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Wir sollen heiter Raum um Raum durchschreiten,

An keinem wie an einer Heimat hängen,

Der Weltgeist will nicht fesseln uns und engen,

Er will uns Stuf´ um Stufe heben, weiten.

Serenely let us move to distant places

And let no sentiments of home detain us.

The Cosmic Spirit seeks not to restrain us

But lifts us stage by stage to wider spaces.

Hermann Hesse, "Stufen"
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Abstract

Stability of electrified solid|liquid interfaces is decicive for a variety of electrochem-
ical processes ranging from corrosion of structural materials to electrocatalysts.
Electrochemical reactions, may they be desired as in catalysis or unintended as
for corrosion inevitably lead to degradation of electrodes. Studying those inter-
faces during electrochemical processes is challenging for classical, vaccum-based
methods of surface science.

In this thesis two complementary analytical methods are used to enable in situ
tracking of the electrochemical processes taking place. Firstly, a electrochemical
flow cell was developed, that, in combination with a down-stream analysis with
inductively coupled plasma mass spectrometry (ICP-MS), enables a time and ele-
mental resolved analysis of material degradation. Analysis of degradation products
indirectly give an indication about composition of the degraded surface. Further, a
novel design of an electrochemical cell for atomic force microscopy (AFM) comple-
ments the knowledge gained with time-resolved topographies of an active electro-
chemical interface. Here local effects as roughening or delamination of the surface
can be observed and therefore lead to a better understanding of the processes
during dissolution.

The influence of o-rings on corrosion studies in flow cells is shown exemplary for the
corrosion of nickel-based alloys. Further the electrochemical passivation and qual-
ity of the formed metal oxid layers on a series of metal alloys were studied in order
to establish a material library to decipher the contributions of single alloying ele-
ments on the formation of a stable passive film. Also the flow cell was adapted for
studying photo-induced corrosion of photoactiive semiconductors like zinc oxide.
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By this the variety of applications of the complementary methods of electrochem-
ical ICP-MS flow cells and AFM for the investigation of electrified solid|liquid
interfaces could be broadened. The developed analytical techniques supplement
each other in their explanatory power and pave the way to gain complementary
knowledge about fundamental processes on electrochemical active solid|liquid in-
terfaces.
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Kurzfassung

Die Stabilität von Fest|Flüssig-Grenzflächen unter Potentialkontrolle ist entschei-
dend für eine Vielzahl an elektrochemischen Prozessen von Korrosion von Kon-
struktionswerkstoffen bis hin zur Elektrokatalyse. Elektrochemische Reaktionen,
ob erwünscht in der Katalyse oder ungewollt im Falle der Korrosion führen un-
weigerlich zur Degradierung der Elektroden. Die Untersuchung dieser Grenzflächen
während elektrochemischen Prozessen ist eine Herausforderung für die klassischen
vakuum-basierten Methoden der Oberflächenwissenschaften.

In vorliegender Dissertation werden zwei komplementäre analytische Methoden
eingesetzt, die es ermöglichen in situ die ablaufenden elektrochemischen Prozesse
zu verfolgen. Zunächst wurde eine elektrochemische Durchflusszelle entwickelt, die
kombiniert mit nachgelagerter Detektion mittels Massenspektrometrie mit induk-
tiv gekoppeltem Plasma (ICP-MS) eine elementar und zeitlich aufgelöste Anal-
yse der Materialdegradation ermöglicht. Die Methode ist hochsensitiv Methode
und kann, mit einer Auflösung weit unter einzelne Monolagen, Aufschluss bere-
its im Anfangsstadium der Degradation von Materialien geben. Die Analyse
von Degradationsprodukten geben indirekt Aufschluss über die Beschaffenheit der
degradierten Oberfläche. Weiters ergänzt eine neuartig designte elektrochemis-
che Zelle für ein Rasterkraftmikroskop (AFM) die gewonnenen Erkentnisse mit
zeitaufgelösten Topographien von einer aktiven elektrochemischen Grenzfläche.
Hier können lokale Effekte wie Aufrauhung und Delamination der Oberfläche
beobachtet werden und damit zu einem besseren Verständnis Prozesse bei der
Auflösung führen.

Der Einfluss von O-Ringen auf Korrosionsuntersuchungen in Durchflusszellen wird
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beispielhaft anhand der Korrosion von Nickel-basierten Legierungen gezeigt. Weit-
ers wurden die elektrochemische Passivierung und Qualität der gebildeten Metalloxid-
Schichten einer Serie von Legierungen untersucht zum Aufbau einer Materialdaten-
bank zur Entschlüsselung der Beiträge einzelner Legierungsanteile zum Aufbau
einer stabilen Passivschicht. Ferner wurde die Durchflusszelle für die Untersuchung
von photoinduzierter Korrosion adaptiert zur Untersuchung von photokatalytisch
aktiven Halbleitern wie etwa Zinkoxid.

Damit konnte die Breite der Anwendungen für die sich ergänzenden Methoden
von elektrochemischen ICP-MS-Flusszellen und AFM für die Untersuchung elek-
trochemischer Fest-Flüssig-Grenzflächen erweitert werden. Die entwickelten Anal-
ysemethoden ergänzen sich in ihrer Aussagekraft und ermöglichen somit kom-
plementäre Erkenntnisse über fundamentale Prozesse an elektrochemisch aktive
Fest|Flüssig-Grenzflächen.
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Part I

Introduction



Chapter 1

Motivation

Solid|liquid interfaces Solid|liquid interfaces are ubiquitous on our planet,
with more than 70% of the earth’s surface being water-covered. Every droplet that
comes in contact with a solid surface results in the formation of solid|liquid inter-
faces, that are important for a multiplicity of processes, such as crystallisation[1],
biomineralisation, lubrication[2], wetting[3], condensation, and chemical reactions
at interfaces[4].

Any formed solid|liquid interface will result in an equilibrium between the two con-
densed phases. Solid material will always to some extent dissolve into the covering
liquid. Understanding these processes is crucial in the design of stable materials
for a variety of applications. External influences like extra energy input by light
irradiation or applied potential can significantly change the energy landscape of
the surface.

Electrified solid|liquid interfaces Among those interfacial processes many
include the transfer of electrons at the interface between solid and liquid which are
then usually called electrode and electrolyte. These processes can be divided in two
categories, depending on if electron flow occurs deliberately or unintendedly.

For the former case, desired electron transfers on solid-liquid interfaces include
many technological important processes from electrocatalysis, electrochemical en-
ergy conversion and storage like batteries, but also electroplating and electropol-
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ishing.

Conversely also undesirable processes like material degradation or corrosion
take place. While they can be also triggered by high temperatures[5] most relevant
corrosion processes are of electrochemical origin. Already traces of condensed
water from a humid environment lead to the formation of a local electrochemical
cell and can induce corrosion processes. Corrosion and material degradation occur
also to some extent as a side effect with the previously mentioned desired processes
on electrified solid-liquid interfaces.

Hence, studying and understanding the stability of electrified solid-liquid
interfaces is of enormous interest. It is particularly relevant for several rea-
sons:

Degradation of materials often coincides with severe safety risks. As examples one
may consider structural materials like in buildings made of steel or steel enforced
concrete, transportation ranging from boats to aerospace, chemical power plants
or directly in biological systems like the human body as it is true for e.g. implants
or pacemakers. All those structures rely on long-lasting mechanical and chemical
stability, even in harsh environments.

Besides safety, material degradation also has an ecologic impact. Thinking of
material release of potentially toxic chemicals to the environment, with subsequent
uptake by water organisms. Further any degradation in a technological setting
comes with the need of replacement that is related to energy consumption with its
own harmful influence.

Ultimately material degradation is also of economic interest. Electrocatalyst
are often made of very high-priced noble metals. Long-term stability of the cata-
lyst material therefore is essential for economically meaningful operation of those
processes. Stability of the material, also under application of an electric poten-
tial is therefore required for economically viable operation. Corrosion and other
degradation processes in general causes enormous harm to the global economy. Its
associated monetary loss is estimated to measure up to 3-4% of the global GDP
(gross domestic product) per year.[6] Replacement of corroded/degraded materials
is then also energy and resources consuming, and thus comes with an additional
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environmental impact.

An understanding of the underlying mechanisms of material degradation hence is
essential to consequently develop strategies to counteract corrosion/degradation
by different choice of material, material development or coating technology. The
used techniques, when applied, should be as close as possible to the processes that
would happen under realistic conditions. Therfore, only in situ techniques are
appropriate.

Techniques to probe stability of electrified solid|liquid interfaces Surface
science in its early stages was fully restricted to solid|gas or even solid|vacuum
systems. Most techniques even require high vacuum and are not suited to probe
solid surfaces covered by a liquid (with the exception of liquids with very low vapor
pressure like some molten salts and metals or ionic liquids).

Only in situ techniques can fully address a close observation of processes taking
place at the solid-liquid interface in a broader sense, without major deviations from
realistic conditions. In recent years some approaches have been made to extend
classical classical surface science techniques that before were vacuum-bound. As
an example X-ray photoelectron spectroscopy (XPS), just in recent years adapted
to be used on solid|liquid interfaces with special experimental arrangements[7].
Still other in situ techniques have a much broader application range and less
restrictions on the used systems. Aim of the present work was to employ surface
sensitive techniques on electrified solid|liquid interfaces to gain information on
their stability.

Electrochemistry Throughout this work electrochemistry is used to resem-
ble processes like e.g. electrocatalysts under operando conditions or the local
electrochemical cells that drive the material degradation by corrosion. The infor-
mation density provided by electrochemistry alone though is for studying stability
limited by the plurality of electrochemical processes that can occur beside material
dissolution. To start electrochemical interface analysis in a broad sense, thus, two
complementary in situ methods have been used. Both include electrochemical cells
that are implemented into or connected with standard analytical devices:
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1) Electrochemical Atomic Force Microscopy The initial stages of degra-
dation are often very localized[8]. Hence it is essential to work with a method
that provides a high spatial resolution. This can be achieved with electrochemical
Atomic Force Microscopy (EC-AFM). Derived from the scanning tunneling micro-
scope (STM) it is capable of probing both conductive and insulating materials.
While already employed for a few decades[9–11], the used commercial cells often
come with some drawbacks. We implemented a novel cell design with optimized
current and potential distribution in an actual experimental setup. While Atomic
Force Microscopy (AFM) is well suited to provide topographies, any chemical in-
formation is only very limited accessible[12]. Using EC-AFM for stability studies
focusses on the solid phase of the solid|liquid interface. To access the solution side
with the dissolved species, another technique needs to be used.

2) Electrochemical flow cell with downstream Inductively Coupled Plasma
Mass Spectrometry (EFC-ICP-MS) Inductively Coupled Plasma Mass Spec-
trometry provides elementally resolved composition of liquid samples. While used
predominantly as an ex situ technique to access material compositions, it has a
vast potential for in situ applications[13, 14]. The combination of an electrochem-
ical flow cell (EFC) with ICP-MS provides time and potential-resolved dissolution
rates during all kind of electrochemical experiments. With its extremely low limit
of detection below the parts per billion (ppb) range[15] it can resolve dissolutions
of less than single monolayers.

Both approaches, also in combination, are well-suited to extend interface science
into even more complex solid|liquid interfaces.

While already being employed in the corrosion and catalysis community, many ma-
terial systems and applications of the mentioned methods are still unexplored. The
aim of this work was to widen the application of the used techniques. Throughout
the work we focused on aqueous systems and electrified solid|liquid interfaces.

The field of material degradation comprises a variety of scientific issues, as depicted
in Figure 1.1. Those range from the influence of light irradiation, the composition
and growth condition of passive films, protecting coatings and the influence of
confinements and contact with neighbouring materials.
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Figure 1.1: Stability-related processes at a solid/liquid interface. light irradiation, passive
film formation, organic surface coating, crevice formation, Examples for processes on
electrified solid|liquid interfaces

Research questions The aforementioned processes have been chosen as inter-
esting topics to study regarding stability of solid|liquid interfaces. Investigation of
those processes with the developed methods hence define the research questions
we wanted to answer. The overarching motif of this whole work:

How to probe actively electrified solid|liquid interfaces in real time?

Given this motivation in the present work we aimed at answering the following
specific research questions:

• Crevice corrosion is a problem for many technologically relevant materials
as stainless steels, nickel based alloys, titanium and aluminium alloys[16].
Flow cells by default use O-rings for sealing and thereby create a crevice
environment. What is its significance and how does the crevice that is formed
under the O-ring change the stability of the material underneath?

• Since for sealing the flow it is somehow inevitable to use o-rings how can a
severe effect of the crevice be counteracted?

• How can ICP-MS flow cell studies been applied to photoelectrocatalysts? It
is well known that pH, applied potential and surface orientation influence
stability of electrified solid|liquid interfaces. At the begin of this work the
effect on the stability of semiconductors has not been studied by employ-
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ing the proposed methods, in parallel the methodology was independently
developed by other groups as well[17–20].

• So far the approaches are mainly applied to inorganic systems (metals, semi-
conductors). Can the methodology also be employed for investigating or-
ganic ultrathin corrosion inhibiting coatings like self-assembled monolayers
on metal substrates?

The developed/further improved techniques expand the toolbox of interface science
and complement the classical (ex situ) techniques of interface science.

This is accomplished by the novel design of (1) an electrochemical cell for
atomic force microscope Further the design of (2) a modular electrochem-
ical flow cell with downstream elementally and time-resolved ICP-MS
detection.

Both setups are applied on their own and also complementary for a variety of
systems of relevance in the field of corrosion and (photo)electrocatalysis.
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Chapter 2

Literature Overview on
Methodology

In this chapter the detailed strategies on how to study electrified solid|liquid in-
terfaces by in situ methods will be discussed. In the scope of this work especially
two techniques were used to investigate stability of electrified metals and oxides
in aqueous electrolytes.

Electrochemistry is used throughout the present work in combination with Atomic
Force Microscopy (AFM) and Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). The main purpose of electrochemistry hereby is to emulate conditions
like in technological applications of electrocatalysis or resemble the local electro-
chemical cell during corrosion processes.

2.1 Electrochemistry

Electrochemistry covers all reactions involving the transfer of electrons. Thereby
the uptake of an electron is called reduction, the counterreaction is oxidation:

Oxidized Species +z e−−�=====�−
-z e−

Reduced Species (2.1)
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The forward reaction with the release of electrons is called oxidation, the backward
reaction is the reduction, the sites where these process occur in an electrochemical
cell are called anode and cathode, respectively.

Electrochemistry itself is a very valuable tool to probe solid-liquid interfaces. Re-
garding stability the following chemical equation is the most fundamental one:
Dissolution of a metal M to its ionic form is accompanied with the release of z
electrons:

M(s.) � M z+
(aq.) + ze− (2.2)

To retain charge neutrality in the electrochemical system, any accepted or received
electron needs its respective counter-electron. Electrochemical cells thus always
consist of two half reactions with anode and cathode. Throughout this work a three
electrode setup is used. A potentiostat controls the potential difference between
the working (WE) and the reference electrode (RE). The current is passing through
the WE and the counter electrode (CE).

Regarding stability of electrified surfaces, a general overview can be gained by
thermodynamic equilibrium diagrams, named after Marcel Pourbaix, who es-
tablished them in the first half of the 20th century[21, 22].

Figure 2.1: Pourbaix diagram of the system Fe − H2O. Reprinted with permission
from [23].

Pourbaix diagrams include, with a high information density, thermodynamic
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data regarding stability of a given solid-electrolyte system. Analogous to phase
diagrams of alloys, they show the thermodynamic most stable species of the pic-
tured material system at a given potential and pH value. As shown in Fig. 2.1
exemplary on iron, its thermodynamically most stable form can be the elemental
iron for lower potentials, metal oxides and also ionic species for higher potentials
and low pH values. The concept of is mainly applied on simple material systems
as pure metals in electrolytes containing maximum one anion species[24], since the
variety of possible species is growing extensively with complexity. Still, the ap-
proach can also be applied for multi-component systems[25]. Deviations between
Pourbaix diagrams and the observed behaviour can arise, besides of higher com-
plexity of the real systems, from kinetics of the underlying reactions, which are
not covered in the purely thermodynamic diagrams.

Electrochemists had, before the use of in situ techniques became common, to rely
for surface characterization on ex situ techniques, usually requiring high vaccum,
e.g. scanning electron microscopy (SEM), or electron diffraction methods. In situ
spectroscopic techniques like using e.g. UV or IR detection provide just macro-
scopic view on the processes on the surface, due to the large analytic spot sizes.
Especially for localized reactions this integral view might deviate from the often
localized processes to be observed. Further, those are only possible if the specific
observed material is interacting with the used wavelengths. Scanning probe tech-
niques can provide both: Measurements in situ with the surface being actively
polarized as well as very high spatial resolution down to the atomic level[26].

2.2 Electrochemical Atomic Force Microscopy

Since their development in the 1980s by Binnig et al.[27–29] scanning probe mi-
croscopy (SPM) has propagated to all fields of surface and interface science[30].
Scanning tunneling microscopy (STM) as the avant-garde technique[27] is able to
resolve surface morphology down to the atomic level. Its measurement principle is
based on quantum tunnelling of electrons between sample and probe when a bias
voltage is applied, which yields a measurable electric current. Therefore with STM
only conducting or semiconducting surfaces are accessible. Originally developed
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as a technique to be used in vacuum or ambient pressure environment it soon got
extended to measurements in liquid. Sonnenfeld and Hansma[31] first success-
fully transferred the vacuum technique to aqueous systems and already suggested
to extend the technique even further with electrochemistry. This then soon was
accomplished[32], mostly on metal and graphite substrates[32–34]. Since then it
is a standard method and widely applied [35–38]

A prerequisite for in situ STM is for the probe to be insulated for large parts
since otherwise further faradaic reactions can occur there and interfere with the
tunneling current. Also the electrochemical setup requires a bipotentiostat to have
both the sample (WE) and the tip controlled relative to the reference electrode
(RE)[39]. The limitation to conductive samples[40] led to the development of the
atomic force microscopy (AFM)[28] based on a similar principle. Here the mea-
surement method is, decoupled from any conductivity, the repulsive and attrac-
tive interaction between the probe and the sample. Interactions include repulsion
forces, chemical binding forces, van der Waals- and electrostatic forces along
with hydrophobic and hydrophilic interactions.

Figure 2.2: Principle of an AFM in tapping mode excited via a pulsed blue laser

The difference between AFM and STM is the principle used to measure the distance
between sample and probe. While the threshold in STM is the tunneling current,
AFM does not depend on an electric current, but rather the forces existing between
sample and the cantilever. This is accomplished by tracking the deflection of
a cantilever scanning over the surface. Detection is very sensitive by using a
photodetector to track the position of a laser beam reflected from at back-side
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of the AFM probe, as shown in Fig. 2.2. The schematic illustrates an AFM
run in tapping or intermittent contact mode, where the probe is oscillated (here
by thermally induced vibrations from a pulsed blue laser). The oscillation gets
damped when the tip is in close proximity to the surface. This damping is measured
by a decreased amplitude of the reflected red laser at the photodetector.

2.2.1 Status Quo

As for STM, also AFM was rapidly adapted to measurements in liquid[9]. To
run electrochemical AFM (EC-AFM) the precautions are less demanding as for
the scanning tunneling technique. First of all, both probe and sample can be in-
sulating when measuring with AFM. An AFM probe usually is made of an inert
material such as silicon or silicon nitride and does not undergo any electrochemical
reactions. Further, the electrochemical setup can be rather simple with an external
potentiostat and a classical three-electrode configuration, with the sample being
the working electrode (WE), a bipotentiostat as for STM is not required. Elec-
trochemical AFM was initially used mainly on metal substrates, one of the first
works using the technique e.g. looked on the electrodeposition of copper on a gold
electrode[41]. Soon this method got employed for many fields relevant to electrified
solid|liquid interfaces. While most research was still conducted with the more com-
mon STM, AFM slowly found use for studying e.g. adsorption of ions[42], surface
reconstructions[43] and corrosion of predominantly metals[10, 44, 45].

Application In corrosion science EC-AFM has become an important technique
for complementary studies[46, 47]. Especially for localized phenomena like pitting
and the initial stages of passive film formation and breakdown the technique EC-
AFM has been proven useful to in situ look at actively corroding or passivating
surfaces. The structural changes during the processes help to understand the
corrosion mechanisms of metals in corrosive media. The advantage of high lateral
resolution comes with the limitation of maximum scan size AFM of a few tens
to hundreds of micrometers. While being in general a non-destructive technique
the AFM tip can also be used to trigger material degradation with friction[48,
49].
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Topics covered with EC-AFM span over the whole range of corrosion, from localized[50]
and selective dissolution[51, 52], dealloying[53], pitting corrosion[48, 54], over char-
acterisation of coatings[55, 56].

On a similar topic, still concerning stabilty of materials also catalysts and elec-
trodes under operando conditions are accessible to in situ AFM. Catalyst stability
is an essential property for an economically viable application. With EC-AFM
processes like electrocatalytic aging and degradation in general are accessible in
situ. The spatial resolution enables the observation of e.g. morphology changes[57]
and gives hints on mechanical properties[58]. Applications range from metallic
electrodes[59], over battery materials[60–62] up to fuel cells[63, 64].

2.2.2 Design of an Electrochemical Cell for Atomic Force

Microscopes

Several designs were developed over the years to improve the performance of the
electrochemical setup of in situ EC-AFM or adapt to the geometries of commercial
AFMs. Since the detection principle of AFM relies on the reflected laser beam,
it is impractical to have the used liquid openly exposed to the atmosphere. The
refraction of the laser at the liquid|gas boundary would be very sensitive to any
turbulences. Hence, the liquid usually is enclosed by a transparent window from
the top, resulting in a stable optical path for the laser. As a side effect the total
liquid volume in AFM cells us usually no bigger than a few mL, since it is restricted
by the close distance between the electrochemically active sample and overlying
glass window, so the liquid reservoir can be considered as a capillary in the few
hundreds of microns wide gap between the two surfaces. This space constraint all
designs have in common.

