPP, no 

clear Eb is identifiable. Nevertheless, from Ecorr = - 0.19 V to approx. 0.12 V, the same slope 

change in j with increasing E can be observed which then increases further with a different 

slope above 0.12 V. For that reason, two theoretical linear fits were drawn onto the CPP 

diagram to illustrate this slope in j. The intersection of the two lines marks the onset potential 

(Eb) of the transpassive region at 0.12 V which is lower than for AISI 304. As with AISI 304, 

metastable pitting for CrMnFeCoNi can be observed approx. 0.1 V before and after Eb. Before 

the apex potential of 1.5 V vs. OCP could be reached, the scan was reversed at the threshold 

of j = 5 mA cm-2. On the reversal scan, j-values are higher at the same potentials than on the 

forward scan, forming a positive hysteresis. This in turn indicates localized corrosion on the 

MPEA surface in the form of pitting. The reversal scan crosses the forward scan at 

Erp = - 0.15 V which is very close to Ecorr and its low potential suggests poor re-passivation. In 

comparison, the cathodic and anodic branch of the Tafel region in Figure 7.2b look quite 

symmetrical, indicating a mixed control by anodic and cathodic reactions at Ecorr.[261] 

 
Figure 7.2. (a) CPP scan of CrMnFeCoNi in 0.1 M NaCl recorded at 1 mV s-1 vs. Ag/AgCl/3M NaCl. (b) The 
respective Tafel region of the CPP scan in (a) with cathodic (blue) and anodic fits (red). The diagram in (a) is 
adapted with permission from own publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 
license. Copyright 2022, The Authors. 

The CPP for CrCoNi in Figure 7.3a reveals a different electrochemical behavior 

compared to AISI 304 and CrMnFeCoNi. Nevertheless, CrCoNi also shows spontaneous 

passivation at potentials positive of its Ecorr = - 0.11 V. The most apparent differences observed 

between CrCoNi and the two other materials is the absence of pitting indicators. Neither 

metastable pitting through fluctuating j nor positive hysteresis are monitored. While its passive 

region shows a slight increase in j with increasing potential, the slope is low compared to 
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CrMnFeCoNi. However, no clear Eb is identifiable from the CPP scan. Again, linear fits of the 

passive and transpassive region were used to determine Eb = 0.60 V. Even though the 

potentiodynamic scan was also reversed upon reaching j = 5 mA cm-2, it reached higher 

potentials (1.36 V vs. OCP), indicating a higher surface stability than for AISI 304 and 

CrMnFeCoNi. Upon reversal, the j-values are lower than on the forward scan forming a 

negative hysteresis and indicating good re-passivation properties. Since the current densities 

are initially lower on the reversed scan, the crossing with the forward scan at Ecr = 0.58 V is 

not a point of re-passivation but rather a point where to some extent cathodic reactions may 

become faster. Such reactions in include O2, oxide and metal ion reduction. The repassivation 

of the surface in the reversal scan is indicated by the apparent constant current density while 

the potential is decreasing. The stable current densities may also be a sign of limited diffusion 

of O2 and dissolved metal cations to be reduced.[264] Compared to CrMnFeCoNi and AISI 304, 

where the current densities increase sharply in the transpassive region, this is not observed 

for CrCoNi and its transpassive region extends over a range of 0.6 V. Finally, to determine Ecorr 

and jcorr, Tafel extrapolation was conducted. From Figure 7.3b it been deduced that the 

cathodic slope is only slightly larger than the anodic slope implying that reactions at Ecorr are 

under mixed control.[261] 

 
Figure 7.3. (a) CPP scan of CrCoNi in 0.1 M NaCl recorded at 1 mV s-1 vs. Ag/AgCl/3M NaCl. (b) The respective 
Tafel region of the CPP scan in (a) with cathodic (blue) and anodic fits (red). The diagram in (a) is adapted with 
permission from own publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 license. Copyright 
2022, The Authors. 

To ensure reproducibility, all electrochemical measurements were conducted at least 

3 times. Table 7.1 summarizes the resulting average values with their standard deviation for 

the electrochemical parameters of AISI 304, CrMnFeCoNi and CrCoNi in 0.1 M NaCl. While 

the Ecorr, Erp and E values are quite consistent, other values spread more. The main reason 

for this lies within the nature of the experiments. Despite all efforts of establishing the same 

protocol for all measurements, i.e., polishing and cleaning the sample surface, purging the 

electrolyte with N2 and keeping the cell under a N2 environment during the CPP, deviations 

may still occur resulting in the observed spreading of measured parameters. Overall, however, 
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the electrochemical data obtained through CPP measurements indicate that CrCoNi exhibits 

superior corrosion resistance over AISI 304 and CrMnFeCoNi. To further understand this 

superiority, the passive films were analyzed. 

 

Table 7.1. Summary of the average electrochemical parameters with their standard deviations determined through 
the CPP measurements of the three samples in 0.1 M NaCl. 

 AISI 304 CrMnFeCoNi CrCoNi 

Ecorr / V -0.31 ± 0.03 -0.17 ± 0.03 -0.14 ± 0.08 

jcorr / A cm-2 (5.14 ± 3.27) x 10-7 (2.79 ± 3.10) x 10-7 (4.45 ± 2.84) x 10-7 

c -8.77 ± 1.32 -5.75 ± 0.44 -6.62 ± 0.38 

a 4.36 ± 1.18 7.77 ± 4.63 4.15 ± 0.72 

E / V 0.38 ± 0.09 - 0.51 ± 0.09 

Erp / V -0.04 ± 0.01 -0.14 ± 0.00 0.65 ± 0.03 

Eb / V 0.32 ± 0.24 0.08 ± 0.02 0.57 ± 0.2 

 

7.1.2 Passive Film Characteristics 

To understand the passive film composition, thickness, and protectiveness, XPS and EIS were 

carried out. While XPS offers information on the passive layer composition, EIS represents a 

means of evaluating the passive film protectiveness. Both methods enable the calculation of 

film thicknesses. First, the native passive films on the bare polished surfaces of the alloys were 

investigated by means of XPS. Since EIS is an electrochemical method, the measurement of 

the native passive film was conducted so that after a stable OCP was obtained, the EIS 

spectrum was recorded. For the passive film investigations, the alloys were anodically 

passivated at potentials within the passive region of the CPP scans presented in Chapter 7.1.1 

followed by another EIS and XPS analysis. 

Figure 7.4 displays the survey XPS spectra of the native CrMnFeCoNi and CrCoNi 

surfaces. It illustrates an essential obstacle which renders the analysis of the 2p spectra of first 

row transition metals and their oxides a challenging and complex task. This obstacle mainly 

includes the overlap of Auger emission and photoemssion peaks. In particular, this is true for 

the Co LMM, Ni LMM and Fe LMM which overlap with the Fe 2p, Mn 2p and Co 2p peaks, 

respectively. The effect is most obvious when inspecting the survey spectrum of CrCoNi where 

seemingly an Fe 2p and an Mn 2p peak are present which of course are the Co LMM and Ni 

LMM Auger peaks. As discussed by Biesinger et al.,[238] even the interpretation of the Cr, Mn, 

Fe, Co and Ni 2p spectra on their own are highly complicated due to multiplet splitting, 

asymmetric peaks, peak broadening, spectral overlap and plasmonic effects. The combined 
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analysis of all five promises to be error-prone and potentially questionable without suitable 

standard samples. 

 
Figure 7.4. XPS 2p survey spectra of the native CrMnFeCoNi and CrCoNi surfaces with the respective metal 2p 
peak and interfering Auge LMM transion peak allocations. 

Previous studies that employed XPS for the passive film analysis of MPEAs heavily 

relied on the EB of potentially present oxidation states, but did not necessarily address the 

complexity of the spectra.[101, 265-266] Typically, qualitative statements are made and the O 1s 

spectrum is utilized to elucidate whether the respective oxide, hydroxide species, or bound 

H2O may be present. In their study, Marcus et al.[69] address the additional complexity of 

overlapping photoemission peaks with Auger transition peaks of MPEAs. To avoid erroneous 

interpretations, they utilized another approach employing the less sensitive 3p core level peak 

spectra at lower EB. Interestingly, another prior study of AlxCrFeCoNi MPEAs also recorded 

the 3p spectra of the corroded specimens,[267] however, no reason is given as to why the 2p 

core level peak spectra were circumvented. For this work, the 3p core level peaks were 

analyzed as demonstrated by Marcus et al.[69] In order to quantify the individual components 

of the oxide layer on the native and electrochemically treated alloy surfaces, the 3p core level 

peaks with binding energies ranging between 38.0 eV and 72.0 eV were used. 

Figure 7.5 summarizes the 3p survey spectra for the native alloy surfaces. The resulting 

spectra are in good agreement with the findings by Marcus et al.[69] Specifically, going from 

lower to higher EB, the Cr 3p were fitted with two components, Crox (EB = 43.5 eV) and Crmet 

(EB = 41.3 eV). The Mn 3p peaks of its metal and oxide component are situated at EB = 46.5 eV 
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and 48.0 eV. The following signals for the Fe 3p core level electrons of both AISI 304 and the 

native CrMnFeCoNi surfaces could not solely be fitted by an oxide and a metal peak, but 

needed the introduction of a third peak, representing the differentiation of Fe2+ and Fe3+ species 

whereas the respective EB’s are Femet (EB = 52.1 eV) , Fe2+ (EB = 53.3 eV) and Fe3+ (EB = 55.3 

eV).[268] Recent work highlights the controversy of differentiating of Fe2+ and Fe3+ species in 

the Fe 3p spectra.[269] However, satisfactory peak fitting could not be achieved without 

considering both oxidation states of Fe for both, AISI 304 and CrMnFeCoNi. As discussed 

above, due to the compositional complexity and the presence of multiple first-row transition 

metals, a systematic analysis of the Fe oxide species was not possible. Hence, the 

consideration of the two Fe oxidation states seemed a viable option. The Co 3p peaks are 

composed of a metallic and oxide component at EB = 58.5 eV and 59.8 eV, respectively. 

Previous studies on stainless steels and the MPEA CrMnFeCoNi have demonstrated that 

beneath the passive oxide layer, Ni enriches in its metallic form.[69, 270-271] Due to its clear spin-

orbit splitting with Ni 3p3/2 (EB = 66.0 eV) and Ni 3p1/2 (EB = 68.0 eV), the Ni 3p core level peak 

is assumed to be fully metallic.[69] 

 
Figure 7.5. XPS 3p survey spectra of (a) AISI 304, (b) CrMnFeCoNi and (c) CrCoNi in the native state. The oxide 
and metal peaks are indicated by the respective labels. Adapted with permission from own publication[185] published 
by Elsevier B.V. under the terms of the CC BY 4.0 license. Copyright 2022, The Authors. 

Through fitting of the 3p spectra (see Appendix 2 for fitting parameters), the relative 

proportions in atomic percent of the oxide and metal contribution toward the surface 

composition could be determined. Accordingly, Figure 7.6 illustrates the surface compositions 

of the native alloy surfaces. For the two MPEAs, Cr-oxide is the major component of the 

passive film. Due to the initially higher Cr content in the bulk alloy, Cr oxide comprises 70 % of 

the passive layer for CrCoNi while for CrMnFeCoNi it is 38%. In the conventional alloy AISI 

304 for which Cr-oxide only constitutes 15%, Fe-oxide is the major passive film component 

with 85%. As Ni is assumed to remain metallic, it is the dominant component of the metallic 

signals of all three alloys. This is in agreement with the ToF-SIMS analysis of the CrMnFeCoNi 

passive film by Marcus et al.[69] who have demonstrated by depth profiling a modified metallic 
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layer enriched in Ni beneath the passive film. Looking at the oxide to metal ratio of all surface 

metal species, AISI 304 exhibits the highest ratio of 2.9:1, CrCoNi has the lowest ratio of nearly 

1:1, CrMnFeCoNi is positioned in between with 1.3 : 1.  

 
Figure 7.6. Surface compositions of the three alloys in the native state with the respective mole fraction of metallic 
and oxide metal species. The metal to oxide ratio is highlighted by the dark and light blue bars, respectively. Adapted 
with permission from own publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 license. 
Copyright 2022, The Authors. 

After anodic passivation in 0.1 M NaCl at Epass = 0.15 V, 0.01 V and 0.32 V for AISI 

304, CrMnFeCoNi and CrCoNi, respectively, the oxide components of the 3p core level peaks 

increase and the metal component peaks decrease in intensity. Figure 7.7 shows the 

respective 3p spectra. As a general observation, the Ni 3p peak decreases with passivation 

due to the growth of the oxide layer, supporting the assumption that it is present in its metallic 

state. Comparing AISI 304 and CrMnFeCoNi, only two component peaks Femet and Feox are 

observed in the XPS spectrum after anodic passivation in NaCl. 

 
Figure 7.7. XPS 3p survey spectra of (a) AISI 304, (b) CrMnFeCoNi and (c) CrCoNi after anodic passivation in 
0.1 M NaCl. The oxide and metal peaks are indicated by the respective labels. Adapted with permission from own 
publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 license. Copyright 2022, The Authors. 

The growth of the passive oxide layer after the anodic passivation in 0.1 M NaCl 

becomes apparent when looking at the derived surface compositions in Figure 7.8. Compared 

to the composition of the bare surface, the oxide fraction on the CrCoNi surface increases by 
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6.1%. AISI 304 demonstrates a similar increase of 6.5%. For CrMnFeCoNi, the oxide 

components only increase by 2.1% which correlates with its poorer performance in the 

polarization tests. Nevertheless, CrCoNi still presents the lowest oxide to metal ratio with 1.2:1, 

while for CrMnFeMnCoNi it remains nearly unchanged with 1.4:1. For AISI 304 the ratio 

surmounts to 4.2:1. Interestingly, the increase in oxide to metal ratio for all three alloys is mainly 

due to the growth of Cr-oxides. While the determined surface compositions may suggest the 

assumption of thicker films on AISI 304 compared to the MPEAs, it does not correlate with 

better corrosion resistance as has been demonstrated previously in the polarization studies, 

where CrCoNi clearly exhibits the superior resistance towards corrosive deterioration. 

 
Figure 7.8. Surface compositions of the three alloys after anodic passivation in 0.1 M NaCl with the respective mole 
fractions of metallic and oxide metal species. The metal to oxide ratio is highlighted by the dark and light blue bars, 
respectively. Adapted with permission from own publication[185] published by Elsevier B.V. under the terms of the 
CC BY 4.0 license. Copyright 2022, The Authors. 

It becomes evident that the oxides slightly dominate the metallic components at the 

topmost layer after passivation in NaCl, suggesting the growth of a thin passive film. Oxide 

layer thicknesses of CrMnFeCoNi after electrochemical treatment in 0.05 M H2SO4 ranged 

between 1.4 and 2 nm, according to Marcus et al.[69] Assuming a continuous and homogeneous 

oxide layer on the alloys, passive layer thicknesses were calculated by employing Equations 

(7.3) to (7.5). 

��hv = j®¯�hv��hv�exp X− M���°h
¯±s� Y 7.3 

�²�� = j®²¯²���²���² w1 − exp X− M���°h¯²�� Yx 7.4 

M���°h = ln X�³��¯±�hv��hv
�±�hv¯²���²�� � 1Y ∗ ¯±�� 

7.5 

 

The parameters in Equations (7.3) to (7.5) encompass the intensity �²± of emitted 

photoelectrons from the core level Z in matrix Y (met or ox), k is a specific spectrometer 
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constant, the photoionization cross-section , the inelastic mean free path (IMFP) ¯²±, the 

transmission function � of the PHOIBOS analyzer (considered as constant over the small 

employed energy range), the density  �²± of element Z in matrix X/Y and the oxide layer 

thickness doxide.[69] Furthermore, �²± =  µ¶
·¶ �²± where �± is the density of matrix Y, }± is the 

molecular weight of matrix Y and �²± is the atomic percentage of element Z in matrix Y. For 

CrMnFeCoNi, the homogeneous oxide layer was assumed to comprise Cr, Mn, Fe and Co 

oxides whereas the modified alloy layer underneath was accounted by containing Cr, Mn, Fe, 

Co and Ni. For CrCoNi, only Cr and Co oxides were assumed for the oxide layer and Cr, Co, 

and Ni for the metallic underlying alloy layer. The oxide densities used for the calculations, the 

photoionization cross-sections and IMFPs can be found in Appendix 3. IMFPs were calculated 

according to the TTP-2 formula, [272] and double checked with the NIST database.[273] 

Table 7.2 outlines the respective oxide layer thicknesses doxide of the native and 

passivated state of CrCoNi and CrMnFeCoNi. As stated before, the layers were expected to 

be thin, especially for transition metals, and within the nanometer-range. While the oxide layer 

on CrMnFeCoNi increases in thickness by 30%, it increases by 60% for CrCoNi upon anodic 

passivation, supporting the previous finding of higher corrosion resistance for CrCoNi. 

Nevertheless, the results should be treated carefully, as porosity of the passive film cannot be 

excluded. 

 

Table 7.2. Surface layer thicknesses of CrMnFeCoNi and CrCoNi determined for the native state and the after 
anodic passivation in 0.1 M NaCl. 

 

CrMnFeCoNi CrCoNi 

 nm nm 

Native 2.81 2.46 

NaCl 3.65 3.93 

 
In contrast to the XPS measurements, which are conducted under high vacuum, EIS 

experiments typically involve a complete electrochemical cell, in which the specimen operates 

as the working electrode. Here, the alloy surfaces were stabilized in the 0.1 M NaCl electrolyte 

for 30 min before the EIS was recorded. As outlined in Chapter 5.1.2, EIS enables to monitor 

electrical, electrochemical, and physical processes of an electrochemical system as they 

exhibit different time behaviors.[208] 

Figure 5.2c depicts the electrical equivalent circuit (EEC) used to fit the impedance data 

and identify the respective processes on the alloy surfaces in 0.1 M NaCl. The circuit was also 

used to fit the EIS data obtained for 0.1 M H2SO4 in Chapter 7.2.2. First employed by Joiret et 

al.[274] to analyze oxide films on Fe which were modelled by capacitors, Orazem et al.[275] 
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exchanged the capacitance element with a constant phase element (CPE) to study oxide films 

formed on ASTM A416 steel. The EEC shown in Figure 5.2c was also employed in other MPEA 

studies to analyze the properties of their oxide films.[266, 276] In this work a high-quality fit was 

acquired through obtaining 2 values below 10−3 orders of magnitude during Kramers-Kronig 

analysis.[101] The model in Figure 5.2c comprises a resistor Rs for the electrolyte resistance in 

series with a parallel combination CPEf and resistor Rf which represent the heterogenous and 

potentially porous nature of the dielectric passive film.[275] In series with Rf, a parallel 

combination of CPEdl for the electrical double layer and a resistor Rct for charge transfer 

processes that need to pass the EDL follows. Generally, the passive film resistivity was 

considered to be normal to the electrode surface.[275] 

Figure 7.9 presents the Bode plots and the fitted curves after the OCP (Figure 7.9a) 

and anodic passivation (Figure 7.9b) in 0.1 M NaCl. The respective data are summarized in 

Table 7.3. At high frequencies the impedance response of the electrolyte can be observed, 

which resides at approx. 70  cm2 for all three alloys and does not change after anodic 

passivation. As the phase angle  approaches 0° in this domain, the observed impedance 

corresponds to an ideal resistor and represents the electrolyte resistance.[208] The mid-

frequency range shows a linear decrease and increase in phase angle  and impedance Z. 

The decreasing or increasing phase angle indicates the change in the predominant process 

from an ideal resistor at high frequency to capacitor-like behavior at low frequencies. The 

gradient of the impedance modulus is another indicator for the change from resistive to 

capacitive behavior. While grad|Z| = 1 represents an ideal capacitor, grad|Z| for the studied 

alloys remains below unity, confirming non-ideal capacitor behavior of the passive layer.[277] 

The pseudo-capacitive nature of the passive films is further supported by the minima in phase 

angle which do not reach  = - 90° as it would be the case for an ideal capacitor. AISI 304 and 

CrCoNi have similar minimum phase angles of - 78° and - 79°, respectively. CrCoNi exhibits a 

lower  = - 81° after passivation, suggesting the most homogeneous passive film for the three-

component MPEA. CrMnFeCoNi shows the same and highest phase angle in both scenarios, 

 = 77°. The broadening of the phase angle signal after passivation indicates the growth of the 

passive film for all three alloys.[278] However, CrCoNi shows the most significant increase in its 

passive film stability. At low frequencies (f = 0.1 Hz), the modulus of impedance correlates with 

to the polarization resistance of an alloy and both are an indicator of its corrosion resistance.[279] 

The polarization resistance Rp is derived as the sum of Rs, Rct and Rf .[265] From Figure 7.9, it 

can be seen that CrCoNi exhibits the highest |Z| at f = 0.1 Hz and its Rp also exceeds that of 

CrMnFeCoNi (see Table 7.3). 
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Table 7.3. EIS data for (1) CrCoNi and (2) CrMnFeCoNi after OCP and anodic passivation in 0.1 M NaCl where m 
and n are the exponents of CPEf and CPEdl, respectively. 

