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“Energy is liberated matter, matter is energy waiting to happen.”
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Abstract

A detailed study of three solid oxide fuel cells (SOFCs) related model systems is pre-

sented in this work with the aim of the better understanding of the structural changes

in cell components associated with their operation.

The first model system is an La0.6Sr0.4CoO3−δ (LSC) on yttria-stabilized zirconia (YSZ).

Changes in the YSZ(100) single crystal surface structure buried under the squared LSC

microelectrode were studied at a synchrotron under operational conditions. High flux

photon beam at the synchrotron allowed access to the LSC/YSZ interface. Structural

information from the substrate surface at an atomic scale was acquired. Element-specific

anomalous XRD data allowed to distinguish between Y and Zr scattering contributions.

For the first time, it was shown that the Y cation concentration at the electrode/elec-

trolyte interface strongly depends on the sample environment and the applied potential.

The second model system is a Pt/YSZ. Buried YSZ(111) surface and dense Pt film

morphology changes under operational conditions were addressed. High-energy X-rays

were necessary to collect surface-sensitive information from the interface due to highly

absorbing Pt film. The main conclusion is - under conditions applied, the YSZ single

crystal surface remains stable at an atomic level. A nagging topic of the Pt ”phase oxide”

formation at the Pt/YSZ interface during anodic polarization was also raised. Although

XRD data did not show a clear evidence of PtOx presence at the interface, energy-

dispersive X-ray analysis of the film cross-cut profile after the synchrotron experiment

revealed distinct oxygen signal from delaminated parts of the film.

Last but not least, the structure of a ZrO2 ultrathin film grown on a Pt3Zr(0001) single

crystal was studied in ultra-high vacuum for the first time be means of SXRD. This

model system is aiming to improve understanding of the electrolyte materials based

on ZrO2 (e.g. YSZ) at an atomic level. The results obtained, can be summarized as

follows: the oxide film is not stable at the oxygen pressure higher than 10−6 mbar; the

density-functional theory models tend to overestimate the film-substrate distance; there

is more than 1ML of a reconstructed Pt present in the top-most layer of the Pt3Zr(0001)

beneath the zirconia film.
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Zusammenfassung

Der globale Energiemarkt des 21. Jahrhunderts ist von einer nie dagewesenen Vielfältig-

keit gekennzeichnet. Die ständig wachsende Nachfrage an alternativen Energiequellen

wird von mehreren Aspekten vorangetrieben: Ein Grund ist der limitierte Vorrat an

fossilen Energieträgern bei gleichzeitig weltweit kontinuierlich zunehmendem Energie-

konsum, ein weiterer das mögliche Risiko das mit der Nutzung von Kernkraftwerken

einhergeht. Diese Umstände rechtfertigen das Interesse an der Entwicklung von effizien-

ten und umweltfreundlichen Technologien.

Die Brennstoffzellentechnologie ist seit 1839 bekannt, damals wurde sie das erste Mal von

Sir William Grove erwähnt. Eine Brennstoffzelle wandelt die im Brennstoff enthaltene

chemische Energie direkt und ohne Verbrennung in Elektrizität um. Trotz dieses großen

Potenzials werden Brennstoffzellen erst in der heutigen Zeit allmählich zu kommerzieller

Realität. Obwohl in den letzten 20 Jahren große technologische Fortschritte gemacht

wurden, muss die Forschung weiterhin daran arbeiten das Preis-Leistungs-Verhältnis zu

verbessern.

Die Festoxid-Brennstoffzelle (SOFC) besteht aus zwei Elektroden und einem Festelek-

trolyten. SOFCs weisen, verglichen mit anderen Brennstoffzellentypen, mehrere Vorteile

auf, so sind beispielsweise die Elektrodenreaktionen reversibel, es sind keine Flüssigkeiten

im Spiel, sie bieten höchste Effizienz und ermöglichen vielseitigen Einsatz. Dennoch gibt

es einige Schwierigkeiten, die den weitreichenden Einsatz dieses Brennstoffzellentyps

erschweren. Eine davon ist die Effizienz der Sauerstoff-Reduktions- und Sauerstoffgas-

Entwicklungsreaktion an den Kathoden- und Anoden-Gitterplätzen. Die Elektroden/

Elektrolyt Grenzflächenstruktur muss verstanden werden um die elektrochemischen Vor-

gänge, die sich in einer Brennstoffzelle abspielen, nachvollziehen zu können. Mit diesem

Ziel vor Augen wurden detaillierte Untersuchungen an Modell-SOFC-Systemen mittels

oberflächensensitiver Röntgenbeugung (SXRD) sowie mehreren komplementären Tech-

niken durchgeführt. Die Ergebnisse werden in dieser Arbeit vorgestellt.

Eines der untersuchten Modellsysteme ist La0.6Sr0.4CoO3−δ (LSC) auf Yttrium-stabili-

siertem Zirkonmoxid. Dabei wurden die Veränderungen einer YSZ(100) Einkristall-Ober-

fläche unter einer LSC Mikroelektrode während Betriebsbedingungen mittels Synchro-

tron-Röntgenstrahlung untersucht. Der hohe Photonenfluss des Synchrotrons ermöglichte

dabei das Erreichen der LSC/YSZ Grenzfläche. Strukturelle Information bezüglich der

Substratoberfläche konnte auf atomarer Skala gewonnen werden. Element-spezifische

Information – die jeweiligen Konzentrationen der Y und Zr Atome an der Grenzfläche

während Reaktionsbedingungen – konnten durch die Auswertung von anomalen Röntgen-

beugungsdaten, gemessen mit zwei unterschiedlichen Photonenenergien (an den Zr und



Y K-Kanten), erworben werden. Zum ersten Mal konnte gezeigt werden, dass die Y

Kationen Konzentration an der Elektroden/Elektrolyt Grenzfläche stark von der Pro-

benumgebung sowie der angelegten Spannung abhängt.

Beim zweiten untersuchten Modellsystem handelt es sich um Pt/YSZ. Das Augenmerk

lag dabei auf der eingebetteten YSZ(111) Oberfläche sowie auf der Morphologie des

dichten Pt-Films während Betriebsbedingungen. Aufgrund des stark absorbierenden Pt-

Films war, um oberflächensensitive Daten der Grenzflächenschicht zu gewinnen, hoch-

energetische Röntgenstrahlung erforderlich. Die Stabilität der YSZ Oberfläche auf ato-

marer Ebene unter Betriebsbedingungen kann als Hauptergebnis dieser Untersuchung

genannt werden. Desweiteren wurde die quälende Frage bezüglich der Bildung der Pt

”
Oxidphase“ an der Pt/YSZ Grenzfläche während anodischer Polarisation angegangen.

Obwohl unsere Röntgendaten keinen eindeutigen Hinweis auf das Vorhandensein von

PtOx an der Grenzfläche liefern, konnten nach dem Synchrotron-Experiment mittels

energiedispersiver Röntgenspektroskopie am Film-Querschnitt deutliche Sauerstoffsigna-

le an deformierten Teilen der Schicht festgestellt werden.

Nicht zuletzt wurde zum ersten Mal die Struktur einer ultradünnen ZrO2 Schicht, welche

auf Pt3Zr(0001) gewachsen worden war, im Ultrahochvakuum mittels oberflächensensiti-

ver Röntgenbeugung untersucht. Die Erforschung dieses Modellsystems hat das atoma-

re Verständnis von ZrO2-basierten Elektrolytmaterialien (z.B. YSZ) zum Ziel. Die Er-

gebnisse können wie folgt zusammengefasst werden: Der Oxidfilm ist unter Sauerstoff-

Drücken mehr als 10−6 mbar nicht stabil; Modelle basierend auf der Dichte-Funktional-

Theorie tendieren dazu den Film-Substrate Abstand zu überschätzen; es befindet sich

mehr als nur eine Monolage an rekonstruiertem Pt in der obersten Pt3Zr(0001)-Schicht

unterhalb des Zirkonium-Films.
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Chapter 1

Introduction

In the 21st century the global energy market is as diverse as never before [1]. The ever

growing demand for alternative energy sources is driven by several factors [2]. One

factor is the limited reserves of fossil fuels at constantly increasing energy consumption

worldwide. Another is the potential risk coupled with exploitation of nuclear power

plants. In given circumstances the interest in developing efficient and environmental-

friendly energy technologies is justified.

Fuel cell technology is known since 1839 when first reported by Sir William Grove [3].

A fuel cell directly converts the chemical energy of the fuel into electricity without

combustion. Despite its great potential, technical challenges have made the fuel cells

reach commercial reality only now. Although large technological advances were made

over the past 20 years, the research efforts must continue to improve the efficiency/cost

relation.

There are several types of fuel cells, like solid oxide, molten carbonate, phosphoric acid

and proton exchange membrane fuel cells. In this work the focus is on the the solid oxide

fuel cell, which consists of two electrodes and a solid electrolyte. The most widespread

electrolyte material used in SOFCs is yttria-stabilized zirconia (YSZ), while there is a

greater variation in electrode materials (e.g. La1−xSrxCoO3−δ (LSC), La1−xSrxMnO3−δ

(LSM), La1−xSrxFeO3−δ (LSF)). SOFCs have several advantages over the other types

of fuel cells, e.g., reversible electrode reactions, a solid electrolyte, highest efficiency,

versatile use [4]. Nevertheless, there are a few bottlenecks which hamper this type

of fuel cells of being widely used. One of them is the efficiency of oxygen reduction

and evolution reactions at the cathode and anode sites accordingly. Another is the

degradation of a cell performance with time. A more detailed understanding of the

processes involved in cell multistep reactions is needed to advance SOFC technology.

1



Chapter 1. Introduction 2

To selectively study cathode and anode reactions it is beneficial to reduce the system

complexity to an electrode/electrolyte combination only. Such models are widely used

in solid state electrochemistry. One of the main techniques for nondestructive operando

characterization of model electrodes performance is the electrochemistry impedance

spectroscopy (EIS), which provides information on the transport processes under work-

ing conditions. Different parts of the model electrode participate in the cell multistep

reaction. On the cathode side, for example, oxygen reduction reaction include steps such

as oxygen diffusion, adsorption, ionization and incorporation into the electrolyte. De-

pending on a system and conditions all these processes can be located in different parts

of the cathode and have different reaction rates. Mechanistic EIS studies of elementary

cell reaction steps significantly improved our understanding of a working SOFC [5].