Significant improvements have been made in the last decades on the electrochem-
ical cell designs used with AFM. Inertness of the used materials for the cell design
had been already pointed out from the early stages on, so that even agressive
chemicals could be used as electrolyte[65]. The used materials and their chemical
compatibility hence limit the chemicals that can be used.

Even if the importance of a large counter electrode has been pointed out from
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the beginning[66], still in nowadays commercially available electrochemical cell
designs often just a simple wire of gold or platinum is employed as a counter
electrode[42, 53, 57, 67]. While being easy to handle, the use of a wire also comes
with disadvantages. Especially for impedance spectroscopy it is well-known that
geometry of the electrodes is significantly changing the obtained results[68, 69].
Moreover, especially for high currents the electrochemical reaction at the WE
can be limited So that the limiting factor for the current through the cell is the
WE, not determined by the Therefore a ring-shaped counter electrode has been
designed by Kreta et al.[70] that also provides a more evenly distributed electric
field distribution across the WE . A similar approach is suggested by Valtiner

et al.[53] with the counter electrode surrounding the WE, while being on the same
plane.

To summarize, the key features of an electrochemical cell for AFM should be the
following:

• cleanability

• inertness of the used materials

• geometry of the electrodes

• reasonable type and placement of the reference electrode

• stability and usability

• good environmental control (no evaporation, temperature stability)

Nowadays most AFM manufacturer already offer electrochemical cells for their
specific setups. Most of those are in their design very basic, and e.g. for the CE
just a wire is placed into solution. Another major problem arises from the fre-
quently used O-rings[46] that are used to limit spreading of the electrolyte next to
the sample. The O-ring forms a confinement, in which the electrolyte is stagnant.
Especially for corrosion research in this crevice like environment corrosive condi-
tions emerge. As it gets addressed later (Chapter 4) crevices can significantly
change the behaviour of the electrode.

In our cell design that is presented next, we try to avoid those downsides while
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Figure 2.3: Rendering of the exploded view of a modified (perfusion) cantilever holder
for electrochemical experiments. The palladium wire can be loaded with hydrogen to form
a stable palladium hydride reference electrode of the second kind. Potential stability is
poor in presence of dissolved oxygen (PdH + 1/2O2 � Pd + 1/2H2O), leaving with
the possibility to use it as a quasi-RE or connecting from the outside a micro-RE via a
capillary to the cell.

taking into account the previously mentioned key features.

Our Design also comes with some restrictions, but on the other side offers im-
provements compared to existing commercial versions. Also the aforementioned
demands about desired properties of an electrochemical cell for AFM have been
considered.

The used Cypher ES (Asylum Research/Oxford Instruments) provides a cell for
measuring in liquids. That one is the foundation of the home-built design.

The AFM cantilever-holder itself is to the biggest part made of quartz with an
excellent chemical resistance. The clamping mechanism for the cantilever consists
of stainless steel holders The AFM system used provides full control over environ-
mental conditions. The cell when assembled is airtight and can be purged with gas
so that e.g. humidity (for measurements in air) or oxygen levels can be concisely
adjusted to the needs of the conducted experiment. Furthermore the sample is
mounted on a holder capable to heat and cool, so that the temperature can be
adjusted within the range of 0°C to 120°C. Since the potential applied on the elec-
trode varies with time to synchronize the data the potential is read in as a separate
channel in the AFM. This is accomplished by connection of the decoupled analog
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Figure 2.4: Cut section of the electrochemical AFM in operation. The working electrode
is mounted on a magnetic disk to allow for automatic movement even in closed condi-
tion. Contact is made over a wire with magnetic connector to a feedtrough. Liquid is
introduced/removed over one of the two through holes. The RE can be implemented in
the connecting tube system or, alternatively the internal Palladium wire (dashed) can be
used.

output into a free BNC port of the AFM controller. So every acquired topographic
feature of the AFM picture is directly associated with the corresponding potential
applied. Since the read-in suffered from a constant offset the recorded potential
was corrected by a calibration function to compensate for that.

Usually in electrochemistry the reactions taking place at the counter electrode get
neglected. In this particular geometry with the close distance between working and
counter electrode it is essential to also consider counter reactions occuring there.
Since the electrolytes used in this work are likely to be stable under electrochemical
polarization as well as the used Pt is, that leaves the only electrolysis to happen.
For high potentials on the working electrode (WE) the cathodic counter reaction
is therefore the hydrogen evolution reaction (HER):

H2O + e− � 1/2H2 ↑ +OH− (2.3)

2H+ + 2e− � H2 ↑ (2.4)

A negative potential on the WE results in the opposing reaction on the counter
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electrode (CE), namely the oxygen evolution reaction (OER):

H2O � 1/2O2 ↑ +2H+ + 2e− (2.5)

2OH− � 1/2O2 ↑ +H2O + 2e− (2.6)

All of those reactions result in the formation of gases that 1) partially can adsorb
and thereby block the CE or 2) even result in the evolution of gas bubbles. Since
the distance between WE and CE is below a few hundred µm this needs to be
avoided. With our optimized electrode geometry we accept this downside, since it
can be easily balanced by increasing the ratio of the areas CE:WE by decreasing
the active area of the WE, e.g. by embedding a cutout of material in a resin.

AFM only provides relative heights, so for degradation processes from topographies
itself it is hard to esrimtate the total volume dissolved. Further, the technique by
its high spatial resolution restricted to the small areas probed. Though, another
in situ technique can help to identify the total dissolved mass both time- and
element-resolved and will be presented next.

2.3 Inductively Coupled Plasma Mass Spectrome-

try (ICP-MS) as a tool for stability studies on

solid|liquid interfaces

Mass Spectrometry is an analytical technique quantifying charged particles/ions
depending on their mass-to-charge ratio. A very simplified mass spectrometer
needs to consist of three parts: 1) the ion generation where the sample is ionized
to yield charged particles 2) the mass filter, that is classifying the ions according
their charge and 3) the detector to count the filtered ions. The free mean path
of ions highly depends on the pressure they are moving at. With atmospheric
pressure ions would collide with gas molecules present and immediately loose their
charge to them. Therefore mass spectrometry necessarily relies on high vacuum
conditions. This of course contradicts with probing a solid-liquid interface. ICP-
systems therefore rely on an approach of differential pumping to bridge between
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the ambient pressure of the sample and the high vacuum required by the mass
spectrometer. An important step to take was the development of the nebulizer.
With this approach enabling an easy sample introduction right from a flowing
liquid. Pushing the electrolyte through a narrow nozzle a fine mist is produced.
A fraction is then introduced into plasma torch where desolvation, evaporation,
atomisation and ionisation take place at the high temperatures in the plasma
(around 8.000 to 10.000 K)[15]. After passing the differentially pumped cones the
ions are consequently electrostatically deflected, the ions are separated according
their mass to charge ratio. Usually quadrupoles are used therefore.

Figure 2.5: Schematic of inductively coupled plasma mass spectrometry with direct tran-
sition from electrolyte in ambient pressure to

Nearly all elements of the periodic table can be detected. Starting with light ele-
ments as lithium any element up to the heavy actinides are accessible. Since the
detection principle bases on positively charged ions it is more applicable for ele-
ments with low electronegativity, so mainly metals. For most metals the detection
limits of this technique reaches even below nanograms per liters, providing insights
in sub-monolayers resolution. Furthermore detection is nearly linear within up to
nine orders of magnitude[71]. Hence, it can cover dissolution processes ranging
from e.g. growth of pits in micrometer range down below monolayer dissolution.
All those advantages have led to a huge variety in applications, since devices got
commercially available in the 1980s.

ICP-MS in general is nowadays a widely used standard analytical method for in-
organic components in solution. Applications span from trivial water analysis[72],
over petrochemical analysis[73] to medicine[74]. Most of those applications are now
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standard analytical practice, the measured samples are stationary solutions.

In the last 20 years a growing research community extended the use of ICP-methods
on time-resolved study of stability of solid|liquid interfaces which will be discussed
in the following section.

2.3.1 ICP methods for studies on the stability of solid|liquid-

interfaces

ICP based methods as ICP-MS and inductively coupled plasma optical emission
spectroscopy (ICP-OES) are well suited to study stability of solid|liquid interfaces
since they provide a time and elementally resolved signal of the solution side.
Both ICP-MS and ICP-OES are used extensively for studies on corrosion and
degradation of solids in contact with a liquid[13, 14].

As a side note, the principle of ICP-OES is similar to IPC-MS, though the de-
tection principle is of optical nature and does not require a vacuum system. The
concentration of the present ions are determined by analyzing the spectrum of
the emitted light with a spectrometer. Therefore the system is less restricted re-
garding the used electrolyte, it can quite easily handle organic liquids as well as
very high salt concentrations. On the other hand ICP-MS is more sensitive to
very low concentrations, with an detection limit of about two orders of magnitude
smaller.

Nevertheless both techniques are very suitable for stability studies of the solid|liquid
interface. First applications of ICP-based techniques towards that direction have
already been made in the early 80s to detect trace amounts of metals using ICP-
OES by Snook et al.[75, 76]. An early spectrophotometer was used by Bergamin

et al.[77] to quantify steel components that chemically dissolved by streaming liq-
uids over it.

One of the first uses of ICP-MS on stability of metallic samples was conducted
by Castle et al.[78, 79]. While treating metals in acidic solutions, samples were
taken at different exposure times and consequently analyzed for dissolved metal
species. Time-resolution with this very fundamental way of analysing corrosion
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products was limited by the manual sampling frequency. With the evolution of
the analytical technique and the availability of commercial devices soon more so-
phisticated applications in studying stability of surfaces followed.

Cell Designs and Applications Recent publications on the use of ICP-methods
in combination with electrochemistry by research groups of Ogle[13], Cherevko

and Mayrhofer[14] provide a good summary on that topic. Those also cover con-
siderations regarding the design of the used flow cells. Here just a short overview
is given on the different approaches and applications.

Most electrochemical cells in use operate in a flow mode. An extensively used
design with a stationary working electrode (WE) by the group of Ogle is shown
in Fig. 2.6. It is referred to as atomic emission spectroelectrochemistry (AESEC).
The electrolyte divides up to two compartments, one in contact with the WE and
with the flowing electrolyte. The other compartment is separated by a membrane
and hosts both the CE and the RE, making it very flexible towards used electrodes
and their dimensions.

Figure 2.6: Schematic diagram of an electrochemicial flow cell for AESEC measurements
with the working electrode (WEC) and counter electrode compartment (CEC), modified
after Shkirkiy and Ogle[80] under CC-BY licence.

In this setup the WE is fixed by an O-ring and held in position during the experi-
ment. This so called stationary flow cell type is limited in its spatial resolution. In
contrast, the scanning flow cell (SFC) approach can provide localized information
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as well. The group of Homazava[81–83] developed a micro-flow-capillary system
for solution probing with ICP-MS with high spatial resolution. Based on a con-
cept of Hassel et al.[84] the design includes a capillary containing the corrosive
media that can be scanned over different spots of the sample to locally probe the
corrosion performance. The concept was then further improved and applied by
Ott[85–87] and Klemm[88–91].

Till date the developed methods have been employed on a large variety of solid|liquid
interfaces. Applications here span from stability of operando catalysts to classi-
cal corrosion research. The developed methods have already dealt with a variety
of material systems and topics related to stability and corrosion: Common steels
and alloys[92–96] were as well as new material classes like high-entropy alloys
(HEAs)[97, 98] covered. Also coatings and corrosion inhibitors are being tested
by this technique[99, 100]. Another topic involves the field of energy materials,
where the stability is essential for long-term operation electrocatalysts[101–107].
Just recently the method was further adapted to non-aqueous systems[105], which
opens research to even broader fields of applications such as battery, capacitor and
electrocatalytic materials used with organic or ionic liquids.

Data acquisition and treatment Data acquisition with ICP-MS yields time-
and mass-resolved data of the recorded ions. The sensitivity, or factor between the
real concentration in the electrolyte and the detected signal with ICP-MS, relies on
a variety of parameters: First of all it depends on the first ionization energy of the
single elements. The lower this energy is, the higher the likelihood of conversion of
the respective atom into its onefold positively charged ion. Further the condition of
the plasma and the composition and concentration of the electrolyte (matrix) and
the dilution in the argon stream change which proportion of the analyte within
the electrolyte arrives the detector in its ionic form. Therefore any element in
need of quantification needs to be calibrated individually. Calibration involves the
measurement of a dilution series of solutions with known analyte concentrations,
preferentially in the expected concentration range of the latter dissolution exper-
iment. To further adapt for changes of the sensitivity of the instrument, e.g. by
alterations of the plasma, an internal standard is mixed with the test solution.
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This is chosen according to the analytes to be measured and should have similar
mass and ionization energy to be best comparable with the analytes. Calibration
should give a linear relationship between the concentrations injected into the sys-
tem and the resulting counts detected by the ICP-MS. The counts are recorded by
integration over all arriving ions in a short period of time, usually a few hundreds
of milliseconds. This results in a time dependent signal, namely Counts per sec-
ond. The slope of a linear regression of the calibration is then used to convert the
recorded data into a mass flow of analyte j in the electrolyte solution ċj [

nganalyte

gsolution
· 1
s
]

This needs to be multiplied with the flow measured gravimetrically. About 99%
of the electrolyte flowing through the cell end up at the waste container. Only the
remaining fraction is introduced into the plasma torch. Therefore the collected
waste is an appropriate estimate for the total electrolyte flow ṁsolution [g/s].

ċj · ṁsolution = ṁj (2.7)

In a simplified approach the application of the Faraday law of electrolysis can
be used to convert the dissolution currents ṁj of single elements j to an electrical
current i and relate this to the recorded electrochemical signal:

im,j =
ṁj · F · νj

Mj

(2.8)

F is the Faraday constant, νj stands for the number of exchanged electrons
according to equation (2.2) and Mj equals the molar mass of the analyte j. The
total dissolution current is the sum of the single dissolution currents im,j.

im =
n�

j=1

im,j (2.9)

Thereby electrochemical and ICP-signals can be related to each other. Those
calculations of course can only be considered as a rough estimate, since electro-
chemistry just provides information about the net exchanged electrons. Those can
involve besides electrochemical dissolution as in equation (2.2) other side reactions.
Some of those can not be directly tracked by the ICP-MS like e.g. gas evolution
or passive film growth on the interface. Also charging currents are not resulting
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in a with ICP methods detectable signal. Further, dissolution not involving any
transfer of electrons is detected by mass spectrometry while not being recorded
electrochemically. An example is the dissolution of oxides which does not involve
a change of oxidation state of any species:

MyOz + 2 · zH+ � yM
(z/2y)+
(aq.) + zH2O (2.10)

Still the information content of the method is very insightful. E.g. with a few
assumptions the changes in surface composition can be tracked, while not being
probed directly[108].

2.3.2 Design of the used Electrochemical Flow Cell

One main goal of this work was to modify the designs known from other working
groups[92, 109] to specific needs. During the course of this work the cell design
was constantly improved.

Big volumes included in the flow system would lead to a dilution of the analytes
released from the WE, which in light of the small amounts might even make de-
tection impossible. As Fig. 2.7 shows for a theoretical experiment of a pulsed ma-
terial release into a laminar flow. Undirected diffusion, as in any chromatographic
method, leads to a broadening of the signal and a log-normal-like distribution of
the detected signal, as shown in Fig. 2.7. To compensate for the broadening, a
method for deconvolution of the recorded data has been suggested by the group
of Ogle[80]. Not only the time resolution is negatively influenced, also increasing
amounts of the dissolved species are, at the time of detection, dropping below
the limit of detection of the ICP-MS. Hence the cell needs to be designed for a
low internal volume to avoid extensive dilution of analytes, further the distance
between cell and detection should be as short as possible to keep the broadening
limited.

As base material for the ICP-MS flow cell (shown in Fig. 2.8) Polyether ether ke-
tone (PEEK) was chosen for its excellent chemical resistance to almost all aqueous
media as well as for its good machinability. A stamp of polytetrafluoroethylene
(PTFE) introduced from the top leaves only small channels open for the elec-
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Figure 2.7: Effect of electrolyte volume between working electrode and detection in the
ICP-MS on the time resolution of the method. Diffusion causes broadening of the signal
with elapsing residence time in the tube system.

trolyte flow above the WE and leaves the internal volume restricted. Connectors
were borrowed from standard HPLC-applications. These are designed for high
chemical compatibility and low dead volume.

Figure 2.8: a) Cross section of the electrochemical flow cell used. Micro-reference elec-
trode is introduced from the side of the inlet-channel, the counter electrode is in the stream
of the outlet. The working electrode is clamped between the top and bottom part of the cell,
sealed with an O-ring. b) Overall experimental setup with overpressure pumping system,
electrochemical cell, potentiostat, pressure sensor and internal standard mixing. The red
dotted line indicates the flow of the electrolyte.

The overall setup of a general setup is shown in Fig. 2.8 b. Pressurized air is used
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to pump the electrolyte with a stable and pulsation-free laminar flow. The rate of
flow was monitored by measuring with an in-flow pressure sensor and by weighing
the collected waste electrolyte. The flow is set to 6±0.4 mg of solution per second.
Before each experiment the electrolyte was purged with compressed and filtered air
for at least 30 minutes to guarantee the same concentration of dissolved oxygen.
All electrochemical experiments were done using a Ag|AgCl-electrode as reference
and presented data throughout this work is referenced to that potential. The used
O-ring to seal the electrolyte flow between the flow cell body and the WE has an
inner diameter of 3 mm and is made of inert EPDM (ethylene propylene diene
monomer) or FKM (fluoro elastomer).

Measurements were performed using an Agilent 7900 ICP-MS (Agilent Technolo-
gies, US). The ICP-MS uses a collision cell with 5 mL/min flow of helium as cell
gas. External calibration was performed with multi-element standard solutions
provided by Agilent and Inorganic Ventures. Downstream of the electrochemical
cell the analyte was mixed with internal standard solution, mostly cobalt is used
(chapters 3,4,5), unless for the more heavy gold (chapter 6), where thallium was
employed, for chapter 7 gallium is used, since cobalt is one of the analytes.

2.4 Roadmap through Results and Discussion

In the following chapters the developed electrochemical cells are used on different
current issues concerning stability of the solid|liquid interface. The table below
displays the key features and studied material system.

25



System ICP-MS elements AFM specific feature
ZnO Zn pH-dependent Photocorrosion

Nickel based
Alloys (NBAs) NiCrFeMo -/- Crevice corrosion

Nickel based
Alloys (NBAs) NiCrFe in situ EC Combination AFM&ICP

Au-SAM Au in situ EC Interface/Adhesion
Binary to High
Entropy Alloys

(HEAs)
NiCrFeCoMn -/- Materials Library

(Characterization)
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Part II

Results and Discussion



Chapter 3

Photocorrosion of ZnO Single
Crystals during Electrochemical
Water Splitting

The following chapter is based on the article that appeared under the same title
in ACS: Applied Materials & Interfaces (see [110]), reproduced under the corre-
sponding copyright agreement. The concept of using a photoelectrochemical cell
with down-stream degradation product analysis was at the time of the start of this
work not established yet. In the interim that idea was realized by other working
groups independently in parallel [17–20]. Working principle is to have not only the
choice of electrolyte solution and potential applied to the working electrode but
also the possibility to emit light onto the active surface.

Some of the shown ICP-MS measurements were conducted by Carina Brunnhofer
in the course of a project work supervised by the author.

Degradation and dissolution of transparent semiconducting oxides is central
to various areas, including designing of catalysts and catalysis conditions,
as well as passivation of metal surfaces. In particular, photocorrosion can
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be significant and plays a central role during photoelectrochemical activity
of transparent semiconducting oxides. Here, we utilize an electrochemical
flow cell combined with an inductively-coupled plasma mass spectrometer
(ICP-MS) to enable the in-situ study of the time-resolved release of zinc
into solution under simultaneous radiation of UV-light. With this system
we study the dissolution of zinc oxide single crystals with (0001) and (101̄0)
orientations. At acidic and alkaline pH we characterized potential dependent
dissolution rates into both the oxygen and the hydrogen evolving conditions.
A significant influence of the UV radiation and the pH of the electrolyte was
observed. The observed dissolution behaviour agrees well with the surface
chemistry and stabilization mechanism of ZnO surfaces. In particular, polar
ZnO(0001) shows ideal stability at low potentials and under hydrogen evolu-
tion conditions. Whereas ZnO(101̄0) sustains higher dissolution rates, while
it is inactive for water splitting. Our data demonstrates that surface design
and fundamental understanding of surface chemistry provides an effective
path to rendering electroactive surfaces stable under operating conditions.

Figure 3.1: Studying Photocorrosion with an electrochemical flow cell with downstream
ICP-MS detection
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3.1 Introduction - Stability of Zinc Oxide

Degradation and dissolution of oxide materials plays a central role in the kinetics
of degradation of structural as well as functional materials. For instance, in photo-
electrochemical cells transparent semiconducting oxides create electron-hole pairs
which can trigger electro-catalytic processes such as water splitting. Zinc oxide
(ZnO) is considered as a promising material carrier as well as reactive material
for water splitting and other catalytic processes.[111–113] With a bandgap of 3.3
eV[114] - close to the wavelength of visible light - ZnO can also effectively harvest
energy from sunlight.[111, 115–120] Specifically, photon absorption can generate
electron(e−)/hole(h+) pairs as follows:

ZnO + hν → ZnO + h+ + e− (3.1)

These electron/hole pairs function as driving force for photocatalytic processes,
however they also render ZnO prone to photocorrosion according to the following
equation:

ZnO + 2h+ → Zn2+ +
1

2
O2 (3.2)

Yet, stability under catalytic/reactive conditions is of enormous importance for
efficient catalytic action. Degradation of catalysts can render them useless within
a few cycles during operation. In addition to photocatalytic stability, ZnO is a
central protective oxide in the field of corrosion protection.[121] Sacrificial metallic
zinc coatings are typically used as cathodic protection and the topmost layer is
passivated, i.e. rendered stable by a ZnO layer.[122, 123]

Consequently, stability of ZnO has been studied in great detail under various
conditions, and for various surface orientations such as the polar[124–131] and
non-polar[129, 132], i.e. stoichiometric, surfaces.