OCP 

 Rs Rct Rf Rp CPEdl n CPEf m 

 [Ω cm2] [Ω cm2] [Ω cm2] [Ω cm2] [S sn cm-2]  [S sm cm-2]  

(1) 69.60 6.91 x 104 3.02 6.92 x 104 1.94 x 10-5 0.92 1.68 x 10-5 0.90 

(2) 71.25 2.04 x 104 1.25 2.05 x 104 9.49 x 10-5 0.94 1.58 x 10-5 0.90 

Anodic Passivation 

(1) 79.46 4.14 x 105 4.24 4.14 x 105 1.27 x 10-5 0.93 9.81 x 10-6 0.93 

(2) 78.60 1.26 x 105 3.24 1.26 x 105 3.45 x 10-5 0.89 1.24 x 10-5 0.86 

 

 

 
Figure 7.9. Bode plots of the three alloys after (a) OCP and (b) anodic passivation in 0.1 M NaCl recorded at OCP 
and an AC voltage of 10 mV. Adapted with permission from own publication[185] published by Elsevier B.V. under 
the terms of the CC BY 4.0 license. Copyright 2022, The Authors. 

The derived oxide layer thicknesses doxide of the alloys from EIS data were obtained 

through Equation (7.6). 

�� = ¸¸AM���°h 7.6 

Here, Cf is the capacitance at frequency fmax, 0 is the permittivity of vacuum and  is the 

relative permittivity of the oxide layer which was assumed to be 30.[266, 280-281] As the alloys EIS 

data of the alloys were fitted with CPEs to represent the imperfect nature of the formed passive 

layer, the respective capacitances were calculated from CPEf at fmax which corresponds to the 

frequency at the largest phase angle employing Equation (7.7).[247, 282] 

�� = ��\��2¹º�$��»(]¼ 7.7 

¼ = 1 � 2.88�1 − {�+."½e 7.8 

where m is the CPE exponent which represents the degree of deviation from ideal capacitor 

behavior (m = 0 (resistor) to m = 1 (capacitor)).[209] In close relation to the XPS-derived film 

thicknesses (see Table 7.2), the passive films derived by EIS ( see Table 7.4) are about 1 nm 
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thicker after passivation compared to the initial OCP state. CrCoNi revealed the thickest film 

after passivation with 3.2 nm. 

Table 7.4. Summary of capacitances and oxide layer thicknesses of CrMnFeCoNi and CrCoNi in 0.1 M NaCl 
determined by EIS. 

 Cf oxide 

OCP (F cm-2) nm 

CrMnFeCoNi 1.28 x 10-5 2.08 

CrCoNi 1.23 x 10-5 2.16 

Pass   

CrMnFeCoNi 9.12 x 10-6 2.91 

CrCoNi 8.20 x 10-6 3.24 

On stainless steels oxide layer thicknesses have been studied extensively in different 

electrolytes,[247, 283] and respective measurements have not been repeated in this work. 

However, the values obtained for the MPEAs are comparable to what has been reported in the 

literature where oxide layer thicknesses of AISI 304 range from 1 to 3 nm.[270] 

 

7.1.3 Corrosion Mechanism in Chloride-Containing Electrolyte 

Considering that corrosion describes the deterioration through metal dissolution from the 

exposed surface, it is vital in corrosion studies to analyze the electrolyte after corrosion and 

inspect the attacked surfaces. The data on the passive films and their properties provide 

information on the materials corrosion resistance. The electrochemical measurements show 

that CrCoNi exhibits superior corrosion resistance compared to CrMnFeCoNi and AISI 304. To 

further elucidate the prevailing corrosion mechanisms and possible preferential metal 

dissolution, ICP-MS, AFM and SEM studies were conducted after CPP measurements. While 

ICP-MS was employed to quantify the dissolved metal species after CPP in the electrolytes, 

AFM and SEM images of the MPEA surfaces were recorded to elucidate localized corrosion 

mechanism. 

Table 7.5 outlines the absolute metal concentrations in solution after the corrosion of 

the alloys through CPP in 0.1 M NaCl. Figure 7.10 summarizes the molar metal distributions 

more visually in percent to allow for better comparison between the alloys and their bulk metal 

mole fraction. From the concentrations in Table 7.5, it can be seen that the highest 

concentration of total dissolved metals is measured for AISI 304 with c = 484.52 µmol L-1. This 

is followed by CrMnFeCoNi with c = 364.11 µmol L-1 whereas the lowest concentration of 

dissolved metal cations during the CPP is found for CrCoNi with c = 120.57 µmol L-1. Looking 

back at the CPP results, one may assume that the strongest metal dissolution should be 
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observed for CrMnFeCoNi. However, AISI 304 showed a much more extensive hysteresis, 

indicating stronger pitting and crevice corrosion on the stainless steel. Furthermore, the 

corrosion susceptibility of protective oxide film in Cl--containing media is widely known.[284] The 

formation of FeClads
- species, e.g., is assumed to accelerate Fe dissolution from steels,[285] 

which is supported by the high Fe concentration found for AISI 304. Figure 7.10 facilitates the 

assessment of metal dissolution tendencies. Inspecting the concentration of dissolved metal 

cations for CrCoNi, it is apparent, that the metal ion concentrations in the electrolyte are 

proportional to the mole fraction of the metals in the bulk alloy. CrMnFeCoNi, on the other 

hand, displays predominant dissolution of Mn, which may be attributed to the ability of Mn to 

stabilize at a multitude of oxidation states.[263] Contrarily, Fe is found in the electrolyte at only 

11%, suggesting that it partakes in the formation of the passive film. While the XPS results 

indicate an increase in Fe oxide after anodic passivation, Cr oxides increase to a larger extend 

within the oxide layer. This suggests that in the ICP-MS results, lower Cr concentrations are 

to be expected which is not the case. In this context, it should be considered that in the CPP, 

the reversal scan initiates re-passivation of the surface where Fe may be a key component in 

re-passivating the surface. It is known that the interplay of Fe, Ni and Cr leads to secondary 

passivation of certain steels at high potentials.[286] Such an interaction may be active in this 

instance leading to the observed distributions. A comparison of the MPEA dissolution 

tendencies with AISI 304, shows that different dissolution and passivation mechanisms must 

be active. For AISI 304, a higher concentration of Fe and slightly lower concentration of Cr are 

dissolved when compared to their bulk mole fraction in the alloy, indicating that the ratio of Fe 

to Cr may interfere with the passivation of the alloy. Caution should be practiced in this context, 

as the metals and passive films may not solely dissolve due to electrochemical processes. 

Chemical dissolution and mechanical rupture of the passive film may further contribute toward 

the dissolved metal species.[287] Finally, as ICP-MS measurements are conducted by acidifying 

the analyte solutions (i.e., electrolytes) with HNO3, all metal species should be detected. This 

includes metal hydroxides which are typical corrosion products that are only minimally soluble 

in water, but which will dissolve upon acidification. 

 

Table 7.5. Concentrations of dissolved metals after CPP in 0.1 M NaCl. 

 [Cr] [Co] [Ni] [Fe] [Mn] [Total] 

 [µm L-1] [µm L-1] [µm L-1] [µm L-1] [µm L-1] [µm L-1] 

AISI 304 78.31 ± 4.31  48.99 ± 2.39 346.87 ± 25.53 9.39 ± 0.60 484.52 

CrMnFeCoNi 65.82 ± 3.82 84.23 ± 7.06 79.87 ± 6.74 40.72 ± 1.38 93.47 ± 11.28 364.11 

CrCoNi 39.75 ± 1.48 37.49 ± 7.02 43.33 ± 2.46 - - 120.57 
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Figure 7.10. Molar fraction of dissolved metal ions in the 0.1 M NaCl electrolyte after CPP. Data are based on 
respective metal concentrations in Table 7.5. Adapted with permission from own publication[185] published by 
Elsevier B.V. under the terms of the CC BY 4.0 license. Copyright 2022, The Authors. 

From the CPP, it can be deduced that CrMnFeCoNi and AISI 304 succumb to localized 

corrosion in the form of pitting and/or crevice corrosion. For CrCoNi, however, the 

electrochemical data does not provide qualitative information on its corrosion mechanism. To 

understand how the surface morphologies changed in accordance with the prevalent corrosion 

mechanism, AFM and SEM images were recorded of the pre- and post-corrosion state through 

CPP. 

Figure 7.11 and Figure 7.12 show the surface morphologies of CrMnFeCoNi before 

and after corrosion, respectively. Figure 7.11a and b show the AFM and SKPFM maps of the 

same CrMnFeCoNi surface after polishing. The polishing lines are clearly visible on the 

untreated surface and an inclusion of Cr-/Mn-oxide smaller than 2 µm was captured. The 

inclusions are a product of the manufacturing process and could not be circumvented. Figure 

7.12a and b show the SEM images in the BSE and SE modes, respectively. In the BSE mode 

the inclusions are darker, due to their lighter mass and the concomitant decrease in back 

scattering ability. The SE mode offers a topographical view of the surface in a lower 

magnification compared to the AFM maps. Grains and twins as a result of the applied heat and 

deformation treatment of the alloy are well resolved in the SEM images. The SEM images 

further confirm the presence of a single phase and the solid solution state of CrMnFeCoNi.  
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Figure 7.11. (a) AFM topography of a polished CrMnFeCoNi surface and (b) SKPFM potential map of the same 
polished CrMnFeCoNi surface. Adapted with permission from own publication[185] published by Elsevier B.V. under 
the terms of the CC BY 4.0 license. Copyright 2022, The Authors. 

 
Figure 7.12. SEM images of a polished CrMnFeCoNi surface in (a) BSE and (b) SE mode. The symbols highlight 
grain boundaries (blue star), twin structures (red triangle), and intact inclusions (yellow square).  

After corrosion through CPP in 0.1 M NaCl, the AFM and SEM images in Figure 7.13 

confirm the corrosion of CrMnFeCoNi through pitting corrosion. While the AFM and SKPFM 

maps could only display sites of small pits (d ≈ 0.5 µm), the SEM images show the extend of 

pitting on CrMnFeCoNi. In the potential map in Figure 7.13b, the potentials are lowest within 

the formed pits, indicating the formation of an oxide layer on the alloy matrix surrounding the 

cavity. Figure 7.14a and b show narrow and long pits with dimensions of roughly 5 µm x 30 

µm. Figure 7.14c and d, on the other hand, show a large pit, that is probably the result of pit 

nucleation and agglomeration and has a diameter of more than 300 µm. This pit also 

represents the hollowing nature of pit growth by some original metal surface still hovering 

above the pit. 
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Figure 7.13. (a) AFM topography of a CrMnFeCoNi surface corroded in 0.1 M NaCl and (b) SKPFM potential map 
of the same corroded CrMnFeCoNi surface showing the growth of pits. Adapted with permission from own 
publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 license. Copyright 2022, The Authors. 

 
Figure 7.14. SEM images of different pit morphologies on CrMnFeCoNi as a result of its corrosion in 0.1 M NaCl. 
(a) and (b) show many smaller pits in the BSE and SE mode, respectively. (c) and (d) show a large pit in the BSE 
and SE mode, respectively, with some of the original MPEA surface overarching the cavity. 

As with CrMnFeCoNi, the polished surfaces of CrCoNi clearly show the polishing lines 

in the AFM and SKPFM maps in Figure 7.15a and b. For CrCoNi the inclusions are also a 

product of the manufacturing process and are composed of Cr-oxides. A slightly larger 

inclusion was captured for the CrCoNi surface with a diameter of d = 4 µm. Figure 7.16a and 

b illustrate the BSE and SE images of CrCoNi. The presence of a single phase and the solid 

solution state of CrCoNi are confirmed. In contrast to CrMnFeCoNi, CrCoNi possesses more 

inclusions and twin structures. Furthermore, its grains are slightly smaller. In a corrosion 

context, this usually increases corrosion susceptibility.[278] 
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Figure 7.15. (a) AFM topography of a polished CrCoNi surface and (b) SKPFM potential map of the same polished 
CrCoNi surface. Adapted with permission from own publication[185] published by Elsevier B.V. under the terms of 
the CC BY 4.0 license. Copyright 2022, The Authors. 

 
Figure 7.16. SEM images of a polished CrCoNi surface in (a) BSE and (b) SE mode. The arrows highlight grain 
boundaries (blue star), twin structures (red triangle), and intact inclusions (yellow square). 

However, the polarization measurements suggest that CrMnFeCoNi is more 

susceptible to corrosion in 0.1 M NaCl. The dissolved metals recorded for CrCoNi are due to 

intergranular corrosion of the MPEA. Figure 7.17 shows the AFM and SKPFM maps of the 

corroded grain boundaries. The potential in the SKPFM is higher within the grain boundaries 

which may indicate the accumulation of oxides at the grain boundaries, leading to passivation 

at those sites and the observed high corrosion resistance. The SEM images in Figure 7.18 

show the intergranular corrosion of CrCoNi at different magnifications.  
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Figure 7.17. (a) AFM topography of a CrCoNi surface corroded in 0.1 M NaCl and (b) SKPFM potential map of the 
same corroded CrCoNi surface showing the corrosive attack at grain boundaries. Adapted with permission from 
own publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 license. Copyright 2022, The 
Authors. 

 
Figure 7.18. SEM images at different magnification of CrCoNi as a result of its corrosion in 0.1 M NaCl. (a) and (b) 
show the intergranular corrosion (blue star) at a higher magnification in BSE and SE modes, respectively. (c) and 
(d) show the extend of the intergranular corrosion on a larger CrCoNi surface area in BSE and SE modes, 
respectively, with some residual electrolyte dried on the surface (orange cross). Inclusions remain intact (yellow 
square) after corrosion. The diagrams in (b) and (d) are adapted with permission from own publication[185] published 
by Elsevier B.V. under the terms of the CC BY 4.0 license. Copyright 2022, The Authors. 

The corrosion behavior of the MPEAs in 0.1 M NaCl comprises different passivation 

and corrosion mechanisms for the two alloys. While CrMnFeCoNi passivates mainly through 

the formation of a passive film enriched in Cr-, Fe- and Co-oxides, Mn preferentially dissolves 

and EIS data suggest a heterogeneous passive film. These results are confirmed when looking 

at the main corrosion mechanism of pitting corrosion on CrMnFeCoNi. The five-component 

MPEA compares well to AISI 304. In contrast, CrCoNi forms passive films enriched in Cr-
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oxides which protect the alloy from further corrosion as can be derived from EIS 

measurements. The non-ideal capacitor behavior of CrCoNi may be a result of the 

intergranular corrosion. SKPFM maps show, however, that CrCoNi is capable of re-passivating 

these corrosion sites which ultimately underlines its superiority in corrosion resistance 

compared to CrMnFeCoNi and AISI 304. 

 

7.2 Behavior in H2SO4 Solution 

H2SO4 is another commonly employed electrolyte in corrosion studies. Considering that 

industrial processes related to coal combustion emit SO3,[288] H2SO4 can form in the 

environment and lead to corrosive deterioration of materials.[289] Generally H2SO4 is a key 

product and reactant in the chemical industry playing a vital role in the manufacture of inorganic 

and organic compounds.[252] Furthermore, it is utilized in batteries and it finds applications as 

an electrolyte in acidic OER catalysis.[290] Hence, the investigation of corrosion resistance 

toward H2SO4 is of vital importance to render the use of a material safe and also economically 

feasible. Examples of MPEA corrosion studies in H2SO4 electrolytes have been given in 

Chapter 4.5. In the following, the corrosion resistance of CrMnFeCoNi and CrCoNi will be 

investigated in 0.1 M H2SO4. 

 

7.2.1 General Electrochemical Behavior 

This chapter will investigate the electrochemical behavior and corrosion properties for the 

MPEAs in 0.1 M H2SO4 in comparison to AISI 304 as a point of reference. In the acid 

electrolyte, the primary corrosion reaction will be: 

Anodic:  Me ⟶ Me�# � ne( 7.9 

Cathodic:  nH# � ne( ⟶ �
+ H+ 7.10 

In contrast to NaCl, AISI 304 does not passivate spontaneously in H2SO4 as depicted in the 

CPP in Figure 7.19a. After Ecorr = - 0.40 V, the increase in current density before dropping 

indicates active metal dissolution whereas the resulting peak in current density coincides with 

the primary passivation potentials Epp which resides at - 0.27 V. Its jcorr = 3.07 x 10-5 A cm-2 is 

two orders of magnitude higher than in NaCl, which corroborates with the active metal 

dissolution following Ecorr. Within the subsequent passive region that extends over E = 1.06 V, 

the current density responses are not completely constant but slightly decrease and rise, 

reaching the lowest value at E = 0.36 V. Furthermore, a secondary passivation is observed 

from 0.96 V to 1.36 V. Secondary passivation is the result of the interaction of Ni, Fe and Cr in 

the passive film formation.[286] The scan was reversed upon reaching the apex potential of 2.00 

V vs. OCP. This is in contrast to the CPP measurement in NaCl, where for all alloys the scans 

were reversed upon reaching the current density threshold of j = 5 mA cm-2. The negative 

hysteresis upon scan reversal indicates good re-passivation characteristics whereas the point 
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of the reversed and forward scan cross-over is at Ecr = 0.27 V which, however, does not 

indicate re-passivation as discussed for CrCoNi in 0.1 M NaCl. The CPP suggests the general 

corrosion of AISI 304. Looking at the Tafel region in Figure 7.19b the electrochemical reactions 

at Ecorr are predominantly under cathodic activation control as c > a. 

 
Figure 7.19. (a) CPP scan of AISI 304 in 0.1 M H2SO4 at 1 mV s-1 vs. Ag/AgCl/3M NaCl. (b) The respective Tafel 
region of the CPP scan in (a) with cathodic (blue) and anodic fits (red). The diagram in (a) is adapted with permission 
from own publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 license. Copyright 2022, The 
Authors. 

In Figure 7.20a, CrMnFeCoNi exhibits the most pronounced current density peak at 

Epp = 0.19 V, suggesting active metal dissolution upon potential increase from Ecorr onward. 

The high Mn content in the bulk alloy may be the cause of the extensive increase in j at Epp. 

Wang et al.[263] have demonstrated that the addition of Mn to CrFeCoNi increased the current 

densities at the Epp. Through Tafel extrapolation as depicted in Figure 7.20b, jcorr = 

6.01 x 10-5 A cm-2 and Ecorr = - 0.38 V were determined. In correlation to the observed active 

metal dissolution, jcorr is an order of magnitude higher than for the corrosion tested in NaCl. 

Nevertheless, its passive region also ranges over E = 1.06 V as observed for AISI 304. In 

contrast to AISI 304, no secondary passivation was observed for CrMnFeCoNi. In further 

comparison to AISI 304, however, CrMnFeCoNi demonstrates better re-passivation 

characteristics upon scan reversal after reaching the apex potential of 1.5 V vs. OCP. Its j 

values on the reversed scan remain below the forward scan values until the scans cross close 

to jcorr. Another observation that differentiates the electrochemical behavior of CrMnFeCoNi 

from AISI 304 and CrCoNi are the multiple j peaks in the reversal scan. Typically, these peaks 

are analyzed as anodic/cathodic transitions, which in this case would mean an anodic to 

cathodic, cathodic to anodic and anodic to cathodic transition.[259] While these peaks appear 

reproducibly, the investigations within this work could not clarify the mechanism behind their 

occurrence. In contrast to AISI 304, the Tafel region in Figure 7.20b suggests that the 

predominant electrochemical reactions at Ecorr are under anodic activation control as a > c 

which entails metal dissolution as shown in reaction 7.1. This result corroborates with the high 

j at Epp. 
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Figure 7.20. (a) CPP scan of CrMnFeCoNi in 0.1 M H2SO4 at 1 mV s-1; potentials given vs. Ag/AgCl/3M NaCl. (b) 
The respective Tafel region of the CPP scan in (a) with cathodic (blue) and anodic fits (red). The diagram in (a) is 
adapted with permission from own publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 
license. Copyright 2022, The Authors. 

The CPP for CrCoNi shows the lowest extent of active metal dissolution in Figure 7.21a. 

While the current density increases after Ecorr = - 0.30 V for CrCoNi, the current density at Epp 

reaches a maximum of jpp = 2.06 x 10-5 A cm-2. AISI 304 and CrMnFeCoNi reached maximum 

current densities of jpp (AISI 304) = 1.62 x 10-4 A cm-2 and jpp(CrMnFeCoNi) = 6.50 x 10-4 A cm-2. 

In comparison, CrCoNi passivates faster than the other two alloys. Furthermore, its passive 

region ranges over E = 1.10 V, within which j initially decreases from -0.22 V to 0.20 V. At 

more positive potentials, it remains constant until Eb = 0.88 V. As with the other alloys, CrCoNi 

shows a negative hysteresis upon scan reversal at the apex potential of 1.5 V vs. OCP and 

the current density in the reverse scan remains below the forward scan, indicating excellent 

re-passivation characteristics. A cross-over of forward and reversed scan occurs at 

Ecr = - 0.28 V. Similar to AISI 304, the Tafel region in Figure 7.21b suggests that the 

electrochemical reactions at Ecorr are predominantly under cathodic activation control as c > 

a. 