Figure 1.1: Operando structure and chemi-
cal composition determination of the electrolyte

near-interface region by anomalous SXRD.

Nevertheless, there is still a lack of knowl-

edge on the atomic structure and chemical

composition of an electrode/electrolyte in-

terface during operational conditions. It is

a challenge to obtain an atomic-scale pic-

ture from a buried interface at harsh op-

eration conditions of atmospheric oxygen

pressure and elevated temperature. Ap-

plying surface X-ray diffraction (SXRD)

to such a system allows to overcome the

difficulties and to resolve the complete 3D atomic structure of the electrode/electrolyte

interface. The chemical composition of this structure can be determined by collect-

ing anomalous SXRD data (see Figure 1.1). By including the details of one particular

interface, the transport models can be further refined leading to a better microscopic

understanding.

In this regard, investigations of two solid oxide model electrode systems, where yttria-

stabilized zirconia is used as an electrolyte, were conducted:

• La0.6Sr0.4CoO3−δ microelectrode on YSZ(100) [Chapter 4];

• Platinum dense film on YSZ(111) [Chapter 5].

Further, zirconia (ZrO2), in its pure and doped form, is widely used in engineering,

electronics, and catalysis, although not much is known about zirconia and oxide-metal

interactions on the atomic level, mostly because of its insulation properties, which pre-

vent the use of many electron-based surface science techniques. This difficulty can be

overcome when zirconia is in a form of an ultra-thin film, which can be reproducibly

grown on Pt3Zr alloy crystal [6]. Surface X-ray diffraction can perfectly complement
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scanning tunnelling microscopy (STM) studies and improve density functional theory

(DFT) models of the ZrO2(111)/Pt3Zr(0001). In Chapter 6 I describe how anomalous

and non-anomalous SXRD helps to resolve some controversial points about the zirconia

ultrathin film structure.

This work is set out to demonstrate that SXRD is a valuable tool to study model

electrode systems, capable of giving an insight to the electrode/electrolyte interface

from the new perspective. Along with other techniques, SXRD effectively contributes

to a better understanding of the complex processes underlying SOFC performance.





Chapter 2

Ion transport in solids

2.1 Ionic conductivity

The construction of every battery has three key components: an anode, an electrolyte,

and a cathode. Electrons are generated in the anode and move to the cathode through an

external circuit. The electrolyte serves two functions in a battery: allowing an electron

flow only in one direction, blocking it in another, and conducting ions to complete the

circuit (see Figures 2.3, 2.4). An ionic conductivity has to be high enough, for battery

to provide a sufficient power output. While this is not a problem for a liquid electrolyte,

it is a challenge for a solid electrolyte. The ionic conductivity of a solid can be increased

by adding defects to it.

In general, the total electrical conductivity includes contributions from different charged

particles: cation, anions, electrons, holes. Materials can be classified by the ratio of

the particles involved in total conductivity. For a fuel cell to work anion (O2−) or

cation (H+) conductivity of an electrolyte has to be dominating over electron and hole

conductivity.

The mechanism of ionic conductivity can be described by so-called random-walk model

[7]. If there is no external field applied, an ion can jump in any direction available within

the solid (diffusion). However, in the presence of the field, an energetic barrier is lower

in one direction and higher in another, which increases a probability of the ion to jump

in the direction of lower field.

High ionic conductivity is assured by a large number of mobile ions and the correspond-

ing adequate amount of empty sites. In oxide crystals, the number of vacant sites is

controlled by a number of point defects.

5



Chapter 2. Transport processes in Solid Oxide Fuel Cells (SOFC) 6

The general concept of defect chemistry summarized as follows: treatment of internal

chemical processes within the solids, where the latter is assumed to be perfect, is reduced

to the behavior of the defects, which are regarded as deviations from the ideal state.

2.2 Electrochemistry impedance spectroscopy (EIS)

Different parts of the model electrode participate in the cell multistep reaction. On

the cathode side, for example, oxygen reduction reaction include steps such as oxygen

diffusion, adsorption, ionization and incorporation into the electrolyte. Depending on

a system and conditions all these processes can be located in different parts of the

cathode and have different reaction rates. During measurements, a response of the

electrochemical cell to a wide range of input frequencies is recorded, which is represented

as a plot of an imaginary part against a real part of the impedance. Each semicircle

in this complex plot corresponds to a certain electrochemical process (see Appendix A

for an example). Mechanistic EIS studies of elementary cell reaction steps significantly

improved our understanding of a working SOFC [5].

2.3 Yttria-Stabilized Zirconia

Figure 2.1: Cubic zirconia unit cell and suggested defect cluster in YSZ.

YSZ is a non-stoichiometric compound and has an anion-deficient fluorite structure

phase. The cubic phase of pure zirconia is not stable at room temperatures, only im-

mediately before its melting point (≈ 2643K < T < Tmelt ≈ 2988K). However, it can

be stabilized by addition of trivalent cation species (Y3+, Sc3+, Nd3+, etc.) [8]. Yttria-

Stabilized Zirconia (YSZ) is a mixture of zirconia (Zr(4+)O
(2−)
2 ) and yttria (Y

(3+)
2 O

(2−)
3 ).

Dopant cations are located on Zr4+ sites, and some oxygen atoms are removed from their
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sites, to preserve overall charge neutrality, leaving behind oxygen vacancies. Suggested

defect cluster in YSZ is depicted1 in Figure 2.1, relaxation of the ions in the cluster is

ignored [7]. In Kröger-Vink notation, this situation is represented as:

xY2O3(ZrO2) −→ 2xY ′Zr + 3xOO + xV ••O , (2.1)

where, on the left, zirconia chemical formula is written in parentheses to designate

the host crystal, on the right, atom labels written in subscript denote the destination

sites of the dopant elements, vacancies are indicated by the symbol V, • and ’ stand

for relative charges: +1 and -1 respectively. Thereby adding two Y3+ anions to the

ZrO2 system leads to a creation of one oxygen vacancy. As a result, YSZ possesses

an impressive ionic conductivity at relatively modest temperatures. Coupled with low

electronic conductivity, it makes YSZ a perfect electrolyte material for solid oxide fuel

cells (SOFCs).

Conductivity properties of YSZ also depend on dopant quantity of Y2O3 and vacancies

mobility. Various yttria concentrations stabilize different phases of ZrO2. (Zr1−xYx)O2−x/2

with x below ≈ 0.05 has a monoclinic phase, above this value tetragonal phase is main-

tained, and at x≈ 0.16 a transition from tetragonal to cubic phase takes place. Studies

targeting YSZ ionic conductivity dependence on the amount of doped yttria (i.e. amount

of oxygen vacancies in YSZ matrix) reveal that the highest conductivity at a given tem-

perature is observed shortly after the (Zr1−xYx)O2−x/2 transition from tetragonal to

cubic phase [4, 10, 11] (see Figure 2.2, [8]).

2.4 Solid Oxide Fuel Cells (SOFCs)

A fuel cell is a system where an electrochemical reaction converts fuel and air or oxygen

into electricity without combustion. Two gas volumes are separated by the cell consisted

of a cathode, electrolyte, and anode. Classifying fuel cells one of the main parameters

to acknowledge is an operating temperature. There are several types of fuel cells, like

solid oxide, molten carbonate, phosphoric acid and proton exchange membrane fuel cells.

Figure 2.3 displays a list of fuel cells types sorted by this parameter. Efficiency is another

factor to be considered. Solid-Oxide Fuel Cells (SOFCs) are proved to be the most

efficient in electrical load production, but with the highest operating temperature (1073-

1273 K), which causes degradation of the electrolyte (e.g. most commonly used YSZ

[4, 13–15]), poor gas tightness, leading to intermixing of the fuel and the oxidant [16].

Maintaining high working temperatures is not economically efficient on its own, and,

additionally, they require electrode components to be made out of noble metals, such as

1Crystal structure visualizations made in VESTA [9].
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Figure 2.2: YSZ ionic conductivity at three different temperatures. The maximum
occurs shortly after the phase transition from tetragonal (t*) to cubic (c*) [8].

Figure 2.3: SOFC overview [12].
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platinum, palladium, silver [4]. All this makes SOFC costly and hinders mass production.

Many research efforts directed on making SOFCs more available, targeting search for

new materials as cell components, and the balance between working temperature and

output power. Despite the fact that SOFCs are expensive, they are already employed

as stationary or portable no-brake electricity sources in hospitals, army, IT industry,

shipping [17].

Figure 2.4: Principle scheme of the working SOFC. Oxygen reduction reaction takes
place at the cathode side, then oxygen ions are transported through the electrolyte to
the anode where hydrogen is oxidized. The process continues as long as the fuel is

supplied.

To their advantage, high-temperature fuel cells can be operated with several types of

fuel (e.g. hydrogen, methane). The working principle of SOFCs can be described in the

following steps (see Figure 2.4): at high temperature oxygen reduction reaction takes

place at the cathode side followed by oxygen anions entering the electrolyte:

O2(gas) + 4e−(cathode) −→ 2O2−(electrolyte); (2.2)

when oxygen ions reach the anode, they react with the fuel (e.g. hydrogen):

H2(gas) +O2−(anode) −→ H2O(gas) + 2e−(external circuit); (2.3)

thus, overall cell reaction is:

2H2 +O2 −→ 2H2O. (2.4)
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In such a way, the working high-temperature cell produces electrical current and water

steam. If natural gas is used as a fuel, some CO2 is additionally obtained as a by-product.

As long as the fuel, air and heat are supplied to the system, the process continues.

Combined Heat and Power (CHP) systems utilize simultaneous generation of electrical

and thermal energy in SOFCs. Micro-CHP systems with an output power up to 1 kW

can be successfully applied in the residential sector. Although the costs problem remains,

it can be solved by increasing the production [18]. To sum up, existing fuel cells can

be used with different types of fuel, they produce minimum polluting substances, as

compared to internal combustion engines, they do not vibrate and make noise during

operation [19]. Taking all advantages of fuel cells into consideration, clearly, it is worth

to invest in research and development of this technology.