The polar surfaces of ZnO are particularly interesting in terms of their stabilization
mechanisms. Several experimental and theoretical studies showed that polar sur-
faces can stabilize by adsorption of OH and oxygen adatoms[124, 125, 127], as well
as by formation of triangular reconstructions[128, 131] that realize a stabilizing
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coverage by oxygen step-atoms.

The stability of nonpolar ZnO (e.g. 101̄0) was not studied in great detail so far.
High resolved atomic force microscopy imaging showed that dissolution of non-
polar surfaces results in dissolution topographies that favour again the formation
of polar surfaces. [129] Specifically, ZnO (101̄0) has been found to reconstruct
under formation of stable ZnO (0001) and (101̄1̄) surfaces.[129, 133] Further, some
calculations identified point defects and oxygen vacancies as stabilizing features of
these surfaces.[134, 135]

Figure 3.2: Schematic of the flow cell used. A quartz rod allows transmission of UV light.
Overpressure pumping is used for establishing laminar flow across the working electrode.
The reference electrode (Ag|AgCl) is placed up-stream and the counter electrode (Pt)
is placed downstream to avoid contamination of Platinum at the WE. Standard HPLC
fittings are used for all tubings.

In recent years there has been growing interest in stability of ZnO during photo-
catalysis. Here, indirect effects such as reduced photocatalytic activity [136–138]
as an indicator for photocorrosion rather than dissolution were studied.

The aim of our work is to directly trace down the potential dependent stability of
zinc oxide for various surface orientations particularly also during photocatalytic
water splitting conditions by quantifying dissolving zinc in the electrolyte in real
time.
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Therefore, and as shown in Fig. 3.2, we use a photo-electrochemical flow cell with
a subsequent downstream electrolyte analysis to determine the rate of degradation
by inductively coupled plasma mass spectrometry (ICP-MS). With its very low (es-
sentially monolayer sensitive) limit of detection ICP-MS is a powerful technique
for time-resolved analysis of degeneration products. Hence, a number of elec-
trochemical ICP-MS flow cells have been developed for studying general metallic
corrosion[13, 92]. Recently, this technique was adapted and tested for quantifying
the photocorrosion of BiV O4 [19] and WO3 [17] as well as iridium oxide.[18]

As such electrochemical ICP-MS flow cells are well established for characterizing
the stability of materials that are prone to corrosion under various conditions.

Here, we use this technique to tune reaction parameters as pH-value and applied
potential regarding their influence on ZnO degradation rates. For the first time, we
use this technique with oxide single crystals and we are able to connect ZnO surface
orientation chemistry with observed stability and water splitting rates. Specifically,
we study the photocatalytic stability of low-index ZnO surfaces (0001 and 101̄0) in
aqueous perchlorate solutions for both the oxygen evolution reaction (OER) and
the hydrogen evolution reaction (HER). We show which surface is catalytically
more active (higher water splitting current) and how stable the surfaces are under
these conditions. The approach and the specific results offer a strategy for making
ZnO most stable and reactive, or vice versa.

3.2 Experimental section

Chemicals and Materials. A 10 mM solution was prepared from sodium per-
chlorate (98+%, Alpha Aesar). pH was adjusted using sodium hydroxide (tech-
nical, VWR) and perchloric acid (p.a. grade, Carl Roth) while maintaining the
concentration of the perchlorate anion constant. Milli-Q water (resistivity >18
MΩ· cm, total organic carbon < 4 ppb) was used for making electrolyte solutions.
ZnO single crystals (MaTecK GmbH) of orientations (0001) and (101̄0) were pre-
pared by hand polishing using diamond paste down to 0.05 µm
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Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Cobalt was
used as internal standard, having a similar mass as zinc. A scheme of the setup
is shown in Figure 3.2. The inhouse built electrochemical flow cell was made
out of PTFE. The cell is illuminated by a UV LED (UV5TZ-390-15, Bivar, Inc.)
shining through a quartz rod from the top on the active working electrode area.
The illuminated area is at least 3.14 mm² (2mm diameter rod) neglecting any
scattering of UV light. Total electrode area is about 7 mm² (3 mm diameter
O-ring).

Atomic Force Microscopy (AFM) AFM topography (JPK) experiments were
perfomed using contact mode cantilevers (Budget Sensor CONT). Using a custom-
made cell for liquids of PEEK, electrolyte was exchanged with a syringe pump.

3.3 Results

The key question we want to address in this work is at which potential does ZnO
degrade and how is this influenced by the surface chemistry, i.e. termination of the
surface? In this work we hence focus on the nonpolar (101̄0) and the polar zinc-
terminated (0001)-Zn surfaces of ZnO, for which we already studied stabilization
mechanism and surface chemistry extensively in our previous work. [124–127]

We designed a home-built UV-sensitized electrochemical flow-cell (see again Fig. 3.2)
and combine this flow cell with a subsequent quantitative analysis of dissolved
zinc in the electrolyte in an ICP-MS. Briefly, electrolyte solution is constantly fed
through a standard three electrode electrochemical cell, where a ZnO single crys-
tal acts as working electrode. UV light illuminates the surface from the top. Any
dissolved zinc species are carried with the electrolyte flow towards detection in the
ICP-MS. A detailled description of the cell is given in the experimental section
and in previous work.[17–19]

Two different pH values, acidic at pH 5 and weakly alkaline at pH 8, were chosen
as operating conditions. Given the experimental and calculated Pourbaix diagram
of zinc [139, 140] these conditions suggest Zn2+ and Zn(OH)2 as dissolving/stable
species. At pH 8 the surfaces are considered stabilized, while higher dissolution

33



rates are expected for lower pH values. Experiments always started at a potential
of 0.0 V vs Ag|AgCl, where no water splitting and stable surfaces are expected.
We vary the potentials with a scan rate of 1 mV/s from (1) 0 V to +3.0 V, i.e.
into the OER region, and (2) from 0 V to -1.5 V, which is into the region of the
HER, respectively.

Fig. 3.3 shows the dissolution of ZnO during linear sweep voltammetry for non-
polar ZnO (101̄0) and polar ZnO (0001). Blue lines indicate the dissolution during
UV illumination, whereas the black data shows dissolution under dark conditions.
The electric currents corresponding to the data shown in Fig. 3.3 are displayed
in the appendix Fig. A.1.2. The figures indicate a number of interesting details
as follows.

Figure 3.3: Dissolution rates of ZnO 0001 and 101̄0 face in 10 mM ClO−
4 solutions

during Linear Sweep Voltammetry (1 mV/s). Please note that all panels are similarly
scaled, but some of the data is multiplied by a constant to be visible in the plotted range,
as indicated. Arrows indicate scan directions. Significantly higher dissolution rates can
be observed with lower pH (a) and b)) . Illumination results in higher dissolution rates
(c.f. text for details).

First, the effect of pH is very evident. When performed at pH = 5 both surface
orientations show 1-2 orders of magnitude higher dissolution rates compared to
pH = 8. This is consistent with the expected dissolution tendencies derived from
Pourbaix diagrams. ZnO is considered stable from pH 8 to pH 6 and around 0 V vs
Ag|AgCl. Below pH 5 thermodynamic instability drives the dissolution. Further,

34



Figure 3.4: (A) ideal non-polar ZnO (101̄0 surface (B) half coverage by hydroxide (C)
Triangular reconstruction on ZnO(0001) (D) Stabilization by formation of triangles of
101̄0 orientation and additional coverage with a hydrogen layer. Oxygen: red, zinc: black,
hydrogen: beige

(Fig. 3.3 a, c, e, g) also show that non-polar ZnO(101̄0) surfaces exhibit very high
dissolution rates at pH 5 at both, HER and OER conditions, when compared to
the polar ZnO (0001) shown in (Fig. 3.4 b, d, f, h). As emphasized, the rates for
the non-polar surface are in general about 1 order of magnitude larger compared
to the polar surface, while water splitting currents are insignificant within the
scanned regions towards HER and OER (see again Fig. A.1.2).

Also, both surfaces show a rather constant or increasing dissolution rate when
polarizing towards OER at pH = 5. Surprisingly, at pH = 5 the polar surface
shows a very significant decrease of the dissolution rate towards HER conditions
(marked by arrow in Fig. 3.3b)). As soon as hydrogen evolution starts the polar
surface shows insignificant dissolution rates (see Fig. 3.3 b) in acidic conditions.
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At pH 8 shown in Fig. 3.3 e/f, both surface orientations show low dissolution rates
towards the HER, which get even lower with increasing negative polarization.

Interestingly, as soon as the OER initiates at pH 8 the polar surface shows an
approximately one order or magnitude higher dissolution rate (Fig. 3.3 h) com-
pared to the non-polar surface (Fig. 3.3 g). Again the non-polar surface shows
no significant OER current at the applied potential, while the polar surface can
split water effectively, yet at a high corrosion rate (see again Fig. A.1.2).

Second, illumination with UV light in general results in higher amount of dissolved
zinc for both surface orientations. The relative increase of dissolution rates under
illuminated conditions varies strongly with the pH, applied potential and surface
orientation. In the acidic case in the HER direction, for ZnO(101̄0) (Fig. 3.3 a)
illumination almost doubles the amount of dissolved ZnO. Also, under illumination
degradation seems to be constant while decreasing the potential, while it increases
in the dark. Moreover, the same applies for the OER (Fig 3.3 c) at pH 5. Here
the dissolution reaches very high rates. Also the difference between illuminated
and dark case is still about 10-50%, for each surface respectively, at an already
very high level.

For the OER scan at pH 8 (Fig. 3.3 d) a significant effect of illumination was ob-
served for both orientations. Specifically, under illumination the ZnO dissolution
rate is growing at a low level for the ZnO(101̄0 as the potential rises(see Fig 3.3 g),
while it is considerably higerh fopr the polar surface. No significant oxygen evolu-
tion accompanies the dissolution of the non-polar surface, while the polar surface
evolves oxygen. In contrast, under dark conditions at pH 8 dissolution remains
negligible over the whole potential window. As already pointed out above, for the
polar surface (Fig 3.3 d, h) the dissolution rate is considerably higher compared
to the non-polar surface at positive polarization, also during illumination.

At negative polarization at pH = 8 the effect of illumination is insignificant for
both surface orientations (Fig. 3.3 e, f) and the Zn dissolution drops below the
limit of detection at HER evolution.
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3.4 Discussion

The key to understanding the observed behaviour of the different ZnO facets is to
consider the stabilization and dissolution mechanism of the facets.

Considering the wurtzite structure of ZnO, along its c-axis ZnO is made up of alter-
nating layers of hexagonal close-packed Zn2+ and O2− resulting in a O-terminated
surface on one and a Zn-terminated on the opposing side. This generates a di-
verging dipole across a crystal, and will render the polar ZnO(0001)-Zn prone sta-
bilizing reconstructions.[125, 131] Specifically, the dipole through the crystal has
to be eliminated by triangular reconstruction of, or adsorption of ad-atoms on the
surface[125, 131, 141]. In contrast other low index surface orientations have stoi-
chiometric ZnO terminations, and do not exhibit complex reconstructions.

The resulting surface structures for the polar and the non-polar surface are shown
in Fig. 3.4. As displayed, A) the ideal non-polar ZnO(101̄0 surface consists of rows
of ZnO pairs, hence displaying both under-coordinated yet stoichiometric Zn and
O ad-atoms at the surface. Panel B) shows a possible (2x1)OH adsorption layer,
that can stabilize the polar Zn-terminated surface in alkaline[125] and water-rich
media[124, 126], and C) shows an alternative possibility to stabilize the polar
surface[131]. Here, triangular features are formed, which also offer oxygen atoms
in a stoichiometric concentration to stabilize the surface. Panel D) shows a similar
surface reconstruction but triangles and step-edge oxygen atoms are covered with a
hydrogen layer. The latter structure is thermodynamically stable under hydrogen
rich conditions. [127]

In our previous work[124] and in Fig. 3.5 we now show how a ZnO(0001) surface
dissolves when lowering the pH from 8 to acidic conditions. The in-situ AFM
series, recorded with two different single crystals, in Fig. 3.5 A-D shows persis-
tence of 0001 terraces, where degradation/dissolution occurs along the step edges,
which are non-polar surfaces. This confirms, that the non-polar step edge surfaces
are considerably more unstable compared to the stabilized polar surface. This is
consistent with the observed higher dissolution rate of the non-polar surface at low
pH and all potentials.
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Fig. 3.5 E shows the polar surface after extensive etching in acidic conditions.
Here a surface reconstruction with triangular features on the (0001) surface be-
comes visible. This is what we previously observed and indicates a kinetic sta-
bilization of the surface by formation of triangular features, which have no kink
sites.[124] This slows down dissolution rates significantly.

These triangular features are hence the reason for the lower dissolution rates at
pH = 5 of the polar surface when compared to the non-polar surface, as observed
for the potential dependent data above. The non-polar surface is not stabilized,
and indicates dissolution rates that are at least one order of magnitude higher at
pH 5.

Interestingly, for the polar surface Fig. 3.5 D also shows that lowering the pH
results in holes (marked) before typical triangular features appear. These holes
indicate that the stabilizing OH/O ad-layer dissolves at lower pH, which effec-
tively forces the polar surface into a different stabilization mechanism shown in
Fig. 3.5 E.

Furthermore, the sudden drop of dissolution of the polar surface during negative
polarisation in acidic conditions in Fig. 3.4 b suggests a protecting adsorption
of hydrogen on the (0001) surface structure as indicated in Fig. 3.4 D. Here,
under active HER conditions, where hydrogen must adsorb on the surface, the
proposed 1H (1x1) adsorption layer [127, 142] on ZnO(0001)-Zn does lead to a
stabilisation of the surface under active and hydrogen rich conditions. Indeed,
also our previous theoretical investigations showed that 1x1H coverage can be an
effective surface stabilisation at hydrogen-rich conditions.[127] Hence, correlation
of phase diagrams and experimentally observed stability with ICP-MS flow cells
proves to be beneficial for designing stable materials.

Specifically, the data suggests that hydrogen effectively stabilizes ZnO(0001) by a
theoretically predicted 1x1H adsorption on Zn and step edge atoms of the typical
triangular reconstructions. A direct evidencing of 1x1H adsorption on polar ZnO
at solid/liquid interfaces is currently not feasible, however in future studies we
aim to utilize AFM/STM imaging at the solid/liquid interface to provide a direct
experimental evidence. The applied overpotential in the experiment suggests that
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Figure 3.5: In-situ AFM topographies indicate preferential dissolution of 101̄0 step edge
surfaces on a (0001) surface (marked by arrows) upon decrease of the pH values from
(A/B) pH 8 to 6, and (C/D) pH 8 to pH 3. (E) shows an ex-situ topography after
immersion into a pH 3 solution, indicating stabilization by formation of triangles with
step edges of (101̄0) orientation on (0001) surfaces(c.f.text for details).

the conditions in this work are capable to achieve conditions, where ZnO(0001)-
Zn is indeed stabilised by this 1x1H adlayer, which is stable in extended ab intio
phase diagrams under reactive conditions.[127] Consequently, the sudden drop of
the dissolution rate may coincide with the theoretically predicted 1x1 H hydrogen
adsorption. This suggests an operating condition on the ZnO(0001) surface where
hydrogen evolution proceeeds under conditions that thermodynamically stabilize
the surface by 1x1H coverage, while water is beyond its thermodynamic stability.
This effectively renders the surface inert against degradation under reactive water
splitting conditions. This is an interesting mechanistic insight and may prove
useful for designing other stable surfaces under operating conditions.

Conversely, in the alkaline case the low dissolution rate (seen in Fig. 3.3f) corre-
lates well with the expected OH coverage of the ZnO(0001)-Zn surface (Fig. 3.4
B) and the general thermodynamic stability of ZnO.

A very interesting aspect at pH 8 is that the polar ZnO(0001) surface is less stable
compared to the non polar surface under oxygen evolving conditions. This is
unexpected, as one would expect that oxygen rich conditions stabilize triangular
reconstructions on the polar surfaces. This has two reasons.

First, oxygen evolution on polar ZnO(0001) may proceed via a direct reaction of
water with step edge oxygen atoms or stabilizing OH ad-atoms. As such, the
stabilizing features will dissolve during oxygen evolution, which makes the surface
less stable and prone to corrosion under reactive conditions. Why dissolution is
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less significant for the non-polar surface is then evident. On this surface the oxygen
evolution does not proceed at a significant rate at all, the observed dissolution is
solely due to the applied potential for the intrinsically thermodynamically stable
non-polar surface at pH = 8.

Second, UV irradiation also triggers dissolution of the polar ZnO surface at pH
8, under any condition above about 0 V, while the non-polar is significantly less
prone to photo-corrosion. For the polar surface this is also well visible in UV
on/off experiments recorded at pH 8 at 1.5V, which are shown in Fig. 3.6. This
is interesting, as ZnO is in principle thermodynamically stable at pH = 8. Hence,
holes h+ can apparently interact with the stabilizing electronic surface states of
the ZnO(0001) surface, forcing it into dissolution via equation 3.2.

Figure 3.6: Dissolution and electric current of a ZnO (0001) surface held at 1.5 V vs
Ag|AgCl in perchlorate solution at pH 8 while UV light is switched on (yellow areas) and
off. Dissolution and current response on UV exposure is clearly visible.

UV irradiation was generally found to increase the rate of dissolution. This is likely
via amplification of equation (3.2). Generated holes can oxidize the oxygen in the
semiconductor to its molecular form while releasing zinc ions into solution. This
process competes with the desired water splitting reactions, and drives the disso-
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lution under all conditions, with the exception of ZnO(0001) under hydrogen rich
conditions at low potentials. This is again in line with the stabilization mechanism
of the polar surface via hydrogen adsorption on terraces and step edges.[127]

Interestingly, the stabilization of hydrogen on the polar surface also results in
the highest rate of hydrogen evolution (see currents in Fig. A.1.2), yet at the
lowest dissolution rate under both illuminated and dark conditions. As such these
results strongly support the idea that hydrogen stabilized polar surface structures
on semiconducting oxides can effectively moderate hydrogen evolution under stable
conditions. As such, combined with transition metal coverage, ZnO(0001) or other
polar surfaces may be an interesting candidate for a stable hydrogen evolution
catalyst.

In contrast oxygen evolving conditions render ZnO(0001) unstable, with the on-
going OER the dissolution rate of ZnO increases in concert at pH 5 and pH 8.
This again indicates a mechanism that proceeds via dissolution of oxygen step
atoms. Interestingly, at pH 8 under OER conditions the non-polar surface appears
more stable but oxygen evolution rates are insignificant at the tested potentials,
indicating a large overpotential for the OER on the non-polar surface.

3.5 Conclusion

In summary, stabilization of the ZnO(0001)-Zn surface in both acidic and alkaline
aqueous electrolytes was studied by means of a photoelectrochemical flow cell with
consecutive detection of degradation products via ICP-MS. The well-known polar
surface stabilisation mechanims [124, 126, 128, 131] seem to also apply for photo-
electrochemical conditions. The time and potential-resolved dissolution study on
polar and nonpolar zinc oxide revealed the following conclusions:

• ZnO is prone to photocorrosion by ultraviolet light to different extents de-
pending on their orientation.

• However, polar ZnO(0001) can stabilize during HER via formation of pro-
tective (1x1)-H layer in acidic and (2x1)-OH in alkaline electrolyte. This
structure also support highest measured hydrogen evolution currents, yet

41



under very stable conditions. In contrast, non-polar ZnO shows no signifi-
cant hydrogen evolution, yet high dissolution at HER potentials.

• Nonpolar ZnO is in general less stable compared to polar ZnO for all pH
values and potentials probed. The exception to this is oxygen evolution at
pH 8. Under these conditions the non-polar surface is more stable, but also
evolves no oxygen. This may make this surface orientation interesting for a
carrier material under these conditions.

• Extended ab initio phase diagrams correlate well with experimentally ob-
served stabilities beyond the stability of the water phase, suggesting that
phase diagrams are an ideal tool for screening stable candidate surfaces out-
side the water stability window. This region is not typically evaluated in this
type of simulations.

Our approach for testing photocatalysts during operation on its photocorrosion
might prove useful for further, and more complex systems. In addition, our results
highlight that surface design (facet preferences and stabilisation mechanism of
oxides) can provide an effective path to making (photo)electrocatalytic (support)
surfaces more stable during reactive conditions. Stabilisation mechanisms of polar
surfaces may provide an effective path to tuning stability of transition metal oxides
under electrochemical and photoelectrochemical conditions.
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Chapter 4

Comparison of Elemental Resolved
non-confined and restricted
electrochemical degradation of
Nickel Base Alloys

This chapter is based on the article published under the same title at Corrosion
Science (in press[143]). It focuses on the challenge any flow cell has. To define the
flow profile the electrolyte has to be channeled, mostly by using O-rings. These
necessarily induce the formation of a crevice underneath the O-ring. Exemplarily
on various Nickel based alloys (NBAs) the influence of the crevice created under
the O-ring is examined for the resulting corrosion mechanism.

The majority of the experiments were conducted by the author, only the XRF mea-
surement was done by Claudia Merola and and Hsiu-Wei Cheng. Flow simulations
were supplied by Lukas Kalchgruber.