 

Figure 7.21. (a) CPP scan of CrCoNi in 0.1 M H2SO4 at 1 mV s-1; potentials given vs. Ag/AgCl/3M NaCl. (b) The 
respective Tafel region of the CPP scan in (a) with cathodic (blue) and anodic fits (red). The diagram in (a) is 
adapted with permission from own publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 
license. Copyright 2022, The Authors. 
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Table 7.6 below summarizes the average electrochemical data with the respective 

standard deviations obtained through CPP analysis. Typically, at least three measurements 

were conducted to ensure reproducibility. Nevertheless, as was described in Chapter 7.1.1, 

fluctuations may still occur. Looking at the data, it becomes apparent that CrCoNi also exhibits 

superior corrosion resistance in 0.1 M H2SO4 over CrMnFeCoNi and the conventional alloy 

AISI 304 which is predominantly supported by the low j at Epp, largest passive region and most 

stable current density on the reversal scan. To further understand this superiority in corrosion 

resistance, analyses of the passive film were conducted according to an analogous scheme 

used in 0.1M NaCl. 

 

Table 7.6. Summary of the average electrochemical parameters with their standard deviations determined through 
the CPP measurements of the three alloys in 0.1 M H2SO4. 

 AISI 304 CrMnFeCoNi CrCoNi 

Ecorr / V -0.30 ± 0.26 -0.37 ± 0.02 -0.29 ± 0.01 

jcorr / A cm-2 (2.09 ± 1.70) x 10-5 (5.54 ± 0.63) x 10-6  (1.65 ± 0.06) x 10-5 

c -6.03 ± 3.32 -9.63 ± 1.50 -8.00 ± 0.11 

a 5.58 ± 1.58 16.26 ± 1.01 2.51 ± 1.03 

E / V 1.06 ± 0.23 1.06 ± 0.05 1.10 ± 0.01 

Ecr / V 0.27 ± 0.03 -0.32 ± 0.01 -0.28 ± 0.0 

Eb / V 0.91 ± 0.01 0.88 ± 0.03 0.88 ± 0.0 

Epp / V -0.27 ± 0.0 -0.19 ± 0.02 -0.22 ± 0.01 

 

7.2.2 Passive Film Characteristics 

As describe in Chapter 7.1.2, XPS analyses was used to analyze the passive film 

compositions. Instead of the typical 2p spectra, 3p spectra were recorded and evaluated to 

overcome problems such as overlap of photoemission and Auger peaks, multiplet splitting and 

asymmetric peaks that arise for 2p core electron peaks of first row transition metals. The 

spectra of the native surfaces are presented in Figure 7.5 in Chapter 7.1.2 for comparison. The 

alloys were also anodically passivated in 0.1 M H2SO4 at 0.15 V, 0.25 V and 0.40 V for AISI 

304, CrMnFeCoNi and CrCoNi, respectively. 

Figure 7.22 depicts the 3p core level spectra for all three alloys. The intensities 

measured after the anodic passivation in H2SO4 are similar to the native surfaces for all three 

alloys, while the oxide signals increase. Figure 7.5 summarizes the 3p spectra for the native 

alloy surfaces. The resulting spectra for the passive films formed in 0.1 M H2SO4 are in good 

agreement with the findings by Marcus et al.[69] In analogy to the fitting of the passivated 
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surface in 0.1 M NaCl, the Cr 3p signal was fitted with 2 components, Crox (EB = 43.5 eV) and 

Crmet (EB = 41.3 eV). The Mn 3p peaks of metallic and oxide components are situated at EB = 

46.5 eV and 48.0 eV. As with native surface of CrMnFeCoNi and AISI 304, both needed to be 

fitted by two oxide peaks for Fe2+ (EB = 53.3 eV) and Fe3+ (EB = 55.3 eV), respectively, apart 

from the Femet peak (EB = 52.1 eV). Reasoning for this approach is given in Chapter 7.1.2. 

Finally, the Co 3p peak is also composed of a metallic and oxide component at EB = 58.5 eV 

and 59.8 eV, respectively. While all elements form their respective oxides, Ni is assumed to 

remain metallic and enriched in a modified metallic layer beneath the passive oxide film. Its 3p 

core level peaks correspond to Ni 3p3/2 (EB = 66.0 eV) and Ni 3p1/2 (EB = 68.0 eV).  

 
Figure 7.22. XPS 3p survey spectra of (a) AISI 304, (b) CrMnFeCoNi and (c) CrCoNi after anodic passivation in 
0.1 M H2SO4. The metallic peaks are indicated by the labels and the corresponding the light grey lines and the 
oxide peaks by the dark grey lines. Adapted with permission from own publication[185] published by Elsevier B.V. 
under the terms of the CC BY 4.0 license. Copyright 2022, The Authors. 

As with the spectra presented in Chapter 7.1.2, fitting of the 3p survey spectra allowed 

the extraction of the relative proportions in atomic percent of the oxide and metal contribution 

toward the surface composition. For comparison, Figure 7.4 presents the surface compositions 

of the native alloy surfaces. Compared to the native surface, the surface composition of CrCoNi 

is higher in Cr- and Co-oxide, where the oxide percentage increased by 9.0% after passivation. 

This may be due to the higher Co-oxide ratio, which previously decreased for CrCoNi when 

passivated in 0.1 M NaCl. The overall oxide to metal ratio for CrCoNi after passivation in H2SO4 

surmounts to 1.4:1. CrMnFeCoNi also experiences a higher increase in oxide components of 

6.0% on its surface after anodic passivation in H2SO4 compared to NaCl. While its fraction of 

Cr-oxide is lower than after passivation in NaCl, the fraction in Fe-oxide increased. This also 

leads to a higher oxide to metal ratio of 1.70:1. While AISI 304 still presents the highest oxide-

to-metal composition ratio (3.8:1), it is lower than after anodic passivation of AISI 304 in NaCl.  
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Figure 7.23. Surface compositions of the 3 alloys after anodic passivation in 0.1 M H2SO4 with the respective mole 
fractions of metallic and oxide species. The metal to oxide ratio is highlighted by the dark and light blue bars, 
respectively. Adapted with permission from own publication[185] published by Elsevier B.V. under the terms of the 
CC BY 4.0 license. Copyright 2022, The Authors. 

Further investigations of the XPS spectra showed, that after anodic passivation in 0.1 M 

H2SO4, S 2p peaks for metal sulfates were detected at EB = 168.9 eV. Figure 7.24 shows the 

respective S 2p3/2 and S 2p1/2 spectra. This finding suggests that SO4
2- may contribute toward 

the passivation of the metals and it should be considered that it may contribute toward the 

oxide components. In fact, it is generally accepted that porous films due to anodic polarization 

in H2SO4, incorporate SO4
2- within their bulk structure.[291] This further indicates that analyzing 

the O 1s alone, cannot reveal all relevant details about the surface composition of passive 

films obtained in SO4
2- containing electrolyte solutions. 

 
Figure 7.24. S 2p XPS spectra of (a) AISI 304, (b) CrMnFeCoNi and (c) CrCoNi after anodic passivation in 0.1 M 
H2SO4. Adapted with permission from own publication[185] published by Elsevier B.V. under the terms of the CC BY 
4.0 license. Copyright 2022, The Authors. 

The amount of oxide species is higher than that of the metallic components after 

corrosion. This trend is slightly stronger after passivation in H2SO4 compared to passivation in 

0.1 M NaCl. This suggests either a thicker or denser passive layer. Again, assuming a 

continuous and homogeneous oxide layer on the alloys after passivation, passive layer 
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thicknesses were calculated by using Equations (7.3) to (7.5) (Chapter 7.1.2). The resulting 

thicknesses are outlined in Table 7.7. Interestingly, the passive layer thickness for 

CrMnFeCoNi is nearly identical to that after passivation in NaCl. Since, CrMnFeCoNi showed 

poorer corrosion resistance within NaCl electrolyte, a denser passive film may have formed 

during passivation in H2SO4. On the other hand, CrCoNi reveals a thinner passive film after 

the anodic treatment in H2SO4. However, the alloy has demonstrated comparable corrosion 

resistance in both electrolytes based on the electrochemical data from CPP, suggesting that a 

denser passive layer may have been formed. 

 

Table 7.7. Surface layer thicknesses of CrMnFeCoNi and CrCoNi determined through XPS for the native state and 
after anodic passivation in 0.1 M H2SO4. 

 

CrCoNi CrMnFeCoNi 

 nm nm 

Blank 2.46 2.81 

H2SO4
Pass 3.22 3.69 

 

Compared to the ultra-high vacuum XPS measurements, EIS is conducted on the alloy 

surfaces while they are still in contact with the corrosive medium. As in Chapter 7.1.2, the alloy 

surfaces were first left to stabilize at OCP for 30 min in 0.1 M H2SO4, in to order to record the 

impedance of the “native” state in the acidic electrolyte. For the passivated surfaces, the EIS 

were recorded after 30 min of anodic passivation. Figure 7.25 shows the respective EIS 

spectra. First comparing the initial EIS after OCP in H2SO4 in Figure 7.25a with that of NaCl in 

Figure 7.9a, discloses poorer passivation in H2SO4 in the form of a lower Z(0.1 Hz) and a higher 

minimum phase angle of  = - 65° for CrMnFeCoNi and AISI. CrCoNi reaches a minimum 

phase angle of  = - 80° and similar impedance Z(0.1 Hz) = 27300  cm2 as obtained in Figure 

7.9a after OCP in 0.1 M NaCl. For CrMnFeCoNi and AISI 304, the low phase angle and low 

impedance correlate with the observation of active metal dissolution positive of Ecorr. This 

applies especially to CrMnFeCoNi, as the Tafel extrapolation showed that the electrochemical 

corrosion reactions at Ecorr are under anodic activation control.  

Upon the anodic passivation, the solution resistance at high frequencies remains 

constant for all alloys as shown Figure 7.25b. Moreover, Z(0.1 Hz) increases and the phase 

angles decrease also for all alloys upon passivation. Overall, CrMnFeCoNi displays the 

poorest passivation behavior based on the EIS spectra. While its phase angle reaches  = - 70° 

and slightly broadens, it suggests that even though the capacitor-like behavior increased upon 

passivation, a less protective passive film has formed than in NaCl. AISI 304 shows a similar 

passivation behavior to CrMnFeCoNi. Despite its impedance increasing at low frequency by 
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one order of magnitude, its phase angle only reaches  = - 75°, representing poor capacitor-

like behaviour and with that a more defective passive film. In analogy to its corrosion resistance 

in 0.1 M NaCl, CrCoNi displays a phase angle of  = - 83° and its impedance at low frequency 

doubled in magnitude. These results again confirm the superior corrosion resistance of CrCoNi 

compared to CrMnFeCoNi and AISI 304 in 0.1 H2SO4. 

 
Figure 7.25. EIS Bode diagrams of the three alloy after (a) OCP and (b) anodic passivation in 0.1 M H2SO4 recorded 
at DC voltage of 0 V vs. OCP and an AC voltage of 10 mV. Adapted with permission from own publication[185] 
published by Elsevier B.V. under the terms of the CC BY 4.0 license. Copyright 2022, The Authors. 

To obtain the respective electrochemical impedance parameters, the spectra in Figure 

7.25 were fitted with the EEC in Figure 5.2c. The data can be found in Table 7.8. In analogy to 

the determination of the oxide layer thickness through the passive film capacitance (Equation 

(7.6)), the CPEf element for the passive films was first converted into capacitance Cf through 

Equation (7.7) which takes into account the non-ideal nature of the passive capacitance. In 

correlation to the XPS-derived passive layer thicknesses, CrCoNi revealed a slightly thinner 

film than CrMnFeCoNi after passivation in H2SO4 as outlined in Table 7.9. Nevertheless, the 

impedance spectra clearly indicate a more defective film on CrMnFeCoNi, indicating that 

passive layer thickness alone cannot rationalize corrosion resistance. 

 

Table 7.8. EIS data of (1) CrCoNi and (2) CrMnFeCoNi after OCP and anodic passivation in 0.1 M H2SO4 where m 
and n are the exponents of CPEf and CPEdl, respectively 

OCP 

 Rs Rct Rf Rp CPEdl n CPEf m 

 [Ω cm2] [Ω cm2] [Ω cm2] [Ω cm2] [S sn cm-2]  [S sm cm-2]  

(1) 38.67 6.38 x 104 2.53 6.39 x 104 3.09 x 10-5 0.94 1.72 x 10-5 0.90 

(2) 37.18 1.47 x 103 2.12 1.51 x 103 4.42 x 10-5 0.91 1.71 x 10-5 0.92 

Anodic Passivation 

(1) 43.74 5.49 x 105 5.00 5.49 x 105 1.87 x 10-5 0.94 1.05 x 10-5 0.92 

(2) 44.97 5.91 x 103 3.33 5.96 x 103 2.50 x 10-5 0.90 1.51 x 10-5 0.86 
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Table 7.9. Summary of capacitances and oxide layer thicknesses of CrMnFeCoNi and CrCoNi in 0.1 M H2SO4 
determined by EIS. 

 Cf doxide 

OCP [F cm-2] [nm] 

Cantor 1.21 x 10-5 2.19 

CrCoNi 1.30 x 10-5 2.05 

Pass   

Cantor 8.45 x 10-6 3.14 

CrCoNi 8.69 x 10-6 3.06 

 

7.2.3 Corrosion mechanism 

While XPS and EIS are valid methods to evaluate passive layer composition, properties and 

thickness, the results show that caution should be practiced in the interpretation. From the 

electrochemical results (CPP and EIS), it becomes evident that CrCoNi is the more corrosion 

resistant MPEA. However, the passive layer thicknesses from XPS and EIS suggest thicker 

films on CrMnFeCoNi. Even though thicker passive films may suggest more protective films, 

this rationale does not consider defects in the passive layer. Hence, the analysis of dissolved 

metal concentrations and the resulting surface morphology were conducted to further support 

the interpretation of corrosion behavior of the investigated metal. The corrosion through CPP 

in NaCl revealed pitting and crevice corrosion for the CrMnFeCoNi and intergranular corrosion 

for CrCoNi. AISI 304 corrodes similarly to CrMnFeCoNi.  

Table 7.10 outlines the metal ion concentrations in the H2SO4 electrolyte after CPP 

which were quantified through ICP-MS. In general, looking at the total metal ion concentrations, 

CrCoNi exhibits the lowest dissolution rate of metal ions with c = 105.02 µmol L-1 which is 

comparable to the values found in NaCl. CrMnFeCoNi reveals the highest dissolved metal ion 

concentration after its CPP in H2SO4 with c = 161.03 µmol L-1 while the dissolved metal 

concentration of AISI 304 lies in between the MPEAs with c = 141.89 µmol L-1. This result 

correlates with the observed active metal dissolution at Epp, which is highest for CrMnFeCoNi 

(see Figure 7.20a). To better compare the dissolved metal ions, Figure 7.26 displays the 

dissolution tendencies of the alloy components in mole fraction, while Table 7.10 provides the 

respective absolute concentrations. Figure 7.26 shows that CrCoNi dissolves largely uniformly, 

as the dissolved metal ion concentrations resemble the elemental composition of the 

respective alloy. Deviations from the equimolar bulk alloy concentrations are evident in the 

slightly higher and lower concentrations of Ni- and Co-ions. In comparison to the CrCoNi 

dissolution behavior in NaCl, the results are very similar. For CrMnFeCoNi, the dissolution 
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tendencies of the constituting elements are also comparable to the behavior in NaCl. The total 

amount of dissolved metal ions is more than two-fold higher after CPP in NaCl than H2SO4. 

Fe-ions are found at the lowest concentrations in H2SO4. The relative amount of Cr-ions is 

higher in H2SO4 than that of other metal ions. The dissolved relative amount of Cr increased 

for all three alloys in H2SO4 compared to NaCl, suggesting a correlation to the acidity of the 

electrolyte. Inspecting the Pourbaix diagram of Cr at 25°C (Figure 4.5) reveals that at a 

pH < 3.5,[105] Cr dissolves as Cr3+, while at pH = 6.25 (pH of 0.1 M NaCl), Cr preferentially 

forms Cr2O3. While XPS shows that Cr-oxides have formed on the surface, the initial active 

metal dissolution observed in the CPP diagrams may be due to an increased dissolution of Cr.  

 

Table 7.10. Concentrations of dissolved metals after CPP in 0.1 M H2SO4. 

 Cr Co Ni Fe Mn Total 

 [µm L-1] [µm L-1] [µm L-1] [µm L-1] [µm L-1] [µm L-1] 

AISI 304 31.59 ± 1.63  12.94 ± 1.08 95.30 ± 8.77 2.06 ± 0.13 141.89 

CrMnFeCoNi 34.93 ± 2.56 36.72 ± 1.47 37.53 ± 1.67 15.38 ± 5.59 36.46 ± 1.41 161.03 

CrCoNi 35.97 ± 2.56 30.40 ± 6.38 38.75 ± 3.09   105.12 

 

 
Figure 7.26. Metal distribution in the 0.1 M H2SO4 electrolyte after CPP based on the respective metal 
concentrations as presented in Table 7.10. Adapted with permission from own publication[185] published by Elsevier 
B.V. under the terms of the CC BY 4.0 license. Copyright 2022, The Authors. 
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Examining the surface morphologies after CPP in H2SO4 confirms that a different 

corrosion mechanism than pitting occurs on the CrMnFeCoNi alloy. Figure 7.27 displays the 

AFM and SKFM maps of CrMnFeCoNi after its CPP in H2SO4. The topographic image in Figure 

7.27a shows some residual electrolyte that crystallized on the surface and a small cavity. The 

crystallized electrolyte salts can be better identified in the SKPFM map in Figure 7.27b. The 

small cavity in Figure 7.27 is not a pit, but the result of a dissolved inclusion. This becomes 

more evident when inspecting the respective SEM images in Figure 7.28a to d. Figure 7.28c 

and d serve to give a broader overview. They clearly show the dissolution of inclusions and 

further reveal some form of preferential dissolution around the inclusion sites. The SEM images 

in Figure 7.28a and b demonstrate that every inclusion experiences this form of corrosion. 

From Figure 7.28c and d it seems that smaller inclusions predominantly dissolve in 

combination with metal attack around the inclusion site. As the SKPFM image of the native 

surface in Figure 7.11 shows, there is a large potential difference between the inclusions and 

surrounding metal matrix. This can potentially lead to galvanic corrosion which would explain 

this preferential dissolution behavior. 

 
Figure 7.27. (a) AFM topography of a CrMnFeCoNi surface after CPP in 0.1 M H2SO4 and (b) SKPFM potential 
map of the same corroded CrMnFeCoNi surface with a corroded inclusion site (green circle) and residual electrolyte 
(orange cross). Adapted with permission from own publication[185] published by Elsevier B.V. under the terms of the 
CC BY 4.0 license. Copyright 2022, The Authors. 
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Figure 7.28. SEM images of different localized corrosion morphologies around inclusions on CrMnFeCoNi after 
CPP in 0.1 M H2SO4. (a) and (b) the corrosion of and around inclusions (green circle) in the BSE and SE mode (c) 
and (d) show the extend of this form of galvanic corrosion at a lower magnification in the BSE and SE mode 
revealing that some larger inclusions remain intact (yellow square). The diagrams in (b) and (d) are adapted with 
permission from own publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 license. Copyright 
2022, The Authors. 

The minimal differences in oxide layer thicknesses, similar results in electrochemical 

behavior, especially, the oxide layer properties determined through EIS and the nearly identical 

dissolution tendencies suggest that the same corrosion mechanism observed in NaCl occurs 

on CrCoNi in H2SO4 as in NaCl. The AFM and SKPFM maps in Figure 7.29 confirm, that 

intergranular corrosion takes place on CrCoNi. The attacked grain boundaries are not as deep 

and wide in H2SO4 as in NaCl. This may potentially be due to SO4
2- partaking in the passivation 

of the alloys. As with the SKPFM maps obtained after corrosion in NaCl, the potential maps in 

Figure 7.29b show higher signals within the grain boundaries indicating the accumulation of 

oxide at the grain boundaries. The increased surface potentials suggest re-passivation at those 

sites and support the observed high corrosion resistance. The SEM images in Figure 7.30a to 

d show the intergranular corrosion of CrCoNi at different magnifications. Both figures show 

smaller cracks on the grains, which are due to dried residual electrolyte that gets further 

dehydrated when introduced to the vacuum of the SEM and cracks. 
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Figure 7.29. (a) AFM topography of a CrCoNi surface corroded in 0.1 M H2SO4 and (b) SKPFM potential map of 
the same corroded CrCoNi surface showing the corrosive attack at grain boundaries. Adapted with permission from 
own publication[185] published by Elsevier B.V. under the terms of the CC BY 4.0 license. Copyright 2022, The 
Authors. 

 
Figure 7.30. SEM images of different magnification of CrCoNi as a result of its corrosion in 0.1 M H2SO4. (a) and 
(b) show the intergranular corrosion (blue star) at a higher magnification in the BSE and SE mode. (c) and (d) show 
the extent of the intergranular corrosion on a larger CrCoNi surface area in the BSE and SE mode. Some residual 
electrolyte dried on the surface (orange cross). Inclusions remain intact after corrosion (yellow square). The 
diagrams in (b) and (c) are adapted with permission from own publication[185] published by Elsevier B.V. under the 
terms of the CC BY 4.0 license. Copyright 2022, The Authors. 