2.4.1 Model SOFCs systems for fundamental studies

Few aspects are hampering SOFC development, and one of them is the decrease in oxygen

surface exchange kinetics at the cathode side, which is directly related to the efficiency

of oxygen-reduction reaction. Several authors suggest that the YSZ top-most surface

composition might play a dominant role in overall SOFC cell performance [20, 21]. To

focus on this particular area and the processes, taking place there, it is convenient to

decrease system complexity. That is, to reduce SOFC cell to cathode and electrolyte only

(see Figure 2.5), excluding the anode side, which also implies the absence of hydrogen.

An electrical potential has to be applied between the cathode and a current collector

(e.g. Pt foil, LSF paste) with an external power supply to stimulate reactions in a model

electrode system.

Figure 2.5: SOFC model electrode - a system which mimics operation of the real fuel
cell, allowing to target electrochemical reactions and other processes associated with a

SOFC operation.
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In our studies we used two kinds of electrodes on YSZ substrates, provided by the group

of Prof. Jürgen Fleig (TU Vienna): Pt film and LSC microelectrode. Use of the micro-

electrode has several advantages over the film for electrochemical measurements [22]: it

can be used to study conduction properties of polycrystalline electrolytes with respect

to their morphology (bulk and grain boundary conductivities); dense microelectrodes

have well-defined contact area, surface area, and three-phase boundary length, which

helps to overcome limitations of conventional impedance spectroscopy, when studying

electrochemical reactions.





Chapter 3

X-ray diffraction (XRD) and

complementary characterization

techniques

3.1 X-ray diffraction (XRD) theory

In a classical elastic scattering event, when an electromagnetic radiation is interacting

with a free charged particle (e.g. an electron), it accelerates the particle and makes

it act as a dipole, emitting a spherical electromagnetic wave at the same frequency, as

the incident radiation. Hereafter the kinematic approximation for X-ray diffraction is

applied, which assumes that the incident wave is hardly modified after the scattering

event. The scattering amplitude from an isolated atom or atomic form factor can be

expressed as follows:

f0(Q) =

∫
ρ(r)eiQrd3r, (3.1)

where Q = k−k′ is a scattering vector or wavevector transfer, ρ(r) is a number density,

which specifies the electron distribution, eiQr is a phase factor of the scattered wave,

d3r is a volume unit at position r. If all units of the volume scatter in phase, the atomic

form factor is equal to the number of electrons (Z) in the atom (f0(Q = 0) = Z). The

scattered intensity, a quantity which is actually measured, is thus:

I(Q) ∝
∣∣∣∣∫ ρ(r)eiQrd3r

∣∣∣∣2, (3.2)

The expression 3.1 for an atomic form factor is valid upon two assumption: the incident

wave energy is far away from the corresponding absorption energies of the atom; the

13
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electron distribution ρ(r) is spherically symmetric. If the first assumption is invalid,

dispersion corrections have to be applied. The total atomic scattering factor in this case

is described by a real and an imaginary part (Eq. 3.3):

f(Q, E) = f0(Q) + f ′(E) + if ′′(E), (3.3)

where E stands for energy. The corresponding intensity is I(Q, E) ∝ |f(Q, E)|2.

3.1.1 Index of refraction in the X-ray regime

Index of refraction is a dimensionless number, which describes how the phase speed of

light in media (v) changes relative to the speed of light in vacuum (c):

n =
c

v
(3.4)

Based on this definition, it is clear that in vacuum n = 1. For X-rays n turns out that

the real part of the refractive index is less than unity and the total refraction index is

then defined as:

n = 1− δ + iβ, (3.5)

with δ related to the atomic scattering factor as follows:

δ =
nareλ

2

2π
(f0(Q) + f ′(E)) (3.6)

and β, absorption coefficient:

β =
nareλ

2

2π
f ′′(E), (3.7)

where re is a classical electron radius, λ is the X-ray wavelength, na is a number density:

na =
ρNa

Ma
, (3.8)

where ρ is the physical density, Na is the Avogadro constant, and Ma is the molar mass.

As one can see, for X-rays v > c, but, as mentioned before, v represents the phase speed

of light, which is a characteristic of a single not modulated sine wave. Signals, from

the other hand, can only be carried by wave packets (a group of waves with different

frequencies) forming a modulated wave. In this case the restriction vgroup < c always

holds. If an incident X-ray wave falls on an interface at angle smaller than a particular

value, the phenomenon of total external reflection occurs. This particular value can be

calculated with a simple formula:

θc =
√

2δ, (3.9)
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and called a critical angle. In X-ray optics the effect of total external reflection is widely

used for microfocusing of a beam [23], with Kirkpatrick–Baez (KB) mirrors, for example

(see Chapter 4).

3.2 X-ray reflectivity

X-ray reflectivity is a conventional method, which is used to characterize layered sam-

ples. This technique allows to measure the thickness of each layer and its roughness,

obtain depth dependent electron-density profile of the sample. Reflection and trans-

mission of the incident electromagnetic wave from the interface of two media can be

described by Fresnel equations from electromagnetic theory. Incident angles below the

critical make up a range of total external reflection. At incident angles above θc, the

intensity of a reflected beam falls proportionally to Q−4
⊥ . When there are two or more

interfaces present, one need to take multiple scattering into account and solve a Fresnel

equation for each reflected beam. Another approach to mathematically describe reflec-

tivity from a layered sample is to consider it as one media with electron density varying

with depth. The shape of reflectivity curve can be described than by the Master formula

(the formalism breaks down near the critical angle):

R2(Q⊥) = R2
F (Q⊥)

∣∣∣∣ 1

ρ(z →∞)

∫
ρ′(z)eiQ⊥zdz

∣∣∣∣2 , (3.10)

where ρ(z) is an electron density of the sample as a function of depth z measured from

the top interface, RF is the Fresnel reflectivity. This formula is particularly useful if the

sample is graded, i.e. has no well-defined sharp interface.

The most versatile method of describing reflectivity from layered samples is a Parratt’s

exact recursive method, originally reported by Parratt L. G. in 1954 [24]. The basic

idea is to consider the medium consisting of a certain amount of layers on top of an

infinitely thick substrate, and solve Fresnel equations for each interface, taking into

account multiple scattering and refraction, starting from the substrate.

The reflectivity data analysis in this work was performed in a program called FEWLAY1.

The fitting procedure is based on Parratt formalism and accounts on roughness effects.

The main entry parameters are the number of layers, δ and β for each layer, and the

wavelength. The following information can be obtained from the fit for each layer:

refined values of δ and β, layer thickness and roughness.

1Courtesy of Prof. Andreas Stierle and Dirk Franz
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(a) (b)

Figure 3.1: Bragg peaks (dots) and crystal truncation rods (cyan lines) from a perfect
infinite 3D cubic crystal (A) and semi-infinite crystal (B) in reciprocal space.

3.3 Surface X-ray diffraction (SXRD)

Once the Bragg condition is fulfilled, diffraction on a perfect infinite three-dimensional

crystal yields a 3D array of δ-functions in reciprocal space (see Figure 3.1a). If we

imagine this crystal being cleaved perpendicular to one of the dimensions, we end up

with a semi-infinite crystal with a perfectly flat surface. In reciprocal space this will

give rise to so-called crystal truncation rods (CTRs) - scattering which is sharp in two

dimensions and diffuse in the third one. Such additional intensity streaks are parallel

to the surface normal and interconnect corresponding Bragg peaks (Figure 3.1b) [25].

This effect is a basis of surface X-ray diffraction technique, and was first exploited by

I. K. Robinson [26] for surface roughness determination of Pt(111), W(100), InSb(111)

and Si(111) on atomic scale.

Surface structure analysis with SXRD can go far beyond only roughness determination.

CTR profile can be described as an interference sum of bulk and surface scattering

contributions:

Fsum = Fsurf + Fbulk (3.11)

If a crystal is bulk-terminated, then Fsurf = 0, and CTR structure factor is calculated

as follows:

Fbulk = Fu
1

1− e−i2πle−µ
, (3.12)



Chapter 3. X-ray diffraction (XRD) 17

where l is a continuous variable related to a momentum transfer Q⊥ = 2πl/c with the

out-of-plane lattice constant of the unit cell c, µ is the attenuation factor and

Fu =

Bulk

unit cell∑
j

fj e
−BjQ

2

16π2 ei2π(hxj+kyj+lzj), (3.13)

where fj is the atomic scattering factor of an atom j, B is the Debye-Waller parameter, Q

is the total momentum transfer, (hkl) are the Miller indices and (xyz)j are the fractional

coordinates of atom j.

For not purely bulk-terminated crystals the surface contribution can be expressed as:

Fsurf =

Surface

unit cell∑
j

fj θj e
−BjQ

2

16π2 ei2π(hxj+kyj+lzj) (3.14)

where θ is an occupancy parameter, to account for unoccupied sites in the surface unit

cell.

3.4 Non-anomalous and anomalous XRD

For the vast majority of atoms, at energies far away from its absorption edges, an

analytical formula 3.15 gives a good approximation of the atomic scattering factor f. The

values ai, bi and c can be found in the ”International Tables for X-ray Crystallography”

[27]. Exactly these formula and values are used in the crystallography program ROD

[28], which was used for CTR data fitting, presented in this work.

f0 =
4∑
i=1

aiexp

[
−bi

(
sinθ

λ

)2
]

+ c (3.15)

Sometimes it is necessary to retrieve chemical composition of individual atomic layers

within a compound crystal. If the compound is chemically ordered (i.e. different ele-

ments occupy certain places in a unit cell), and its elements have significant electron

density difference, this problem can be solved by means of conventional, non-anomalous

XRD. If there is no chemical ordering and the elements have similar ”normal” (f0) scat-

tering factors, they can no longer be distinguished. To overcome this difficulty anomalous

XRD can be used. The basic idea is to measure the diffraction data at absorption edges

of the elements composing the compound, to suppress scattering contributions of one
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type of atoms over the other. A (2, 0, L) CTR from YSZ(100) is depicted in Figure

3.2 to illustrate how an incident wave energy, tuned to Zr and then to Y absorption

K-edge (see Figure 3.3), can alter total scattering contribution from the atoms. As seen

in Figure 3.2 the higher the momentum transfer, the better the effect is pronounced.

For anomalous data analysis the values f ′ and f ′′ have to be entered in ROD. One of

the easiest ways to obtain them is to search in ”X-ray Form Factors, Attenuation, and

Scattering Tables”, a database provided by National Institute of Standards and Tech-

nology (NIST) [29]. In the database one can find values of the real (f1) and imaginary

(f2) part of the atomic scattering factor, which are interrelated with f ′ and f ′′:

f ′ = f1 + frel − Z,

f ′′ = f2,
(3.16)

where frel is a small relativistic correction term.