Passive film properties of nickel base alloys (NBAs) have been studied exten-
sively, yet elemental resolved dissolution currents under corrosive conditions
are less well studied. Here, we compare elemental dissolution currents during

43



anodic polarisation and repassivation under crevice and freely-exposed con-
ditions for various NBAs using an ICP-MS flow-cell approach. With a new
sample design we can track communication of a crevice environment with
the electrolyte, providing insight into crevice solution chemistry and solu-
bility of passive film-forming elements. Data indicates Mo can only form
stable precipitate layers under openly corroding conditions. Local elemental
depletion was further examined by XPS and nanometer resolved XRF.

4.1 Introduction

Compared to stainless steels nickel base alloys (NBAs) are considerably more
corrosion resistant making them a preferred industrial choice in demanding en-
vironments, including chemical and food processing, aerospace as well as energy
applications[144–147]. NBAs are typically alloyed with >10% chromium and 1-5%
molybdenum which are key alloying elements for providing an excellent corrosion
resistance in extreme environments[148–151]. The pronounced corrosion resistance
in anodic and acidic environments suggests the formation of a very stable and well
adhering passivating thin film, which is formed and/or stabilized mainly by these
alloying elements[151–154]. It has been suggested that molybdenum and chromium
may segregate to the alloy surface[108, 149, 152, 154, 155].

The thickness of the passive films is estimated at about 2 nm[149, 156] and the
chromium content is known to strongly influence the breakdown of the passive film.
This suggests a key role of chromium in the passive film chemistry, formation ki-
netics and stability[152, 156]. The mechanism of molybdenum inhibition is less
well understood. Increasing molybdenum content results in lower passive currents,
and it was suggested that MoO2−

4 ions (molybdates) accumulate at the outer in-
terface of the passive film[155]. This may stabilize the passive film against chloride
ingress and hence dissolution, resulting in lower corrosive currents[149, 157].

It was further suggested that molybdenum forms insoluble molybdate species after
anodic dissolution from the matrix, building up passivating precipitate films which
in turn lowers anodic dissolution rates[108].
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Jakupi et al.[158] suggested that molybdenum may accumulate at defect sites,
which may also trigger lower anodic dissolution rates at defect sites.

While passive films and passivity have been studied extensively for NBAs, the
elemental resolved dissolution during and after breakdown of the oxide, specifically
under crevice and pitting conditions, is less well studied. Material dissolution is a
central aspect of an ongoing localized corrosion, and industrial cleaning procedures
involve pickling, where a complete oxide breakdown is desired, which is particularly
demanding for NBAs[159].

Recent studies by Ogle et al.[108] investigated the transpassive dissolution in
high salt environments, and NBA passivation in acidic solutions[160] using spec-
troelectrochemistry in flow-cells coupled to ICP-OES analysis.

Figure 4.1: a) Schematic of the flow cell used. A PTFE cylinder is used for establishing
laminar flow across the working electrode. The counter electrode (Pt) is placed up-stream
and the reference electrode (Ag|AgCl) is placed downstream to avoid contamination of the
WE. Standard HPLC fittings are used for all tubings. Corrosion patterns for different
types of experiments are shown schematically and as microscope pictures for b) crevice
corrosion and c) embedded samples, as well as a finite element method simulation (see
methods) of the concentration distribution after 1.5 sec of material release at the electrode
surface.

Here, we use a similar approach in a newly designed ICP-MS flow cell[88, 161]
shown in Fig. 4.1a. This cell allows us to measure and compare elemental dis-
solution rates and faradayic currents under crevice and pitting conditions (see
Fig. 4.1b/c), depending on the sample design respectively. Similar to classic flow-
cell designs a crevice is formed with the sealing O-ring, if a bulk sample (type 1) is
mounted. Fig. 4.1b) also shows a finite element simulated concentration profile
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of corroding species in the flowing electrolyte, demonstrating significant dissolu-
tion in the crevice region under the O-ring. In contrast, as shown in Fig. 4.1c, an
embedded sample (type 2) can be mounted without crevice formation under the O-
ring. The well adhering glue limits crevice formation at the embedded glue/sample
edge during experimental duration, as demonstrated by comparison of the visual
corrosive damage after experiments (Fig. 4.1c). Also, finite element simulations,
shown as insets, indicate that the dissolving species originate from the exposed
area. The flow is also guided well into the exit for both sample settings, ensuring
limited convective broadening of the ICP-MS signal. This is ensured by the design
of the flow channels, which enter and exit as circular openings between O-ring and
a PTFE stamp. This ensures a stable channel height and laminar flow.

Table 4.1: Bulk composition (weight ratios) and abbreviations for all NBAs used.

Alloy
composition abbreviation Ni Cr Fe Mo

minor
components

Ni86Cr5Fe9 Cr5 86 5 9 - -

Ni75Cr16Fe9 600 72 15.5 8 - Mn(1) Si(0.5)

Ni74Cr16Fe9Mo Mo1 74 16 9 1 -

Using this setup, we study the elemental dissolution behaviour of a series of com-
mercial and model NBAs under crevice and non-crevice conditions. The alloy
compositions and abbreviations used in this work are given in Table 4.1. The
compositions were selected for evaluating the influence of the total chromium con-
tent (5% and 16% Cr) and the impact of trace/minor amounts of molybdenum
(1% Mo) on initial corrosion and subsequent repassivation.

4.2 Experimental Section

Chemicals and Materials Sodium chloride (Carl Roth, p.a.), HNO3 (VWR
Chemicals, Normatom), Milli-Q water (resistivity >18 MΩ· cm, total organic car-
bon < 4 ppb) was used for making electrolyte solutions. Alloy 600 was obtained
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from VDM-Metals, and Cr5 and Mo1 were provided by Hauke Springer (MPI f.
Eisenforschung, Düsseldorf). For embedded samples a 2 mm diameter cylinder
was turned. The removed material was replaced with EPON 1009F epoxy resin
(Hexion). The metal blocks were ground with sand paper of decreasing grain size
(from P80 to P2500), then polished with diamond paste down to 0.05 µm. Prior to
electrochemical transcritical dissolution at φTP = 1.0 V the metals were precondi-
tioned in situ in the ICP-MS flow cell by (1) 5 minutes potentiostatic polarisation
at −0.2V vs OCP, (2) followed by stepping into the passive regime at φ1 = 0.2 V
for another 5 minutes. We also compared results after preconditioning at -1.0 V
and subsequent oxidation in the passive regime at 0.2 V and found no quantitative
differences.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) Cobalt was
chosen as internal standard due to its similar mass with most of the alloy compo-
nents. Fig. 4.1 shows the flow-cell ICP-MS coupling used in this work, including
flow simulations that comfirm the laminar flow inside.

Optical Microscopy Optical Microscope images were taken using a µsurf ex-
plorer (NanoFocus AG) and analyzed with µsoft metrology software. A 20x mag-
nifying lens was used.

Scanning Electron microscopy (SEM) SEM imaging was performed at the
USTEM facility at Vienna University of Technology, working on a FEI Quanta
250 FEG with a beam energy of 5 keV.

X-ray Photoelectron Spectroscopy (XPS) XPS Chemical composition and
chemical states of the surface were determined using the Axis Supra (Kratos An-
alytical) spectrometer. No charge neutralization was used. XPS spectra were
shifted with respect to adventitious carbon at 284.8 eV. Spectra were taken with
a resolution of 0.1 eV and a pass-energy of 160 eV. All spectra were fitted using
reference compounds from the NIST database (Ni, Fe, Cr, Mo)[162–165]. No po-
sitional shifts of the components were necessary to fit the measured spectra well,
except for an 0.2 eV shift for Ni(OH)2 and 0.5 eV shift for NiO reference compo-
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nents. Elements with unpaired electrons (Cr, Fe) were fitted with fixed multi-peak
envelopes[163, 166]. Samples were during active potential application pulled out
of electrolyte to ’freeze’ the electric double layer. Afterwards they were dried in a
N2 stream.

X-ray fluorescence (XRF) High resolution X-ray fluorescence (XRF) experi-
ments were performed at the Taiwan Photon Source (TPS) Beamline 21A at the
National Synchrotron Radiation Research Center (NSRRC), Taiwan. This beam-
line is dedicated to white-light nano Laue diffraction for structural analysis and
high spatial resolution florescence imaging. The spatial resolution can regularly
reach 80 × 80 nm at this beamline. In XRF application, the beamline utilizes a
pre-shaped Kirkpatrick-Baez mirror pair to focus the Monochromatic X-ray beam
with energies 9.6 keV to generate fluorescence signal. XRF was collected by an
in-plane detector with an take-off angle of 7 degree to increase the sensitivity to
the surface fluorescence signal. Due to the fact that absolute XRF signal intensity
is also influenced by the surface morphology, we normalize the fluorescence imag-
ing and analyze intensity ratio between individual elemental signals as following,
revealing relative local variation of elemental ratio on the surface:

PMe(%) = IMe/(INi + ICr + IFe) · 100%

The sampling depth of XRF technique is related to the photon energy of fluores-
cence, which is characteristic for individual elements. A rough estimation of the
sampling depth from the XRF energies for Ni, Cr and Fe suggests 2.36, 0.96 and
1.53 µm sampling depths in this sampling geometry.

Finite Elements Methods Simulations Simulations for the concentration
profiles shown in Fig. 4.1 b) and c) were conducted with COMSOL Multi-
physics. The initial material release is set to be evenly distributed over the whole
WE area. Electrolyte mass flow was set to 3 mg/s as measured for the experiments
conducted.
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4.3 Results

Here, we first quantify elemental dissolution currents iMS during polarisation at
different anodic polarisation for crevice and non-crevice type samples in the ICP-
MS (see again Fig. 4.1). We characterize extended corrosive dissolution and the
subsequent repassivation of the materials, to obtain insight into the crevice chem-
istry. As a side note, in this work we do not study freely corroding crevices under
OCP conditions, we rather accelerate the degradation reaction by application of
anodic potentials, in the transpassive regime.

We then further characterize the surface chemistry of corroded and repassivated
alloys with X-ray photo-electron spectroscopy (XPS) and discuss the passivating
film chemistry and structure before and after corrosive dissolution. Finally, high-
resolution X-ray fluorescence spectroscopy was performed on corroded samples, to
further visualize local elemental surface depletion at corroding sites.

4.3.1 Anodic polarisation and elemental resolved dissolu-

tion.

Fig. 4.2 displays representative data of elemental dissolution currents iMS recorded
during 40 minute active corrosion with a type 1 (electrochemically triggered degra-
dation under confined conditions) and type 2 (open area electrochemical degrada-
tion) samples at φTP = 1.0 V for, Ni86Cr5Fe9 (Cr5), Alloy 600, and Ni74Cr16Fe9Mo

in aerated 1 mM NaCl solution at unbuffered pH of 7, respectively.

First, based on absolute dissolution currents, these three samples indicate increas-
ing corrosion resistance from Cr5 < Mo1 ∼ Alloy 600 for the electrochemically
triggered degradation under confined conditions (CC), and Cr5 < Alloy 600 <

Mo1 for open area corrosion.

Second, under crevice condition Fig. 4.2 a-c, stepping from 0.2 V to 1.0 V, i.e.
results in an immediate and steep increase of nickel dissolution rates over more than
one order of magnitude for all alloys. Alloys 600 and Mo1 further indicate a peak
dissolution of nickel after 30 seconds, followed by a steady decay of the dissolution
rate during ongoing corrosion at 1.0 V. In contrast, for the Cr5 alloy Cr dissolution
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Figure 4.2: Comparison of anodic dissolution at bulk pH = 7 in 1 mM NaCl of Cr5, alloy
600 and Mo1. Multiple repetitive measurements provided similar quantitative results.
Rates are normalized to the electrode area, which is estimated at the circumference and
width of the observed crevice for type 1, and the embedded area for type 2 samples.

shortly plateaus after 30 seconds, and after 90 seconds the dissolution rate of all
elements increases further. Fig. 4.2 a also shows that for Cr5 the second increase
of iMS(Ni) after 90 seconds is accompanied by a steep increase of the iron dissolution
rate over more than one order of magnitude. The dissolution ratios (DR) after 40
minutes active corrosion shown in Fig. 4.3 indicate that Cr5 reaches close to bulk
dissolution ratios, while Alloy 600 and Mo1 exhibit comparatively higher Cr, as
well as considerably enhanced Mo dissolution ratios, respectively, with a clearly
retarded Fe dissolution under crevice conditions.

Under openly corroding conditions of embedded samples Fig. 4.2 d-f, stepping
from 0.2 V to 1.0 V, i.e. indicates a similar pattern with a very steep increase
of Ni-dissolution. In contrast to the CC type and shown in Fig. 4.3, open cor-
rosion establishes a near bulk-ratio dissolution after 40 minutes, with moderately
higher Ni, and hence lower Fe and Cr dissolution rates, compared to the bulk
composition.

For the open corrosion we also see that the electrochemical current (ec) is lower
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Figure 4.3: Extended anodic dissolution ratios DR for all n elements after 40 minutes
of corrosion for all NBAs under different conditions of anodic polarisation calculated as
DR = iMS(j)�n

j=1 iMS(j)
. Bulk values are indicated by black diamonds.

compared to measured dissolution current for Cr5 and Alloy 600. In contrast, Mo1
shows a generally very low corrosion rate, with a second increase of rates after an
initial 2-3 minutes of anodic corrosion.

4.3.2 Repassivation.

Fig. 4.4 compares elemental dissolution currents for all alloys and sample types
during repassivation after 5 and 40 minutes of corrosive polarisation, respec-
tively.

Due to diffusion broadening[92], all samples show that the dissolution currents for
all alloys drop to a lower base level within 60-100 seconds after stepping into the
repassivating region at φ1 = 0.2 V. This results from the retention time of the
dissolved material in the tubes between the electrochemical cell and the detection
in the ICP-MS.
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Figure 4.4: Elemental dissolution rates during repassivation after 5 and 40 minutes po-
larisation in the anodic region (grey: 5 min, colored: 40 min). a)+c) Ni86Cr5Fe9
b)+d) Ni75Cr16Fe9 and c)+e) Ni74Cr16Fe9Mo. Notice: For b) and c) Ni-rates are
multiplied by 5 for e) and f) by 2, and Cr-rates of a) and b) are multiplied by 2 to be at
scale for all alloys, respectively. a)-c) show samples with crevice (type 1). Insets show
schematically the mechanism of dissolution for type 1 & 2.

52



Type 1 samples: Fig. 4.4a-c shows type 1 samples, indicating that the base level
for the Cr5 alloy is almost half an order of magnitude higher compared to alloys
600 and Mo1. This is in line with the polarisation curves, shown in appendix
Fig. A.2.1. For Cr5 the passive current level also depends on the transpassive
polarisation time. After 5 minutes of the resulting passive dissolution the current
of all elements is about 20-30% higher compared to longer polarisation times. In
contrast, both alloy 600 and alloy Mo1 show no pronounced difference of dissolution
currents after 5 or 40 minute anodic corrosion followed by repassivation.

During repassivation the iron dissolution remains negligible for alloys 600 and Mo1,
and remains at a significantly higher level for the Cr5 alloys.

In contrast to the Cr5 alloy both, alloys 600 and Mo1, indicate a significant initial
peak of the dissolution rate of Cr and Mo during repassivation (marked by arrow),
which increases with the time of preceding anodic polarisation. The dissolution
rates for Cr and Mo peaks are considerably above the value measured during corro-
sive dissolution, indicating a significant material release during repassivation.

Fig. A.2.2 in the appendix compares the integrated amount of dissolved chromium
and molybdenum during repassivation as a function of the transpassive polarisa-
tion time. Data indicates a saturation after about 20 minutes of transpassive
polarisation. Furthermore, comparing the integrated Cr and Mo dissolution cur-
rents for alloys Mo1 and 600 (Fig. A.2.2) during repassivation indicates that the
Mo content in Mo1 results in a smaller dissolution current for the Cr during repas-
sivation for up to 20 minutes of corrosive polarisation. During this initial period
a considerably larger amount of Mo peak dissolution occurs during repassivation,
while only limited chromium dissolution emerges. After 20 minutes of corrosive
dissolution the dissolved amount of chromium is again similar compared to alloy
600 that is polarised at 1.0 V.

Type 2 samples: For type 2 samples shown in Fig. 4.4d-f no such peaks were
observed, and for Cr5 and Alloy 600 a decay of the dissolution currents consis-
tent with diffusion broadening was observed. In contrast, Mo1 shows a prolonged
dissolution time for all elements during repassivation.
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4.3.3 Surface characterization - XPS.

XPS was further used to compare passive films formed during passivation and after
corrosion and repassivation. Therefore spectra were collected at openly corroded
and at crevice corroded regions, using a small spot XPS. For these XPS mea-
surements the surfaces were pulled out from the electrolyte at the given potential
and they were washed afterwards with minute amounts of Milli-Q water, to avoid
significant changes of the surface chemistry due to washing (see experimental de-
tails for more information). We want to emphasize, that this procedure allows
us to closely resemble, or "freeze"[167], the conditions in the electrolyte. But
clearly, ex-situ XPS is only an approximation for the state during active aqueous
degradation. In future work, one may expect further insight from high pressure
XPS[168, 169].

The full set of core level spectra for all alloys and elements are shown in the sup-
porting information for all materials studied for openly corroded areas (Fig. A.2.3-
A.2.5), and crevice corroded areas (Figures A.2.6-A.2.7) respectively. Peak
fitting was applied as shown in the spectra, and resulting XPS surface ratios for
metallic and oxide components of fitted compounds are summarized in Fig. 4.5a.

Survey spectra indicated no further elements other than atmospheric carbon. We
first summarize the results of the spectra for the major elements, while Mo is
discussed separately, as it indicates most pronounced differences.

Cr, Fe, Ni spectra after non-crevice passivation. After 40 minutes of open
crevice free passive polarisation at 0.2 V 600 and Mo1 indicate a Cr2O3 and Fe(III)
enriched passive film, while oxidized Ni appears to be insignificant, and mostly
metallic Ni is observed. In contrast, Cr5 shows a considerably more Ni-rich (60%)
and the Cr content in the passive film is still two-fold above bulk level concentra-
tion.

Cr, Fe, Ni spectra after open corrosion. XPS spectra recorded after cor-
rosion (Figures A.2.3-A.2.5) indicate significant differences of the passive film
content. First, the Ni-signal indicates a more pronounced oxide/hydroxide com-
ponent after reprecipitation, which is in line with a reprecipitated outer layer of
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Figure 4.5: a) Surface composition of the alloys according to XPS analysis. Type 1 and 2
were polarised at 1.0 V for 40 min, pass indicates passivation at 0.2 V for 40 min. Type 1
is measured at the area of the crevice, type 2 represents the data taken from spots in the
inner part of the metal sample. b) Molybdenum 3p core level spectra after 40 minutes of
polarisation in the (bottom) passive regime at 0.2V, and (top) the anodic regime at 1.0 V
for type 1 and type 2 polarisation. (c.f. text for details).

nickel oxide/hydroxide. Also, the metallic signals for both alloy 600 and Cr5 show
a considerably lower intensity of metallic Cr and Fe relative to the oxidized species,
indicating a thicker passive film.

Cr, Fe, Ni spectra after crevice corrosion. Spectra under crevice condition
(Figures A.2.6-A.2.7) clearly indicate a thinner oxide in the crevice corrosion.
Specifically, relative comparison of the metallic and the oxide peaks indicates a
relatively higher metal signal for all alloys. Further, Ni(II) shows no hydroxide
signals for all alloys.

Comparison of Mo spectra. As shown in Fig. 4.5b, for Mo1 the elemental
ratios of the Mo oxides strongly differ for the openly exposed, crevice and passive
film surface chemistry.

First for open non-crevice corrosion (type 2), after passivation molybdenum at
0.2 V is chemically present as Mo(VI) and lower oxidized species Mo(<VI). Also,
metallic Mo is clearly detectable indicating a thin passive film.

55



Second, and in contrast, Mo core level spectra in Fig. 4.5 after corrosion at 1.0 V
and repassivation indicate a fully oxidized and highly enriched Mo(VI) species in
the passive film. The data indicates a nearly exclusive Mo(VI) content, with a
minor (∼ 6%) possibly defect (e.g. oxygen interstitial) related peak at even higher
binding energies after transpassive dissolution and subsequent repassivation. This
small peak is shifted to very high binding energies, which in our view supports an
interpretation of an interstitial site, which is highly coordinated by lattice oxygen
(defect). Other secondary effects such as shake ups are unlikely in this case, as the
highly oxidized form is expected to be diamagnetic[170]. The total Mo content in
this passive film is at 7-8%, which is considerably above the 1% bulk concentration.
This indicates a thick molybdate precipitate overlayer, which is also consistent with
the disappearance of the metallic Mo peak, and significantly weaker metallic peaks
in all other elemental spectra (Fig. A.2.4).

Finally, the spectra in the crevice corroded area (type 1, 1.0 V) indicate fully
oxidized species, and only minor lower oxidation states (in the noise limit). In
general, the considerably smaller signal levels again indicate a lower film thickness,
in particular considering that the metallic Mo signal is still visible.

4.3.4 Nano-XRF/SEM characterization of corroded areas.

Fig. 4.6 shows electron microscopy images and corresponding high resolution (500
nm spatial resolution) XRF elemental mappings for representative areas showing
corrosive damage after polarisation in the ICP-MS cell. The elemental mappings
show a relative distribution of elements over the probed location (see methods for
details), and indicate that nickel depletes locally, while iron and chromium maps
indicate a local enrichment compared to bulk level at corroded sites, which is
consistent with XPS data. For Mo1 it was not possible to achieve sufficient signal
intensity for mapping local changes.
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Figure 4.6: High resolution XRF characterisation of corroded areas of a) Alloy 600, b)
Cr5 and b) Mo1 alloys. The left column shows an SEM image, followed by a column
showing Ni, Cr and Fe depletion/enrichment respectively (cf. text for details).