The corrosion behavior of the MPEAs in 0.1 M H2SO4 also encompasses different 

passivation and corrosion mechanism for the two alloys. CrMnFeCoNi passivates mainly 

through the formation of a passive film enriched in Cr and Fe. While Mn preferentially dissolves 

during corrosion in NaCl, such a tendency is not observed in H2SO4. Here, Mn, Co, and Ni 

predominantly dissolve compared to the other two metals in the same experiment. The EIS 

data of CrMnFeCoNi suggest the formation of a heterogeneous passive film in H2SO4, despite 
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the determination of a thicker passive layer than for CrCoNi through XPS and EIS data. 

CrMnFeCoNi exhibits a better corrosion resistance in H2SO4 compared to NaCl, as evidenced 

by the lower metal ion concentrations and relatively intact surface morphologies after CPP. 

The predominant corrosion mechanism for CrMnFeCoNi discloses a form of galvanic corrosion 

of and around its inclusions. CrMnFeCoNi corrodes similarly to AISI 304 as it was also 

concluded from the tests in NaCl solutions. 

In contrast, CrCoNi corrodes in a nearly identical manner in both studied electrolytes. 

Its passive films are enriched in Cr-oxides and Ni preferentially dissolves in NaCl and in H2SO4. 

Furthermore, the non-ideal capacitor behavior of the passive film on CrCoNi is likely the result 

of the intergranular corrosion which is also the main mode of corrosion in both media. The 

main difference between the electrolytes may lie in the presence of SO4
2- in the passive layer 

which could enhance the corrosion resistance. The examinations in both electrolytes clearly 

show that CrCoNi exhibits the higher corrosion resistance of the two MPEAs. 

 

7.3 Long-term Corrosion in 1 M H2SO4 

Since both MPEAs, CrCoNi and CrMnFeCoNi exhibit excellent and good corrosion resistance, 

respectively, their long-term stability in 1 M H2SO4 was investigated. The long-term corrosion 

behavior of MPEAs was investigated by immersion tests in 1 M H2SO4 over 4 weeks. The 

corrosion process and progress were monitored by OCP, EIS and SEM measurements. The 

change in surface composition was qualitatively examined with XPS.  

While typical corrosion studies investigate the electrochemical behavior of a metal or 

alloy through polarization and impedance tests as shown in Chapter 7.1 and 7.2, these are 

generally short termed, lasting from a few minutes to a few hours at most. Despite the 

possibility of extrapolation, such experiments cannot always be employed to evaluate a 

materials long-term performance. Nevertheless, long-term corrosion experiments remain 

relatively scarce in corrosion science research and are essentially non-existent for newer 

materials such as MPEAs. 

Since the open circuit potential (OCP) or corrosion potential, is generally a good 

indicator of the materials corrosion resistance, it is the first parameter that was investigated for 

the MPEAs’ long-term stability. Figure 7.31a and b show the respective OCP transients for 

CrMnFeCoNi and CrCoNi, respectively. For CrMnFeCoNi, the general trend shows a decrease 

in OCP over the time of immersion, indicating that the MPEA becomes less corrosion 

resistant.[292] After 1 day of immersion, however, the OCP initially increases, indicating some 

form of passivation. Surpassing day 2, however, reveals an exponential decay in OCP, as 

indicating by the red line. After 21 days, this decay seems to remain relatively constant, 

suggesting that corrosion processes slow down over the time of immersion. The plot for CrCoNi 

in Figure 7.31b illustrates the opposite behavior. Up to day 7, the OCP increases rapidly. The 
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overall increase in OCP may be described by limited exponential growth of the passive layer 

as indicated by the red line in Figure 7.31b. In contrast to CrMnFeCoNi this indicates the 

formation of stable protective passive film on CrCoNi when exposed to 1 M H2SO4 over a 

period of 4 weeks. 

Comparing the OCPs of the two MPEAs shows that CrMnFeCoNi exhibits marginally 

lower OCPs ranging from - 312 mV within the first 2 days of immersion down to - 388 mV in 

the fourth week, indicating a lower resistance towards corrosive deterioration in H2SO4. 

CrCoNi, on the other hand, exhibits OCPs in the range of 150 mV upon initial immersion up to 

325 mV within the fourth week. As previous results in Chapter 7.2 showed, CrMnFeCoNi 

experiences the strongest active metal dissolution at Epp of the CPP measurement and the 

respective Tafel region revealed that its corrosion reactions are limited by anodic activation 

polarization. 

 
Figure 7.31. The OCP transients of (a) CrMnFeCoNi and (b) CrCoNi in 1 M H2SO4 over the immersion period of 28 
days. 

To investigate the passive film properties, impedance spectra were recorded in addition 

to the OCP every day. The data are presented in the form of maps that illustrate the change in 

impedance and phase shift of the scanned frequency range over the time of immersion. Figure 

7.32 shows the impedance and phase shift maps of CrMnFeCoNi and the presented EIS-

results coincide with the change in OCP outlined in Figure 7.31. The impedance at low 

frequency of CrMnFeCoNi initially increases until day 2 of immersion to 2 k cm2 which in turn 

coincides with the observed increase in OCP. The phase shift maximum concomitantly exhibits 

the highest phase shift after the same time of immersion, reaching = - 76.2°. This non-ideality 

in capacitive behavior has already been observed in the analysis of the EIS spectra of 

CrMnFeCoNi in 0.1 M H2SO4 (see Figure 7.25). In contrast to the CrCoNi alloy (see below), 

no point of stabilization is recognizable neither in the impedance nor in the phases. The 

impedance and phase shift responses decrease in magnitude over the time of immersion over 

the low and mid frequency domain, indicating the severe deterioration of the MPEA in 1 M 

H2SO4. After 3 weeks of immersion, a sudden sharp drop in impedance and phase shift can 
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be observed in Figure 7.32. While the OCP remains constant after 3 weeks, the reason for this 

imminent decrease in impedance is unknown. The phase shift response reached  = - 50° after 

2.5 weeks indicating that the formed passive film does not exhibit a capacitor-like behavior. 

This is likely due to the continued dissolution of the surface. The EIS-results suggest that for 

CrMnFeCoNi no stable passive film protects the alloy against corrosion. 

 
Figure 7.32. EIS data of immersion of CrMnFeCoNi in 1 M H2SO4 for 28 days represented as maps to display the 
change in (a) impedance and (b) phase shift with time over the applied frequencies. 

Looking at Figure 7.33, the impedance and phase shift maps of CrCoNi in 1 M H2SO4 

show a stable system that does not change over its time of immersion. It should be mentioned 

that initially during the first week, the impedance at low frequency stabilizes from 342 k cm² 

to 530 k cm². The phase shift maxima at medium frequency stabilizes from initially  = - 84° 

to  = - 87.5°after 3 weeks. Both results indicate the formation of a protective passive film with 

nearly perfect capacitor-like behavior. Apart from the first stabilization period, the impedance 

response for CrCoNi remains constant over the whole frequency range during the time of 

immersion, confirming a stable protective passive layer on the alloy surface that strengthens 

with prolonged immersion in 1 M H2SO4. 

 
Figure 7.33. EIS data of immersion of CrCoNi in 1 M H2SO4 for 28 days displays the change in (a) impedance and 
(b) phase shift with time over the applied frequency range. 
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The bar graph plots in Figure 7.34a and b illustrate the relative mole fractions of 

dissolved metal ions for CrMnFeCoNi and CrCoNi in 1 M H2SO4. The results for CrMnFeCoNi 

show that Cr, Mn, Co, and Ni dissolve to a similar extent. In contrast to the ICP-MS analysis 

conducted for the 0.1 M H2SO4 electrolyte after CPP, Fe preferentially dissolves in this long-

term immersion experiment. For CrCoNi, the analysis of dissolved metal species in 1 M H2SO4 

rendered concentrations close to the limit of detection (LOD) of the instrument, which suggests 

a highly corrosion-resistant surface. Compared to the results of forced corrosion through CPP 

in 0.1 M H2SO4, Cr dissolves to a significantly lower extent under OCP conditions in 1 M H2SO4. 

As with the results of the CPP in 0.1 M H2SO4, Ni dissolves preferentially.  

 
Figure 7.34. Relative amount of dissolved metal ions based on their concentrations in the 1 M H2SO4 electrolyte 
after 28 days of immersion for (a) CrMnFeCoNi and (b) CrCoNi. 

As discussed in Chapter 7.1.2, the analysis of the 2p peak of first row transition metals 

is highly complicated and error-prone. Nevertheless, the 2p peak spectra of the individual 

metals offer qualitative information on the surface composition of the two MPEAs after the 

exposure to 1 M H2SO4. 

Figure 7.35 displays the 2p spectra of CrMnFeCoNi at different stages of corrosion in 

1 M H2SO4. The top row of spectra was obtained from the native surface composition. While a 

metal component may be clearly identifiable for all five metals, only the Cr and Ni spectra of 

the native surface seem viable for fitting. The 2p spectra of Mn, Fe and Co overlap among 

others with the Co LMM, Ni LMM and Fe LMM, respectively, rendering the fitting of these highly 

complicated. The middle row of the spectra in Figure 7.35 shows the data obtained after 

1 week of corrosion. It becomes evident that a passive layer was formed that is mainly 

composed of metal oxides. The oxide formation on the surface seems to lead to a decrease in 

signal intensity, as identified from the signal-to-noise ratio. This trend continues for the third 

row in Figure 7.35 recorded after 4-weeks of immersion where the metal peaks completely 

disappear. While this suggests that a thick oxide layer must have formed on the CrMnFeCoNi 

surface, EIS results indicate a continually corroding alloy. Another reason for the decrease in 

signal intensity lies within the surface roughening as a result of corrosion which reduces the 
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average take-off angle of the photoelectron.[293] This suggests that while a thick passive layer 

of oxides may have formed on the surface of the MPEA, it must be rough, porous and defective 

which leads to the observed continued corrosion and the decrease in photoelectron intensities 

with an increased immersion time. 

 
Figure 7.35. Change in 2p metal spectra of CrMnFeCoNi in (a) its native state, (b) after 1 week of immersion and 
(c) after 4 weeks of immersion in 1 M H2SO4. 

As with the XPS results obtained after the CPPs in 0.1 M H2SO4 in Chapter 7.2.2, sulfur 

could also be detected after corrosion in 1 M H2SO4. The progressive increase in the S 2p 

signal intensity can be seen in Figure 7.36. The S 2p spectrum after 1 week could suggest the 

presence of metal sulfides and sulfates. However, the signal-to-noise ratio is quite low for a 

clear identification. Nevertheless, the spectrum changes with increasing time of immersion. 

The S 2p peak after 4 weeks of immersion is situated at 169 eV which it indicates that SO4
2- 

has been incorporated into the oxide film. The two peaks fitted into the spectra, represent the 

S 2p3/2 and S 2p1/2 components with spin-orbit splitting of 1.15 eV. In contrast to the metal 2p 

spectra for CrMnFeCoNi in Figure 7.35, the S 2p increases in signal to noise ratio with the time 

of immersion. 
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Figure 7.36. Development of S 2p XPS spectrum on CrMnFeCoNi with increasing immersion time of immersion at 
(a) the native state, (b) 1 week and (c) 4 weeks in 1 M H2SO4. 

Investigating the O 1s spectra for CrMnFeCoNi after the respective corrosion times in 

1 M H2SO4 in Figure 7.37, a change in the detected oxygen species becomes evident. In the 

native state, the alloy surface is covered with metal oxides (529.9 eV), metal hydroxides 

(531.4 eV) and organic residue (532.8 eV). After 1 week of immersion, the organic residue 

peak vanishes, while the metal oxide and hydroxide signals increase. Instead of a change in 

the signal intensity of the oxide and hydroxide species, the peaks vanish after 4 weeks of 

immersion. In its place are two peaks at 532.3 eV and 533.5 eV which suggests the presence 

of SO4
2- and water within the surface layer, respectively.  

 
Figure 7.37. Development of O 1s XPS spectrum on CrMnFeCoNi with increasing time of immersion at (a) the 
native state, (b) 1 week and (c) 4 weeks in 1 M H2SO4. 

CrCoNi remains resistant towards corrosion in 1 M H2SO4 according to the 

electrochemical and ICP-MS results. In agreement with this finding, XPS measurements 

showed no noticeable change in the metal 2p spectra after one week of immersion. Hence, 

Figure 7.38 presents only the 2p spectra of the native CrCoNi surface and of samples after 4 

weeks of immersion. The spectra of the native surface clearly show a contribution of metallic 

components for all three metals. The oxide species formed after 4 weeks of immersion 
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decrease the signal-to-noise ratios in the respective spectra. This allows only for insufficient 

fitting and lead to error-prone interpretation. Nevertheless, the spectra clearly show a growth 

of Cr-, Co- and Ni-oxides on the alloy surface after 4 weeks of immersion in 1 M H2SO4. While 

Ni generally has been assumed to remain metallic, the Ni 2p spectrum in Figure 7.38 clearly 

shows that Ni-oxide has formed after exposure to 1 M H2SO4. In comparison to Co and Ni, the 

Cr 2p spectrum exhibits no metallic Cr signals after corrosion. Although no change in surface 

composition was detectable after 1 week, there must have been a point of initial oxide growth 

on the MPEAs surface.  

 
Figure 7.38. Change in 2p metal spectra of CrCoNi in its (a) native state and (b) after 4 weeks of immersion. 

Similar to the metal 2p peaks, the increase in the S 2p signal as a result of SO4
2- 

incorporation into the passive layer is observed only after 4 weeks. Figure 7.39 shows the S 2p 

spectra of the native and corroded CrCoNi alloy. The spectrum from the native sample is 

included to show the absence of sulfur before the corrosion experiment. Thus, the corrosion in 

H2SO4 leads to SO4
2- incorporation into or adsorption onto the passive film. The presence of 

SO4
2- has not been mentioned in prior MPEA studies where the surface compositions were 

also analyzed through XPS after corrosion in H2SO4.[69, 101, 265] As the samples were lightly 

rinsed with de-ionized water after the corrosion measurement, SO4
2- must adhere strongly 

enough to not be washed off. 
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Figure 7.39. S 2p XPS spectra on CrCoNi after (a) before and (b) after 4 weeks of immersion in 1 M H2SO4. 

Even though no change in surface composition could be detected for CrCoNi in the 

metal 2p and S 2p spectra after 1 week of immersion, the O 1s spectra do show a change in 

surface composition after 1 week of immersion. The change in detected oxygen species is 

summarized in Figure 7.40. In the native state namely metal oxides (529.9 eV), metal 

hydroxides (530.9 eV) and organic residue (533.2 eV) make up the surface composition. After 

1 week of immersion, the organic residue peak decreases in signal, while the metal oxide and 

hydroxide signals increase, indicating the growth of the passive layer. After 4 weeks of 

immersion the same O 1s spectra are very similar for CrCoNi and for CrMnFeCoNi. At 

532.5 eV, the peak for SO4
2- arises and at 533.6 eV the peak for water. 

Figure 7.40. Development of O 1s XPS spectrum on CrCoNi with increasing time of immersion at (a) the native 
state, (b) 1 week and (c) 4 weeks in 1 M H2SO4. 

Finally, SEM images were recorded in the SE mode that demonstrate the surface 

topography of the CrMnFeCoNi and CrCoNi samples before and after the long-term corrosion 

tests in a 1 M H2SO4 electrolyte solution for 4 weeks (Figure 7.41 and Figure 7.42). The SEM 
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image of a polished CrMnFeCoNi surface in Figure 7.41a illustrates a smooth topography with 

the manufacture-born Cr- and Mn-oxide inclusions. The SE image in Figure 7.41b which was 

taken after 4 weeks of immersion in 1 M H2SO4 shows how severely CrMnFeCoNi succumbs 

to corrosion in this medium over long-term exposure. The respective EDX maps of the post 

corrosion surface represent all five metals. Furthermore, the maps of S and O could be 

generated suggesting a thicker oxide film and confirming the presence of the elements in the 

passive layer as the interaction volume of the electron beam with the sample can reach a 

thickness of more than 1 µm.[294] The crater-like morphologies and the uneven spread of O and 

S support the previous finding that the formed passive film is rough, porous, defective and 

ultimately inefficient in protecting the MPEA from corrosive deterioration. 

 
Figure 7.41. (a) SE image of the polished CrMnFeCoNi surface before long-term immersion. (b) SE image of the 
CrMnFeCoNi surface after 4 weeks of immersion in 1 M H2SO4. (c) EDX maps of the area shown in the frame of 
(b). 

Figure 7.42a displays the polished pre-corrosion CrCoNi surface with its smooth 

topography and Cr-oxide inclusions as a point of reference for the post corrosion surface in 

Figure 7.42b. After the 4-week immersion in 1 M H2SO4, the inclusions are still present and 

intact, this is in contrast to the CrMnFeCoNi MPEA where the inclusions succumb to corrosive 
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dissolution due to galvanic coupling as shown after the CPP measurements in 0.1 M H2SO4 

(see Chapter 7.2.3). The respective EDX maps of the post corrosion surface show the 

presence of all three MPEA metals. While the maps of S and O could also be generated, they 

both accumulate at specific sites. As the inclusions remain intact, the highest oxygen 

concentrations are detected there as indicated by the green arrows in Figure 7.42b and the 

respective O EDX map. After taking the CrCoNi sample out of the electrochemical cell, not all 

of the electrolyte has been washed of, as some SO4
2- salts crystallized on the surface. This is 

indicated by the orange crosses in Figure 7.42b and in the S EDX map. In correspondence 

with the electrochemical results, the SEM images show that the CrCoNi specimen remains 

untarnished after a 4-week exposure to 1 M H2SO4. 

 
Figure 7.42. (a) SE image of the polished CrCoNi surface before long-term immersion. (b) SE image of the 
CrMnFeCoNi surface after 4 weeks of immersion in 1 M H2SO4 with intact inclusion (yellow square) and residual 
electrolyte (orange cross). (c) EDX maps of the area shown in the frame of (b). 

 

7.4 Conclusion 

The results presented in this chapter clearly show that the CrMnFeCoNi MPEA behaves 

similarly to AISI 304 when exposed to 0.1 M NaCl and H2SO4. Its corrosion resistance is slightly 

inferior to the stainless steel in the chloride-containing medium, which may be due to the high 

Mn content in the MPEA. The electrochemical behaviors of AISI 304 and CrMnFeCoNi are 

nearly identical in 0.1 M H2SO4. While the CrMnFeCoNi alloy seems to form a relatively thick 
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oxide film, the impedance data suggest a defective passive film that does not protect the alloy 

sufficiently from corrosion. In NaCl the MPEA corrodes mainly through pitting and crevice 

corrosion which due to their autocatalytic nature decrease the re-passivation capabilities of the 

alloy. In the 0.1 M H2SO4, CrMnFeCoNi shows improved corrosion resistance compared to 

NaCl and does not succumb to pitting. Some of the improved corrosion performance may be 

attributed to the incorporation or adsorption of SO4
2- ions into or onto the passive layer, 

respectively. The presence of the anions in the surface composition has been shown by XPS. 

In the acidic electrolyte, the manufacture-born Cr- and Mn-oxide inclusions seem to introduce 

sites for galvanic corrosion. AFM and SEM images revealed the dissolution of the inclusions 

and increased corrosive surface breakdown around the inclusions. Avoiding the formation of 

such oxide inclusions during manufacturing may potentially increase the corrosion resistance 

of the alloy. Exposing CrMnFeCoNi to 1 M H2SO4 for up to 4 weeks shows that the MPEA 

cannot withstand corrosion in this medium. While upon initial immersion electrochemical data 

demonstrates the formation of a protective passive layer, this protection ceases after 2 days. 

Even though the system stabilizes in its OCP after 3 weeks, the impedance data suggest 

further degeneration of the passive film. The SEM images and EDX maps taken of the 

CrMnFeCoNi surface after 4 weeks demonstrate the severity of the corrosion in 1 M H2SO4. 