All the dispersion corrections used in the data analysis presented in this work are sum-

marized in Table 3.1 below.

Energy (keV) f ′Zr f ′′Zr f ′Y f ′′Y f ′Pt f ′′Pt

Pt L(III)-edge 11.552 -0.61 1.12 -15.1 3.81

Y K-edge 17.038 -2.44 0.57 -5.85 1.02

Zr K-edge 17.998 -5.79 1.05 -2.01 3.38 -0.83 8.21

Table 3.1: Dispersion corrections for Zr, Y and Pt, used when analysing anomalous
data presented in this work.

3.5 High-energy SXRD

Characterizing surfaces by X-ray diffraction, when they are buried under other materials,

and, especially, if these materials are highly absorbing, can be a challenging task. Using

conventional photon energies (10 - 30 keV), as we did in LSC/YSZ experiment (see

Chapter 4), will not give any valuable results, when an electrode material is a few

hundreds nm thick Pt film, due to high absorption coefficients of Pt at given energies (see

Figure 3.4). To access this deeply buried interface and be able to measure reflectivity and

CTRs from it, the use of high-energy X-rays is advantageous. First time this approach

was employed by Rieutord F. et al. for in situ study of bonding interfaces separating

two silicon wafers assembled for making silicon-on-insulator system [30].
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Figure 3.2: (2,0,L) CTR at Y (green) and Zr (blue) K-edge energies.

Figure 3.3: The real part of the atomic scattering factor of Y (green) and Zr (blue)
near corresponding absorption K-edges.
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Figure 3.4: Linear attenuation coefficient of Pt [29].

3.6 Data analysis. Corrections

In this work two types of detectors were used - an area pixel detector (MAXIPIX) and

a point detector (Cyberstar). Stationary mode was used when the CTR data were

collected with the area detector (i.e. the sample was not moving during measurements).

When using the point detector, the data were collected in the form of rocking scans (the

sample is rotated) [31]. The CTR’s integrated intensities were obtained by processing

the images collected with the pixel detector through an IDL (Interactive Data Language)

script2. The point detector data were integrated using a surface X-ray crystallography

software package ANA-ROD [28, 32], which includes ANA for scans integration and

integrated intensities conversion to structure factors, AVE for sorting and averaging the

data and producing an input file for ROD - a program for structure analysis; additional

functionality of simultaneous anomalous XRD data fitting in ROD was developed and

applied for the first time by V. Vonk [33]. All integrated data were corrected for monitor

counts, absorbers transmission, polarization, rod interception and Lorenz factor [31].

Structure refinement in ROD begins with defining a bulk-file and a surface file (see

Figure 3.5). Bulk-file contains positions of all atoms in the unit cell and its dimensions.

Surface-file contains the same information, only, it allows to define any structure, a

user assumes is present on the surface. Positions of the atoms in a surface structure

are determined relative to the bulk unit cell and each atom can be assigned a set of

2Courtesy of V. Vonk
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parameters, such as occupancy, static Debye-Waller parameter and displacement. The

following set of parameters is usually refined:

• scaling of specular and off-specular rods;

• occupancy;

• out-of-plane displacement;

• in-plane Debye-Waller (DW) factor.

 for each atomic layer

Figure 3.5: ZrO2(111) surface and bulk unit cells, side view. The positions of the
marked atomic layers can be refined.

3.7 Complementary characterization techniques

3.7.1 Low-Energy Electron Diffraction (LEED)

Low-Energy Electron Diffraction (LEED) is a simple and elegant surface sensitive tech-

nique, which allows to study the structure of the non ceramic crystal surfaces. The de

Broglie wavelength of an electron is calculated as follows:

λ =
h√

2mE
, λ[Å] =

√
150

E(eV )
. (3.17)

Typical energies (30-200 eV) of electrons emitted from the LEED electron-gun, yield

wavelengths of ≈1-2 Å, which are smaller or of the order of inter-atomic distances in
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a crystal [34]. This allows to observe diffraction patterns from a crystal structure (see

Figure 3.6). Moreover, as the mean free path of the electrons in solids is rather short

(few atomic layers), the observed diffraction pattern is originated from the near-surface

region only. Therefore LEED is a common tool to study surface reconstructions and

ultrathin films.



Chapter 3. X-ray diffraction (XRD) 23

Figure 3.6: LEED: diffraction from the clean Pt3Zr(0001) surface. Redrawn with
modifications from [34]

3.7.2 Auger Electron Spectroscopy

Figure 3.7: Two competing processes: Auger
electron abandonment and a photon emission.

Redrawn from [35].

Sometimes an electron transition from

higher to lower energy state results not

in a photon emission but in a removal

of one or several electrons from the atom

[35]. This can happen if the energy, liber-

ated during the transition, is transferred

to the electron (electrons) at the outer

atom shell, and, as a consequence, this

electron leaves the atom. This effect is

named after the French physicist Pierre

Auger (1899 - 1993), who discovered this

process experimentally. The electrons it-

self, which are emitted by a positively charged ion with a vacancy at the inner atomic

shell, are called Auger-electrons. Photon-emission and Auger effect are competing pro-

cesses (see Figure 3.7). Since the kinetic energy of the Auger electron depends on the

orbital energy of the abandoned outer shell, which is a unique characteristic of the ele-

ment, analysing this energy allows do identify the emitter atom. Short mean free path

of the Auger electrons in solids guarantee surface sensitivity of the method.
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YSZ(100) interface buried under

La0.6Sr0.4CoO3−δ electrode

4.1 LSC/YSZ model electrode system

As mentioned earlier in Chapter 2, lowering operational temperatures, while keeping a

high ion transport rate is one of the key tasks in today’s SOFCs development [5]. Regard-

ing the electrode material, perovskites are suitable candidates as an alternative to noble

metals cathode materials for intermediate temperature range (800 - 1000 K) SOFCs

[21, 36]. The mixed ionic-electronic conductor La1−xSrxCoO3−δ (LSC), which exhibit

the best performance in comparison with La1−xSrxMnO3−δ (LSM) and La1−xSrxFeO3−δ

(LSF), is often used as cathode material, due to its high oxygen diffusion coefficient

[36, 37]. In order to solely investigate the cathode side of the fuel cell and to be able

to deduce SOFC performance influencing factors and parameters, cathode model sys-

tems are often studied. Conventional model systems of this kind usually consist of a

perovskite thin film as an electrode deposited on yttria-stabilized zirconia (YSZ) sin-

gle crystals serving as electrolyte. The use of micro-electrodes instead of thin films

has the advantage of a homogeneous electric field distribution and a negligible effect of

the counter electrode and thus no need for a reference electrode [22]. Model systems

and their individual components can be studied by numerous techniques. Electrochem-

ical impedance spectroscopy (EIS) and time-of-flight secondary ion mass spectrometry

(TOF-SIMS) are two powerful tools for mechanistic studies of electrochemical processes

taking place in the electrodes of SOFC. These methods allow to distinguish main charge

carriers in the electrode and in the bulk of the electrolyte, the path of the electrode

reaction and ORR rate-determining step [5].

25
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4.2 SXRD applied to SOFCs electrode model systems

Despite of the recent efforts to develop model electrodes with controlled geometry there

is still a lack of atomically resolved information on the buried electrode/electrolyte inter-

face of such systems, where oxygen incorporation or release takes place under transport

conditions. To reveal the near-surface atomic structure and chemical composition of

the electrolyte below the electrode as a function of temperature, ambient pressure and

polarization, we applied anomalous surface X-ray diffraction (SXRD). Surface and inter-

face sensitive information is contained in the so-called crystal truncation rods (CTRs),

which naturally arise from the single crystal YSZ surface in contact with the polycrys-

talline LSC film. Using synchrotron radiation allows one to focus the X-ray beam down

to the size of the microelectrode, which can be simultaneously studied by impedance

spectroscopy. In addition, the energy can be tuned to the Y and Zr absorption edges,

thereby varying the scattering contrast between the two elements and retrieving chem-

ical information, like segregation profiles. Previous SXRD experiments demonstrated

the power of this approach [33, 38–40]. SXRD results from the YSZ (111) surface in

ultra-high vacuum (UHV) reveal an Y enrichment under reducing conditions and high

temperature annealing [39].

To mimic the transport processes in a real fuel cell, we polarize the cathode microelec-

trode with respect to a porous Pt counter electrode below the single crystal YSZ(100)

electrolyte under oxygen atmosphere at elevated temperatures, allowing controlled in-

ward and outward oxygen ion transport. Our results disclose a variation in the interfacial

structure as well as Y and cation vacancy concentration compared to pure YSZ, which is

expected to have strong impact upon the interfacial oxygen ion conductivity. For com-

parison, a free part of the YSZ(100) surface is investigated, which exhibits compositions

and relaxations that do not depend on the oxygen pressure and external voltage.

4.3 Experimental details

Two samples were subjects of our study: the first was a cathode model system consist-

ing of a LSC micro-electrode on an yttria-stabilized zirconia (YSZ) single crystal (9.5

mol% of Y2O3) in (100) orientation and miscut of <0.1◦. The second was a pristine

(100) YSZ single crystal with identical specifications from the same manufacturer. A

0.2 µm La0.6Sr0.4CoO3−δ film was deposited on the YSZ(100) substrate by pulsed laser

deposition (PLD) at 873 K and 0.04 mbar O2 pressure followed by chemical wet etching

to prepare a squared 400 x 400 µm2 micro-electrode. The well-defined geometry of the
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electrode facilitated the interpretation of impedance spectroscopy measurements per-

formed before and after the experiment. Two transmission electron microscopy images

(Figure 4.1) from [41] depict LSC films on YSZ deposited at low (723 K) and high (873

K) temperatures, LSC-LT and LSC-HT accordingly. The LSC films exhibit columnar

growth, which is expected upon PLD deposition at the conditions given. The main

difference between LSC-LT and LSC-HT films is that the latter has larger grain size in

average. The amount of grains and their size decreases towards the LSC/YSZ interface

for both films.

Figure 4.1: LSC/YSZ(100) TEM images. The cross sections show columnar growth
of 200 nm La0.6Sr0.4CoO3−δ thin films grown at (a) low temperature (LSC-LT) and (b)

high temperature (LSC-HT) [41].