4.4 Discussion and interpretation

4.4.1 Comparison of anodic corrosion and elemental dissolu-

tion under restricted and non-restricted conditions.

Our data indicates that we can follow both a freely exposed corrosion of an embed-
ded sample, or preferential confined condition-type degradation (CC) underneath
the O-ring using targeted ICP-MS flow cell/ sample design concepts. CC estab-
lishes a direct communication of the crevice electrolyte with the bulk electrolyte
flowing through the ICP-MS flow cell.

First, the open corrosion of type 2 samples results in a preferential dissolution of
Ni, while Cr as well as Fe dissolve at ratios below bulk level metal concentrations
at both passivating and anodic corrosion conditions. Under passive conditions,
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at 0.2 V, the Ni-hydroxide and oxide peaks in XPS almost disappear, which is
in line with the observed dissolution behaviour in ICP-MS. This suggests, Ni dis-
solves through an intact chromium oxide layer, and any initially present oxidized
Ni species dissolve as well, as expected for a high field mechanism[171–173]. I.e.
the potential gradient drives the Nickel dissolution through the formed passive
layer. At 1.0 V anodic corrosion we see a preferential and also localized dissolu-
tion (see also Fig. 4.1c photograph after corrosion), which is further evident from
the XRF data, which shows depletion of Ni and enrichment of the other alloying
elements locally. Localized corrosion is likely triggered by the local breakdown of
the passive film. Further, for Mo1 repassivation leads to the formation of an ex-
pected passivating Mo(VI)-rich precipitate. This interpretation is consistent with
previous work[108, 160], and suggests high oxidation states in the Mo-precipitate
formed at 1.0 V. This precipitate dissolves slowly after repassivation, as evidenced
by the slow transient ICP-MS dissolution profile of Mo in Fig. 4.3f. Based on the
XPS data, the Mo content of the passive film increases 7-fold compared to the bulk
concentration, and the film thickness is above 3-4 nm, but below 10 nm, based on
the relative intensities of the metallic signals from underneath the passive film.
Under different conditions e.g. Ogle et al.[108] found a similar enrichment of Mo
at the interface, as it is also known for Mo-containing stainless steels[174].

For crevice type samples the ICP-MS repassivation data show two interesting as-
pects: First, and as discussed above we see clear and time dependent peaks of
the Cr and Cr/Mo dissolution, for alloy 600 and Mo1 respectively. These peaks
were only found for type 1 samples. Hence, these are clearly related to the com-
munication of the crevice solution with the flowing electrolyte. Upon lowering
of the potential, the crevice environment, which established over the extended
degradation period, dissipates by peaking, i.e. injecting, the crevice solution into
the flowing electrolyte. Hence, the crevice solution at pH 7 base-level unbuffered
pH is highly enriched in Cr and Mo containing soluble species, while Fe remains
largely insoluble within the crevice. Based on the time dependent evolution of this
dissolution peak, shown in Fig. A.2.2, the crevice environment reaches satura-
tion after 20 minutes of constant polarisation under the applied conditions [169].
The here studied approach deviates from realistic crevice corrosion since an exter-
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nal potential is applied, that likely results in an overestimation of the exchanged
currents[175]. Nevertheless the processes taking place in the crevice environment
are comparable. The here reported enrichment in soluble species in the crevice is
also found for crevice corrosion[176, 177]. Interestingly, for Mo1 data indicates a
delayed Cr dissolution, while Mo preferentially dissolves initially. After 20 minutes,
similarly, a saturation level is reached.

Further the observed Fe retardation for both alloys indicates that the crevice is
enriched with iron oxide, while Cr-oxide and Mo have lower effective protection
levels in the crevice. The resulting oxide/ transient protection layer is non-well
adhering and does not passivate the active crevice surface well. This is consistent
with 1) the observed current spikes in the Fe signal. The observed spikes indicate
nano-to-micro level Fe-oxide detachment from the repassivating areas, and 2) XPS
of the crevice region also indicates Fe enrichment, and overall thinner oxide.

When comparing the surface composition of non-confined with the crevice corroded
samples, data clearly suggests an acidification of the crevice area, which drives lo-
calized corrosion, while inhibiting passive film formation[177–180]. For the openly
corroding samples, a similar breakdown of the oxides appears locally, as can be
seen from the visual corrosive damage, which showed localized attacks. The fact
that the dissolution current of Cr5 and alloy 600 was consistently higher compared
to the electrochemical current (Fig. 4.2d/e) further supports that oxygen reduc-
tion (from aerated solutions) occurred simultaneously at the bare metal/solution
interface, indicating a localized decomposition of the passive film.

In contrast, for Mo1 both the ICP-MS data and the XPS data presented here
further confirm the formation of a passivating layer of fully oxidized molybdenum
oxide at 0.2 V (see again XPS), which is still quite stable at 1.0 V. Both the
increasing Mo dissolution over time during corrosion at 1.0 V (Fig. 4.2f), and the
observed transient extended dissolution during repassivation (Fig. 4.4f) suggest a
solution side based repassivation mechanisms (reprecipitation mechanism) of the
passive film during corrosion and during step down into the passive region for Mo1.
At different conditions, Ogle et al.[108] also observed Mo precipitation based on
chemical molybdate dissolution after transpassive polarisation.
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This is consistent with current interpretation of the effect of Mo. Precipitation
of molybdates passivates the surface for an openly corroding system[108, 181,
182].

However, under crevice conditions, we clearly see a lower protective effect, and no
pronounced precipitation of molybdates. XPS and ICP-MS data for crevice type
samples indicate a lower oxide thickness and soluble molybdate species. Within
the crevice region no highly oxidized molybdate based passive film can hence form,
probably resulting from the acidification in the crevice and therefore increased
solubility of the molbdates[108].

4.5 Conclusions

In conclusion, we can show that our sample design allows a comparative study of
open and crevice type corrosion within the same ICP-MS flow cell. The commu-
nication of a crevice environment with the bulk electrolyte can be reproducibly
tracked, providing insight into the crevice chemistry. Together with modelling,
backtracking the exact chemistry and pH may become possible in the future.

Regarding the characterized systems, our findings are in line with the current un-
derstanding of NBA corrosion behaviour, and can be summarized as follows:

• During passivation the passive films are mainly consisting of Fe and Cr ox-
ides, while Ni establishes a passive current by dissolution across the intact
passive film.

• Under open corrosion we see a clear preferential dealloying of Ni at localized
corroding areas.

• Consistent with ICP-MS dissolution currents, nanometer resolved XRF was
utilized to confirm localized selective dissolution of Ni, and enrichment of
the other alloying elements.

• The formation of a passive film with >7-8% MoO3 confirmed a selective
enrichment of Mo after corrosive dissolution and consequent repassivation
for Mo1.
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• In the crevice region oxides are thinner, and iron oxide enriches significantly,
while the other alloying elements, including Cr, dissolve at higher rates and
above bulk level concentration in the crevice.

• Under crevice condition Mo(VI) can hence not precipitate an effective pro-
tective layer, likely due to the low pH level that establishes in the crevice
environment.
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Chapter 5

Stability and quality study of
passive films formed on Alloy 600
with in-situ AFM and
EC-ICP-MS

In the following chapter EC-ICP-MS dissolution currents are compared with AFM
topographies to form a complementary view on the formation and breaking of
passive layers on Alloy 600.

Most AFM pictures shown in this chapter have been acquired in the course of
a project work of Marina Bishara titled "In-situ Electrochemical AFM corrosion
study of Nickel based alloy 600" under supervision of the author.

Understanding elemental corrosion currents and visualizing corroding to-
pographies provide a detailed insight into corrosion mechanisms at the nano-
scale. Here, we develop a strategy to understand the elemental composition,
corrosion resistivity and local stability of passive materials. Specifically, we
utilize a pulse voltammetry approach in a novel electrochemical AFM cell
and complement this data by real-time dissolution currents based on spectro-
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electrochemical online analysis in an ICP-MS flow cell. We study the oxide
properties and their protective behaviour, when formed under different ap-
plied potentials using alloy 600 as model sample. Both AFM and ICP-MS
data show that passive films formed on alloy 600 at around +0.3 to +0.4 V
in neutral 1 mM NaCl solution are most stable during anodic corrosion at
+1.0 V, while AFM further demonstrates that local dissolution occurs, in-
dicating locally varying defect levels in the passive film. In combination of
both techniques, our approach provides real-time elementally resolved and
localized information of passive film quality under corrosive conditions, and
it may prove useful for other corroding materials.

5.1 Introduction

Nickel-based alloys (NBAs) show outstanding corrosion resistance under many ex-
treme environments enabling them to be used in broad applications such as steam
reactors, aerospace and chemical processing[146, 183–186]. It is well-established
that the unique corrosion resistance of NBAs such as alloy 600 can only be achieved
when the chromium content is more than 10%[148, 149, 187, 188], which is neces-
sary for the formation of a stable passive/chemically inert chromium oxide enriched
thin film (typically 1-2 nm[189]) on the alloy surface. With their outstanding
corrosion inhibition property, such thin films have attracted great attention from
researchers[183, 190] to study their passivation mechanism, as well as to character-
ize their physical structure, chemical composition and electronic properties[191–
193]. While alloy 600 is prone to pitting corrosion[179], under mild conditions
passive film breakdown is considered to be the critical step[8] leading to corro-
sive failure. Hence, understanding the properties and anti-corrosion mechanism
of the passive film are central for predicting corrosion tendency of NBAs in mild
environments.

Up to now, the formation of passive films have been described using models such
as the High Field Mechanism (HFM)[171], or the Point Defect Model (PDM)[194],
which can be used to explain growth kinetics as well as their chemical composition.
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These models suggest that changing the conditions under which the passive layer
is formed can influence the formation kinetics that lead to grow distinct passive
films, and therefore, result in varying corrosion resistance.

The passivity of the chromium oxide thin film is often understood as formation of a
dense physical barrier that is limiting the permeability of ions across the film[16] or
a change of the electronic structure (band gap) that creates a higher energy barrier
for charge exchange at the interface[195]. It is easy to picture when growing passive
films under different potentiostatic polarization, the created potential drop across
the oxide film can result in a different degree of ion migration/permeability, which
directly influences the passive film structure.

However, due to the nature of its extremely small film thickness, characterizing its
physicochemical properties during a corrosive process remains challenging. Most
of the surface sensitive analytical methods are ex situ techniques and very often
require operating in specific environment such as under ultra high vacuum. In this
aspect, obtained results from these techniques do not directly reflect on the in situ
passive film composition and behaviour.

Consequently, techniques capable of performing real-time studies such as scanning
probe techniques e.g. Atomic Force Microscopy (AFM) and Scanning Tunneling
Microscopy (STM) are more suitable in studying actively corroding surfaces, which
has increasingly gained more impact in recent years[46, 189, 196–198].

Most of the conducted research observed the growth behaviour of passive films e.g.
during linear sweep voltammetry (LSV). In this perspective, the created oxide films
are not well-defined and the composition may vary with the altering potential. I.e.
properties of a passive oxide from a LSV may be influenced by the scan rate and
applied solution conditions.

It is therefore crucial to develop a strategy to understand the elemental compo-
sition, corrosion resistivity and stability of oxide films that formed under in situ
conditions. We considered passive films grown under constant polarisation as most
controlled conditions to systematically study their behaviour. In this work, we uti-
lize a pulse voltammetry approach in a novel EC-AFM cell (Fig. 5.1 b, c) as well
as in a flow cell connected to an inductively coupled plasma mass spectroscopy
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(ICP-MS) online analysis (inset in Fig. 5.1 a) to study the oxide properties and
their protective behaviour, when formed under different applied potentials. Both
techniques provide time-resolved information about the surface condition with the
ICP-MS having the focus on elemental composition and the AFM providing to-
pographic/structural information of the material during corrosive breakdown of
alloy 600 as model system. Both AFM and ICP-MS data show that passive films
formed at around +0.3 - +0.4 V in neutral 1 mM NaCl solution are most stable
during anodic corrosion at +1.0 V, while AFM further demonstrates that local
dissolution occurs, indicating locally varying defect levels in the passive film.

Figure 5.1: a) Tafel characteristic curve of the examined alloy: NBA 600
(Ni72Fe8Cr15.5) and Cr5 (Ni86Fe9Cr5) for comparison. The blue circles mark the re-
gions of interest in this study. Inset shows a schematic of the home-designed ICP-MS
coupled electrochemical flow cell. A stamp is used for establishing laminar flow across
the surface of working electrode (WE, studied alloy). The counter electrode (CE, Pt) and
reference electrode (RE, Ag|AgCl) are arranged in a way to avoid WE being contaminated
by the reaction products from CE (hydronium or hydroxide that may vary the pH near
WE surface). b) Design principle of the home-designed three-electrode system equipped
AFM liquid cell, bottom view. A platinum foil forms the CE directly at the optical win-
dow of the used cantilever holder. Only a small section is left out for the AFM laser.
Reference electrode (Ag|AgCl) is located outside the cell with a connecting tubing (green).
c) Side view of the assembly with the sample (WE) at the bottom in parallel with the CE,
resulting in a even electric field distribution.
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5.2 Experimental Section

Chemicals and Materials. Sodium chloride (Carl Roth, p.a.) and Milli-Q
water (resistivity >18 MΩ· cm, total organic carbon < 4 ppb) was used for making
electrolyte solutions. Alloy 600 was obtained from VDM-Metals, Cr5 was provided
by Hauke Springer (MPI f. Eisenforschung, Düsseldorf). The metals were ground
with sand paper of decreasing grain size (from P80 to P2500), then polished with
diamond paste down to 0.05 µm. Prior to electrochemical experiments the metals
were maximum 5 min in situ in the ICP-MS flow cell by 5 minutes potentiostatic
polarization at −0.2V vs OCP.

Atomic Force Microscopy (AFM) AFM topographies were taken on with
AM-mode Cypher ES (Asylum Research, Oxford Instruments, Santa Barbara,
CA) using ArrowTM UHFAuD (NanoWorld, CH) and SCOUT 350 RAu (NuNano,
UK) probes. blueDrive was used to oscillate the probes. Embedded NBA samples
were contacted with silver glue. For embedded samples a rectangular piece of
metal of about 5 mm side length was used. The block material was embedded
in methylmethacrylate based VariDur 200 (Buehler). A PalmSens 4 potentiostat
(PalmSens, Netherlands) was used.

Image processing Prior drift correction and further analysis images were only
processed by applying flattening of first order. For alignment in z-direction a
minimum of 10 line profiles were chosen per time-series and adapted in height to
match significant - and non-changing - features of the images, e.g. deep scratches
from polishing or distinct peak features that remain over time.

Cell design of the electrochemical AFM (EC-AFM) Our home-built elec-
trochemical cell design (see schematics in Fig. 5.1 b) & c) is inspired by concepts
of Valtiner et al.[53] and derives from a standard Perfusion Cantilever Holder
(Asylum Research). We modified it by placing a platinum foil as a counter elec-
trode (CE) at the bottom side of the cantilever holder. When assembled the
working electrode (WE) and the platinum CE form a parallel plate geometry re-
sulting in a very evenly distributed electrical field. A majority of the upper surface
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is covered with the platinum foil to provide a high area, hence avoiding any rate
limitation from reactions at the CE. Only the optical path for the laser of the AFM
and a feed trough to connect the reference electrode remain cleared. A commercial
silver/silver chloride reference electrode is connected with the cell via a capillary.
For compensation of the expected high electrical current especially during anodic
dissolution and given that the CE is in close vicinity to the sample a reduction of
the WE size is limiting the possibilty of disturbance through reactions happening
at the CE (e.g. hydrogen evolution and bubble formation). The size ration of WE
to CE is at least 5:1.

5.3 Results and Discussion

Corrosion resistance of NBA increases with increasing chromium content. Exem-
plary, a Tafel analysis shown in Fig. 5.1 a) for an NBA with 5% and 15.5%
chromium concentration demonstrates the effect of chromium on the window of
passivity. When comparing the polarization curves, alloy 600 exhibits a well de-
fined region of passivity from -0.1 to +0.5 V shown as the flat plateau in the Tafel
plot (indicated by grey arrow), whereas the Cr5 is showing an earlier break-down
(light grey) around +0.2 V.

5.3.1 Results of ICP-MS experiments.

The linear polarization shown in Fig. 5.1 a) changes the passive film properties
continuously, our interest is however to study potential dependent passive film
properties and their protective characteristics. Hence, in order to approach the
passive film formation under thermodynamic equilibrium, we introduced a multi-
step chronoamperometry sequence (see inset figure of Fig. 5.2 c)) to perform
step-wise surface oxide growth, corrosion resistance test and reconditioning as
shown in Fig. 5.2. Specifically, freshly polished alloy 600 was first polarised at
a passivation potential of E(pre)cond over 5 minutes for growing a passive layer.
Subsequently, the polarization jumped to Ediss = +1.0 V for another 5 minutes
for testing the corrosion resistance of the material after passive film formation at
the given E(pre)cond. At the end of the corrosion test, polarization switched back to
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reconditioning at Erecond = -0.3 V for 2 minutes to remove the remaining surface
oxides, which resets the alloys’ surface chemical state for the coming repetition
sequences.

This approach can therefore provide a clear insight into protective characteristics
of passive films prepared under different electrochemical potentials. Based on the
Tafel analysis shown in Fig. 5.1 a) we selected five potentials of interest: E(pre)cond

= -0.3, +0.2, +0.3, +0.4 and +0.5 V, where -0.3 V was chosen as reference region.
There we expect no or only minor oxide film formation as it is located at the
cathodic branch of the Tafel plot and as is estimated from Pourbaix diagrams.[199]
The other potentials are well in the passive region.

We used ICP-MS and EC-AFM (see setup in Fig. 5.1 b) and c)) to identify the
alloy’s potential-dependent elemental dissolution tendency and surface morphology
change, respectively. The advantage of such flow-cell coupled ICP-MS arrangement
is that it provides online corrosion product analysis at trace levels, which can
directly be correlated to the applied electrochemical polarization during a real-
time process. In combination with EC-AFM, we may further understand local
and micro structure effects.

Fig. 5.2 a) shows integrated dissolved mass of nickel, chromium and iron marked
in blue, purple and red, respectively, from ICP-MS during polarization at +1.0 V
averaged over four repetitions (see Fig. 5.2 c)). Among all the examined po-
tentials, we surprisingly found that alloy 600 treated with passivation potentials
around +0.3 V to +0.4 V shows a statistically relevant decrease in material loss
during active corrosion at +1.0 V. Comparing to the amount of measured dis-
solved mass at E(pre)cond = -0.3 V, where no passivation is expected, the passivity
at E(pre)cond = +0.3 V shows an expected reduction of the mass-loss by around
50 %. In the case of anodic dissolution of the metal surface after E(pre)cond =
+0.5 V, the measured dissolved mass at +1.0 V increased again compared to pas-
sivation at +0.3 V. Hence, the corrosion resistance of the passive film formed at
this potential is again reduced, which agrees well with the observed passivity range
and the increasing passive current in the Tafel plot.

Further examination of the ratios of dissolved mass surprisingly revealed that
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Figure 5.2: a) Integration of collected mass during corrosion at 1.0 V over the course
of single sequences (4 pulse periods), resolved per elemental contribution. Error whiskers
show standard deviation of value over three repetitions of the experiment with >4 pulse
sequences. b) Relative dissolution during anodic polarization per element c) Overlap of 4
consecutive pulse periods of recorded ICP-MS mass-time profiles for all elements during
one full sequence. Please note that the scale for nickel is about 1 order of magnitude
higher. Inset shows the schematic of the designed applied electrochemical pulse profile in
multi-step amperometry.
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nickel, chromium and iron were demonstrating entirely different dissolution trends
depending on the passivation potential. Specifically, Fig. 5.2 b) shows the relative
elemental ratio of dissolved mass of individual alloy elements normalized by their
bulk ratio, where zero, positive and negative values indicate equivalent, more and
less dissolved mass compared to the bulk composition, respectively.

Comparing the trend of dissolution for the elements, nickel exhibited a higher dis-
solution rate compared to its bulk ratio at all passivation potentials, with a clear
reduction by about 50% in the passive region above +0.3 V. This is also associated
to the main reduction of the total mass loss observed in Fig. 5.2 a). In contrast
to nickel, chromium shows a weakly passivation potential-independent dissolu-
tion below bulk concentration. However, iron is showing a very clear passivation-
dependent dissolution trend. Iron dissolved less compared to bulk ratio at lower
potentials but gradually shifted into over-stoichiometric dissolution at higher pas-
sivation potential of +0.5 V.

The dissolution profile of iron shown in Fig. 5.2 c) reveals another key feature,
which may be relevant for understanding the underlying mechanism: As indicated
in the figure, the detected iron release exhibited a two-step mechanism - anodic
dissolution at +1.0 V and cathodic dissolution when jumping from +1.0 V to -
0.3 V, indicated by red dotted and shaded areas, respectively. This observation
suggests that the iron in the passive film undergoes at least two types of dissolution
mechanisms, occurring under different polarization potentials. Based on Pourbaix
diagrams the detected iron species at anodic polarization potential of +1.0 V may
originate from the release of ferrate anion (FeO2−

4 ). The additional peak upon
jumping cathodically back from +1.0 V to -0.3 V, indicates dissolution of a surface
bound excess iron species formed during anodic corrosion.

In contrast to the two-step dissolution pattern of iron, nickel shows a well re-
producible profile over several repetitions, which is characterised by a ∼1 order
of magnitude dissolution rate increase, above bulk ratio, at +1.0 V. Similar re-
producibility of dissolution profiles is observed for Cr. For this element the first
sequence in a repetitive set shows a delayed dissolution kinetic, which may relate
to an effect of the initial native oxide, adapting to flow cell environment after the
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first cycle.