Neither the polarization in 0.1 M NaCl nor in 0.1 M H2SO4 had a great impact on the CrCoNi 

surface. In both electrolytes, CrCoNi experiences intergranular corrosion, however, the extent 

is minimal and its Cr-oxide inclusions remain intact. While the passive layer thicknesses are 

comparable to CrMnFeCoNi, the impedance data suggest a passive layer with higher 

homogeneity and compactness. When exposed to 1 M H2SO4 over 4 weeks, the protectiveness 

of the passive layer increased for CrCoNi as demonstrated by the change in OCP over time 

and the increase in impedance at low frequencies. After 1 week, a growth in metal oxide 

species can be observed through the XPS analyses of CrCoNi. Similar to CrMnFeCoNi, only 

the SO4
2- and H2O oxygen signals are detectable after 4 weeks of immersion, suggesting that 

the anion may contribute to the passivation of CrCoNi. When comparing the results of the two 

MPEAs, CrCoNi exhibited a superior corrosion resistance over CrMnFeCoNi as well as over 

conventional AISI 304 in the typical corrosion electrolytes NaCl and H2SO4. It also showed 

excellent resistance toward long-term exposure.
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8 Electrochemical Behavior at High Anodic Potentials in 

Chloride-Containing Aqueous Media 

In Chapter 7.1, it has been outlined that NaCl is chosen as a typical electrolyte in corrosion 

studies. Due to its abundance, high conductivity, and thermal stability, NaCl offers a highly 

economically feasible electrolyte for electrochemical water splitting.[254] The previous studies 

in Chapter 7 have shown that CrMnFeCoNi and CrCoNi corrode by pitting and intergranular 

corrosion, respectively. At more positive potentials, the transpassive behavior can be 

controlled by passive film dissolution, oxygen evolution reaction and chlorine evolution 

reaction.[295] Thus, 0.1 M NaCl electrolytes of different pH levels were employed to investigate 

the stability, electrochemical behavior and potential application for water splitting of 

CrMnFeCoNi and CrCoNi. The results for the transpsassive behavior of CrCoNi in 0.1 M NaCl 

at pH 2 are published in Angewandte Chemie International Edition[X3]. Furthermore, I employed 

the methodology of electrochemical atomic force microscopy (EC-AFM) imaging during CPP 

measurements in combination with pre- and post-corrosion SEM to contribute toward another 

publication in Corrosion Science as part of a cooperation with colleagues from AGH.[X4] 

 

8.1 Transpassivity and Oxygen Evolution Reaction 

In corrosion and catalyst research, it has been established that the oxygen evolution reaction 

(OER) occurs in concomitance with metal dissolution when polarizing metallic electrodes at 

high anodic potentials within the transpassive region.[296] Recent research even indicates an 

inescapable link between the OER and material dissolution which poses a challenge for 

determining stable and active electrocatalysts.[297-300] Despite the contribution of both 

processes toward experimentally observed current densities at transpassive potentials, most 

studies of water splitting catalysts have either focused on the OER activity or the catalyst 

stability toward corrosion.[243, 301-304] Considering this interrelation requires an evaluation of 

material performance under the aspects of catalytic activity and corrosive degradation 

processes. 

As demonstrated in Chapter 5.1, typical corrosion studies encompass electrochemical 

studies such as polarization measurements (e.g., CPP) and electrochemical impedance 

spectroscopy (EIS) as well as ex-situ analyses of the electrode surface in the pre- and post-

corroded states through methods such as XPS and SEM. The emergence of online atomic 

spectroelectrochemistry (ASEC) allowed for the real-time analysis of selective corrosive metal 

dissolution during polarization.[102, 295] Such analyses typically employ a flow-type scanning 

droplet or capillary cell, connected to ICP atomic emission or mass spectrometers that enable 

the simultaneous quantification of corrosion products which may be directly related to the 
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measured current densities of the respective polarization measurement.[305-310] By means of 

the ICP-MS coupled scanning flow cell, Cherevko and Mayrhofer et al.[297] showed that noble 

metal catalysts such as Au and Pt dissolve considerably during polarization, even though the 

metals demonstrated good OER activities at low overpotentials when tested by transient and 

steady-state potential applications. In their real-time dissolution analysis of pure Cr in 0.1 M 

NaCl through ASEC, Choudhary et al.[191] elucidated the direct dissolution of the Cr2O3 passive 

layer to Cr(VI) in the transpassive region. Despite its power of the simultaneous analysis of 

electrochemical data and corrosive metal dissolution, the detection and quantification of other 

stoichiometrically relevant electron transfer processes such as the OER remain complex. 

Nevertheless, Wen et al.[311] were able to ascribe the anodic current contribution of the OER of 

a carbon-supported Ru-based catalyst through the application of ASEC and could differentiate 

its current contribution from other reactions (including catalyst degradation or carbon-support 

dissolution). 

While some localization of corrosion monitoring is possible with the scanning flow-cell, 

scanning probe techniques such as electrochemical atomic force microscopy (EC-AFM), and 

scanning electrochemical microscopy (SECM) allow for the visualization of local corrosion 

events in the micro- to nanometer range. EC-AFM enables to monitor surface-related changes 

as a result of corrosion, including the imaging of pitting initiation and surface roughening as 

well as topographically detecting catalytic active sites (e.g., through bubble formation) for 

OER/ORR on electrocatalysts.[312-315] These in-situ topographical changes are readily recorded 

through EC-AFM. However, the method is mostly insensitive to electron transfer reactions and 

cannot detect local compositional information. Operating an SECM in the sample-

generation/tip-collection (SG/TC) mode by setting the probe potential to either oxidize or to 

reduce a compound that is generated at reactive sites on the sample (e.g., at grain boundaries 

or active local corrosion sites) allows to monitor corrosion processes in a chemically selective 

manner.[316-318] An example constitutes the analysis of anodic sites on corroding coated carbon 

steel by means of SECM in the SG/TC mode by Souto et al.[319] They were able to detect and 

monitor the emergence of Fe(II) and O2 species, by selectively applying the corresponding 

oxidizing and reducing potentials. 

In this chapter, tip-substrate voltammetry (TSV) in a SG/TC mode configuration was 

employed to detect the onset of the OER within the transpassive region of the MPEAs 

CrMnFeCoNi and CrCoNi in 0.1 M NaCl electrolytes. While a CPP, i.e., a voltammetric scan, 

was conducted at the MPEA sample electrodes, the SECM microelectrode (ME) was 

positioned above the sample to detect evolving oxygen.[318, 320] To monitor the corrosion-

induced surface changes with increasing positive potentials, EC-AFM was utilized to capture 

the respective changes in surface morphologies. In correlation to the ASEC approach, the 

electrolytes were collected after the TSV-SECM studies and metal concentrations were 
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quantified by means of ICP-MS. While 0.1 M NaCl was chosen as the base electrolyte to 

monitor the electrochemical behavior of the MPEAs at high anodic potentials, the influence of 

the pH was also investigated by adjusting the original pH of 6.25 to an acidic and alkaline pH 

of 2 and 12 with H2SO4 and NaOH, respectively. 

 

8.2 Transpassive Behavior of CrMnFeCoNi 

Various MPEA electrocatalysts have recently emerged with the surge in research interest in 

these novel materials for electrocatalytic OER application.[321-324] To realistically assess their 

viability as OER electrocatalysts, metal dissolution as a competing process to the OER at the 

anode surface needs to be reported in addition to overpotentials and electrocatalytic 

activities.[323, 325] In Chapter 7.1, it has been demonstrated that the CrMnFeCoNi alloy 

succumbs to pitting corrosion in 0.1 M NaCl and to selective corrosive attack around 

manufacture-born Cr-/Mn-oxide inclusion in 0.1 M H2SO4. While the ICP-MS quantifications 

indicate that the MPEA severely dissolves in both media compared to CrCoNi, the synergistic 

effect of alloying 5 transition metals in equimolar concentrations could potentially produce an 

electrode material capable of the OER in concomitance to corrosive dissolution, especially 

because Co and Ni are known elements often found in OER electrocatalysts. 

 

8.2.1 Electrochemical Characteristics at pH 2 

The TSV-SECM scan for CrMnFeCoNi in 0.1 M NaCl at pH 2 is depicted in Figure 8.1. While 

the potential program of a CPP is applied to the MPEA surface, the ME is held potentiostatically 

at the potential for the oxygen reduction reaction (ORR) during the whole experiment. Upon 

the onset of OER at the sample surface, the ME should detect the evolved oxygen which would 

lead to a rise in ME current. Bearing in mind that the IUPAC convention considers negative 

currents to be reduction currents, current rise in this context means an increase in the absolute 

current and a smaller numerical value. Before the TSV-SECM scan commences, the system 

is flushed with N2 to remove dissolved oxygen. However, since these scans are conducted in 

ambient laboratory conditions, diffusion of oxygen from air into the cell during the experiment 

cannot be fully excluded. Hence, at the beginning of the TSV-SECM scan, some residual 

dissolved oxygen is reduced at the ME (Figure 8.1a). However, within the transpassive region 

of the MPEA no oxygen is detected at the ME. 
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Figure 8.1. TSV-SECM of CrMnFeCoNi in 0.1 M NaCl at pH 2 with (a) the ME (Pt disc electrode r = 5 µm, ET = - 0.65 
V) current response toward the OER at the sample and (b) the CPP of the CrMnFeCoNi sample at 1 mV s-1. 
Potentials are reported vs. Ag/AgCl/3M NaCl. Adapted with permission from own publication[326] published by Wiley-
VCH GmbH under the terms of the CC BY 4.0 license. Copyright 2024, The Authors. 

8.2.2 Influence of pH 

Figure 8.2 shows the TSV-SECM scan of CrMnFeCoNi in 0.1 M NaCl at pH 6.25. No ME 

response for the onset of the OER within the transpassive region of the MPEA is observed 

(Figure 8.2a). Compared to the TSV-SECM scan at pH 2 (Figure 8.1a), the ME current 

responses are lower in magnitude in Figure 8.2a. At pH 2, the ME current initially surmounts 

to iT = - 5.1 nA and eventually stabilizes around iT = - 1.3 nA. Contrarily in pH 6.25, the ME 

current starts at iT = - 0.4 nA and increases to up to iT = - 1.3 nA positive of ES = 0.31 V. While 

one of the reasons could be the OER at the sample, this increase in ME current could also be 

due to diffusion of oxygen from air. Moreover, since the main mode of corrosion is pitting 

corrosion which does not cease upon the CPP scan reversal, the rise in ME current could also 

be a result of an increase in H+ reduction (see Equation (4.2), Chapter 4). As described in 

Chapter 4.4, pitting and crevice corrosion lead to a local decrease in pH due to metal 

dissolution (see Figure 4.8 and Figure 4.9). If pits grow and propagate, they can become large 

enough to influence the local electrolyte composition experienced by the ME. By applying the 

ORR potential of -0.65 V, H+ may also be reduced and hence the ME signal slightly increases. 
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Figure 8.2. TSV-SECM of CrMnFeCoNi in 0.1 M NaCl at pH 6.25 with (a) the ME (Pt disc electrode r = 5 µm, 
ET = - 0.65 V) current response toward the OER at the sample and (b) the CPP of the CrMnFeCoNi sample at 1 
mV s-1. Potentials are reported vs. Ag/AgCl/3M NaCl.  

In 0.1 M NaCl at pH 12, the ME response is comparable to that in the pH 6.25 electrolyte 

(see Figure 8.3). As with the other two media, no sharp OER signal is observed in the ME 

current response (Figure 8.3a). Nevertheless, the ME current also slightly increases with 

increasing polarization potential from initially iT = - 0.4 nA to - 0.9 nA at the apex potential. 

During the reversed scan, the ME current first decreases but then increases again to 

iT = - 1.2 nA at ES = 0.34 V. This may be due to pitting corrosion which initiates at higher 

potentials in alkaline NaCl than in a neutral electrolyte. The sharp increase in sample current 

upon Eb, suggests rapid pit growth. This rapid growth will result in localized high concentrations 

of dissolved metal ions, which can quickly form insoluble metal hydroxides in the alkaline 

environment. The observed decrease in ME current, may be due to this imminent increase in 

metal hydroxides. While the pits continually grow on the reversed scan, more room develops 

for the metal hydroxides to diffuse to and other evolved species such H+ may be detected by 

the ME, leading to the small signal increase observed at ES = 0.34 V.  
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Figure 8.3. TSV-SECM of CrMnFeCoNi in 0.1 M NaCl at pH 12 with (a) the ME (Pt disc electrode r = 5 µm, 
ET = - 0.65 V) current response toward the OER at the sample and (b) the CPP of the CrMnFeCoNi sample at 1 
mV s-1. Potentials are reported vs. Ag/AgCl/3M NaCl. The diagram is adapted with permission from own 
publication[327] published by Wiley-VCH under the terms of the CC BY 4.0 license. Copyright 2024, The Authors. 

While the TSV-SECM in all three pH levels of the NaCl electrolyte suggest that no 

considerable OER is occurring in combination with metal dissolution, slightly increasing ME 

reduction currents in pH 6.25 and pH 12 in the transpassive region could indicate that minimal 

concentrations of oxygen evolve. To elucidate whether the OER took place, the electrolytes 

were quantified through ICP-MS after the TSV-SECM. The determined metal ion 

concentrations were then converted into equivalent charges QICP through utilizing Faraday’s 

law (Equation (8.1)). In accordance with the Pourbaix diagrams of the metals, the number of 

exchanged electrons ne at all pH levels are assumed to be ne = 3, 2, and 2 for Cr, Co, and Ni, 

respectively. For Mn and Fe, the number of exchanged electrons is assumed to be ne = 2 in 

pH 2 and 6.25, and ne = 3 in pH 12. 

|¾c� = ¿Lcd,¾c�8cd � Lf�,¾c�8f� � LÀh,¾c�8Àh � Lc�,¾c�8c� � LÁ�,¾c�8Á�Â�G 8.1 

Retrieving the expended charge Qe-chem of the CPP scan through integration (Equation (8.2)), 

allows the comparison of the ICP-MS result for metal dissolution and the overall chemical 

reactions taking place on the CrMnFeCoNi surface. In Equation (8.2), t1 and t2 correspond the 

time of the beginning of the scan and the end, respectively. 
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Table 8.1 summarizes the charges and shows that in all three media, Qe-chem and QICP 

are identical, indicating that solely metal dissolution contributes towards the transpassive 

currents of CrMnFeCoNi. To allow for comparison between samples of different sizes, the 

charges were normalized by the corresponding geometrical surface area of the sample. 

Despite the presence of OER active elements, no OER occurs on CrMnFeCoNi in different 

0.1 M NaCl media of different pH. 

Table 8.1. Derived charges from the electrochemical CPP Qe-chem and ICP-MS QICP measurements and the 
respective ratio. 

pH Qe-chem QICP QICP/Qe-chem 

 [As cm-2] [As cm-2] [%] 

2 2.95 ± 0.55 2.96 ± 0.59 100.39 

6.25 2.53 ± 0.55 2.55 ± 0.58 100.76 

12 2.98 ± 0.72 2.96 ± 0.78 99.32 

 

8.2.3 Local Dissolution Behavior 

The results of the TSV-SECM scan for CrMnFeCoNi in combination with the ICP-MS 

quantification of dissolved metal species show that CrMnFeCoNi exhibits only corrosion 

reactions at high anodic potentials. While previous results in Chapter 7.1 suggest pitting 

corrosion in 0.1 M NaCl and localized galvanic corrosion around inclusions in 0.1 M H2SO4, 

the data provides no information about the onset of these reactions. To monitor the surface 

deterioration during the forward scan of the CPP scan, EC-AFM was conducted. Here, the 

potentiondynamic scans were paused at characteristic potentials and the surface topography 

was recorded before the scan was continued. 

The EC-AFM images in 0.1 M NaCl at pH 2 are depicted in Figure 8.4. The polarization 

curve indicates the points where the respective EC-AFM topographies were recorded. From 

previous investigation in 0.1 M H2SO4 in Chapter 7.2, it is known that the CrMnFeCoNi alloy 

exhibits active metal dissolution after the OCP. This activity and the concomitant formation of 

pits and corrosion products rendered the EC-AFM surface imaging prone to artifacts. Figure 

10.1 in the Appendix 4 shows the respective light microscopy images before and during the 

polarization and illustrates the interference of formed corrosion product as a result of pitting 

after point b. Even the topography in Figure 8.4i which represents the initial CrMnFeCoNi 

surface in air already shows small pits at grain boundaries as indicated by the arrows. From 
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points a to d in Figure 8.4, the surface morphology does not change noticeably. It does, 

however, become noisier within the transpassive region (Figure 8.4d). A magnified EC-AFM 

topography image in Figure 8.4e was recorded of the pits at the grain boundaries as indicated 

in Figure 8.4d, which shows that they are indeed cavities and not a repeating artifact. The 

decreasing signal-to-noise ratio observed in all AFM topographies must be a result of 

continued corrosive dissolution. While the position of the cantilever was not changed during 

the polarization scan to allow for comparison and to enable the identification of corrosion-

related surface changes, Figure 8.4f illustrates the same CrMnFeCoNi surface after the 

polarization scan. Here, the selective galvanic corrosion around inclusions can be seen. The 

respective magnification in Figure 8.4g shows the effect more clearly. 
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Figure 8.4. EC-AFM topopgraphies of CrMnFeCoNi in 0.1 M NaCl at pH 2 recorded at the respective points: (i) 
initial surface in air, (a) after OCP, (b) passive region, (c) transpassive region, (d) high transpassive region, (e) 
magnification of (d), (f) corroded inclusion and (g) maginification of (f). The CPP scan was conducted in intervals at 
1 mV s-1. Potentials are reported vs. Ag/AgCl/3M NaCl. 
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While the progression of corrosion with applied potential was difficult to monitor in pH 2, 

the scan in pH 6.25 shows the occurrence and growth of pitting on the CrMnFeCoNi surface 

more clearly. In the initial AFM image in Figure 8.5i, twin structures and grain boundaries are 

distinctly identifiable. While the scan area was not changed during the polarization scan, the 

imminent diffusion of corrosion products due to pit initiation and manifestation after point b up 

to point c (see Figure 10.2 in Appendix 4) required the exchange of the electrolyte due to the 

corrosion products floating in the solution and obstructing the optical detection of cantilever 

deflection. Due to this exchange, the EC-AFM topography is slightly shifted, as the AFM head 

had to be removed for the electrolyte exchange. Even though no pits are recorded in Figure 

8.5c, the light microscope image shows pits all over the MPEA surface (see Figure 10.2 in 

Appendix 4). Upon the point d, pits suddenly appeared within the AFM scan area, and the 

polarization was paused to capture the topography in Figure 8.5d showing the presence of 4 

pits. Within the transpassive region further pits grow which becomes evident when inspecting 

Figure 8.5e which shows the final EC-AFM image at high anodic potential. Monitoring the 

progression of corrosion of the CrMnFeCoNi in 0.1 M NaCl at pH 6.25, reveals that pits already 

form and grow at potentials where the resulting fluctuating current is typically attributed to 

metastable pitting. While metastable pitting suggests local formation and re-passivation of 

small pits, this is not observed of CrMnFeCoNi where the fluctuating currents between point a 

and d of the polarization in Figure 8.5 already signify the formation and growth of pits. 
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Figure 8.5. EC-AFM topopgraphies of CrMnFeCoNi in 0.1 M NaCl at pH 6.25 recorded at the respective points: (i) 
initial surface in air, (a) after OCP, (b) passive region, (c) transpassive region, (d) high transpassive region, and (e) 
higher transpassive region.The CPP scan was conducted in intervals at 1 mV s-1. Potentials are reported vs. 
Ag/AgCl/3M NaCl. 
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The corrosion process of CrMnFeCoNi in 0.1 M NaCl at pH 12 (Figure 8.6) is similar to 

that at pH 6.25. The initial topography clearly shows twin structures and grain boundaries 

(Figure 8.6i) which do not change in morphology until point b. However, pitting already 

commences after point a as can be seen by the light microscope images in Appendix 4. Due 

to the alkaline medium a high amount of insoluble corrosion products forms because of pitting 

corrosion which interferes with the laser system of the AFM. Hence, the electrolyte had to be 

exchanged before capturing the EC-AFM topography in Figure 8.6b. The diffusion of the 

corrosion products from the growing pit can be observed in Figure 10.3 in the Appendix 4. In 

comparison to pH 6.25, pits grow more rapidly in pH 12 leading to the formation of larger 

cavities. To monitor possible subtle morphologic changes, the EC-AFM images at point c and 

d were recorded at a higher magnification and indicate an increase in surface roughness upon 

reaching high anodic potentials in the transpassive region. Figure 8.6e was then captured 

again at the initial magnification demonstrating the presence of a pit that has been growing 

since point b. 
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Figure 8.6. EC-AFM topopgraphies of CrMnFeCoNi in 0.1 M NaCl at pH 12 recorded at the respective points: (i) 
initial surface in air, (a) after OCP, (b) passive region, (c) transpassive region and magnification of area indicated 
in (b), (d) high transpassive region, (e) same magnification as in (b) to show pit which grew since point (b). The 
CPP scan was conducted in intervals at 1 mV s-1. Potentials are reported vs. Ag/AgCl/3M NaCl. The diagram is 
adapted with permission from own publication[327] published by Wiley-VCH under the terms of the CC BY 4.0 license. 
Copyright 2024, The Authors. 
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Due to the severe metal dissolution in all three 0.1 M NaCl electrolytes, the monitoring 

of the changes in surface morphology proved complicated. Especially at pH 2, capturing EC-

AFM images was disturbed by active metal dissolution. While formed pits could be monitored 

through EC-AFM at pH 6.25 and pH 12, the formed pits are so deep that the rest of 

CrMnFeCoNi surface could not be depicted with a suitable contrast (Figure 8.5e and Figure 

8.6e). In combination with the results of Chapter 7 and the TSV-SECM and ICP-MS 

quantification, it becomes apparent that CrMnFeCoNi is not a very corrosion-resistant alloy 

and would be unsuitable to be considered as an OER electrocatalyst material. 

 

8.3 Transpassive Behavior of CrCoNi 

The results on the general electrochemical behavior in Chapter 7 have demonstrated that the 

corrosion-resistant properties of CrCoNi exceed CrMnFeCoNi in 0.1 M NaCl and 0.1 M H2SO4. 