The sample with LSC micro-electrode on top was studied at the European Synchrotron

Radiation Facility (ESRF), beamline ID03 [42], by means of anomalous SXRD at the

Y and Zr K-edges under controlled oxygen environment and temperature, as well as

applied bias voltage, in a mobile vacuum chamber adapted for combined solid state

electrochemistry-XRD experiments (see Figure 4.2). The experiment was performed in

z-axis diffraction mode with fixed incidence angle, allowing to keep the beam footprint

on the sample surface constant [43].

The chamber is equipped with a turbo molecular pump, which is supported by an

external pre-pump to allow ultrahigh vacuum conditions, with a ceramic heater (sample

temperature up to ∼1123 K), leak valves for controlled gas dosing and two pressure

gauges for vacuum and elevated pressure ranges, a piezo translation stage to position

a contact tip, an optical microscope to locate the electrodes, and an X-ray transparent

beryllium window. Platinum paste was brushed on the back side of the YSZ single

crystal and served as counter-electrode for the electrical measurements. The sample was
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Figure 4.2: LSC/YSZ sample on the heating stage of a mobile chamber. The contact
tip is mounted on a supporting metal rod, which is attached to piezo stage for controlled

positioning. The construction is surrounded by a Be window and vacuum sealed.

then clamped with Inconel clips onto an Inconel sample holder by means of spot-welding

(see Figure 4.2, left).

The principle scheme of the experiment is depicted in Figure 4.3. Anomalous SXRD

data sets were collected by measuring crystal truncation rods (CTRs) at two X-ray

energies: 17.038 keV and 17.998 keV. These are the K-edge energies of Y and Zr atoms,

respectively. When the beam energy is tuned to one of the absorption edges, the atomic

form factor of the corresponding atoms is reduced.

4.3.1 Anomalous and non-anomalous SXRD of the buried interface

Exploiting this anomalous diffraction effect allows to distinguish between Y and Zr,

which have almost identical atomic form factors at X-ray energies away from their ab-

sorption edges. By including data measured at several X-ray energies in the structure

refinement, it is possible to determine the individual compositions with a higher ac-

curacy [40]. The microelectrodes allow for impedance spectroscopy to follow changes

during synchrotron measurements as well as direct post-characterization of the sample.

In order to illuminate only the area underneath one electrode, the X-rays need to be

highly focused, which was achieved by Kirkpatrick-Baez (KB) optics resulting in a beam

size of 5.5 µm (vertical) and 5.7 µm (horizontal). Such a small beam cross section ensures

that its footprint at the incident angle of 0.9◦ was slightly smaller than the electrode size

(400 x 400 µm2). The beam stayed on the same spot of the electrode throughout the

measurements involving sample rotation which was verified by tracking the Sr fluores-

cence signal from the LSC electrode with an energy-dispersive Ge fluorescence detector
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Figure 4.3: Scheme of the experimental setup. The YSZ crystal with LSC micro-
electrode on top and the Pt foil as a counter-electrode at the bottom are placed on
a heating stage. The tip is attached to a piezoelectric translation stage, which is
positioned on the upper part of the chamber. Tip and counter-electrode are connected
to the impedance analyser and a power source via feedthroughs of the vacuum chamber.
Angles δ and γ are in-plane and out-of-plane detector angles of the diffractometer
correspondingly. A Ge fluorescence detector is placed at 90◦ to the X-ray beam in the
horizontal plane in order to minimize elastic scattering. An analyzer (graphite (0001)
crystal) is put in signal path to suppress the fluorescence background. (a) Fluorescence
spectrum from a sample area without the electrode; (b) Fluorescence spectrum from a
sample area with the electrode; (c) an image of CTR signal together with a region of

interest (ROI) - yellow box.

placed perpendicular to the direction of the primary beam (see Figure 4.3). The data

were collected in a stationary mode using the MAXIPIX area pixel detector.

The strategy of the measurements of the sample with the electrode was to start with

reducing conditions and then use a step-by-step approach to reach operando conditions,

while recording crystal truncation rod data at each step to follow the buried interface

evolution. An extensive set of CTRs was taken at 5 different conditions (altogether,

1216 structure factors for both energies): reducing condition (p = 1.0·10−7 mbar, 300 K

and 775 K), oxidizing conditions (p(O2) = 18 mbar, 775 K) and operational conditions

(p(O2) = 18 mbar, 775 K, -500 mV and +250 mV. During cathodic polarization current

through the sample decreased from -4.7 µA to - 31 nA, under anodic bias current value

decreased from 280 nA to 240 nA at the end of the measurements.

The bare single crystal YSZ(100) reference sample was measured [44] at the Max Planck

beamline of Ångström-Quelle Karlsruhe (ANKA) synchrotron by SXRD at 10 keV

photon energy under UHV conditions after annealing at 700 K in oxygen atmosphere

(p(O2)=1.0·10−5 mbar) for 120 minutes. The data were acquired with the Cyberstar

point detector by collecting rocking scans.
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4.4 CTR data analysis

The corrected integrated intensities we analysed with the software package ROD [28,

45]. The program allows refinement of surface relaxations, roughness and Debye-Waller

factors. A special version of ROD was used, featuring the possibility to refine anomalous

CTR data sets taken at different energies at the same time [33, 39].

An overview of the SXRD data and fits from the LSC/YSZ(100) interface is given in

Figures 4.4 and 4.5, which represents the CTR data (open circles) measured at five

different conditions:

• 300 K, p = 1.0·10−7 mbar (blue);

• 775 K, p(O2) = 18 mbar (green);

• 775 K, p(O2) = 18 mbar, U = -500 mV (red);


in Figure 4.4

• 775 K, p = 1.0·10−7 mbar (black);

• 775 K, p(O2) = 18 mbar, U = +250 mV (red);

 in Figure 4.5

the fits are depicted by solid lines of corresponding colour. The CTR data from the

free YSZ surface area away from the electrode at the same ambient conditions (except

polarization) is given in Figure 4.6. The SXRD data taken on pristine YSZ(100) surface

under UHV conditions at ANKA synchrotron are depicted in Figure 4.7. Agreement

factors of all the fits presented in this chapter is given by normalized χ2 parameter

listed in Table 4.1.

Significant changes in the CTR signals for the different conditions are discernible, and

related to structural changes at the interface as uncovered by the fit to the data and

discussed in the following.

YSZ, with its complex defect structure [8], can be described by an elaborate Zr-shift

model [46], but, as discussed previously in [39], a simple zirconia fluorite model is suf-

ficient to describe X-ray data taken at momentum transfer covered in our experiment.

With lattice constant of a = 5.145 Å deduced from the experiment, we used the ide-

alized structure model of CaF2 type, Fm3̄m space group, where Y and Zr are placed

statistically on bulk positions according to the nominal formula Y0.174Zr0.826O0.195. Note

that the LSC film does not contribute to the CTR signal as it exhibits polycrystalline

structure [41] (see Figure 4.1).
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Figure 4.4: CTR data from the electrode/electrolyte interface and fits for 3 different
conditions: 300 K, p=1.0·10−7mbar (blue line); 775 K, p(O2)=18 mbar (green line),
775 K, p(O2)=18 mbar, U=-500 mV (red line). One data set consists of 8 CTRs - 4
taken at Zr K-edge (a), and other 4 taken at Y K-edge (b). All 8 CTRs taken under
each particular condition are fitted simultaneously. On the (1,-1) rod the signal was

cut by one of the supporting rods of the Be window.

Figure 4.5: The CTR data and fits for 2 different conditions from electrode/electrolyte
interface: 775 K, p=1.0·10−7 mbar (black line), 775 K, p(O2)=18 mbar, U=+250 mV
(red line). One data set consists of 8 CTRs - 4 taken at Zr K-edge, and other 4 taken at
Y K-edge. All 8 CTRs taken under each particular condition are fitted simultaneously.
On the (1, -1) rod the signal was cut by one of the supporting rods of the Be window.

4.5 Interface structure refinement

As a starting model for the LSC/YSZ(100) interface, as well as the free YSZ(100) surface

an oxygen termination was chosen, based on the results from a low energy ion scattering

study [47]. The YSZ crystal structure is polar along its <100> direction due to the

alternating stacking of oxygen and metal ion layers [48] (see Figure 4.8a). When in
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Figure 4.6: The CTR data and fits for 3 different conditions from free surface away
from the electrode: 300 K, p=1.0·10−7 mbar (blue line); 775 K, p=1.0·10−7 mbar (pink
line); 775 K, p(O2)=18 mbar (green line). One data set consists of 8 CTRs - 4 taken
at Zr K-edge, and other 4 taken at Y K-edge. All 8 CTRs taken under each particular
condition are fitted simultaneously. On the (1, -1) rod the signal was cut by one of the

supporting rods of the Be window.

Figure 4.7: The CTR data and fits for the UHV prepared YSZ(100) sample taken at
300 K, p=5.0·10−10 mbar.1

vacuum, such intrinsically unstable polar surfaces are known to commonly show recon-

structions, in order to decrease their otherwise very high surface energy. The proposed

oxygen-terminated (100) surface structure includes that half of the surface oxygen are

missing, which annihilates the large electrostatic potential due to the crystal’s polarity.

Furthermore, the surface oxygen occupy non-bulk positions, situated at metal bridge

sites above metal ions from the second metal layer below the surface. Density functional
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Condition
Agreement factor, normalized χ2

Below the electrode Away from the electrode UHV prepared YSZ(100)

T=300 K, p=5.0·10−10 mbar – – 0.6

T=300 K, p=1.0·10−7 mbar 4.3 2.1

T=775 K, p=1.0·10−7 mbar 3.7 3.6

T=775 K, p(O2)=18 mbar 3.5 3.9

T=775 K, p(O2)=18 mbar, U=-500 mV 4.2

T=775 K, p(O2)=18 mbar, U=+250 mV 3.9

Table 4.1: The agreement factor for all refinement procedures computed in ANA-ROD
(see [28, 32, 45]).

theory calculations [48] support the experimentally obtained (1×1) surface reconstruc-

tion, however only together with Y segregation. The octahedral sites that are occupied

by the surface oxygen in the (1×1) model are found to be unstable for bulk metal

compositions at the surface and the oxygen prefer the tetrahedral sites, as in the bulk.