5.3.2 Results of in situ EC-AFM surface morphology prob-

ing

Potential RMS [nm] (relative to OCP)
Eprecon = -0.3 V +0.3 V +0.5 V

OCP 0.83
(1.0)

2.32
(1.0)

3.05
(1.0)

precon 0.84
(1.0)

2.36
(1.0)

3.27
(1.1)

+1.0 V 2.37
(2.8)

2.57
(1.1)

4.12
(1.4)

-0.3 V 2.09
(2.5)

2.86
(1.2)

4.98
(1.6)

Table 5.1: Root mean square (RMS) values and their relative change of images shown in
Fig. 5.3

To complement integral ICP-MS data, we further visualised the (local) evolution
of the surface morphology upon passivisation using electrochemically modulated
AFM measurements.

Fig. 5.3 a) shows representative real-time changes in surface topography of alloy
600 during corrosion after different conditioning potentials E(pre)cond where applied
(similar to ICP-MS). The red dashed lines indicated in the OCP (open circuit
potential) topograms show line profiles that are compared in Fig. 5.3 b), for
E(pre)cond (blue), Ediss =+1.0 V (green) and Eprob =-0.3 V (red), respectively.

As a side note, for better visualisation height changes were overlaid on the recorded
images. Increase in height is indicated by green shading, while dissolution from
the surface is shown in magenta. Further, AFM topography does not provide in-
formation of absolute but only relative heights. Hence, consecutively measured
topographies were shifted during post-processing, using a referencing protocol de-
scribed in the methods section, in order to approximate the absolute change in
topography during corrosion. The selected images summarise recurring patterns
and characteristics seen in repeat experiments.
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Figure 5.3: AFM topography during different stages (E(pre)cond, Ediss, Eprob) of multiple
step voltammetry with different (pre-)conditioning potentials E(pre)cond = -0.3, +0.3 and
+0.5 V. Red dashed lines indicate the position of the line sections shown in b). RMS of
each picture and relative change compared to the initial OCP-topography can be found in
Tab. 5.1.

72



The potential-dependent EC-AFM images reveal a number of interesting details
as described in the following.

First, during the passive film formation (preconditioning) the surface morphology
of all three examined precondition potentials show no significant changes compared
to OCP. Only very minor height variations are observed. Jumping from precon-
dition potential to dissolution potential, the alloy treated at E(pre)cond = -0.3 V
shows a very vigorous dissolution. The RMS roughness increases significantly (see
Tab. 5.1), and most of the pronounced features (polishing scratches, etc.) be-
come indistinguishable, while only few areas remained stable for referencing the
corrosive height loss.

Second, and in a sharp contrast, the surface morphology during anodic corro-
sion has no significant change when the passive film was grown under polarization
of +0.3 V. Obviously, the surface oxide film does protect the surface very effec-
tively, and dissolution occurs homogeneously along preexisting features such as
scratches.

Third, surfaces passivated at +0.5 V again show more pronounced corrosive degra-
dation at +1.0 V. Here, the surface morphology did not undergo a similarly massive
dissolution as seen for preconditioning at -0.3 V. However, significant dissolution
preferentially occurred along the edges of the nano-granular features. Additionally,
in some areas measurable material growth was observed, indicating possible local
re-precipitation reactions.

Fourth, upon switching the polarization from +1.0 V to -0.3 V, the dissolution
reactions stopped and only minor topographic changes were observed for precon-
ditioning at +0.3 V and +0.5 V. However, for samples pretreated at -0.3 V dis-
solution was still observed at the top of particles. This correlates well with the
observed significant cathodic iron dissolution peak (see Fig. 5.2c)), which further
supports that the surface enriches in iron oxide during active corrosion, if corrosion
starts without a significant passive film presence.
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5.3.3 Overall discussion of results

In summary, the AFM topography analysis agrees very well with the ICP-MS
online analysis results, which reveals that the passivation potential, i.e. the condi-
tions during passive film formation are directly influencing the behaviour during
active corrosion. Together with the transition of the ICP-MS dissolution pattern
our data suggests that the quantitative elemental dissolution during active corro-
sion is highly dependent on the passive film properties. In the following, we want
to discuss several interesting aspects of our data.

First, if the material is directly corroded after polarization at -0.3 V, ICP-MS and
AFM data suggested a massive material loss. Given the Pourbaix diagram, one
may expect a pure chromium oxide layer, as the most stable chromium phase is
chromium oxide at -0.3 V at the experimental pH. Further, the passive film might
be much thinner, or even defect rich, or not complete. As a consequence, any
protective effect is limited or not even present.

Second, in line with this thought we find clear and pronounced cathodic iron
dissolution only after corrosion starting directly from -0.3 V. This suggests that a
steady state surface film evolves during anodic breakdown, which is significantly
enriched in iron, and presumably iron oxide. This is consistent with the Pourbaix
diagram suggesting that Chromium oxide is not stable at corrosive conditions at
1.0 V. Our data may hence indicate that iron oxide forms as a transient oxide
during corrosion, which is specifically growing at defects or areas that are not
covered by a stable chromium oxide. Further, during corrosion, this oxide is not
sufficient to suppress the material loss as effectively as a proper passive film grown
at passivation potentials within the passive region. This iron oxide enrichment
is evident form the significant iron dissolution peak during repassivation, after
corrosion at 1.0 V.

Third, and along the same line, passivation at ≥ +0.3 V establishes a passive film,
which can significantly decrease the material loss during active corrosion. Still,
we find a small but detectable cathodic iron peak after active corrosion. This
may suggest that the passive film breaks down locally, presumably at defect rich
sites, and/or iron oxide accumulates at the outside of the passivating chromium
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oxide.

Considering the AFM data at +0.3 V, which shows a rather uniform material loss
at defect rich areas (i.e. preexisting polishing defects, etc.), our findings appear
more consistent with an increased iron dissolution across the defect rich areas of
the passive film. Further, as seen in Fig. 5.2b) relative iron dissolution also
increases significantly if a passive film is grown between +0.3 - 0.5 V. Hence, iron
may accumulate at the oxide|water interface and/or gets transported through the
passive film at a higher ratio during corrosive dissolution. This suggests a change
in the passive film chemistry.

Fourth, after passivation at +0.5 V the again increasing iron content during ca-
thodic polarization after corrosion, suggests a decisive role of defect levels on the
transport across the passive film during corrosion. As such, the growth condi-
tions apparently render the passive film with different defect levels. Together with
the increase in iron ratio during corrosion (see again Fig. 5.2b)) this suggest a
structural change in the oxide that accelerated iron diffusion across the existing
passive film in a high-field condition applied during corrosion at +1.0 V. This is
further supported by AFM, where we see increased dissolution at areas that are
defect rich. The high field model (HFM)[171, 195] describing the built up of the
passive film during E(pre)cond provides an explanation for the differences in density
of defects, and hence, corrosion resistance.

Also, during the cathodic jump AFM data at +0.5 V shows further material loss
at the preexisting grain boundaries. The passive film grown at +0.5 V may hence
trigger faster oxide growth, due to an increase of defect rich areas, as indicated by
the localised loss seen in AFM topography.

We refrain from interpreting too much into the apparent material growth areas
at this point in time, as AFM is not an absolute technique, and post-processing
shifts may not truly reflect any growth areas, while material loss is clearly dis-
tinguishable. Along this line, one important aspect to consider when comparing
the processes observed in both the AFM and the ICP-MS flow cell is their gen-
eral differences: While the ICP-MS requires a constant flow of electrolyte the AFM
measurements are conducted in a stagnant solution. Quantitative comparision also
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indicates that corrosion is more severe in AFM, where for instance after precondi-
tioning at +0.3 V a few nm of material are lost during corrosion at 1.0 V, while
ICP-MS indicates only a monolayer material loss per cycle (300 ng/cm² ∼= 0.35
nm). This discrepancy is considerably lower when the material corrodes less.

Hence, the dissolution in AFM is also accelerated due to typical surface confine-
ment in an AFM (typically the AFM cantilever holder is separated by less than
200 µm from the probed surfaces), which renders this experiment more effectively
"crevice like", where electrolyte of the dissolving species may render the interface
at a different pH. This needs to be considered for AFM and scanning probe tech-
niques in general when studying corrosion, and may become a feature, if properly
controlled. How scanning probe conditions can even compare to flow-cell exper-
iments, and other electrochemical cells, is in our view an aspect that will need
further attention, e.g. by directly coupling AFM and ICP-MS, and by further
comparative studies with model systems.

5.4 Conclusions

In this work, we successfully used two complementary analytical techniques to
study the influence of passivation potential on the formed metal oxide film quality
in real-time. We designed an AFM cell that performs very well during corrosion.
The, for scanning probe techniques, novel plate-plate geometry provides an ide-
alized field distribution. Using an ICP-MS flow cell and EC-AFM, passivation
and anodic dissolution was tracked with both time resolved elemental dissolution
rates during chronoamperometric pulse experiments and complementary changes
in morphology, respectively. Regarding the characterised passivation potentials on
alloy 600 we could find an optimum at around +0.3 - +0.4 V in neutral NaCl so-
lution exhibiting lowest dissolution and therefore forming the most stable passive
film during anodic corrosion at +1.0 V.

Our results suggest the following specific conclusions:

• Quality of the passive film depends on the potential at which it is grown.

• The passivation potential controls the defect density and ion-conducting
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properties of the passive film during active corrosion.

• Combination of in situ techniques provide information about stability, indi-
rectly composition and local stability of the passive film.

With the ICP-MS flow cell and the EC-AFM it is hence possible to relate two
in situ techniques to consistently describe the quality and stability of a passive
film. In combination both techniques provide real-time and localized information
under operating conditions, and are much closer to realistic corrosion conditions,
compared to other surface sensitive analytical methods.
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Chapter 6

Complementary electrochemical
ICP-MS flow cell
and in-situ AFM study of the
anodic desorption of
molecular adhesion promotors

This chapter is based on the manuscript with the same title submitted to Applied
Surface Science. The methods ICP-MS and EC-AFM are now also extended on
the studying of organic coatings at the solid|liquid interface. Surface Preparation
and ICP-MS measurements of the present chapter were conducted in the course
of the Master thesis of Carina Brunnhofer titled "Method development for charac-
terizing corrosion and corrosion protection using an electrochemical ICP-MS flow
cell approach". This work was supervised by Dr. Hsiu-Wei Chang along with the
author of the present thesis.

Molecular adhesion promoters are a central component of modern coating
systems for the corrosion protection of structural materials. They are inter-
face active and form ultrathin corrosion inhibiting and adhesion-promoting
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layers. Here we utilize thiol-based self-assembled monolayers (SAMs) as
model system for demonstrating a comprehensive combinatorial approach to
understand molecular level corrosion protection mechanisms under anodic
polarization. Specifically, we compare hydrophilic 11-Mercapto-1-undecanol
and hydrophobic 1-Undecanethiol SAMs and their gold-dissolution inhibit-
ing properties. We can show that the intermolecular forces (hydrophobic vs
hydrophilic effects) control how SAM layers perform under oxidative condi-
tions. Specifically, using in situ electrochemical AFM and a scanning-flow
cell coupled to an ICP-MS a complementary view on both corrosion resis-
tance, as well as on changes in surface morphology/adhesion of the SAM is
possible. Protection from oxidative dissolution is higher with hydrophobic
SAMs, which detach under micelle formation, while the hydrophilic SAM
exhibits lower protective effects on gold dissolution rates, although it stays
intact as highly mobile layer under anodic polarization. The developed
multi-technique approach will prove useful for studying the interfacial ac-
tivity and corrosion suppression mechanism of inhibiting molecules on other
metals and alloys.

HS

CH3

HS

OH

in situ EC-AFM

Au

t (s)

E (V)

in situ EC-ICP-MS

Figure 6.1: Testing of self assembled monolayers (SAMs) for corrosion inhibition with
EC-AFM and ICP-MS electrochemical flow cells
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6.1 Introduction

Organic coatings are widely used as corrosion protecting layers on metals[200].
Coatings protect from corrosion by a physical barrier effect for water between
the metal and its surrounding, and are therefore up to a few micrometer in
thickness[16]. Still, the most crucial part of the coating is at the boundary of the or-
ganic top coating with the metal(oxide) underneath[201]. Additionally, molecules
such as silanes, or phosphonates[202] which can form self assembling molecular thin
films/ monolayers (SAM) at an interface, are typical reactive additives for coating
formulations. Specifically, SAMs have been proven to be suitable as molecular
adhesion promotors for long-term corrosion protection[203]. Further, the covalent
character of the head-group to metal(oxide) bond stabilizes as a linking layer be-
tween the metal(oxide) and the further covalent attachment of polymer layers on
metallic substrates.

In particular, the system of gold and thiol-based self-assembled monolayers (SAMs)
is well studied as model system due to its ease of preparation, stability and qual-
ity of the layers[204, 205]. For thiol-based SAMs the bond strength[206] between
the sulfur of the thiol and the gold determines the stability of the formed mono-
layer. Potential dependent SAM formation has been measured ex situ with Scan-
ning tunneling microscopy (STM)[203], but not yet under operating conditions at
oxidative/anodic potentials. Further, weakening of the bond for removal of the
formed SAM by cathodic desorption (stripping) is a well established process[207–
211].

Though electrochemical anodic detachment already finds application in forma-
tion of mixed SAM layers by partial electrochemically induced desorption of a
SAM in a thiol solution[212], the oxidative desorption on the contrary is less
studied[213].

Further, polarization of the surface can enhance the adsorption kinetics of molec-
ular thin films[207]. How molecular adhesion promotors act, and to which degree
they suppress metal dissolution. When the underlying substrate is electrochemi-
cally polarized into anodic polarization is still unclear.
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In recent years, elementally resolved electrochemical techniques such as combina-
tions of flow cells with downstream inductively coupled plasma mass spectrom-
etry (ICP-MS) or optical emission spectrometry (ICP-OES) analysis, proved to
be useful for understanding molecular dissolution mechanisms at electroactive
interfaces[13, 92, 109, 110]. These techniques have been applied to study the dis-
solution of Zn coatings on steel[95, 214], the dissolution of electrocatalysts under
operating conditions[90, 109], or to the study of the potential dependent stability
of photo-electrocatalytic materials[17, 110]. Here, we extend this technique to un-
derstand corrosion inhibiting effects of molecular adhesion promotors under anodic
polarization, as a model system for more complex alloys and inhibitors.

Specifically, we report results on the in situ anodic polarization of SAM covered
gold in sodium perchlorate solution. We compare Linear Sweep Voltammetry
in hand with in situ electrochemical topography scanning with an atomic force
microscope (EC-AFM) and elementally resolved ICP-MS dissolution currents of
hydrophobic and hydrophilic SAMs. We demonstrated a significant corrosion-
inhibiting effect of SAMs at anodic potentials, and show how interfacial hydropho-
bic forces can result in a micelle formation at the interface. This comprehensive
approach combines complementary interface sensitive techniques for providing a
detailed insight into molecular level protection mechanisms of molecular adhesion
promotors during anodic polarization.

6.2 Experimental Section

Chemicals and Sample preparation

Electrolyte solutions were prepared from NaClO4 (98%, Alfa Aesar) and Milli-Q
water (resistivity >18 MΩ· cm, total organic carbon < 4 ppb). 11-Mercapto-1-
undecanol (97%, Sigma Aldrich), 1-Undecanthiol (98%, Sigma Aldrich) were di-
luted to 1 mM solutions in Ethanol (chromatography grade, Carl Roth) for coating
of the substrates. Molecularly smooth gold surfaces of 70-100 nm thickness were
prepared by template stripping from mica using an established protocol[215, 216].
Samples are contacted with 0.125 mm diameter gold wire (99.99%, Goodfellow
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Cambridge Ltd.), and immersed for min. 12 h in ethanolic SAM solution. To re-
move excess thiols surfaces are rinsed thoroughly with ethanol, hexane and ethanol
and dried with a gentle N2 stream.

Atomic Force Microscopy

AFM topographies were taken with a Cypher ES (Asylum Research, Oxford In-
struments, Santa Barbara, US) using ArrowTM UHFAuD (NanoWorld, CH) and
SCOUT 350 RAu (NuNano, GB) probes. Photothermal excitation is used with
amplitude modulation (blueDrive) as driving mode. The electrochemical cell is
a home-built modification with a platinum foil as a counter electrode and the
reference electrode being connected via a capillary to the enclosed cell.

Electrochemistry

A Biologic VSP-300 potentiostat (Biologic, France) or a PalmSens 4 (PalmSens
BV, NL) were used for electrochemical measurements. All electrochemical exper-
iments were performed with a Ag|AgCl-Electrode (Multichannel Systems, DE) as
reference electrode. All presented data is referenced to that potential. Platinum is
forming the counter electrode. Freshly prepared SAMs on gold are - after a short
equilibrating time in the electrolyte (10 mM NaClO4 for AFM, 100 mM for ICP-
MS) - polarized from 0.0 to 1.5 V vs. Ag|AgCl with a scan rate of 5 mV/s.

6.3 Results and Discussion

In this work we experimentally characterized the corrosion inhibition properties
of hydrophilic and hydrophobic self-assembled monolayers (SAMs) on gold under
potential control. As shown in Fig. 6.2, we selected a hydrophobic and a hy-
drophilic head group termination, in order to study the effect of the wettability of
the substrate.

Therefore, the used SAMs are characterized by their same length of the hydro-
carbon chain, but a major difference in interaction with water due to the selected
head group. 11-Mercapto-1-undecanol (OH-SAM) with its hydroxyl-terminated

82



HS CH3
1-Undecanethiol, »CH3«
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11-Mercapto-1-undecanol, »OH«

Figure 6.2: Thiols used for self-assembled monolayer films

tail is hydrophilic, whereas 1-Undecanthiol (CH3-SAM) creates a hydrophobic
layer on the gold. As Fig. 6.3 A1 & B1 show, the preparation produced - as
expected from literature[208, 217–219] - an uniform and smooth film with typical
defect patterns at domain boundaries of the formed SAMs.

These SAMs were consequently anodically polarized to 1.5 V in order to charac-
terize their corrosion inhibiting behaviour during anodic polarization using Linear
Sweep Voltammetry (LSV). The data was further complemented by in situ and ex
situ AFM topography scanning, as well as by online ICP-MS flow cell analysis of
the anodically dissolving gold. The results of these analyses can be summarized
as follows:
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Figure 6.3: Ex situ AFM topographies of self assembled monolayers on gold before (1)
and after (2) polarisation to 1.5 V for CH3- (A) and OH- (B) SAMs.
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First, ex situ topographies (Fig. 6.3) compare the initial conditions of the surfaces
modified with the respective SAMs (indicated by subscript 1) with a topography
after polarization. For the hydrophobic CH3-SAM the surface after polarization
(A2) shows two topographic features, which are (1) globular residues likely formed
by disintegrated SAM, as well as (2) nano-scaled grains as expected for a neat
template stripped gold surface. This behaviour suggests that the CH3-SAM dis-
integrates completely during anodic oxidation. In contrast, the hydrophilic SAM
still shows similar structures before and after polarisation, indicating an almost
unaltered and likely intact SAM.

Hence, the head group directly determines how the SAM behaves during polariza-
tion. It appears likely, that the thiol|gold bond is weakened by the growth of an
underlying oxide film, which in turn can cause a disintegration of the hydrophobic
SAM. This disintegration can be driven by the head group effect as follows: Weak-
ening of the surface bond can trigger the formation of bilayer structures, or can
even drive micelle/particle formation as observed for weak binding of phosphonate
SAMs on alumina [202], if the hydrophobic interaction of the head groups over-
powers the thiol|gold binding. In contrast, if the SAM molecules are terminated
by hydrophilic head groups there is no direct driving force for a disintegration of
the SAM, and the intramolecular hydrophobic interactions within the SAM can
withstand the "rolling up"/ lift-off of the SAM. As such, for the OH-SAM, the
weakening of the thiol bond may result in a "flying carpet like" situation during
anodic polarization.

To further support this interpretation, we performed in situ AFM under poten-
tial control. Fig. 6.4 shows an image of the representative scan, when a sig-
nificant change of the surface topography was observed during anodic polariza-
tion. More topographies of the changing surfaces can be found in the appendix
Fig. A.4.1.

In detail, the hydrophobic SAM (Fig. 6.4 A) is showing a roughening of the
surface starting at 0.75 V, in terms of formation of particulate residues (marked
by arrows in figure). This is consistent with the interpretation of a weakening of
the thiol|gold bond and a consequent triggering of a SAM lift-off due to formation
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Figure 6.4: In situ AFM topographies of A) CH3- and B) OH-SAM on gold during linear
polarization.

of micellar structures, which is driven by the hydrophobicity of the molecules. The
roughening of the CH3-SAM hence indicates the initial detachment of the thiols
accompanied by micelle formation. In contrast, the hydrophilic SAM appears
intact up to more than 1.2 V where we see considerable flattening of the surface.
This flattening is indicative of a lift-off of the SAM as a "flying carpet", i.e. the
thiol-gold bond is weakening, and as a results a more mobile, less defect rich SAM
structure forms, and does also not impregnate the underlying granular structure of
the gold. As seen in the ex situ data (see again Fig. 6.3 B2) the SAM remains then
intact and reforms after polarization, without lifting off from the surface.

Based on this nanoscopic understanding of the SAM behaviour during polarisation
we performed additional in situ spectroelectrochemical analysis [92, 109, 110], to
understand how these SAM structures inhibit or enhance gold dissolution during
oxidative polarization.