Furthermore, long-term exposure to 1 M H2SO4 also does not deteriorate the alloys corrosion 

resistance. EIS results even indicate that the passive film becomes more protective over the 

duration of immersion in stagnant conditions. Quantifications of dissolved metal species after 

CPP through ICP-MS revealed minimal corrosive metal dissolution compared to CrMnFeCoNi 

and AISI 304, especially in 0.1 M NaCl (Chapter 7.1). The only apparent mode of corrosion 

that the alloy succumbs to is intergranular corrosion in both NaCl and H2SO4. In analogy to the 

previous investigation of CrMnFeCoNi toward the concomitance of OER and metal dissolution 

at high anodic potentials in Chapter 8.2, CrCoNi was also investigated through TSV-SECM. 

The progressive changes in surface morphology with increasing polarization potential were 

monitored through EC-AFM. 

 

8.3.1 Electrochemical Characteristics at pH 2 

At an acidic pH level, the OER proceeds through Equation (8.3). 

2H+O → O+ � 4H# � 4e( 8.3 

Inspecting the TSV-SECM scan in Figure 8.7a, two distinctive peaks (IT,1 and IIT,2) in the ORR 

current of the ME are observed at substrate potentials of ES,1 = 1.00 V and ES,2 = 1.15 V 

(t1 = 1206 s and t2 = 1410 s, respectively). The presence of the first reduction peak IT,1 in the 

TSV ME response (ES,1 = 1.00 V) is an intriguing observation with excellent reproducibility. 

Considering that the tip-to-substrate distance of z = 5 µm in TSV-SECM creates a local thin 

layer cell (TLC), diffusion of species into and out of the TLC is hindered. During the OER, 

bubble formation may occur within the TLC which in turn would affect the ME response. Visual 

inspection of the TSV-SECM experiment through a side-view camera of the instrument 

revealed no perceivable bubble formation through OER. While the ME response increases at 

ES,1, bubbles would cause a sharp drop of the ME current. Hence, bubble formation within the 
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TLC may be ruled out. The presences of the IT,1 peak is further analyzed and discussed in 

Chapter 8.3.2. The increasing anodic polarization of the CrCoNi sample during the forward 

scan is expected to lead to the formation of a single peak at the ME that has a maximum 

current density close to the apex potential of the TSV-SECM scan in Figure 8.7b due to the 

finite transition time of O2 from the CrCoNi surface to the ME. Looking at the ME response in 

Figure 8.7a, it can be seen that the peak current IIT,2 is minimally delayed to the maximum 

anodic current in Figure 8.7b. This delay is negligible against the time scale of the potential 

scan at the substrate with 1 mV s-1.[328] Upon reversal of the scan the CrCoNi surface re-

passivates efficiently to much lower current densities of jS ≈ 0.8 µA cm-2 than during the initial 

passivation with current densities of jS ≈ 4.0 µA cm-2. 

 
Figure 8.7. TSV-SECM of CrCoNi in 0.1 M NaCl at pH 2 with (a) the ME (Pt disc electrode r = 5 µm, ET = - 0.65 V) 
current response toward the OER at the sample and (b) the CPP of the CrCoNi sample at 1 mV s-1. Potentials are 
reported vs. Ag/AgCl/3M NaCl. Adapted with permission from own publication[326] published by Wiley-VCH GmbH 
under the terms of the CC BY 4.0 license. Copyright 2024, The Authors. 

8.3.2 Oxygen Evolution Reaction at High Anodic Potentials 

For the evaluation of the OER on CrCoNi in 0.1 M NaCl at pH 2, it is essential to exclude other 

side reactions that may lead to the presence of the first ME current peak IT,1 in Figure 8.7a. 

While the interference of bubble formation at ES,1 has been excluded, dissolving metals could 
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be another reason that cause a respective current at the ME. The TSV-SECM results of the 

CrMnFeCoNi alloy under the same conditions, suggest that the reduction of Cr(III), Ni(II) and 

Co(II) to the respective metals does contribute significantly to the measured ME current. 

However, much higher potentials are applied to the CrCoNi sample in comparison to the 

CrMnFeCoNi MPEA, suggesting the possibility of the dissolved Cr, Co and Ni-species to 

assume higher oxidation states during the transpassive polarization. Pourbaix diagrams of the 

three metals indicate that at pH 2, Ni dissolves as Ni(II).[329] Co also dissolves as Co(II) at pH 2 

and could potentially be further oxidized to Co(III) at high anodic potentials.[330] Cr dissolves as 

Cr(III) at pH 2 and is oxidized further to Cr(VI) upon applying high anodic potentials.[105] The 

Pourbaix diagrams apply to pure metals and may serve only as a guideline. The oxidation 

states of the metals dissolving from an alloy will differ from the pure metals under otherwise 

identical conditions.[104] TSV-SECM scans were recorded for the individual pure metals to 

examine whether similar responses can be observed as for CrCoNi.  

Figure 8.8 shows the TSV-SECM experiment for pure Ni. No ME response towards the 

OER upon the CPP scan of the Ni specimen is observed. A slightly higher ME current is 

detected at the beginning of the TSV-SECM scan up to ES = 0.1 V. While this occurs for all Ni 

TSV-SECM scans, it is still substantially lower than the ME currents for ORR observed for 

CrCoNi. As with CrMnFeCoNi, the dissolved Ni concentration was quantified through ICP-MS 

and converted into the corresponding charge through Faraday’s law (Equation (8.1)). The 

respective theoretical charge QICP was compared to the charge Qe-chem of the CPP scan. The 

comparison reveals that the charge Qechem is solely due to Ni dissolution. Table 8.2 summarizes 

the respective charges. 
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Figure 8.8. TSV-SECM of Ni in 0.1 M NaCl at pH 2 with (a) the ME (Pt disc electrode r = 5 µm, ET = - 0.65 V) current 
response toward the OER at the sample and (b) the CPP of the Ni sample at 1 mV s-1. Potentials are reported vs. 
Ag/AgCl/3M NaCl. Adapted with permission from own publication[326] published by Wiley-VCH GmbH under the 
terms of the CC BY 4.0 license. Copyright 2024, The Authors. 

Table 8.2. Measured Ni concentration in the electroylte after CPP in 0.1 M NaCl at pH 2 and the derived charges 
from the electrochemical CPP Qe-chem and ICP-MS QICP measurements. 

Replicate cNi QICP QEchem QICP / QEchem 

 [mmol L-1] [As cm-2] [As cm-2]2  

1 0.75 1.80 1.76 1.02 

2 4.53 14.12 14.28 0.99 

 

Figure 8.9 shows the TSV-SECM scan of pure Co. During the forward scan, no ME 

response is detectable. Only upon the CPP scan reversal, a ME response arises and ceases 

with the end of the scan. As the scan reversal for CrCoNi results in even lower current densities 

than on the forward scan, a contribution of anodic Co(II) dissolution and subsequent reduction 

at the ME within the applied potential range can be excluded. Before the Co TSV-SECM scan 

was reversed, the electrolyte turned dark black with increasing potential which disappeared 

completely upon scan reversal. While this unidentified reaction evokes an ME response it is 

not relatable to the observations made for the CrCoNi sample. Table 8.3 also summarizes the 

theoretical charge QICP derived from ICP-MS quantification and the respective Qe-chem of the 
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CPP scan. The data in Table 8.3 show that the two retrieved charges do not correlate whereas 

Qechem is approximately ten times higher than QICP. This disparity may be due to the observed 

unidentified reaction upon scan reversal. 

 
Figure 8.9. TSV-SECM of Co in 0.1 M NaCl at pH 2 with (a) the ME (Pt disc electrode r = 5 µm, ET = - 0.65 V) 
current response toward the OER at the sample and (b) the CPP of the Co sample at 1 mV s-1. Potentials are 
reported vs. Ag/AgCl/3M NaCl. Adapted with permission from own publication[326] published by Wiley-VCH GmbH 
under the terms of the CC BY 4.0 license. Copyright 2024, The Authors. 

Table 8.3. Measured Co concentration in the electroylte after CPP in 0.1 M NaCl at pH 2 and the derived charges 
from the electrochemical CPP Qe-chem and ICP-MS QICP measurements. 

Replicate cCo QICP QEchem 

 [mmol L-1] [As cm-2] [As cm-2] 

1 0.98 2.92 36.02 

2 1.08 3.20 32.92 

 

While the Ni and Co TSV-SECM show no similarities to the CrCoNi TSV-SECM scan, 

Cr, on the other hand, shows features identical to the ME response observed for CrCoNi. The 

respective TSV-SECM scan in Figure 8.10 demonstrates that pure Cr exhibits a similar 

behavior to CrCoNi with its ME current showing two maxima IT,1 and IIT,2 that are shifted by 

ES = 0.15 V to higher potentials compared to CrCoNi. Even though the reduction of Cr(III), 

Ni(II) and Co(II) could be excluded to account for the appearance of the two ME current peaks, 
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this similarity still holds the possibility that in addition to the reduction of oxygen, Cr(VI) ions 

may also be reduced at the ME. 

 
Figure 8.10. TSV-SECM of Cr in 0.1 M NaCl at pH 2 with (a) the ME (Pt disc electrode r = 5 µm, ET = - 0.65 V) 
current response toward the OER at the sample and (b) the CPP of the Cr sample at 1 mV s-1. Potentials are 
reported vs. Ag/AgCl/3M NaCl. Adapted with permission from own publication[326] published by Wiley-VCH GmbH 
under the terms of the CC BY 4.0 license. Copyright 2024, The Authors. 

To understand which electrochemical reactions prevail at the two peak potentials ES,1 

and ES,2, the CrCoNi and Cr sample were chronoamperometrically polarized for 30 min at these 

potentials. For CrCoNi the chronoamperometric measurements in Figure 8.11 yield current 

densities of jS ≈ 5 mA cm-2 and jS ≈ 20 mA cm-2 at ES,1 = 1.00 V (Figure 8.11a) and ES,2 = 1.15 V 

(Figure 8.11b), respectively. On the pure Cr specimen, the current density increased to 

jS ≈ 15 mA cm-2 at ES,2 = 1.30 V (Figure 8.12b) from ≈ 6 mA cm-2 at ES,1 = 1.15 V (Figure 8.12a). 

At ES,1 both, CrCoNi and Cr display similar current densities. However, the current density of 

the CrCoNi surface stabilizes within the first few seconds of polarization at ES,1 and remains 

constant over the duration of the measurement. Furthermore, the chronoamperometric 

measurement of the CrCoNi at ES,1 constitutes the only case where the polarization results in 

initial capacitive charging. The subsequent constant current response indicates that a steady-

state transport-limited reaction such as the OER transpires.[331] For all other cases, i.e., both, 

polarizations of Cr and the polarization of CrCoNi at ES,2, the current density increases with 
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time. This result suggests simultaneous surface dissolution and OER while the metal 

dissolution is most likely the predominant surface reaction.[332] Compared to CrCoNi, the 

current density increase for pure Cr is more pronounced due to steeper slopes at both 

polarization potentials. Through integration of the resulting currents from the voltammetric scan 

of the TSV and chronoamperometric measurement the respective charges Qe-chem for CrCoNi 

and Cr were retrieved and are summarized in Table 8.5. 

 
Figure 8.11. (a) Chronoamperometric measurement of CrCoNi in 0.1 M NaCl at pH 2 at ES,1 = 1.0 V vs. Ag/AgCl/3 
NaCl and (b) chronoamperometric measurement of CrCoNi at ES,1 = 1.15 V vs. Ag/AgCl/3 NaCl. The respective 
charges (Q) are indicated in the legends and summarized in Table 8.5. Adapted with permission from own 
publication[326] published by Wiley-VCH GmbH under the terms of the CC BY 4.0 license. Copyright 2024, The 
Authors. 

Figure 8.12. (a) Chronoamperometric measurement of Cr in 0.1 M NaCl at pH 2 at ES,1 = 1.15 V vs. Ag/AgCl/3 NaCl 
and (b) chronoamperometric measurement of Cr at ES,1 = 1.30 V vs. Ag/AgCl/3 NaCl. The respective charges (Q) 
are indicated in the legends and summarized in Table 8.5. Adapted with permission from own publication[326] 
published by Wiley-VCH GmbH under the terms of the CC BY 4.0 license. Copyright 2024, The Authors. 

In order to better account for the dissolution of Cr as Cr(III) and Cr(VI), UV-Vis 

spectroscopy of the respective hexavalent Cr(VI) aqua complex was conducted. The 
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electrolytes after the electrochemical TSV and chronoamperometric measurements were 

collected and the dissolved metal concentrations were then quantified through ICP-MS, 

whereas the differentiation of Cr(III) and Cr(VI) was achieved by UV-Vis spectroscopy. This is 

necessary for the conversion of the dissolved metal ion concentrations into a corresponding 

charge QICP using Equation (8.1). While the number of exchanged electrons ne can be 

assumed to be 2 for Ni and Co, the presence of Cr(III) and Cr(VI) requires the corresponding 

adjustment of ne,Cr to allow for the correct conversion of concentration into charge. Table 10.5 

in Appendix 5 summarizes the UV-Vis absorbances and respective concentrations of Cr(III) 

and Cr(VI) in the electrolytes. Table 8.4 below presents the weighted averages of the 

exchanged electrons ne,Cr for Cr dissolution retrieved through UV-Vis quantification. 

Interestingly, after the TSV scan of CrCoNi, only Cr(III) is detected within the electrolyte. This 

could indicate that formed Cr(VI) during high anodic potentials is reduced back to Cr(III) during 

scan reversal. The results from the amperometric measurements show an increase in Cr(VI) 

from ES,1 to ES,2 for CrCoNi. In contrast, most of the dissolved Cr(VI) for pure Cr is not reduced 

to Cr(III) during the TSV-SECM scan. Furthermore, Cr preferentially dissolved as Cr(VI) at both 

peak potentials. With these results, Cr(VI) reduction at the ME cannot be fully excluded, hence 

CVs were recorded of dissolved K2CrO4 at different concentrations and the resulting ME CVs 

show that Cr(VI) is not reduced at the ME at - 0.65 V (Figure 8.13).  

 
Figure 8.13. CV of K2CrO4 at the indicated concentrations in a base electrolyte of 0.1 M KCl at a Pt ME with r = 5µm 
at a scan rate of 100 mV/s showing no reduction peak of Cr(VI) at -0.65V vs. Ag/AgCl/3M NaCl. 

This suggests that at both peaks, IT,1 and IIT,2, oxygen is reduced at the ME. Since the 

OER may occur through oxidation of the metal oxides of the passive layer or through oxidation 

of adsorbed water (see discussion below), the two peaks could represent a shift in the OER 

reaction mechanism. It should be noted, that it was not investigated whether the OER 

intermediate product H2O2 has formed, and may have also been reduced at the ME. 
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Table 8.4. Summary of the weighted average numbers of exchanged electrons for Cr disolution from CrCoNi and 
pure Cr with standard deviation for the respective experiments 

sample ne,Cr(UV-Vis) 

  

CrCoNiTSV 3.00 ± 0 

CrCoNi(IT, 1) 4.37 ± 0.07 

CrCoNi (IIT, 2) 5.16 ± 0.15 

CrTSV 5.61 ± 0.03 

Cr(IT, 1) 5.84 ± 0.01 

Cr(IIT, 2) 5.87 ± 0.06 

 

Finally, the resulting Cr(III) and Cr(VI) concentrations were employed to determine the 

weighted average of exchanged electrons as shown in Equation (8.4) to obtain the respective 

charges through Faradays law (Equation (8.1)). 

8cd = Lcd�¾¾¾�8cd�¾¾¾� � Lcd�Ç¾�8cd�Ç¾�
L cd,ÈÇ

 8.4 

This way the theoretical charges QICP of metal dissolution retrieved through ICP-MS 

quantification could be compared to the electrochemical charges Qe-chem while the difference 

yields the charge QO2 expended on the OER. The corresponding results in Table 8.5 show that 

CrCoNi exhibits the highest Faradaic efficiencies FE. Its highest FE(O2) = 53 % is achieved for 

the TSV-SECM scan. The FE(O2) value after chronoamperometry is slightly higher for 

polarization at ES,1 than at ES,2. The main disparity between the TSV-SECM scans and the 

chronoamperometric measurements may be the extend of anodic passivation. During the CPP 

scan, the passive layer grows within the passive regions, whereas the chronoamperometric 

polarizations were carried out directly at high anodic potentials. If the OER proceeds 

predominantly through the oxidation of passive layer oxides, the formation of a thicker oxide 

layer on the CrCoNi surface during TSV-SECM experiments may inhibit metal dissolution and 

consequentially boost the OER activity. 
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Table 8.5. Derived total charges from the electrochemical measurements (Qe-chem) and ICP-MS (QICP) 
measurements for CrCoNi and pure Cr after TSV-SECM and amperometric measurements with respective Faradaic 
effiency ((O2)) for the OER. 

Sample Qe-chem QICP QO2 
(O2) = 

QO2/Qe-chem 

 [As cm-2] [As cm-2] [As cm-2] [%] 

CrCoNi TSV 4.35 ± 0.35 2.02 ± 0.38 2.33 ± 0.38 53.46 ± 4.36 

CrCoNi (IT, 1) 8.95 ± 1.54 5.71 ± 0.90 3.23 ± 0.65 36.01 ± 1.35 

CrCoNi(IIT, 2) 34.97 ± 0.85 25.35 ± 1.16 9.62 ± 1.77 27.46 ± 4.57 

Cr TSV 4.35  ± 0.20 2.65 ± 0.26 1.16 ± 0.06 30.62 ± 3.25 

Cr(IT, 1) 10.75 ± 0.24 8.78 ± 0.43 1.97 ± 0.20 18.37 ± 2.23 

Cr(IIT, 2) 25.60 ± 1.24 20.44 ± 0.46 5.16 ± 0.78 20.11 ± 2.09 

 

To obtain qualitative information on the potential OER reaction mechanisms, Tafel 

extrapolation of the respective anodic polarization region of the different metal surfaces was 

conducted.[333] The diagram in Figure 8.14 displays the respective anodic Tafel slopes of 

CrCoNi and Cr. For comparison the anodic current densities of CrMnFeCoNi are also included. 

CrCoNi exhibits an anodic Tafel slope of 55 mV dec-1 in 0.1 M NaCl, while pure Cr exhibits a 

slightly lower Tafel slope of 42 mV dec-1. Both slopes suggest the participation of metal oxides 

of the passive film in the OER through the reaction in Equation (8.5).[297-298] 

M+�#O�+( ⇌ M$%+�# � 1
2 nO+ � 2ne( 

8.5 

The steeper slope of CrCoNi may be due to the presence of Co- and Ni-oxide/hydroxide in the 

passive layer. Even though both oxide species are utilized in OER electrocatalysis,[334-335] the 

surface-specific studies on metal passivation of CrCoNi and CrMnFeCoNi in Chapter 7.1.2 

suggest that Ni remains metallic.[78, 192] Higher Tafel slopes may indicate the OER of adsorbed 

water. In the acidified NaCl electrolyte the respective OER is presented in Equation (8.6).[297, 

336]  

2 H+O�l� ⇌ 4H# � O+�g� � 4e( 8.6 

In their study on OER catalyst stability, Cherevko et al.[297] demonstrated a decrease in 

metal dissolution with an increase in Tafel slope. The slightly higher Tafel slope of CrCoNi may 

be a result of both mechanisms (via oxide and via adsorbed water) taking place due to the 

presence of Cr and Co oxides.[299] However, as both OER and transpassive dissolution occur 

simultaneously,[299-300] caution should be taken in interpreting these values. Especially, in the 

case of CrMnFeCoNi, the steep Tafel slope of 99 mV dec-1 at relatively low potentials could 

suggest a high electrocatalytic activity. But the TSV-SECM data and the respective ICP-MS 

results in Chapter 8.2 indicate exclusive metal dissolution. Correspondingly, the steep anodic 

Tafel slope of CrMnFeCoNi is a result of severe metal dissolution, not of OER activity. 
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Figure 8.14. Anodic Tafel slopes for (1) Cr, (2) CrCoNi and (3) CrMnFeCoNi in 0.1 M NaCl at pH 2 obtained at a 
scan rate of 1 mV s-1. The respective Tafel slopes are above the curves. The polarization potentials are recorded 
vs. Ag/AgCl/ 3M NaCl. Adapted with permission from own publication[326] published by Wiley-VCH GmbH under the 
terms of the CC BY 4.0 license. Copyright 2024, The Authors. 

8.3.3 Influence of pH 

Changing the pH of the 0.1 M NaCl to 6.25, reveals a different TSV-SECM scan. The 

concomitant increase in OH- concentration with increasing pH introduces the possibility of the 

OER to proceed through reaction (8.7). 