The YSZ(100) surface preparation used in our study differs substantially from those in

literature, mostly because we use electrode-covered surfaces. First of all, during our

operando studies the samples could well be partially hydroxilated, which can stabilize

the polar surface. At the LSC/YSZ interface charge compensation can take place via

bonding to atoms from the LSC layer, which would form another route to stabilize the

surface. Finally, the surface preparation of our sample for the UHV study differs from

the wet chemical etching procedure used in [47]. Interestingly, our UHV data taken after

annealing up to 750 K do not allow to make a clear distinction between a bulk oxygen-

terminated or the proposed (1×1) model, whereas after annealing to 900K clearly a

bulk-terminated surface is favoured [44]. In any case do all our fit results indicate a sur-

face morphology composed of nanoscaled islands of uniform well-defined 0.25nm height,

almost identical to what was found for the YSZ(111) surface [39, 49].

Atomic occupancies (θ), displacements (∆) and Debye-Waller factors (B) are those three

structural parameters refined within our model. Three parameters (θ, ∆, B) were varied

in the first atomic layer, only two (θ, B)are used for the second atomic layer, from the

third layer on all the parameters are fixed to the bulk YSZ values of the ideal fluo-

rite model taken from [8] (see Figure 4.8 and Table 4.2). The refinement also included

physically acceptable limits for each parameter used in the fit. Since the scattering

contribution of oxygen is significantly weaker as compared to zirconium and yttrium,

the oxygen occupancy parameters were fixed with respect to those of Y and Zr atoms

according to chemical formulas - Y2O3 and ZrO2. By doing this we restrain the oxygen

occupancy parameter and assume electro-neutrality. To reduce the number of param-

eters which are highly correlated, the same Debye-Waller parameter and displacement

parameter was used for Y and Zr atoms within one atomic layer. Debye-Waller factors

lower limits and starting values for all atom types were equal to the corresponding bulk
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values [46]. Refining three atomic layers and more did not show any considerable fit

improvement.

4.5.1 YSZ occupancy profiles

Figure 4.8: a) Side view of the first three atomic layers (I, II, III), where LSC film is
placed on oxygen (red) terminated surface, yttrium atoms (green) are randomly placed
on zirconium (blue) sites within the lattice. b)-f): Chemically resolved occupancy
profiles of 3 first atomic bilayers of YSZ(100) below the LSC electrode for the conditions
indicated, where the 3rd layer represents bulk values as a reference and the 1st and 2nd
layer occupancies were fitted with ANA-ROD. The unit cell is marked with yellow. The
color code of bar plots corresponds to the one for the atoms. g)-i): reference profiles
for a YSZ(100) surface area far away from the electrode. j): pristine YSZ(100) surface.
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As important fit result, the atomic layer resolved chemical profiles at the LSC/YSZ

interface were obtained, as summarized in Figure 4.8. First, under oxygen poor condi-

tions (p = 10−7 mbar, 300 K) we find that the first atomic layer is only half-filled by

Zr, but half-filled with Y, while the second layer is already close to the bulk chemical

composition, indicating a strong Y segregation in the as prepared sample. To the best

of our knowledge this is the first observation of interfacial Y segregation at a buried in-

terface. The strong Y segregation to the top of YSZ presumably took place during PLD

deposition of the LSC layer at 900 K and 0.04 mbar O2 pressure. Y segregation under

reducing conditions is in accordance with measurements and ab-inito thermodynamics

calculations on free YSZ surfaces [39, 50–52], while the exact level of Y is most likely also

affected by the LSC layer on top. In comparison, the free YSZ surface several mm away

from the electrode exhibits bulk stoichiometry together with about 30% vacancies (see

Figure 4.8, g-i), since the latter was chemically treated by 0.1 mol/l HCl in deionized

water during micro-electrode preparation. This composition stays constant within error

bars for the different experimental conditions and the number of vacancies agrees very

well with the results from the UHV prepared YSZ(100) surface (see Figures 4.8j, 4.7).

The presence of vacancies may contribute to the polarity compensation of the YSZ (100)

surface.

The high Y occupancy in the top YSZ layer remains present at 775 K under reducing

conditions (p = 1.0·10−7 mbar), while around 10% cation vacancies (likely together

with oxygen vacancies) are formed. When switching to oxidizing conditions (p(O2) =

18 mbar) at 775 K, the cation occupancy strongly changes. Nearly no Y is observed in

the first atomic layer, while an increase in Zr concentration is present and the cation

vacancy concentration becomes more substantial. This clearly indicates that cations

in YSZ are mobile even at such comparatively low temperatures. The exact underlying

defect chemical processes are unknown yet. Measurements upon applied voltage between

the tip and the sample to mimic the oxygen reduction reaction (ORR) (-500 mV) and

the reversed process (+250 mV) again indicate that the YSZ/LSC interface is highly

dynamic (Fig. 4.8, e and f ). At -500 mV voltage the Y/Zr composition at the interface

is similar to the conditions from before without voltage applied, whereas at +250 mV the

interface becomes enriched in Y. This might be a consequence of the chemical potential

changes in LSC upon positive voltage: Owing to the slow kinetics of the electrochemcial

surface reaction (here release of oxygen) the oxygen chemical potential in LSC increases

under positive bias voltage, thus significantly lowering the oxygen vacancy concentration

in LSC. Provided oxygen vacancy transport across the LCS/YSZ interface is still close

to equilibrium, this concentration change in LSC has to be counter-balanced by an

electrostatic potential step with positive charges in LSC and negative ones in YSZ. The
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latter could be partly established by Y ions on Zr sites. In such a case an electroneutral

calculation of the oxygen vacancy concentration in YSZ is no longer possible.

We argue this is due to the fact that oxygen diffusion is faster in LSC then in YSZ,

resulting in net reduction of the interface, which leads to an Y enrichment. This might

be related to a reduced oxygen concentration at the LSC/YSZ interface under positive

potential, due to the fact that the amount of oxygen vacancies in YSZ is directly related

to the yttria concentration. One important conclusion concerning the long term stability

of SOFCs at the maximum investigated temperature of 775 K is that the LSC/YSZ(100)

smooth interface morphology is found to stay unaltered under oxygen transport condi-

tions. It has been reported that at higher temperatures (above 970 K), new phases like

SrZrO3 can form [53, 54]

4.5.2 Relaxations and Debye-Waller factors

Further evidence for the discussed Y segregation behaviour comes from a close investi-

gation of the interfacial relaxations. The first and second YSZ substrate metal ion layers

directly at the electrolyte/electrode interface exhibit outward relaxations (see Table 4.2).

In contrast, the first metal ion layer at the free surface far away from the electrode shows

slight inward relaxations for all conditions investigated, followed by the second layer with

small outward relaxations, in agreement with the UHV prepared YSZ(100) surface (see

Table 4.3).

Atomic
dilayer

Atom

300 K
1.0·10−7 mbar

775 K
1.0·10−7 mbar

775 K
18 mbar (O2)

775 K
18 mbar (O2)
-500 mV

775 K
18 mbar (O2)
+250 mV

300 K
1.0·10−7mbar
(bare surface area)

∆ [Å] B [Å2] ∆ [Å] B [Å2] ∆ [Å] B [Å2] ∆ [Å] B [Å2] ∆ [Å] B [Å2] ∆ [Å] B [Å2]

1 O 0.05(4) 15(3) 0.07(2) 2.8(8) -0.01(2) 2.7(9) -0.10(3) 3.3(9) -0.12(3) 6(1) -0.005(13) 2.29

Zr/Y 0.118(5) 4.6(2) 0.111(6) 5.1(6) 0.067(5) 1.6(3) 0.068(6) 3.6(5) 0.076(5) 1.9(4) -0.036(4) 1.41

2 O 0.04(2) 2.29 0.02(2) 2.29 0.01(2) 2.29 0.02(2) 2.29 0.08(2) 2.29 0.002(13) 2.29

Zr/Y 0.035(3) 1.41 0.031(4) 1.41 0.024(4) 1.41 0.004(4) 1.41 0.016(4) 1.41 0.027(3) 1.41

3 O 0 2.29 0 2.29 0 2.29 0 2.29 0 2.29 0 2.29

Zr/Y 0 1.41 0 1.41 0 1.41 0 1.41 0 1.41 0 1.41

Table 4.2: Refined out-of-plane values of atomic displacements (∆) and Debye-Waller
factors (B) at five different conditions from the electrode/electrolyte interface and for
the bare surface area of the LSC/YSZ(100) sample at room temperature under vacuum.
Values in brackets stand for the estimated standard deviations (e.s.d.) from the fitting

procedure. Fixed parameters are presented without e.s.d.

To obtain more insight into the correlation of structural and chemical changes at the

interface, it is instructive to compare the Y/Zr ratio and the interfacial relaxations as a

function of the experimental conditions, as plotted in Figure 4.9. Interestingly, there is a

clear trend visible: for higher Y/Zr ratios, the outward relaxations are more pronounced.

This is in line with the increased ionic radius of Y3+ of 1.02 Å as compared to 0.84 Å

for Zr4+, giving additional evidence for the observed Y segregation [55]. The outward
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Atomic
dilayer

Atom

300 K
1.0·10−7 mbar

775 K
1.0·10−7 mbar

775 K
18 mbar (O2)

UHV prepared YSZ(100)
300 K
5.0·10−10 mbar

∆ [Å] B [Å2] ∆ [Å] B [Å2] ∆ [Å] B [Å2] ∆ [Å] B [Å2]

1 O -0.005(13) 2.29 -0.085(15) 2.29 -0.115(15) 2.29 -0.11(2) 5(3)

Zr/Y -0.036(4) 1.41 -0.003(4) 1.41 -0.016(4) 1.41 -0.082(3) 1.6(1)

2 O 0.002(13) 2.29 0.004(13) 2.29 0.005(14) 2.29 0.002 2.29

Zr/Y 0.027(3) 1.41 0.008(3) 1.41 0.010(3) 1.41 0.027 1.41

3 O 0 2.29 0 2.29 0 2.29 0 2.29

Zr/Y 0 1.41 0 1.41 0 1.41 0 1.41

Table 4.3: Refined out-of-plane values of atomic displacements (∆) and Debye-Waller
factors (B) at three different conditions for away from the electrode (area ”a” on Figure

1) and for pristine YSZ(100) sample at reducing conditions.