Fig. 6.5 shows (a) the measured current during electrochemical polarization as
well as (b) the elementally resolved dissolution current of the gold dissolution
(ICP-MS) displayed as a function of the linearly increasing potential. For both,
data of more than 8 independent measurements are compiled for each SAM sample
(OH and CH3) and are further compared to the data obtained for bare gold. For
the elemental dissolution current (ICP-MS) shown in panel B the observed range
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Figure 6.5: Linear Sweep Voltammetry (LSV) of bare gold (black), gold covered with a hy-
drophilic (red) and hydrophobic (green) self-assembled monolayer. Shaded areas indicate
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chemical Polarization Curves. B) Dissolved Gold during LSV. Solid lines represent the
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during LSV, whiskers indicate the confidence interval (CI) of 95%.
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(shaded areas) as well as the mean dissolution current are displayed (solid lines).
For the current two examples are shown, as less variation is observed.

The electrochemical current shown and marked in panel A indicates the inital gold
oxidation at the expected potential, as well as the increasing current at higher
polarizations due to water splitting. Statistically, there is no large difference in
the absolute observed currents.

However, the ICP-MS dissolution currents of gold exhibit clear changes, and an
inhibition of the anodic dissolution of gold for the CH3-SAM and the OH-SAM
(shown in Fig. 6.5 B) compared to unmodified gold is obvious. In detail, both
SAMs statistically shift the onset of rapid gold dissolution to higher potentials.
It is worth noting that the recorded dissolution rates show a significant variation
although preparation remains the same, indicating an influence of defects formed
during SAM formation. Nonetheless, statistical trends hold over a large set of >8
experiments for each sample.

All of the curves have in common a two-step dissolution profile with a small shoul-
der of comparatively little dissolution starting with the gold oxidation, followed
by a steep increase in amount of gold released to solution during water split-
ting. Previous work by Cherevko et al. [109] traced this behaviour back to initial
small dissolution from formation of gold oxide and later on more drastic degra-
dation during water splitting, which is consistent with our data of SAM coated
substrates.

The inset in Fig. 6.5 B shows the integrated amount of dissolved gold, further
confirming this trend. Dissolution for all of the systems tested correspond to only
a fraction of a single layer of gold which would result in a total of ≈ 450 ng/cm²
gold dissolution. As expected the uncoated gold shows the highest dissolved mass,
OH- as well as CH3-SAM modified gold show a decreasing trend to about 30%
lower overall gold dissolution. The SAM coating can hence significantly suppress
gold dissolution, likely by a barrier effects, and potentially also by stabilisation of
the surface atoms at the SAM|oxide interface.

Surprisingly, the least gold is released from the CH3-coated surface, although the
SAM lift-off is observed at the lowest potentials in AFM and the SAM indicates
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a significant roughening. Further, looking at the ranges of dissolution recorded
(indicated by the shaded areas) the hydrophobic SAM (green) clearly shows an
onset of gold dissolution at higher potentials compared to hydrophilized and bare
gold. Bare gold and OH coated gold overlap over most of the potentials, just for
very high potentials at above 1.4 V gold with OH-SAM seems to be slightly less
dissolving. The average dissolution curve for the CH3-SAM rises later and for the
whole potential range stays well below the dissolution rates of the other systems
tested. As such, and in agreement with our interpretation, the hydrophobic CH3-
SAM may form micelles, which may lead to a trapping of gold within micelles,
hence lowering the total dissolved ion count initially. This initial low count is
followed by the steepest rise of the dissolution, at higher potentials, where trapped
micelles may desorb.

This is an interesting behaviour, which we can interpret as a potentially impor-
tant fundamental step during technical processes such as interphase formation
during polymer coating (gluing/ coating for corrosion protection, etc.) of a metal
in an oxidative environment. Interphases are considered boundary layers of a
metal|polymer interphase where it has been speculated that metal ions dissolve
and stabilize into the polymer matrix due to their interaction with the functional
groups of the polymer. Our data demonstrates that such a metal dissolution
mechanism is possible, and appears to be favoured by intermolecular interactions
that drive micelle formation, or in other words the enclosure of metal ions in an
functional organic matrix that is in contact with the metal during oxidation.

6.4 Conclusions

We successfully compared AFM imaging and ICP-MS flow cell studies of the anodic
detachment of protective thin films on gold. We demonstrate their corrosion-
inhibiting effect at anodic potentials. The morphological changes of two SAMs (11-
Mercapto-1-undecanol and 11-Undecanethiol) on gold during anodic polarization
show a strong effect of the head group in in situ AFM. Quantification of the
dissolved gold with a scanning-flow cell coupled to an ICP-MS certainly adds
information gain to the pure electrochemical data and might prove useful for the
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study of further coatings on metals.

Our results suggest the following specific conclusions:

• Hydrophobic molecules may immobilize dissolving metal ions in micelles,
which may enclose metallic (or oxidic) nanoparticles formed during anodic
oxidation.

• During this process the SAM disintegrates and dewetting from the oxidized
gold interface occurs.

• This data may show initial fundamental steps which occur during interphase
formation when a coating or glue is applied to a metallic substrate.

• Hydrophilic molecules tend to not detach, but form a weakly adhering and
highly mobile layer without significant micelle formation. This results in
lower initial retardation of metal dissolution.

This combinatorial multi-technique approach will prove useful for studying the
interfacial activity and corrosion suppression mechanism of inhibiting molecules
on other metals and alloys.
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Chapter 7

Bottom-up Characterization of
Metal-Metal Interaction from
Simple Binary alloys to
High Entropy Alloys

A material library with alloys containing Ni, Co, Cr, Fe and Mn was characterized
for their passive film stability and the single contributions of the elements.

Multi-principal element alloys (MPEAs) are an emerging class of metallic
alloys with the capability of customized unique material properties. A high
corrosion resistance is an intended characteristic for structural alloys, for
traditional alloys usually achieved by the addition of e.g. Ni or Cr. For
MPEAs the interplay of alloying elements on the corrosion resistance of the
resulting material is less clear. Here we demonstrate a bottom-up system-
atic approach to study the electrochemical activity of a library of alloys
spanning from equimolar binary alloys up to the High Entropy Alloy (HEA)
NiCoCrFeMn. Using this approach we can show that chromium oxide does
not form an effective passive film at potentials over 1.2 V, where Fe replaces
Cr as passivation element. Further, Cr does not generally result in a stable
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passive film, addition of Mn can significantly weaken the passivity. This
and our approach provides useful insight for developing new MPEAs with
simultaneously tailored corrosion resistance and mechanical properties.

7.1 Introduction

Fundamental metal-metal interactions govern physics, chemical reactions as well
as mechanical performance of alloys. Properties of alloys/metal oxides can be
tailored towards specific applications by using an increasing number of function-
als elements and tuning their composition. Newly emerged material classes as
high entropy alloys (HEAs)[220–222], high entropy oxides (HEOs)[223–225] and
superconductors[226] provide a variety of such possibilties. However, the drastic
growth of material complexity creates new problems for design engineering, where
the overall material behaviour is simply not a linear superposition of individual
compositing elements[227].

In many alloy design strategies, corrosion resistance under extreme environments is
a highly desirable property in a wide range of applications that is usually achieved
by the addition of e.g. Cr. A critical concentration of Cr in an alloy is believed
to be the key to reinforce the corrosion resistance of the alloy. It is suggested that
more than 5% of Cr content is needed in an alloy to be highly corrosion-resistant,
such as for nickel-based alloys (NBAs)[148–151].

However this general rule seems to be only valid for conventional alloys with the
simple composition of one main and several co-alloyed minor components, such as
NBAs or stainless steels. For more complex materials like multi-principal element
alloys (MPEAs) and high entropy alloys (HEAs), the corrosion resistance built
up by Cr might not be correlated to its stoichiometry anymore. Particularly, this
effect gets even more pronounced when looking at HEAs, where more than five
principal components come in play[228].

NiCoCrFeMn, as an example, is a well-known HEA containing Ni, Cr and Fe alike
NBAs or stainless steels. Based on the experience with NBAs, over 20% Cr content
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in NiCoCrFeMn should provide considerable corrosion resistance. Addition of Co
and Mn can further provide flexibility in tuning the mechanical performance[229]
as well as its electric conductivity[230]. However, it has been shown that the
corrosion resistance of NiCoCrFeMn deviates from the prediction. It is consider-
ably deteriorated compared to 304 stainless steel in aqueous 3.5 w.t.% NaCl, even
though the Cr content is higher[231, 232]. This observation indicates the passiv-
ity constructed from Cr is weakened by other added principal metals. Therefore,
it is crucial to understand the electrochemical correlation across different alloyed
functional elements.

The addition of single elements to an otherwise static system is done in a series
of studies: Mn has been shown to have a deleterious effect on similar HEAs by
a recent study of Panindre et al.[233]. Increasing the concentrations of Co has
been shown to improve passivity and lower the corrosion rate of Mn-containing
steels in sulfuric acid[234]. These findings point out that the alloy composition
and the consequential passive film is more critical than the amount of added Cr to
its corrosion properties. Generally speaking, the concepts of passivity constructed
by single functional element are valid for simple alloys, but may not be directly
applied to MPEAs[235].

To decipher the influence of single alloyed elements as well as the synergy of com-
bination on the electrochemical performance of MPEAs - in our case the corrosion
resistance - a material library is capable to provide a large spectrum of property
change of different combinations[236, 237].

In this work, we designed a bottom-up approach with studying the electrochemical
activity starting from simple equimolar binary nickel based alloy: NiCo, NiMn,
NiCr and NiFe to step-by-step constructing three (NiCoFe, NiCoCr, NiCoMn,
NiCrFe, NiCrMn, NiMnFe), four (NiCoCrFe, NiCoCrMn, NiCoFeMn) element
mixing and eventually the five element mixed HEA (NiCoCrFeMn). This series
allows us to break down the contribution of individual elements to the passivity
of the alloys.

To access the single element contribution on the stability of the alloys, ICP-MS is
employed, a technique that is capable to elementally resolve the released materials
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from the alloys. We use a home-designed electrochemical flow cell[110] coupled
with downstream ICP-MS detection.

We use normal pulse voltammetry (NPV) to potential-dependent probe the degra-
dation of alloys. NPV is, in contrast to other electrochemical techniques like linear
sweep voltammetry (LSV), more precise in testing anodic oxidation potential-
resolved, since the single step potentials are probed individually. On the contrary,
for LSV with its constantly changing potential, the ’history’ has a much higher
impact, since the degradation products and formed passive layers of all applied
potentials accumulate on the surface. The reducing of the formed passive film at
the base potential between the steps on one hand reconditions the surface to some
extent, and on the other hand can provide additional information on the surface
chemistry.

7.2 Materials and Methods

Chemicals and Sample preparation

All the alloys were designed equimolarly and synthesized by vacuum-arc melting
with a water-cooled bowl mould. These alloys were NiMn, NiCo, NiFe, NiCr,
NiCrMn, NiCrFe, NiMnFe, NiCoFe, NiCoCr, NiCoMn, NiCoCrFe, NiCoFeMn,
NiCoCrMn, NiCoCrFeMn. All the alloys were flipped and remelted at least four
times, and finally remelted into rectangular shape in a water-cooled rectangular
mould. Homogenization treatment was conducted at 1100 °C for 6 h followed by
water-quenching in order to get rid of interdendritic structure. However, homog-
enization treatment of NiMn alloy was conducted at 1000 °C because its melting
point is below 1100 °C [238]. Then, all the alloys except NiMn alloy were cold-
rolled to 70% and recrystallized at 1100 °C for 1 h followed by water-quenching to
get uniform grain size around 100 to 200 µm. Cold-rolling could not be applied to
NiMn alloy because of the complex second phase precipitation [238].

Eventually, all the alloys were line-cut into small samples of dimension 10×10×1 mm
for experiment. Alloy NBA600 was obtained from VDM-Metals, NBACr5 was pro-
vided by Hauke Springer (MPI f. Eisenforschung, Düsseldorf). Metals were prior
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experiment ground with P2500 sand paper and polished with diamond paste down
to 0.1 µm, then cleaned in ethanol in an ultrasonic bath and then used without
any further preconditioning.

Electrochemistry

A Biologic VSP-300 potentiostat (Biologic, France) or a PalmSens 4 (PalmSens
BV, NL) were used for electrochemical measurements. All electrochemical ex-
periments were performed with a Ag|AgCl-Electrode (in 3 M KCl, Multichannel
Systems, DE) as reference electrode. The counter electrode is made from plat-
inum. Normal Pulse Voltammetry was conducted starting from a base potential
of -0.5 V to an upper potential of 1.5 V. Pulses with a step height of 50 mV and
a pulse width of 30 s are applied in periods of 90 s.

7.3 Results

Normal Pulse Voltammetry Characterization: As indicated in Fig. 7.1,
the alloys were polarized starting from -0.5 Vvs.Ag|AgCl with a step-wise ascend-
ing pulse profile with 30 s pulse length (all profiles are shown in the appendix
Fig. A.3.1, p. A11 ff.). Depending on the applied voltages, the jump of po-
tential may be accompanied by dissolution of material, with the online flow-cell
ICP-MS detection elementally resolving the dissolution current.

At low applied pulse potentials the surface indicates no significant dissolution of
material (see left part of Fig. 7.1). With progressively increasing the step polariza-
tion over an alloy and element dependent threshold, the dissolution profiles exhibit
an increase of dissolution current (middle part of Fig. 7.1). In general, jumping
back to the base potential instantly stops the dissolution. The subsequently ob-
served decay of the dissolution profile results from the diffusion broadening in the
flow system[92].

For quantitative analysis the dissolution per step was integrated as indicated by
the shaded areas in Fig. 7.1 exemplary for the pulse at +0.55 V. Taking the
whole range of the period including the base potential makes sure to cover the
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Figure 7.1: Detail of normal pulse voltammetry experiment on HEA alloy (NiCoCrFeMn)
in neutral 1 mM NaCl solution. Shaded areas indicate exemplary limits for integration
per period. Two periods cut from the beginning, middle and end of the experiment are
shown. In the sequence the base potential is -0.5 V and the highest polarization is +1.5 V
with the increment per step of +0.05 V.

complete material loss released during the pulse, and over the total dissolution
sequence.

Fig. 7.2 shows the total dissolution currents integrated over all pulses of a sequence
for all measured alloys, as function of the Cr, Fe and Mn potentials. In the further
discussion we will hence reference the observed dissolution pattern of all alloys (see
appendix A.3.1 for all data) to the binary alloy NiCo, which is at the origin of
the plots in Fig. 7.2, and we discuss the behaviour in terms of adding the other
functional elements. For this reference alloy data indicates that Ni and Co dissolve
perfectly congruent, in 1:1 ratio, without any passive film formation (see also the
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respective panel in Fig. A.3.1).

The principal elements Cr, Mn and Fe that form the axis for the plots in Fig. 7.2
have a significant influence on the dissolution behaviour, and hence presumably
on the passive film properties.

Figure 7.2: 3D scatter chart of the ICP-MS detected total dissolved mass of studied
alloys at applied potential of a) +0.5 V, b)+1.0 V and c)+1.5 V during normal pulse
voltammetry under 1.0 mM NaCl pH 7 electrolyte.

In detail, Fig. 7.2 shows a 3D scatter plot of the dissolution tendency at three
representative applied pulse potentials of +0.5 V, +1.0 V and +1.5 V, respectively,
recorded in 1.0 mM NaCl neutral solution. The axes show the composition of Cr,
Fe and Mn alloyed with Ni and Co or Ni only. Each plane displays the alloys
containing two out of the three elements of interest (Cr, Fe and Mn) alloyed with
Ni. The corners are occupied by the binary alloys NiCr, NiFe, NiMn and NiCo.
The size and colour of the spheres in the scatter plot relate to the amount of total
dissolution per indicated pulse potential.

The three selected potentials are correlated to the three states of passivity, where
+0.5 V and +1.0 V are before and during passivity breakdown, respectively, and
+1.5 V is in a region where passivity breaks down almost entirely. Data for each
potential can be summarised as follows:

At +0.5 V:
Starting from the NiCo alloy as a reference without Cr, Fe and Mn, both addition
of Cr and Fe (Cr and Fe axes) result in lower dissolution rates. In contrast,
addition of Mn significantly promotes the dissolution (Mn axis). However, most of
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the studied alloys show very mild dissolution rates at this potential, particularly on
the Cr-Fe plane, where we observe a clear trend of passivity increasing with the rise
of Cr and Fe co-mixing level. Alloys containing less than 20% of both Cr and Fe
exhibit relatively higher dissolution rates, e.g. NiCo, NBACr5 and NBA600.

Further, when mixing Cr with Mn, we observe a clear increase of dissolution rate
with higher Mn content (as shown in the Cr-Mn plane). Here, the increasing of
the Cr content does not in general passivate the alloy as can be seen in comparing
NiCrMn (33% Cr) and NiCoCrMn (25% Cr), where the former shows a more sig-
nificant dissolution rate than NiCoCrMn. Additionally, NiCrMn (33% Cr) shows
in comparison with NiCoMn (0% Cr) a similar dissolution rate, suggesting that Cr
is not functioning effectively as a passive film former in the presence of Mn.

At +1.0 V:
For all alloys containing Cr at this polarization, passivity built up by the chromium
oxide is expected to deteriorate. This is also visible in Fig. A.3.1 (page A10),
which indicates that the Cr-dissolution rate starts to increase to bulk ratio at
increasingly higher potentials.

At this potential most of the alloys on the Cr-Fe plane are showing increasing
dissolution rate compared to +0.5 V polarization, with the alloys with less Cr
and Fe content exhibiting higher dissolution rates. Alloys containing Mn develop
increasing dissolution rates, except for NiFeMn, which still exhibits comparably
low dissolution rates.

For the binary alloys, NiCr starts to show a weakening of its passivity due to the
chromium oxide breakdown, while NiFe still remains at a extremely low dissolution
rate. As expected, NiMn shows a progressive increase of dissolution rate, and
indicates no effective passive film formation.

At +1.5 V:
At this polarization, most of the low or no Cr containing alloys develop very
high dissolution rates. Interestingly, even it is well-known that Cr passive layer
can break down at this polarization, alloys on the Cr-Fe plane are still showing
significantly lower dissolution rate than most of other Mn-containing alloys. Here,
alloy NiCoFeMn shows again the highest dissolution rate among all studied alloys.
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It is worth mentioning, that the passivity of the NiCoCrFeMn alloy seems balanced
by all the alloyed functional materials, which is not as good as Cr-Fe mixed alloys
but significantly better than the Mn-alloyed samples and the reference sample
(NiCo).

7.4 Discussion

Figure 7.3: Dissolved mass per step for specific potentials (0.5, 1.0 and 1.5 V) against
their concentration in Cr (A) and Fe (B).

Influence of Cr, Fe and Mn Although Fig. 7.2 provides us an overview of
dissolution tendency of all studied alloys, it is not easy to intuitively extract the
influence from individual elements. To visualize the role of the centrally important
principal elements in an alloy, a simplified 2D overview with the dissolved mass of
tested alloys plotted against atomic ratio of A) Cr and B) Fe at +1.5 V is shown
in Fig. 7.3.

Here, the studied alloys are grouped into categories according their principal ele-
mental composition: All Mn-containing alloys are highlighted by yellow markers,
Cr and Fe co-alloyed substrates have empty markers, and alloys containing solely
Fe or Cr (besides Ni and Co) are shown with filled markers. The vertical arrows
show the evolution of the mass loss of selected Mn-containing alloys from +0.5
pointing to +1.5 V. Two indicating trend lines (dashed) are plotted to show the
trend of dissolved mass as a function of the concentration of the element of interest
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at +0.5 (thin dash line) and +1.5 V (thick dash line), respectively.

For all Cr-Fe alloyed samples in Fig. 7.3 A (empty markers), we find a linear
relationship between rising Cr concentration and a lowering of dissolution for both
the low and high step potentials. As indicated by the dashed trend lines, the slope
is related with the magnitude of the anodic polarization applied.

For low polarization of +0.5 V, this linear relationship is applicable to nearly all
the Cr-Fe and Cr containing alloys. However, such proportionality seems invalid
to NiCr (marked with black filled markers) at high anodic polarization. Here we
observe that the mass loss of NiCr at +1.5 V is comparable to NBA600 with
a Cr-content of 15.5%, suggesting the extra 34.5% Cr is not further stabilizing
the alloy. In a sharp contrast, the similar Cr-only containing alloy NiCoCr (also
marked in black) exhibits a considerably improved transient passivity. It also
shows lower dissolution rates compared to the Cr-Fe containing alloys over the
studied polarization range.

Surprisingly, for the NiCoCr the NPV profile shows, that the break-down poten-
tial for Cr in this alloy is shifted by +0.25 V towards more anodic potentials
compared to the other Cr-Fe containing alloys (see SI A.3.1). This suggest a
formation of a significantly stabilized chromium oxide structure, such as spinel
(NiCo)CrO4.

Our result indicate that - without the participation of Fe or Co - Cr itself is not able
to form an effective transient passive film at higher potentials. This correlation is
in line with the reported behaviour of pure chromium oxide passive film property
by Tranchida et al. where it exhibits weaker passivity compared to stainless steel
at high anodic polarization[195]. Adding Co may increase passivity without the
presence of Fe and Mn (see NiCoCr). Again, this is in line with the formation of a
thin film of the very stable spinel cobalt chromite (CoCr2O4), which results in the
significant anodic shift of the Cr breakdown potential. It has also been reported
in literature that the oxide of NiCoCrFeMn may form a by spinel structure[223],
which is consistent with the observed anodic stabilization of the oxide in this
work.

As can been further seen in Fig. 7.2, the transient passive film stability is further

99



deteriorated by the addition of Mn (brown markers). Interestingly, the influence
of Mn depends on both the applied polarization as well as the co-alloyed metals.
For +0.5 V the impairing effect of the Mn is not yet clear for the alloys with
only 20-25% Mn, namely NiCoCrFeMn and NiCoCrMn. Here we observe that the
dissolution rates of both NiCoCrFeMn and NiCoCrMn are still in accordance with
the trend seen for Cr-Fe containing alloys. Among all Cr-containing alloys at this
potential, NiCrMn shows the highest dissolution rate.