4OH( ⇌ 2H+O�l� � O+�g� � 4e( 8.7 

The ME response shows the expected single peak IT,1 for the OER at ES,1 = 1.02 V which is 

again slightly shifted into the reversed scan of the TSV-SECM diagram in Figure 8.15. The 

OER peak current is more than 10 times lower than at pH 2. However, this may also be due to 

deviations in the sample-tip-distance. The polarization curve of the CrCoNi substrate is 

comparable to the results in Chapter 7.2.1. While no clear passive region is evident in the 

forward scan, better re-passivation is observed during the reverse scan. The increase in pH of 

the 0.1 M NaCl from 2 to 6.25 suggests a decrease in the efficiency of the OER within the 

transpassive region. 
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Figure 8.15. TSV-SECM of CrCoNi in 0.1 M NaCl at pH 6.25 with (a) the ME (Pt disc electrode r = 5 µm, 
ET = - 0.65 V) current response toward the OER at the sample and (b) the CPP of the CrCoNi sample at 1 mV s-1. 
Potentials are reported vs. Ag/AgCl/3M NaCl. 

However, increasing the pH of the electrolyte further leads to improved OER efficiency 

of the CrCoNi surface. Looking first at the polarization curve of the CrCoNi substrate in 0.1 M 

NaCl at pH 12 (Figure 8.16b), two current density plateaus are distinguishable in the forward 

scan of the CPP. The initial plateau occurs from 0.42 V to 0.63 V at jS = 12.0 µA cm-2 and the 

second plateau ranges from 0.76 to 0.98 V at jS = 922.7 µA cm-2. Inspecting the respective ME 

current response, it becomes evident that at pH 12 the OER in 0.1 M NaCl coincides with the 

second plateau. While the occurrence of another region of constant current density, despite 

increasing potential, is referred to as secondary passivation in the corrosion literature,[301] this 

is clearly not the case in this instance. Since OH- is readily available in the alkaline 0.1 M NaCl 

electrolyte, the second plateau in current density represents the limiting current density for OH- 

oxidation to oxygen through Equation (8.7). The TSV-SECM scan shows a clear peak of the 

ME response that completely coincides with the respective limiting current density at the 

CrCoNi substrate. Once the current density increases again due to the application of even 

higher anodic potentials, the ME current drops sharply and then increases until the apex 

potential. The sharp drop in ME current and subsequent rise could be due to a change in the 

predominant anodic reaction from OER to metal dissolution, while the OER does not 
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completely cease. The formation of bubbles which could cause a sharp drop in the ME current 

response has not been observed. 

 
Figure 8.16. TSV-SECM of CrCoNi in 0.1 M NaCl at pH 12 with (a) the ME (Pt disc electrode r = 5 µm, ET = - 0.65 V) 
current response toward the OER at the sample and (b) the CPP of the CrCoNi sample at 1 mV s-1. Potentials are 
reported vs. Ag/AgCl/3M NaCl. The diagram is adapted with permission from own publication[327] published by 
Wiley-VCH under the terms of the CC BY 4.0 license. Copyright 2024, The Authors. 

While Pourbaix diagrams suggest that Cr predominantly forms Cr(III) at pH 6.25 and 

12 at higher potentials, Cr(VI) is also a possible oxidation state. To deduce the oxidation state 

of the dissolved Cr-ions, the solutions were investigated by means of UV-Vis spectroscopy. 

The results show that after TSV-SECM only Cr(VI) is present in the electrolytes. Hence, for the 

conversion of the ICP-MS retrieved concentrations into charge QICP, the number of exchanged 

electrons for Cr dissolution was assumed to be ne,Cr = 6, while ne for Co and Ni was assumed 

to be 2. The respective Cr-ion concentrations determined through UV-Vis spectroscopy are 

summarized in Table 10.5 in Appendix 6. 

Table 8.6 below outlines Qe-chem and QICP. As described above, the difference between 

the two charges may be attributed to the OER. The Faradaic efficiency in both electrolytes of 

FE(O2) = 36 % and FE(O2) = 44 % in pH 6.25 and 12, respectively, differ significantly. 

Compared to the FE(O2) = 53 % in the acidic NaCl electrolyte, the OER efficiency of CrCoNi 

in 0.1 M NaCl exhibits a strong dependence on the pH of the electrolyte, while the close to 

neutral conditions seem to render the least efficient system for OER. While no substantial 
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passive region is observed for the MPEA at pH 6.25, the CPP presents distinct potential ranges 

where no changes in current are observed at pH 2 and 12. In turn this would indicate that the 

oxides of the passive film do participate in the OER. 

 

Table 8.6. Derived total charges from the electrochemical measurements (Qe-chem) and ICP-MS (QICP) 
measurements for the CrCoNi TSV-SECM and amperometric measurements with respective Faradaic effiency 
(FE(O2)) for the OER in 0.1 M NaCl at pH 6.25 and 12. 

pH Qe-chem QICP QO2 
EF(O2) = 

QO2/Qe-chem 

 [As cm-2] [As cm-2] [As cm-2] [%] 

6.25 1.71 ± 0.01 1.10 ± 0.06 0.61 ± 0.08 35.66 ± 4.18 

12 1.69 ± 0.13 1.00 ± 0.09 0.77 ± 0.10 43.65 ± 4.11 

 

The significance of the Tafel slope in the transpassive region has been discussed 

previously for the results in 0.1 M NaCl at pH 2 in Chapter 8.3.2. The anodic slope of CrCoNi 

was found to be 55 mV dec-1 (Figure 8.14) which generally indicates the participation of metal 

oxides of the passive film in the OER through the reaction in Equation (8.5).[297-298] However, 

the steep slope for CrMnFeCoNi indicates that the interpretation of such data needs to be 

treated with some caution. Nevertheless, Figure 8.17 shows the respective slopes for the 

transpassive current densities of CrCoNi in 0.1 M NaCl at pH 6.25 and pH 12. At pH 6.25, the 

Tafel slope of 120 mV dec-1 would suggest the OER of adsorbed water. While in acidic media 

the OER proceeds through Equation (8.6), in neutral and alkaline media the OER proceeds 

through Equation (8.7). 

Since pH 6.25 is below neutral, the OER could also proceed through Equation (8.6). While it 

is a complex task to determine which reaction leads to the evolution of oxygen in this medium, 

it must be noted that despite the high anodic Tafel slope, the lowest  FE(O2) was determined 

for this electrolyte. In contrast, the transpassive region of CrCoNi in the alkaline electrolyte 

presents three different anodic Tafel slopes. While the Tafel slope of 600 mV dec-1 coincides 

with the OER peak in the ME response of the TSV-SECM scan and suggests that the OER 

proceeds through Equation (8.7), the other two slopes are significantly lower. Since the OER 

likely proceeds through the oxidation of adsorbed OH-, it seems plausible for the reaction in 

Equation (8.7) to be predominant in the alkaline medium. Despite their usefulness and ease of 

acquisition, the obtained Tafel slopes at high anodic potentials should be interpreted carefully, 

especially, considering that both the OER and metal dissolution contribute toward the 

measured current densities. 
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Figure 8.17. Anodic Tafel slopes for CrCoNi in 0.1 M NaCl at (1) pH 6.25 and (2) pH 12 obtained at a scan rate of 
1 mV s-1. The respective Tafel slopes are plotted next to the curves. The polarization potentials are recorded vs. 
Ag/AgCl/ 3M NaCl. 

 

8.3.4 Local Dissolution Behavior 

CrCoNi has demonstrated high corrosion resistance in both NaCl and H2SO4. The results in 

Chapter 7 show that its mode of corrosion is intergranular corrosion. EC-AFM images were 

recorded during the forward scan of the CPP of CrCoNi to investigate the onset of intergranular 

corrosion. Figure 8.18 illustrates EC-AFM images of the CrCoNi MPEA during the polarization 

scan in 0.1 M NaCl at pH 2. While the topography in Figure 8.18i, shows the initial surface in 

air, the topographies recorded at points a to c show no changes, confirming the stable nature 

of the MPEA. At point d (E = 0.87 V), intergranular corrosion can be monitored. While the 

progression to higher potentials does not severely deteriorate the CrCoNi surface as can be 

seen in Figure 8.18e, the extend of intergranular corrosion minimally increases. This result 

correlates with the findings of previous analyses that established the corrosion resistance of 

CrCoNi. 
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Figure 8.18. EC-AFM topopgraphies of CrCoNi in 0.1 M NaCl at pH 2 recorded at the respective points: (i) initial 
surface in air, (a) after OCP, (b) passive region, (c) higher passive region, (d) transpassive region, and (e) higher 
transpassive region. The CPP scan was conducted in intervals at 1 mV s-1. Potentials are reported vs. Ag/AgCl/3M 
NaCl. Adapted with permission from own publication[326] published by Wiley-VCH GmbH under the terms of the CC 
BY 4.0 license. Copyright 2024, The Authors. 
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To further investigate the properties of the metal surface at different potentials, 

electrochemical impedance spectroscopy (EIS) was carried out from below the OCP up to 

tranpassive potentials. The acquired EIS spectra are shown in Figure 10.4 to Figure 10.8 in 

Appendix 7. Based on similar electrochemical impedance studies on stainless steels,[286, 337] 

the CrCoNi alloy displays a high corrosion resistance without undergoing an apparent 

secondary passivation in the transpassive regime at pH 2 when considering the respective 

polarization curve.[338] The EIS spectra in Figure 10.4 to Figure 10.6 indicate a perfectly 

passivated metal surfaces while the magnitude of impedance reaches values of 

|Z| = 0.25 M cm2 at 0.01 Hz in Figure 8.19 at polarizations below the transpassive region 

(- 0.25 to 0.4 V). Inspecting the EIS spectra at transpassive polarizations (1.0 V and 1.15 V) in 

Figure 10.7 and Figure 10.8, an inductive loop in the Nyquist plots is recorded and the Bode 

plots suggest that currents are mainly impeded by the solution resistance, implying an increase 

in ion-conductivity of the oxide film.[337] Moreover, inspecting the impedance at low frequencies 

(Figure 8.19), a significant decrease by four orders of magnitude in |Z| = 0.25 M cm2 is 

measured at polarizations positive of 1.0 V. This may indicate a nearly resistance-free charge 

transfer at the CrCoNi electrode. Interpreted together with the EC-AFM results in Figure 8.18, 

the strong inductive response and low charge transfer resistance in the EIS data suggest fast 

kinetics for either metal dissolution, OER or both.[339] The influences of the dissolution at the 

grain boundaries cannot be excluded to affect the EIS spectra. 

 
Figure 8.19. The impedance spectra of CrCoNi in 0.1 M NaCl pH 2 recorded at different dc voltages vs. Ag/AgCl/3 
M NaCl showing the change of the CrCoNi surface reactivity with applied potential. Adapted with permission from 
own publication[326] published by Wiley-VCH GmbH under the terms of the CC BY 4.0 license. Copyright 2024, The 
Authors. 
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Compared to pH 2, the topographical changes of CrCoNi through EC-AFM in pH 6.25 

and pH 12 in Figure 8.20 and Figure 8.21 show that the onset of intergranular corrosion is 

shifted to approx. 1.0 V. In the acidic medium, intergranular corrosion sets in at 0.87 V. In 

contrast to the pH 2 electrolyte, a change in surface smoothness is noticeable in pH 6.25 and 

12 starting at point e, which implies the onset of corrosion. While this preceding change in 

surface smoothness was not observed at pH 2, it may have been missed. Nevertheless, all 

EC-AFM measurements demonstrate that the corrosion mechanism does not change despite 

the change in pH of the electrolyte. Correlating the respective onsets of intergranular corrosion 

with the peak potential ES,1 implies the concomitance of OER and transpassive metal 

dissolution of CrCoNi at high anodic potentials. 
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Figure 8.20. EC-AFM topopgraphies of CrCoNi in 0.1 M NaCl at pH 6.25 recorded at the respective points: (i) initial 
surface in air, (a) after OCP, (b) passive region, (c) higher passive region, (d) transpassive region, (e) higher 
transpassive region with surface roughening, (f) higher transpassive region with intergranular corrosion and (g) 
higher transpassive region with progressed intergranular corrosion. The CPP scan was conducted in intervals at 
1 mV s-1. Potentials are reported vs. Ag/AgCl/3M NaCl. 
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Figure 8.21. EC-AFM topopgraphies of CrCoNi in 0.1 M NaCl at pH 12 recorded at the respective points: (i) initial 
surface in air, (a) after OCP, (b) passive region, (c) higher passive region, (d) transpassive region, (e) higher 
transpassive region with surface roughening, (f) higher transpassive region with intergranular corrosion and (g) 
higher tranpassive region with progressed intergranular corrosion. The CPP scan was conducted in intervals at 
1 mV s-1. Potentials are reported vs. Ag/AgCl/3M NaCl. The diagram is adapted with permission from own 
publication[327] published by Wiley-VCH under the terms of the CC BY 4.0 license. Copyright 2024, The Authors. 
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8.4 The Influence of High Anodic Potentials on CrCoNi compared to 

CrFeNi in simulated seawater 

Since seawater is such an abundant resource, it may seem reasonable to consider its use for 

electrochemical applications for water splitting with corrosion-resistant MPEA electrodes. The 

high concentration of Cl- (c(Cl-) = 0.6 M) deems seawater highly corrosive to most metals and 

alloys.[340] However, the MPEA CrCoNi demonstrates excellent corrosion resistance in 

chloride-containing media as illustrated in Chapters 7.1 and 8.3 which renders the alloy a viable 

electrode material in seawater electrolysis. The increased use of Co in electronics and 

batteries,[188] cause this metal to be relatively expensive in comparison.[189] Co is mainly 

sourced in the Democratic Republic of Congo and often under unethical work conditions for 

miners.[188, 190] To circumvent employing Co in the high concentrations as used for CrCoNi, 

another MPEA, FeCrNi, was investigated for its corrosion resistance and transpassive 

behavior in artificial seawater. 

In Chapter 3, it has been described that the concept of MPEAs is in fact not novel. 

While simulations and improved technology allow for deeper investigations of the vast 

compositional space that the phase diagrams of MPEAs offer, alloys with similar composition 

to equi-molar CrFeNi have been used industrially for many years. Typically known as 

high-alloyed special steels, FeNiCr® and NiCroFer® are registered trademark alloys with high 

corrosion resistance and find application in highly oxidizing environments.[341-342] FeNiCr® 28 

exhibits good stability in seawater and encompasses approx. 30 % Ni, 26% Cr and 28% Fe 

while also comprising small amounts of Cu and Mo.[341] Considering the definitions of MPEAs 

in Chapter 3, they designate such alloys as MPEAs. The equimolar CrFeNi MPEA employed 

to compare its electrochemical performance in artificial seawater with CrCoNi was 

manufactured in-house through arc-melting and subsequent heat treatment.  

To evaluate the general corrosion behavior of CrCoNi and FeCrNi, the respective CPPs 

were recorded and are displayed in Figure 8.22 and Figure 8.23. First looking at the CPP of 

CrCoNi in Figure 8.22, Ecorr is situated at - 0.31 V while jcorr = 2.31 x 10-8 A cm-2. Since no 

primary passivation peak appears, the MPEA passivates spontaneously in artificial seawater 

which in in agreement with results in 0.1 M NaCl. A passive region is discernible from 

E = 0.04 V to 0.31 V after the current density seems to increase in stages with minimal plateaus 

resulting at Ep,1 = 0.56 V and Ep,2 = 0.78 V. While in 0.1 M NaCl at pH 12 similar features of 

constant current densities within the transpassive region were observed (see Figure 8.16), the 

small plateaus in artificial seawater range over 0.05 V only. This stabilization of current 

densities seems to be an event that may be related to the electrolyte pH because artificial 

seawater has an alkaline pH of 8.2. Furthermore, no sharp increase in current density is 

observed in the transpassive region of CrCoNi. Reversing the scan, as indicated by the arrows 

leads to lower current densities than on the forward scan, i.e., a negative hysteresis results, 
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suggesting stronger surface passivation upon the scan reversal. The cross over occurs at a 

higher potential (Ecr = 0.35 V) in artificial seawater, whereas the current densities in the reverse 

scan remain below current densities in the forward scan in NaCl electrolytes of lower 

concentration discussed in Chapter 7.1. 

 
Figure 8.22. CPP scan of CrCoNi in artificial seawater recorded at 1 mV s-1 vs. Ag/AgCl/3M NaCl. Adapted with 
permission from own publication[326] published by Wiley-VCH GmbH under the terms of the CC BY 4.0 license. 
Copyright 2024, The Authors. 

 

At a first glance the CPP of the CrFeNi MPEA in Figure 8.23 reveals a different 

electrochemical behavior in artificial seawater than CrCoNi. CrFeNi also displays spontaneous 

passivation, but no clear passive region is distinguishable. However, the current densities rise 

at a low rate after the Ecorr at E = - 0.22 V up to E = 0.73 V, after which it decreases slightly 

until the Eb = 0.92 V. Upon Eb, the current densities increase steeply within the transpassive 

region, almost linearly. The positive hysteresis as a result of higher current densities in the 

reverse scan suggests that pitting corrosion may have occurred on the CrFeNi surface. In 

contrast to CrCoNi, a re-passivation occurs at Erp = 0.84 V where the reversed and forward 

scan cross. In comparison to CrCoNi, CrFeNi exhibits inferior corrosion resistance due to the 

absence of a passive region and the respective indicators for pitting corrosion. 
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Figure 8.23. CPP scan of CrFeNi in artificial seawater recorded at 1 mV s-1 vs. Ag/AgCl/3M NaCl. 

In analogy to the experiments conducted in Chapter 8.3, TSV-SECM scans were 

monitored to elucidate whether CrCoNi and CrFeNi may be potential electrode materials for 

water splitting in seawater. Figure 8.24 depicts the CPP graph of CrCoNi with the respective 

ME current response towards evolved oxygen. From the diagram it becomes apparent that the 

ME current begins to rise above E = 0.76 V which coincides with the second small plateau of 

the transpassive region. The ME current maximum concurs with the apex potential at 

ES,1 = 1.1 V, and is minimally shifted to the reversed scan. This suggests that the OER peak 

potential ES,1 may be higher than what was recorded in the TSV-SECM scan. 
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Figure 8.24. TSV-SECM of CrCoNi in artificial sewater with (a) the ME (Pt disc electrode r = 5 µm, ET = -0.65 V) 
current response toward the OER at the sample and (b) the CPP of the CrCoNi sample at 1 mV s-1. Potentials are 
reported vs. Ag/AgCl/3M NaCl. Adapted with permission from own publication[326] published by Wiley-VCH GmbH 
under the terms of the CC BY 4.0 license. Copyright 2024, The Authors. 

The TSV-SECM scan for the CrFeNi MPEA is presented in Figure 8.25 and shows two OER 

peaks in the ME response. One before the apex potential at ES,1 = 1.1 V and one after the apex 

potential ES,2 = 1.0 V. The noise observed in the ME response may be the result of either 

corrosion product diffusing from CrFeNi surface or gaseous oxygen bubbles that disturbed the 

ME current signal. However, bubble formation was not visible during the experiment and would 

most probably lead to more severe fluctuations in the ME current. In comparison to the TSV-

SECM on CrCoNi, the detection of evolving oxygen sets in at E = 1.0 V for CrFeNi which is 

0.24 V higher than for CrCoNi. 
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Figure 8.25. TSV-SECM of CrCoNi in artificial sewater with (a) the ME (Pt disc electrode r = 5 µm, ET = -0.65 V) 
current response toward the OER at the sample and (b) the CPP of the CrCoNi sample at 1 mV s-1. Potentials are 
reported vs. Ag/AgCl/3M NaCl. 

Based on the transpassive behavior described in the previous chapters, the electrolytes 

were also quantified through ICP-MS after the TSV-SECM scan. In reference to the UV-Vis 

results of the dissolution of Cr from CrCoNi in 0.1 M NaCl at pH 6.25 and 12 in Appendix 6, it 

has been assumed that Cr dissolves as Cr(VI) from CrCoNi and CrFeNi in artificial seawater. 

Furthermore, Fe from CrFeNi is assumed to dissolve as Fe(III), based on the Pourbaix diagram 

of pure Fe. The respective charges Qe-chem and QICP are listed in Table 8.7. While the difference 

yields QO2 expended for OER, the results indicate that CrFeNi exhibits a higher Faradaic 

efficiency for the OER in artificial seawater. Compared to the Faradaic efficiencies exhibited 

by CrCoNi in different 0.1 M NaCl media, the Faradaic efficiencies of the two MPEAs in artificial 

seawater are significantly lower. To fully evaluate the viability of these two MPEAs in such a 

corrosive medium, further analyses are necessary, including surface morphology studies such 

as EC-AFM. While the oxidation state of dissolving metal may be assumed by employing the 

data compiled in Pourbaix diagrams, such thermodynamic equilibria may change with the 

alloying and electrolyte composition. Nevertheless, the CrFeNi MPEA seems to possess 

comparable electrochemical properties to CrCoNi and may be a viable option to replace the 

CrCoNi MPEA when Co should be excluded from the alloy. 
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Table 8.7. Derived total charges from the electrochemical measurements (Qe-chem) and ICP-MS (QICP) 
measurements for the CrCoNi and CrFeNi MPEAs in artificial seawater with respective Faradaic effiency ((O2)) for 
the OER. 

alloy Qe-chem QICP QO2 
(O2) = 

QO2/Qe-chem 

 [As cm-2] [As cm-2] [As cm-2] [%] 

CrCoNi 2.96 ± 0.02 2.55 ± 0.01 0.41 ± 0.01 13.89 ± 0.32 

FeCrNi 2.39 ± 0.23 1.74 ± 0.13 0.66 ± 0.10 27.30 ± 1.45 

 

8.5 Conclusion 

In this chapter the electrochemical behavior of the MPEAs CrMnFeCoNi, CrCoNi and CrFeNi 

have been examined within the transpassive region, i.e., at high anodic potentials. For the 

CrMnFeCoNi alloy, the application of potentials above Ecorr leads to material degradation 

through pitting corrosion in 0.1 M NaCl at different pH levels. While the corrosion literature 

suggests that water splitting may also occur within the transpassive region, this is not observed 

for CrMnFeCoNi. Furthermore, EC-AFM imaging during polarization scans confirms the rapid 

deterioration of the material. This leads to the conclusion that CrMnFeCoNi exhibits no 

corrosion resistance in NaCl electrolytes and should not be used for applications in chloride-

containing media. 