Figure 4.9: Y/Zr ratio (left y axis) and interfacial cation out-of-plane relaxations
(right y axis) for different experimental conditions.

relaxation may also partially be explained by the chemical bonding of the outermost

oxygen layer to atoms from the LSC electrode. Finally, the isotropic Debye-Waller

parameters, which were refined for ”below the electrode” data only, exhibit enhanced

values compared to the bulk likely because of some local distortions at the interface.

Here no systematic trend is discernible, which may be related to the high error bars for

the Debye-Waller parameters.

4.6 Conclusions

In our study we demonstrated that anomalous SXRD can resolve the chemical compo-

sition of deeply buried interfaces of SOFC model systems under operational conditions
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with atomic resolution. The presented investigation of a LSC model microelectrode on

a YSZ(100) substrate showed that the Y cation occupancy at the electrode/electrolyte

interface strongly depends on the sample environment and the applied potential. The

interface was found to be Y rich after LSC film deposition; subsequent exposure to oxy-

gen in the mbar pressure regime at 775 K strongly reduced the Y concentration at the

interface, which is traced back to the complex defect chemistry and thermodynamics of

LSC in contact with YSZ. Upon bias voltage application further changes are observed,

indicating enhanced Y concentration at the interface for positive bias. The Y segre-

gation behaviour is supported by outward cation interfacial relaxation which correlates

with the amount of Y at the interface. The LSC/YSZ(100) interface is found to stay

atomically smooth under oxygen transport conditions. Reference measurements from a

bare YSZ(100) surface area indicate a stable surface composition and relaxations. The

observed interfacial defects and variation from bulk stoichiometry for different conditions

calls for further theoretical investigations to disentangle their role for the rate limitation

of the oxygen reduction reaction.
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YSZ(111) interface buried under

Pt electrode

5.1 Pt/YSZ electrode system and its applications

Platinum is the material of a choice for model systems in solid state electrochemistry,

although it is not favoured as an electrode material in real devices, due to its cost.

Because of its physical properties (electronic conductivity, thermal stability [56]), Pt as

an electrode, in combination with yttria-stabilized zirconia, a well known conventional

electrolyte, represents an excellent model system to study processes taking place in

SOFCs, µ-SOFCs, SOECs and gas sensors [57, 58]. Most commonly the development

of such devices is cramped by the efficiency of oxygen exchange reaction (reduction and

evolution). Already for a while this process was in the focus of different study groups

specialized in surface science and electrochemistry approach [59–63]. A brief survey of

their findings is presented below.

5.1.1 Pt/YSZ interface microstructure

A substantial number of studies on preparation, structural and electrochemical char-

acterization of platinum electrodes on YSZ was carried out by a group of researchers

[56, 64–69]. Beck G. et al. obtained single crystalline (111)-oriented thin Pt films on

YSZ(111) with high-quality interface (see Figure 5.1, [64]). The films were deposited

on YSZ by pulsed laser deposition (PLD) and annealed in air at 1023 K afterwards.

Negligible amount of grain boundaries makes the films virtually impermeable for oxy-

gen during electrical polarization, which makes it a perfect model system for studies

of electrochemical reactions at triple-phase boundaries and at the interface. Deposition

39
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of Pt on YSZ(100), polycrystalline YSZ and amorphous quartz glass also leads to the

formation of lower quality films but also (111)-oriented, due to the lowest surface energy

[66].

Figure 5.1: HRTEM image of Pt(111)/YSZ(111) interface [64].

During preparation of crystalline dense Pt films (PLD or sputter deposition), different

kinds of micro-sized defects appear: closed voids at the interface and within the film,

grain boundaries, faceted Pt droplets and holes, twin grains [56, 67, 69, 70].

Subsequent investigation of chemical composition of PLD deposited films by Srot V. et al.

[65] revealed chemically intact interface with no trace of secondary phases. Additionally,

the authors suggest that Pt bonds to the substrate via oxygen atoms in YSZ, which is

supported by DFT calculations [71] Besides, ab-initio studies predict that Pt atoms are

more likely to absorb on step sites of zirconia substrate, where also its oxygen defects

would act as trapping sites.

5.1.2 Pt blistering and PtOx formation at the Pt/YSZ interface

Anodic polarization of Pt gas-tight films causes oxygen pressure build-up at the interface,

which leads to irreversible defects: bubble formation, cracking, and delamination of the

film (see Figure 5.2) [72]. Formation of these defects is demonstrated in situ with

SEM in [73]. The blistering occurs only in gas-tight films, not in porous electrodes.

Bubble formation is an irreversible process. Twins within Pt crystallites are one of the

locations for holes formation [67]. Bubbles can already form at an annealing step during

preparation [61]. Oxygen leaves Pt through the grain boundaries. In polycrystalline

films with all sorts of grain boundaries a correlation between a grain size and a bubble

size is observed: big grains - big bubbles, small grains - small bubbles [68].
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Figure 5.2: Schematic of the sample geometry, the electrical circuit, and the blistering
taking place under anodic polarization [73].

Along with blistering, another process, which influences electrochemical activity of the

electrode, takes place during oxygen anions transport toward the working electrode.

There is an additional, growing with time, resistivity is observed during anodic polariza-

tion [74]. This process is assigned to formation of Pt ”phase” oxide at Pt/YSZ interface

and TPB. This PtOx is predicted to be responsible for passivation of the working elec-

trode in all kinds of Pt/YSZ model systems.

In works by Falgairette C. [59, 75, 76] Pt electrode was deposited on YSZ pellet by screen-

printing of a paste composed of Pt-YSZ powder and polyvinyl pyrrolidone solution.

Afterwards, annealing of the sample at 1673 K in air for sintering took place, which in

itself leads to oxidation of platinum [77]. It is assumed that two reactions are happening

during anodic (cathodic) polarization at the same time - oxygen evolution (reduction)

and platinum oxidation (reduction).

Pt+ xO2− � PtOx + 2xe− (5.1)

2O2− � O2(g) + 4e− (5.2)

The proposed formation mechanism of the oxide under anodic potential starts with

oxygen electrosorption, followed by its critical coverage at Pt/YSZ interface, then surface

rearrangement of Pt and O species with regeneration of Pt active sites takes place,

concluded by a complete layer of platinum oxide. The authors suggest that the oxide

thickening continues exhibiting a parabolic growth law.

Indirect evidences of electrochemically driven Pt oxidation were also observed on better

defined model systems [60–63, 74, 78, 79]. In the work by Pöpke H. et al [78] the authors

correlated well-known process of electrochemical Pt oxidation in aqueous solutions with
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presumably similar process in solid state electrochemistry. As a result, the oxidation

rate time law was reproduced for the Pt/YSZ interface: the relationship between the

amount of oxygen accumulating at the interface and the logarithm of the polarization

time is linear. If the formation of PtOx ”phase” indeed takes places, it is assumed to

involve the entire Pt/YSZ interface [79]. Estimating from the time law, to form 1ML of

α-PtO2 at polarization voltage of 100 mV, one need more than 11 days.

Nevertheless, XRD study did not show any new phases other then Pt, both before and

after polarization promoted oxidation [72]. There is no direct evidence of PtOx presence

and growth at the Pt/YSZ interface during anodic polarization yet. Detailed studies

of the Pt/YSZ interface at an atomic level are necessary. SXRD can shed light on the

relevant interface structure at operational conditions.

5.2 Experimental details

5.2.1 Sample preparation

For sample preparation, a single YSZ(111) crystal (10 x 10 x 1 mm3), polished on one

side, with low (< 0.1◦) miscut and yttrium content of 9.5 mol% (x = 0.18, see Figure 2.2)

was used as a substrate. Surface unit cell dimensions were determined to be as = bs =

3.638 Å, cs = 8.912 Å. Which yields a0 = 5.145 Å, according to relations (Eq. 5.3).

Additional measurements were performed in our home X-ray lab to confirm low miscut

of the crystal. Following (111) Bragg-peak position deviation depending on sample

rotation around the surface normal the miscut appeared to be equal to 0.0596±0.0006◦

(see Figure A.9 in Appendix), which is in agreement with information provided by the

supplier (<0.1◦, Crystec GmbH).

The rest of the sample preparation was carried out at TU Vienna in the group of Jürgen

Fleig. LSF (Sr-doped LaFeO3−δ) counter electrode was formed on the bottom of the

substrate. The sample was annealed at 1123 K in a furnace for 2 hours, to sinter

the counter electrode; heating to set-temperature, as well as cooling down to room

temperature, took 5 hours. The sample was placed into a closed sapphire crucible, to

prevent sample contamination in the furnace. Subsequently, the sample was put into the

preparation chamber where Pt was deposited on top of it by magnetron sputtering at

1173 K. Afterwards, the sample was annealed at 723 K in air for 2 hours. The thickness

of the grown film is 150 nm.
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5.2.2 The mobile chamber for combined X-ray/electrochemistry ex-

periments

In order to study Pt/YSZ interface under operating conditions by means of X-ray diffrac-

tion at the synchrotron, a custom-built mobile chamber was used. The chamber is

equipped with a turbo-pump and a rough pump, which allows to reach low 10−9 base-

pressure regime after bake-out. It also has a gas line and 3 pressure gauges with range

coverage from 10−11 mbar to 1000 mbar. The sample stage is equipped with a heater

(temperature limit is 1073 K). The sample is contacted by a tip (e.g. golden, Pt/Rh),

which is fixed to the piezoelectric motor with 3 degrees of freedom (x, y, z-translations),

connected to a BNC feedthrough via Pt wire on top of the chamber and isolated from

rest of the chamber. For accurate contact-tip positioning, which is of particular impor-

tance when working with microelectrodes, a microscope can be mounted on top of the

chamber, directly above the sample. When the sample is installed inside the chamber,

its counter-electrode is connected to another BNC feedthrough. In this way the elec-

trode can be biased with an external DC-current power supply or the whole impedance

spectroscopy unit can be connected for parallel measurements.

5.2.3 High-Energy X-ray Diffraction Beamline ID15A

The data analysed and discussed in this chapter were collected at the ”Materials Chem-

istry and Materials Engineering Beamline ID15A”, ESRF [80], including a High-Energy

Micro-Diffraction (HEMD) setup (see Figure 5.5). The beamline layout and optical

path from wiggler to detector is sketched on Figure 5.4. Seven-pole asymmetric wig-

gler with a critical energy of 44.1 keV at a gap of 20.3 mm provides radiation in the

photon energy range between 40 keV and 300 keV [81]. The energies below 40 keV are

absorbed by an Al attenuator. After the beam is split in the first optics hutch to be

also delivered to ID15C and ID15B branches, it progresses into the second optics hutch.