It clearly pictures the metal-metal interactions across Co, Cr, Fe and Mn, that
alloying Cr together with either Co and/or Fe can provide good passivity at +0.5 V
polarization whether or not Mn is present. Without the participation of Co or
Fe, the passivity of Cr deteriorates even at low polarization with the addition
of Mn. At potentials higher than +0.5 V, the passivity imposed by Co, Fe and
Cr is significantly deteriorated by Mn (see again yellow square data points in
Fig. 7.3 A).

A similar analysis as a function of the Fe composition is shown in Fig. 7.3 B,
where potential-dependent trend lines for +0.5 (stars) and +1.5 V polarisation
(squares) are indicated. Here we again observe a decreasing trend of mass loss
in all Cr-Fe containing alloys with the increase of Fe concentration. In addition,
most other Cr-free Fe-containing alloys also fit well on these trend lines apart
from two Mn containing alloys: NiCoCrFeMn and NiCoFeMn. Our results suggest
the formation of a Fe containing passive film lowering dissolution, which shows
positive synergy with Cr. As such, data suggests that Fe forms an insoluble layer
that limits dissolution at high potentials, where the chromium oxide fails to provide
any passivity. This, however, does not imply a general good corrosion resistance,
as the insoluble iron oxide is not necessarily forming a well adhering passive film
in most cases.

The three studied Mn-Fe containing alloys exhibit in each case a different be-
haviour. Firstly, NiFeMn shows exactly the same dissolution trend as other Fe-
containing alloys for both low and high anodic polarization. Secondly, NiCoFeMn
shows completely opposite behaviour compared to NiFeMn, which exhibits highest
dissolution rate at +0.5 V among all the studied samples, and further develops
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to 9.5 ng/cm2 at +1.5 V. Interestingly, the dissolution behaviour of NiCoCrFeMn
exhibits a potential dependency similar to NiFeMn at +0.5 V, but then for +1.5 V
shows significant higher mass dissolved.

In a short summary, we conclude for the influence of Cr and Fe a strong correlation
of dissolution rate and iron content, while for Cr such a correlation is only limited
to the Cr-Fe-containing alloys. Addition of Mn in general deteriorates the passivity
in most of Cr related alloys (Fig. 7.3 A) at high polarization, however we did not
find direct Mn-Fe correlation.

Although the amount of total dissolved mass is a good indicator for the tran-
sient passivity of the alloys, it can not clearly explain the difference in passivation
mechanisms between alloys. Scaling the total dissolved mass over a whole se-
quence down to individual pulses (as indicated in Fig. 7.1, shaded areas), we
found a clear change in dissolution pattern across all studied alloys between the
anodic step pulse and reconditioning potentials. During the period of a single step,
the majority of the integrated mass is collected from the dissolution during the
applied step penitential, which is later labelled as "anodic peak". Switching from
the step potential back to the recondition potential, most of the cases exhibit a
logarithmic decay profile due to the diffusion broadening during the transporta-
tion. However, the dissolution profiles clearly indicate that particular cases (Ni-Cr
containing alloys as e.g. NiCoCrFe, NiCoCrFeMn, NiCrFe) exhibit a clear active
Fe dissolution during the recondition phase, which is labelled as "cathodic peak".
In addition, this cathodic dissolution peak shows a pronounced shift in response to
the level o the previously applied anodic polarization, likely due to kinetic effects
of the dissolution (noted as shifted in Fig. 7.4).

Fe dissolution profiles Fig. 7.4 displays the stacked dissolution profile in se-
lected NPV pulse periods of elements of interest to correlate the elemental mass
lost with applied step polarizations. We particularly discuss three Fe containing
MPEAs of A) NiCoFeMn, B) NiCoCrFe and C) NiCoCrFeMn, which show very
distinct dissolution behaviours as observed in Fig. 7.3 B.

Panel ANi exemplary uses Ni in NiCoFeMn alloy to demonstrate the typical anodic
peak profile, which generally applies for all other elements in this alloy including
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Figure 7.4: Elemental dissolution behaviour of Ni, Cr, Fe for A) NiCoFeMn, B) NiC-
oCrFe and C) NiCoCrFeMn for selected step potentials. Anodic polarization (red shading)
at rising potentials is followed by reconditioning at -0.5 V.

Fe as shown in Panel AFe. A cathodic peak profile is observed for NiCoCrFe as
shown in panel BFe, where a very steep increase of dissolution rate is observed
upon application of the recondition potential of -0.5 V. However, the dissolution
immediately drops with the application of the reconditioning potential, indicating
the origin of the reaction may not be related to the decomposition of bulk material.
Further, in panel Fig. 7.4 BCr we also notice that the dissolution profile of Cr
in NiCoCrFe does not directly correlate with the application of the potential from
anodic to cathodic polarisation potential-dependent, while it exhibits a very clear
delay in onset of dissolution as well as a peaking around 10 s after switching from
anodic to cathodic polarization. Based on the continuous dissolution profile it
appears that Cr undergoes an electrochemically induced growth of a passive film
followed by its chemical dissolution.
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This behaviour generally applies to all Cr-Fe containing alloys without Mn, sug-
gesting that a Cr passive film grows in a steady-state process with ongoing dis-
solution. Panel BFe in Fig. 7.4 further indicates a correlation between the Fe
and Cr dissolution behaviour. In contrast to NiCoFeMn (panel AFe) the cathodic
Fe peak for NiCoCrFe (panel BFe) coincides with the polarization switch to low
potentials, where no Cr dissolution is yet observed. As soon as the Cr dissolution
sets in, the cathodic Fe peak delays, as indicated by the dashed line. Interestingly,
with the significant Cr dissolution the cathodic iron onset aligns with the onset
of the Fe dissolution. The magnitude of the Fe cathodic peak shift coincides with
the delay of dissolution peak of Cr, where the onset of Fe cathodic dissolution is
well-aligned with the peak position of Cr (seen in Fig. 7.4 BCr).

Moreover, the Fe dissolution pattern of NiCoCrFeMn shown in Fig. 7.4 CFe is
a hybrid case between NiCoFeMn and NiCoCrFe. Here, the dissolution behaviour
of Fe indicates a cathodic peak when no significant Cr dissolution occurs(CCr),
which is similar to NiCoCrFe for potentials below +0.7 V. Congruently with the
Cr dissolution, the anodic peak increases significantly with increasing anodic step
potentials, which is similar to NiCoCrMn.

Precisely, participation of Mn effectively changes the Fe dissolution pattern from
cathodic to anodic dissolution. In addition, Cr simultaneously breaks down with
Fe under high polarisation, rendering the passivating elements electrochemically
unstable, due to the presence of Mn. As such, this data strongly suggests that Mn
inhibits the formation of an insoluble passive film.

For a better overview we summarize in Fig. 7.5 the observed Fe dissolution pat-
terns of all studied alloys in categories. Here, we assigned each Fe dissolution
pattern to one of five categories labelled with different colors as shown at the top
panels. The main line-chart displays the patterns found at each applied step po-
tential over the whole studied polarization range. The graph on the left shows
the composition of Fe, Cr and Mn with Ni/NiCo as background matrix in stud-
ied alloys, with the order from top to bottom from Fe-Mn over Mn-Cr, Cr to Fe
only.

The alloys on the top containing Mn only, besides Fe and Ni/Co, exhibit solely
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Figure 7.5: Distribution of the various Fe dissolution phenomena observed over the step
potential range of -0.5 to +1.5 V during NPV, sorted by the presence of Cr and Mn.
Anodic and cathodic peak indicate a clear onset of dissolution with the sudden change
of potential towards more positive or negative potentials, respectively. The label ’both’
is assigned for pulses where anodically and cathodically dissolved Fe could be detected
simultaneously. Label ’none’ indicate that no dissolution is detected. The left graph
shows the composition of the alloys in Fe, Cr and Mn with Ni and/or Co co-alloyed.
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"anodic peak" dissolution of Fe over the whole range of applied potential. As
soon as Cr is present (i.e. in NiCoCrFeMn), the Fe dissolution pattern at a given
range of step polarization is altered from pure "anodic peak" to "cathodic peak".
The first transition from anodic to cathodic peak is around -0.2 V, where the
dissolution rate is significantly reduced compared to NiCoFeMn in the same region.
This indicates a clear Cr dependent passivity in low polarization being introduced
to the Fe-Mn containing alloy. However, the break-down of Cr at higher anodic
polarization triggers the second transition from cathodic back to the anodic peak
around +0.45 V, where the dissolution rate becomes higher again.

Adding Cr is very crucial in stabilizing the Fe from anodic dissolution. As shown in
the middle of the main panel, the 4 studied Cr-Fe containing alloys are all showing
very good transient passivity in anodic polarization. Only when Cr content is below
the critical value, i.e. NBACr5, the anodic transient passivity can be deteriorated.
This is expressed in the transition from cathodic back to the anodic peak with
rising anodic step polarization.

In addition, dissolution of Cr can significantly delay the cathodic peak of Fe in all
Cr-Fe containing alloys beside NBACr5. As marked "shifted" in the panel, it is
a very unique feature that is only found in Cr-Fe containing alloys with sufficient
Cr content, whereas NBACr5 with only 5% of Cr shows no shift of cathodic peak
but anodic peak at high anodic polarization.

Comparing the Cr break-down potential between NBACr5 and NiCoCrFeMn,
NBACr5 exhibits an extremely early onset of Cr dissolution already at -0.2 V,
which is far deviated from the prediction of the Pourbaix diagram at the given
pH of 7. This feature indicates Cr is not able to form a thermodynamically stable
oxide when its concentration in an alloy is below 10%. Similarly, NiCoCrFeMn
shows a negative shift of about 0.1 V of the Cr dissolution onset potential com-
paring to other Cr-Fe alloys (typically around +0.55 V), suggesting Mn changes
the thermodynamic stability of the Cr passive layer.

At the very bottom, we compare also the Fe dissolution behaviour of alloys con-
taining only Fe and matrix metals (Ni and Co). Both NiCoFe and NiFe show
a very similar trend with a region of cathodic peaks around +0.5 V and further
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transition to the anodic peak feature.

In summary, our data suggests that addition of Cr can generally and significantly
improve an alloy’s stability at high anodic polarization. This confirms the syn-
ergistic stabilizing effect of Fe and Cr in the passive film. In contrast, Mn can
completely eradicate its anodic stability over the whole range of the studied al-
loys. Cr can only stabilise a Mn containing alloy at low potentials before Cr
dissolution becomes apparent.

7.5 Conclusion

In this work, we systematically demonstrate a bottom-up approach to resolve
metal-metal correlations of complex alloy systems. Combining with a material
library of equimolar binary up to quintenary alloys of Ni, Co, Cr, Fe and Mn, we
have successfully identified the influence of individual added principal elements on
the electrochemical properties and corrosion resistivity of alloys.

Among the five studied principal elements, we find Cr, Mn and Fe to play decisive
roles on the material’s anti-corrosion property. For our system we summarize the
identified alloying properties of the studied principal elements as following:

• A high chromium content in itself does not necessarily lead to a stable tran-
sient passive film.

• An increase of the manganese concentration weakens the corrosion resistance
of the alloy significantly.

• The cathodic dissolution of the transiently formed passive film provides a
detailed view on the surface chemistry of passive films formed during active
polarization.

• Chromium oxide does not effectively grow at high potentials above 1.2 V,
and Fe oxide replaces Cr as passivating element under these conditions.

• There are hints that suggest the formation of a spinel-type compound for
NiFeCr and NiCoCr
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The unique utilisation of NPV in an ICP-flow cell provides a direct view into
surface chemistry during passive film formation and corrosion inhibition. The
established experimental procedure may prove useful for the characterisation of
other alloys and material libraries. With the elementally resolved breakdown po-
tentials, indirect information about surface composition and passive layer stability
is achieved The method, when applied to a variety of material classes has the
potential to provide insightful datasets also for machine learning algorithms.
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Chapter 8

Conclusion and Outlook

The here reported conclusions are of general nature, the more specific ones related
to the individually studied material systems are already addressed at the end of
the former chapters.

With many surface sensitive techniques being bound to ultra high vacuum con-
ditions solid|liquid interfaces are poorly accessible. It the present work, we suc-
cessfully designed and enhanced electrochemical cells to in situ probe materials at
the solid|liquid interface regarding their stability. We implemented electrochemi-
cal Atomic Force Microscopy (EC-AFM) as well as electrochemical flow cells with
downstream Inductively Coupled Plasma Mass Spectrometry (ICP-MS) detection.
The two techniques complementary, but also individually, provide useful insights
on the processes happening at the solid|liquid boundary. In this work we studied
passive film quality, repassivation, stability of corrosion protection layers, (photo-
)electrochemical catalyst degradation and stabilisation.

AFM and ICP-MS results were supplemented with classical ex situ methods of
surface science like XPS and XRF, as well as with computational results for an
integrated picture of surfaces.

EC-AFM A new design for an EC-AFM cell was suggested with a plate-plate
electrode geometry. With an evenly potential and current distribution in an actual
experimental setup it performs very well during corrosion. The design has been
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tested on topics relevant to corrosion, namely on anodic detachment of protective
thin films and the metal oxide film quality during active-passive cycles.

The method, while already well established, still offers potential for development:
One example might be the extension to chemical force microscopy. There, instead
of the usually imaging force distance curves are recorded with the AFM being
chemically modified. With this approach the potential-dependent adhesion of or-
ganic molecules on metallic and oxidic surfaces can be probed. This can prove
useful for coating technologies. Further, the implementation of light irradiation
into the AFM-cell should facilitate to further understand photocorrosion also spa-
tially resolved.

Electrochemical ICP-MS flow cells An electrochemical flow cell setup for
material degradation studies with ICP-MS was established in the group as a pow-
erful tool to investigate electrochemical processes as corrosion, corrosion protection
and (photo)-catalysis. With elementally and time resolved dissolution rates the
solution side of degradation processes is accessible. With its extremely low detec-
tion limit ICP-MS is capable to access already the very initial steps of material
degradation. The approach used is essential for a efficient design of stable materi-
als.

Specifically, in the present work the implementation of a photo-electrochemical
flow cell for ICP was developed independently in parallel with other working
groups[17–20]. This work showed that ICP-MS with UV irradiation can be useful
to test materials for their photocorrosion resistance, broadening the applicability
of the method, and also taking surface orientation into accout by the use of single
crystals. A general challenge for flow cells has been identified. With the use of
O-rings a crevice former is introduced into the system, especially problematic for
materials that are prone to crevice corrosion. With an adaption of the sample
design towards embedded samples side-effects originating from the crevice could
be restricted.

The electrochemical flow cells were utilized for material systems relevant for an-
odic corrosion, passive film formation and stability, photo-induced corrosion and
adhesion of organic layers.
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The ICP-MS based methodology still has the potential of development to allow
for even wider applications:

• ICP-MS elementally resolves the dissolved ions. By combination with suit-
able chromatographic techniques the method might be extended to also pro-
vide information on chemical speciation, or oxidation state of the ions dis-
solved, that might help to gain more mechanistic insights in degradation
processes.

• Since ICP-MS can easily differentiate between isotopes, atom labelling can
be employed to observe e.g. exchange reactions, or with spatial isotope labels
provide locally resolved data.

• Also the extension towards non-aqueous electrochemistry with adaption of
the sample introduction system of the used ICP-MS system is possible,
paving the way to study under realistic conditions e.g. battery systems.

Figure 8.1: Future setup with EC-AFM and ICP-MS combined, yielding topographic,
electrochemical and solution-side elemental dissolution rates almost in real time.

Altogether, the work presented here shows a variety of applications of the usage
of two in situ techniques to study stability of solid|liquid interfaces. The tech-
niques supplement each other in their explanatory power and pave the way to gain
complementary knowledge about fundamental processes on electrochemical active
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solid|liquid interfaces. The established experimental setups enrich the tools avail-
able in the group of Applied Interface Physics. This thesis has laid the ground for
the next logical step to take (as shown in Fig. 8.1): A direct combination of the
two experimental setups enables to obtain both spatially and elementally resolved
information, parallel and in real time.
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A1

Appendices

A.1 Electrochemistry of Zinc Oxide dissolution



A2

Bubble formation

Figure A.1.2: Electric currents of experiments shown in Fig. 3.3 and 3.4. Currents
marked with a star (*) were smoothed using a Savitzky-Golay-Filter.
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A.2 Comparison of non-confined and restricted elec-

trochemical degradation of Nickel Base Al-

loys

Figure A.2.1: Polarization curves recorded for all alloys used in 1 mM NaCl solution at
1 mV/s. During repassivation, at 0.2V which was used for ICP-MS studies as repassiva-
tion/preconditioning potential, all alloys are repassivated, with Cr5 showing the highest
passive current. At transpassive conditions at 1V Cr5 shows the highest corrosion current,
followed by Mo1 and alloy 600, which is in line with ICP-MS data (see main manuscript
for details).
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Figure A.2.2: Integrated mass release during repassivation as a function of increasing
time during transpassive dissolution. The data is corrected for diffusion broadening, [92]
and sums up material release during repassivation at 0.2V after 40 minutes of transpassive
corrosion for alloy 600 (squares) and alloy Mo1 (points), respectively.
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Figure A.2.3: XPS core level spectra of alloy 600 after passivation and repassivation.
The data can be well fit using standard tabulated peak positions of reference materials
(NIST database) and multiplet splitting as indicated and described in the methods section.
Please note that spectra are shown in arbitrary units to enhance visibility of fittings, the
quantitative peak analysis is summarized in the main part. (Left) Ni 2p, Fe 2p and Cr
2p spectra are shown after 40 minutes polarization under passive conditions at 0.2V.
The nickel spectra show almost exclusively metallic signal, and only very small amounts
of hydroxide and oxide were found. The iron spectrum indicates FeO(OH) and minor
amounts of Fe2O3, and the chromium spectrum can be fit well with a metallic and a
single component Cr2O3 component. (Right) Ni 2p, Fe 2p and Cr 2p spectra are shown
after 40 minutes polarization under transpassive conditions at 1V. The nickel spectra
indicate more hydroxide and oxide with respect to the metallic peak. The iron spectrum
indicates FeO(OH) and minor amounts of Fe2O3, and the chromium spectrum can be fit
well with a metallic and a single Cr2O3 component.



A6

Figure A.2.4: XPS core level spectra of alloy Mo1 after passivation and repassivation.
The data can be well fit using standard tabulated peak positions of reference materials
(NIST database) and multiplet splitting as indicated and described in the methods section.
Please note that spectra are shown in arbitrary units to enhance visibility of fittings, the
quantitative peak analysis is summarized in the main part. (Left) Ni 2p, Fe 2p, Cr 2p
and Mo 3d spectra are shown after 40 minutes polarization under passive conditions at
0.2V. The nickel spectra show a strong metallic signal, and only very small amounts
of hydroxide and oxide were found. The iron spectrum indicates FeO(OH) and minor
amounts of Fe2O3, and the chromium spectrum can be fit well with a metallic and a
single component Cr2O3 component. Molybdenum spectra indicate a metallic, a Mo(IV)
and a Mo(VI) component. (Right) Ni 2p, Fe 2p, Cr 2p and Mo 3d spectra are shown after
40 minutes polarization under transpassive conditions at 1V. The nickel spectra show a
very weak metallic signal, and hydroxide and oxides were found. The iron spectrum
indicates FeO(OH) and minor amounts of Fe2O3, and the chromium spectrum can be fit
well with a weak metallic and a single Cr2O3 component. Molybdenum spectra indicate a
strong Mo(VI) component and minor amounts of Mo at higher binding energies, which
may correlate with molybdates.
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Figure A.2.5: XPS core level spectra of alloy Cr5 after passivation and repassivation.
The data can be well fit using standard tabulated peak positions of reference materials
(NIST database) and multiplet splitting as indicated and described in the methods section.
Please note that spectra are shown in arbitrary units to enhance visibility of fittings, the
quantitative peak analysis is summarized in the main part. (Left) Ni 2p, Fe 2p and Cr
2p spectra are shown after 40 minutes polarization under passive conditions at 0.2V.
(Right) Ni 2p, Fe 2p and Cr 2p spectra are shown after 40 minutes of polarization under
transpassive conditions at 1V.
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Figure A.2.6: XPS core level spectra of alloy 600 after 40 min of polarisation at 1.0 V
vs Ag|AgCl. Comparison of the open area (left) and the crevice region (right).
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Figure A.2.7: XPS core level spectra of alloy Mo1 after 40 min of polarisation at 1.0 V
vs Ag|AgCl. Comparison of the open area (left) and the crevice region (right).
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A.3 Anodic dissolution of equimolar alloys of the

system (Ni-Co-Cr-Fe-Mn)

Figure A.3.1: Elemental dissolution ratios compared to bulk concentration for all alloys
tested. Chromium Dissolution is for all alloys characterized by no dissolution at low po-
tentials, onset of dissolution roughly around 0.5 V and a subsequent still underrepresented
release to solution in respect to its bulk ratio. Nickel is in most of the cases above-average
dissolved, with exceptions in NiMn, NiCoFe and NiCoMn. The binary alloys NiCo and
NiMn dissolve mostly congruently.
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Figure A.3.1: Dissolution of alloys during NPV
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Dissolution of alloys during NPV (cont.)



A13

Dissolution of alloys during NPV (cont.)
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Dissolution of alloys during NPV (cont.)
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A.4 In-situ AFM of SAMs on gold during anodic

polarisation

Figure A.4.1: Topographies of SAMs on Gold during different stages of the anodic polar-
isation experiment
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