On the contrary, the results for the CrCoNi MPEA in 0.1 M NaCl electrolytes at varying 

pH levels indicate that the OER and metal dissolution are concomitant processes at high 

anodic potentials within the transpassive region. These results are in agreement with emerging 

research on noble OER catalysts for which metal dissolution is also observed when applying 

the respective OER potentials. The increase in pH seems to result in a change in the OER 

mechanisms. While data retrieved for the OER in 0.1 M NaCl at pH 2 suggests the participation 

of the passive layer oxides in the OER mechanism, the OER appears to proceed through the 

oxidation of adsorbed OH- at pH 12. Studies in Chapter 7 revealed that CrCoNi succumbs to 

intergranular corrosion. This was confirmed for all three pH levels of 0.1 M NaCl through EC-

AFM. The EC-AFM topographies further support the simultaneous occurrence of metal 

dissolution with the OER. Recording impedance spectra at different polarizations confirmed 

the increased activity of the CrCoNi surface at high anodic potentials. At pH 2 the differentiation 

and quantification of dissolved Cr species, revealed that Cr(VI) contents increase with the 

application of higher anodic potentials, while the analysis of the electrolyte after the CPP scan 

of CrCoNi disclose that any dissolved Cr(VI) must have been reduced during the reverse scan. 

The results for the transpassive behavior of CrCoNi in 0.1 M NaCl imply a stable electrode 

capable of the OER under corrosive conditions. 
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To circumvent the negative aspects of Co sourcing, the tranpassive behavior of CrFeNi 

was compared to CrCoNi in artificial seawater. While both alloys exhibit OER activity in this 

electrolyte, CrFeNi seems to provide a higher Faradaic efficiency for the OER. Despite this 

result, the CPP scans suggest that CrCoNi is the more corrosion-resistant MPEA in artificial 

seawater. This comparison highlights the versatility of MPEAs and ease of swapping one 

element for another due to facile alloy production through arc melting.
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9 Summary and Outlook 

The degradation of metal and alloys through corrosion can be detrimental and may cause high 

safety risks and economical costs. While alloying elements such as Cr to stainless steel to 

render them corrosion resistant is common practice, the freedom of design for MPEAs offers 

the opportunity to tune alloy compositions deliberately to manufacture alloys with desired 

properties. Furthermore, the vast unexplored compositional space that this class of alloys 

offers, opens the possibility of rendering MPEAs with unexpected properties. To deem this 

relatively novel class of alloys appropriate for application in different aqueous media, it is 

essential to determine their corrosion properties. 

In this work the general corrosion behavior of two MPEAs, CrMnFeCoNi and CrCoNi 

has been investigated in NaCl and H2SO4, which are typically studied due to their 

aggressiveness with respect to corrosion and omnipresence in our environment. The corrosion 

behavior of these two MPEAs was compared to a standard stainless steel AISI 304. While the 

CrMnFeCoNi MPEA exhibits corrosion characteristics comparable to AISI 304, CrCoNi 

exceeds these alloys with an outstanding corrosion resistance in NaCl and H2SO4. The CrCoNi 

MPEA does deteriorate minimally through intragranular corrosion in both electrolytes at high 

anodic potentials. CrMnFeCoNi, on the other hand, displayed different corrosion mechanisms 

in the electrolytes. In NaCl, it succumbs severely to pitting corrosion and in H2SO4, it exhibits 

a form of localized corrosion at, of and around inclusions. The stability of CrCoNi in highly 

corrosive environments has been demonstrated through the long-term exposure in 1 M H2SO4. 

After 4 weeks of immersion, CrCoNi seemed unchanged, while its EIS data showed that the 

passive film properties enhanced with the duration of exposure to 1 M H2SO4. CrMnFeCoNi, 

on the other hand, corroded severely during the long-term exposure in 1 M H2SO4. 

While the rise in current density with increasing potential in the transpassive region of 

the CPP scan may indicate metal or passive film dissolution, it may also be the result of the 

OER. The investigation of the electrochemical behavior of the two MPEAs within the 

transpassive region showed that the CrMnFeCoNi alloy dissolves at such high anodic 

potentials. On the contrary, CrCoNi exhibited OER activity within the transpassive region as 

was determined by TSV-SECM. The results in the acidic NaCl electrolyte revealed the highest 

Faradaic efficiencies after the TSV-SECM scan, suggesting that the anodic passivation of 

CrCoNi through the CPP scan may enhance its OER activity. In NaCl electrolytes at pH 6.25 

and 12, the anodic Tafel slopes suggest a change in the OER reaction mechanism at the 

CrCoNi surface from oxide oxidation at pH 2 to adsorbed water/OH- oxidation at pH 12. This 

potential electrocatalytic activity in a chloride-containing electrolyte for water splitting was 

further investigated by examining the OER activity of CrCoNi in artificial seawater. The 

increased demand in Co, especially in the battery sector, deems this metal relatively expensive 
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and also questionable in its ethical sourcing. Hence, the MPEA CrFeNi was also investigated 

in artificial seawater as an alternative to CrCoNi. While both MPEAs exhibited corrosion-

resistant behavior in artificial seawater, CrCoNi demonstrated superior corrosion resistance 

when analyzing the CPP data alone. Furthermore, TSV-SECM of CrCoNi revealed an onset 

of the OER at lower potentials than found for CrFeNi. However, the latter exhibited a higher 

Faradaic efficiency. The results of the investigations in artificial seawater showed that the 

exchange of Co in CrCoNi for Fe could lead to higher Faradaic efficiencies but the respective 

overpotentials for the OER increased. 

For future research, approaches such as diffusion couples for the fast screening of 

phase formation and composition of the formed alloyed diffusion zone seem highly promising. 

This should be complemented by simulation approaches such as CALPHAD and machine 

learning to predict and model desired microstructures and mechanical properties.[343] 

Furthermore, the automation of the manufacturing process, post manufacturing treatment and 

property investigation (mechanical and electrochemical) pose a viable route to obtain a vast 

collection of data from which future composition and respective properties can be deduced. 

More specifically, bearing in mind the excellent corrosion resistance of CrCoNi, respective 

coatings of the MPEA could be investigated for their protectiveness. With the potential of 

CrCoNi catalyzing reactions such as the OER, different surface preparations should be 

investigated. The partaking of the passive layer in the OER requires more investigations. For 

this different electrolytes and anodic surface passivation protocols could be used. The analysis 

of the passive layer thickness and composition could be performed with a glow discharge 

optical emission spectrometer. It allows for the quick analysis of the oxide layer composition 

and structure. Isotope labelling could pose another approach to track the origin of active sites 

partaking in the OER.[344] 

In the young history of MPEAs, CrMnFeCoNi constitutes the initial MPEA that has been 

investigated. While the use of Mn is important for mechanical properties, other strategies in 

the MPEA development need to be considered. These could include the alloying of additional 

elements to counteract the high dissolution rate of Mn or the usage of lower Mn concentrations 

within the bulk alloy to maintain the desired mechanical properties while not decreasing the 

corrosion resistance of the alloy. 
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10 Appendix 

Appendix 1. Example calculations for Sconf different MPEA compositions. 

∆����� = −	 
 �� ln����
�

 

 equiatomic 3 elements: x = 1/3; Sconf = 1.10R 

 3 elements, different concentrations: x1 = 0.5, x2 = 0.4 and x3 = 0.1; Sconf = 0.94R 

 equiatomic 4 elements: x = 0.25; Sconf = 1.28R 

 4 elements, different concentrations: x1 = 0.6, x2 = 0.3, x3 = 0.05 and x4 = 0.05; Sconf = 0.97R 

 equiatimic 5 elements: x = 0.2; Sconf = 1.61R 

 5 elements, different concentrations: x1 = 0.45, x2 = 0.2, x3 = 0.2, x4 = 0.1 and x5 = 0.05: Sconf = 1.38 R 

 

Appendix 2. XPS parameters of the 3p core level spectra. 

Table 10.1. XPS parameters for CrMnFeCoNi. 

 Cr Mn Fe Co Ni 

 3pmet 3pox 3pmet 3pox 3pmet 3p2+ 3p3+ 3pmet 3pox 3p3/2 3p1/2 

Native 

Position 41.2 42.9 46.4 47.5 52.1 53.0 54.9 58.5 59.7 65.8 67.7 

FWHM 1.0 3.0 1.1 2.3 0.7 1.8 1.9 1.1 2.6 2.1 1.9 

Area 110.5 484.5 184.2 280.3 119.0 259.9 130.1 176.1 446.6 971.9 486.4 

NaCl 

Position 41.2 43.4 46.3 47.4 52.1 52.8 - 58.4 59.6 65.8 67.8 

FWHM 1.4 2.3 1.1 2.4 0.7 1.7 - 0.9 2.4 2.1 1.8 

Area 207.4 625.8 157.2 303.9 85.2 130.0 - 103.8 307.0 635.0 317.8 

H2SO4 

Position 41.5 43.7 46.6 48.4 52.3 53.7 54.8 58.7 59.9 66.0 68.0 

FWHM 1.3 2.3 1.3 1.9 0.8 2.1 1.7 1.1 2.8 1.9 1.8 

Area 226.3 762.7 299.9 253.0 112.2 529.4 264.8 181.1 384.3 704.1 352.4 
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Table 10.2. XPS parameters for CrCoNi. 

 Cr 3pmet Cr 3pox Co 3pmet Co 3pox Ni 3p3/2 Ni 3p1/2 

Native 

Position 41.1 43.0 58.2 59.4 65.6 67.6 

FWHM 1.2 2.8 1.1 2.1 2.2 2.0 

Area 273.2 906.7 432.6 616.3 1584.5 793.1 

NaCl 

Position 41.2 43.4 58.4 59.7 65.8 67.8 

FWHM 1.2 2.7 1.2 1.6 2.0 1.8 

Area 299.1 1223.1 460.4 295.4 1121.1 561.2 

H2SO4 

Position 41.4 43.4 58.5 59.4 65.9 67.8 

FWHM 1.3 3.0 1.0 2.1 1.9 1.9 

Area 475.0 1258.1 372.8 756.0 1315.3 658.3 

 

Appendix 3. IMFP data required for the oxide layer thickness calculation. 

Table 10.3. Inelastic mean free path values obtained through the TTP-2 formula and form the NIST database for 
Cr, Mn, Fe, Co and Ni used for XPS quantification. 

 

Cr Mn Fe Co Ni 

ρ [g cm-3] 7.14 7.44 7.87 8.89 8.91 

λTTP-2 [nm] 2.38 2.34 2.30 2.23 2.25 

λNIST [nm] 2.26 2.30 2.20 2.09 2.00 

 

Table 10.4. Inelastic mean free path values obtained through the TTP-2 formula and form the NIST database for 
Cr2O3, MnO, Fe2O3 and CoO used for XPS quantification.  

 

Cr2O3 MnO Fe2O3 CoO 

ρ [g cm-3] 5.22 5.37 5.24 6.44 

Eg [eV] 3.2[345] 3.6[346] 2.2[347] 2.5[348] 

λTTP-2 [nm] 4.60 3.95 4.52 3.67 

λNIST [nm] 4.65 4.00 4.57 3.67 
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Appendix 4. Light Microscope images during EC-AFM of CrMnFeCoNi. 

 
Figure 10.1. Light microscope images of (a) freshly immersed CrMnFeCoNi and (b) during the CPP scan of 
CrMnFeCoNi in 0.1 M NaCl at pH 2. 

 

 
Figure 10.2. Light microscope images of (a) freshly immersed CrMnFeCoNi, (b) during the CPP scan of 
CrMnFeCoNi and (c) at high transpassive potentials in 0.1 M NaCl at pH 6.25. 
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Figure 10.3. Light microscope images of (a) freshly immersed CrMnFeCoNi, (b) during the CPP scan of 
CrMnFeCoNi, (c) diffusion of corrosion product from pits and (d) accumulation of corrosion products high 
transpassive potentials in 0.1 M NaCl at pH 12. The diagram is adapted with permission from own publication[327] 
published by Wiley-VCH under the terms of the CC BY 4.0 license. Copyright 2024, The Authors. 
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Appendix 5. UV-Vis data for Cr and CrCoNi electrolytes after the TSV-SECM and amperometric measurements in 
0.1 M NaCl at pH 2. 

 

Table 10.5. UV-Vis data for the quantification of Cr(III) in Cr(VI) in the 0.1 M NaCl electrolyte at pH 2. 

replicate absorbance 

Cr(VI) 

absorbance 

Cr(VI)+Cr(III) 

dilution c(Cr(VI)) c(Cr(VI)+Cr(III)) c(Cr(III)) 

    [mmol L-1] [mmol L-1] [mmol L-1] 

Cr IT, 1       

1 0.61 0.64 10.00 1.44 1.51 0.07 

2 0.60 0.64 10.00 1.43 1.51 0.08 

Cr IIT, 2 
 

 
  

  

1 0.58 0.62 25.00 3.47 3.67 0.21 

2 0.61 0.62 25.00 3.60 3.70 0.10 

CrCoNi IT, 1 
 

 
  

  

1 0.27 0.15 1.50 0.11 0.24 0.13 

2 0.21 0.13 1.50 0.09 0.21 0.12 

3 0.20 0.10 1.50 0.09 0.18 0.09 

CrCoNi IIT, 2 
 

 
  

  

1 0.60 0.82 5.00 0.72 0.95 0.23 

2 0.53 0.74 5.00 0.64 0.87 0.23 

3 0.47 0.74 5.00 0.58 0.87 0.29 

Cr TSV 
 

 
  

  

1 0.66 0.69 3.00 0.47 0.54 0.07 

2 0.55 0.64 3.33 0.44 0.50 0.06 

CrCoNi TSV 
 

 
  

  

1 - 0.35 1.50 0.00 0.09 0.09 

2 - 0.19 1.50 0.00 0.07 0.07 
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Appendix 6. Cr(VI) concetrations in electrolytes after TSV-SECM of CrCoNi in pH 6.25 and pH 12. 

Table 10.6. Cr(VI) and Cr(III) concentrations after TSV-SECM of CrCoNi in 0.1 M NaCl at pH 6.25 and pH 12. 

replicate c(Cr(VI)) c(Cr(VI)+Cr(III)) 

 [mmol L-1] [mmol L-1] 

CrCoNi pH 6.25   

1 0.43 0.43 

2 0.04 0.04 

3 0.03 0.03 

CrCoNi pH 12   

1 0.03 0.03 

2 0.03 0.03 

3 0.03 0.03 
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Appendix 7. EIS Spectra of CrCoNi in 0.1 M NaCl (pH2) at different DC polarizations 

 
Figure 10.4. EIS data of CrCoNi in 0.1 M NaCl pH 2. (a) DC current transient at - 0.25 V vs. OCP to stabilize the 
metal surface prior to the EIS measurement; (b) shows the DC current recorded during the EIS scan, (c) Bode plot 
recorded at - 0.25 V vs. OCP revealing capacitor-like behavior and high polarization resistance; and (d) Nyquist 
plot. 
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Figure 10.5. EIS data of CrCoNi in 0.1 M NaCl pH 2. (a) DC current transient at OCP to stabilize the metal surface 
prior to the EIS measurement; (b) shows the DC current recorded during the EIS scan, (c) Bode plot recorded at 
OCP revealing capacitor-like behavior and high polarization resistance; and (d) Nyquist plot. 
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Figure 10.6. EIS data of CrCoNi in 0.1 M NaCl pH 2. (a) DC current transient at 0.4 V vs. OCP to stabilize the metal 
surface prior to the EIS measurement; (b) shows the DC current recorded during the EIS scan, (c) Bode plot 
recorded at 0.4 V vs. OCP revealing capacitor-like behavior and high polarization resistance; and (d) Nyquist plot. 
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Figure 10.7. EIS data of CrCoNi in 0.1 M NaCl pH 2. (a) DC current transient at 1.0 V vs. Ag/AgCl/3M NaCl to 
stabilize the metal surface prior to the EIS measurement; (b) shows the DC current recorded during the EIS scan, 
(c) Bode plot recorded at 1.0V vs. Ag/AgCl/3M NaCl revealing inductor behavior and low polarization and charge 
transfer resistance and (d) Nyquist plot. 
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Figure 10.8. EIS data of CrCoNi in 0.1 M NaCl pH 2. (a) DC current transient at 1.15 V vs. Ag/AgCl/3M NaCl to 
stabilize the metal surface prior to the EIS measurement; (b) shows the DC current recorded during the EIS scan, 
(c) Bode plot recorded at 1.15 V vs. Ag/AgCl/3M NaCl revealing inductor behavior and low polarization and charge 
transfer resistance and (d) Nyquist plot.
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11 List of Abbreviations 

 

11.1 Physical Quantities 

 

 symmetry factor 

 Tafel slope 

E passive potential region 

 engineering strain or relative permittivity constant 

 chemical potential 

 deviation of CPE exponent m from 1 

 wavelength 

µi chemical potential 

ÉÊ�� electrochemical potential of species i in phase  

 frequency of photon 

 engineering strain 

 overpotential 

 electrostatic potential 

 phase angle 

 surface potential 

 angular frequency 

 

 

A area 

Atip amplitude of tip oscillation 

c concentration 

C capacitance 

D diffusion coefficient 

d diameter 

doxide oxide layer thickness 

e elementary charge 

E electrode potential 

E° standard electrode potential 

EB binding energy 
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Eb breakdown potential 

Ecorr corrosion potential 

Ecr cross-over potential 

EK kinetic energy 

Epit pitting potential 

Epp primary passivation potential 

Erp repassivation potential 

ES substrate potential 

F Faraday constant or force 

f frequency 

G Gibbs free energy 

H enthalpy 

I current 

iT tip current (for SECM) 

j current density 

jan anodic current density 

jcat cathodic current density 

jcorr corrosion current density 

jo exchange current density 

jS substrate current density 

K equilibrium constant 

k reaction rate constant or force constant 

m CPE exponent 

ne number of exchange electron 

Ni amount of substance i 

p pressure 

Q charge 

R gas constant or resistance 

r radius 

rcorr corrosion rate 

S entropy 

T temperature 

U cell potential 

V volume 
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vi stoichiometric number 

x,z distance in either the x- or z-direction 

Z impedance 

zi ionic charge 

 

11.2 General Abbreviation 

a.u. arbitrary units 

ac alternating current 

AE auxiliary electrode 

AES Auger electron spectroscopy 

AFM atomic force microscopy 

ASEC atomic spectroelectrchemistry 

bcc body centered cubic 

BSE back scattered electrons 

CPE constant phase element 

CPP cyclic potentiodynamic polarization 

CPS counts per second 

CV cyclic voltammetry 

dc direct current 

DL diffuse layer 

EC-AFM electrochemical atomic force microscopy 

EDL electrical double layer 

EDX energy dispersive X-ray spectroscopy 

EEC electrical equivalent circuit 

EIS electrochemical impedance spectroscopy 

fcc face centered cubic 

GB grain boundary 

hcp hexagonal close packed 

HER hydrogen evolution reaction 

IC mode intermittent contact mode 

ICP-MS inductively coupled mass spectrometry 

IHL inner Helmholtz layer 

IUPAC international union of pure and applied chemistry 

LOD limit of detection 
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LPP linear potentiodynamic polarization 

LPR linear polarization resistance 

LSV linear sweep voltammetry 

ME microelectrode 

MIC microbial corrosion 

MPEA multi principal element alloy 

OCP open circuit potential 

OER oxygen evolution reaction 

OHL outer Helmholtz layer 

ORR oxygen reduction reaction 

QMF quadrupole mass filter 

RDS rate determining step 

RE reference electrode 

RHE reversible hydrogen electrode 

RSF relative sensitivity factor 

SCE saturated calomel electrode 

SE secondary electrons 

SECM scanning electrochemical microscopy 

SEM scanning electron microscopy 

SG/TC substrate generation/tip collection 

SHE standard hydrogen electrode 

SKPFM scanning Kelvin probe force microscopy 

SPS spark plasma sintering 

TG/SC tip generation/substrate collection 

TLC thin layer cell 

ToF-SIMS time of flight secondary ion mass spectrometry 

TS tensile strength 

TSV tip substrate voltammetry 

WE working electrode 

XPS X-ray photoelectron spectroscopy 

YS yield strength 
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