In this hutch the beam passes a double crystal monochromator, which main elements

are two asymmetrically cut and bent Si(111) crystals in a fixed Laue geometry. The

crystals are cut so, that operating mainly at an energy around 71 keV, the energy band-

width is ∆E/E = 2 × 10−3. The beam is focused by Al compound refractive lenses

(CRL), composed of 232 single lenses, resulting in a beam spot size of 5 µm vertically

and 35 µm horizontally. High accuracy in sample positioning is required when working

with high-energy photons. HEMD setup allows vertical positioning precision of 0.2µm

and the incidence angle can be adjusted with a precision of 3 µrad. The vertical axis

diffractometer is mounted on a stand-alone 2-ton granite block, withstanding a load up

to 120 kg, which allowed us to install our X-ray/electrochemistry mobile chamber (see
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Figure 5.3: The mobile chamber for combined X-ray/solid state electrochemistry
experiments.

the previous subsection). The detector arm is separated from the sample tower, which

increases stability and accuracy of the detector. Pseudo motors implemented in the

beamline software allow all degrees of freedom of a six-circle diffractometer. Cyberstar

scintillation point detector was used for our measurements.

5.2.4 Summary of applied conditions

The following conditions were applied to the Pt/YSZ(111) sample during synchrotron-

based XRD measurement discussed further: Here ”Time between scans” is the time
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Figure 5.4: Beam path at ID15A beamline, ESRF [81]: a) general beamline layout;
b) optical elements and beam path in experimental hutch ID15A.

Figure 5.5: HEMD setup at beamline ID15A, ESRF [82].
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No Temperature [K] Pressure [mbar] DC voltage [mV]

Time

between

scans [min]

Acquisition

time [h]

1 300 8.7·10−7 - 0 0.25

2 723 8.7·10−7 - 180 19.5

3 723 500 (O2) - 150 0.25

4 723 500 (O2) -400 320 0.25

5 723 500 (O2) -700 25 0.25

6 723 500 (O2) -1000 25 0.25

7 723 500 (O2) -1500 30 2.5

8 723 500 (O2) -700 20 0.25

9 723 500 (O2) -400 90 0.25

10 723 500 (O2) 0 50 0.25

11 723 500 (O2) +100 80 17

Table 5.1: Pt/YSZ: summary of applied conditions.

required for changing the conditions and for the system to stabilize after changing tem-

perature, pressure and polarization; ”Acquisition time” is the time required for XRD

measurements (reflectivity, specular rod data, CTRs).

5.3 Results and discussion

During the beamtime following measurement procedure was adapted: reflectivity scan

was taken whenever sample condition was changed, specular and off-specular truncation

rods were measured at two conditions: 723 K, 8.7·10−7 mbar, 723 K, 500 mbar O2, +100

mV to study the impact of anodic polarization on the YSZ interface.

5.3.1 Reflectivity measurements

To obtain reasonable results from reflectivity data, the fitting parameters were confined

according to common sense and preliminary knowledge about the sample, such as ma-

terials (Pt and YSZ), the film thickness (150 nm), substrate roughness (≈0.3 nm [39]).

Guided by this information, it was possible to obtain good quality fits for our data.

Figures 5.6 and 5.7 present fitted reflectivity data and derived electron-density profiles.

These curves were recorded at the following conditions:

• 723 K, 8.7·10−7 mbar (blue curve);

• 723 K, 500 mbar O2, 0 V, after prolonged cathodic polarization (green curve);

• 723 K, 500 mbar O2, +100 mV(red curve).
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Fitting was performed in FEWLAY program1, which uses the method of least squares.

Initial parameters for the reflectivity fit are listed in Table 5.2. YSZ crystal density,

which is higher than the one of ZrO2 (5.9 g/cm3 vs. 5.68 g/cm3), was taken into

account when calculating linear absorption coefficient. A summary of reflectivity results

is given in Table 5.3.

Pt YSZ

µtotal,
1
cm [29] 61.850 11.015

β at 69.876 keV 0.8731·10−8 0.1555·10−8

δ at 30 keV [83, 84] 3.9364·10−6 1.2411·10−6

δ at 69.876 keV 0.72535·10−6 0.22870·10−6

Table 5.2: Tabulated values of linear attenuation coefficients, β and δ values for Pt and
YSZ calculated at a given energy of 69.876 keV, which was used during measurements

at ID15A beamline, ESRF

Layer Parameter Condition 2 Condition 10 Condition 11

Pt Thickness [Å] 1507 1492 1492

Roughness [Å] 21.2 22.2 21.4

δ 0.5565·10−6 0.4820·10−6 0.4777·10−6

β 1·10−8 1·10−8 1·10−8

Unknown Thickness [Å] 18.4 15.0 15.5

Roughness [Å] 11.1 11.5 11.5

δ 0.4528·10−6 0.3634·10−6 0.3611·10−6

β 0.4409·10−8 0.8246·10−8 0.7499·10−8

YSZ Roughness 1.57 1.92 1.73

Table 5.3: Reflectivity summary

From reflectivity data analysis it follows that Pt film does not undergo significant thick-

ness variations during operational conditions, although Pt surface becomes rougher with

time: σ = 2.1 nm in the beginning of the experiment, and σ = 2.3 nm in the end. As

seen on Figures 5.6 and 5.7 insets, electron density of the film became lower by the end

of experiment. The difference between initial value and final state could be explained

with Pt lattice expansion and oxidation when 0.5 bar of oxygen was introduced into the

chamber for 30 hours till the end of experiment. The small difference between unpolar-

ized (green) and positively polarized (red) states could be explained by blistering of the

film after switching the voltage (reflectivity was taken after ≈1 hour at +100 mV). This

reasoning is related to SEM images of two samples obtained in our home laboratory2 (see

Figure 5.20). Image 5.20a picture Pt film surface of the sample used for the experiment

discussed in this chapter, image 5.20b belong to a sample which was at 723 K, 500 mbar

1Courtesy of Prof. Andreas Stierle and Dirk Franz
2Images courtesy of Thomas F. Keller and Satishkumar Kulkarni
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O2, +100 mV for 2 hours and then was quenched. Let us assume, blistering, which is

a partial de-wetting of Pt film from the substrate, is already taking place after 1 hour

under polarization. This would result in a film with voids, and, hence, smaller density.

Blistering (bubble formation) of epitaxial Pt film under anodic polarization was studied

by H. Pöpke et al. [62] and schematically represented on Figure 5.2. Pt film morphology

changes are discussed in more details further in a dedicated subsection ”SEM and EDX

studies of the bubbles”.

Another intriguing observation - it is not possible to fit the reflectivity curves at higher

incident angles with only Pt film layer, an introduction of an additional layer at the

interface is necessary. The characteristic of this layer is somewhat puzzling. The layer

is very thin (1.5 - 1.8 nm) and its roughness is relatively high (1.1 - 1.2 nm), electron

density value lies exactly between those of Pt (from the fit) and YSZ (tabulated).

The last but not least parameter to discuss is a substrate roughness. Comparing it

for initial and final states gives values - 1.57 Å and 1.73 Å accordingly. Surprisingly,

reflectivity curve taken at 723 K, 500 mbar O2, 0 V, after prolonged cathodic polar-

ization, gives the highest value of 1.92 Å. As nothing else was changed (not even the

alignment) between two conditions, except switching polarization on, this could be in-

terpreted as smoothing of the substrate surface under potential after it became rougher

during prolonged cathodic polarization. But if we have a closer look at this reflectivity

curve (green), we notice that at higher exit angle (after 2◦) there is an intensity increase,

which can not be described by Fresnel reflectivity. To make sure this intensity change is

real, an alignment check was performed by recording two rocking scans at 2θ = 2.4◦ at

both conditions. If we now consider this as a sign that we see a part of (0, 0) truncation

rod from YSZ(111), then this reflectivity curve shape and intensity increase could be

interpreted as a signal from specular reflection minimum (around 2θ = 2◦) and a part of

(0, 0, 3) Bragg peak (see Figure 5.9). This reflectivity minima shift could be interpreted

as an outward relaxation of top-most YSZ atomic layer. The most likely cause for this

is YSZ lattice expansion due to increased oxygen vacancy concentration, which is taking

place during cathodic polarization, when oxygen anions are driven towards the back side

of the sample. Oxygen vacancy presence in YSZ lattice induces Zr cation displacement

in 〈111〉 directions [85]. Apparently, YSZ surface stays oxygen deficient even after the

electrical circuit is interrupted. Subsequently, when anodic polarization is applied, oxy-

gen vacancies are filled and the lattice contracts. Unfortunately, there is no CTR data

measured at 723 K, 500 mbar O2, 0 V, after prolonged cathodic polarization, to further

discuss this reflectivity curve behaviour.
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Figure 5.6: Fit (black) reflectivity curves taken at two different conditions: 723 K,
8.7·10−7 mbar (blue), 723 K, 500 mbar O2, +100 mV (red). Electron density profiles

are derived from corresponding fits.

Figure 5.7: Fit (black) reflectivity curves taken at two different conditions: 723 K,
500 mbar O2 (green), 723 K, 500 mbar O2, +100 mV (red). Electron density profiles

are derived from corresponding fits.
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5.3.2 Structure factor simulations from Pt/YSZ interface

Based on the literature research on Pt/YSZ system (see above), several models of the

interface can be considered and their scattering contributions in XRD experiment sim-

ulated, which will be related to actual data further on in this chapter.

For XRD measurements it is convenient to define a surface unit cell of the cubic YSZ

(111). The new cell (see Figure 5.8) is hexagonal, oriented along 〈111〉 direction and has

following dimensions:

as = bs =
a0√

2
, cs =

√
3 · a0, α = β = 90◦, γ = 120◦ (5.3)

where as, bs, cs are sides of the surface unit cell, and a0 is a side of a primitive cubic

unit cell.

Figure 5.8: YSZ(111) surface unit
cell.

Let us assume we have an atomically smooth

YSZ(111) half-infinite crystal on top of which there

is a Pt(111) half-infinite crystal, and they share the

interface. How would the specular (0, 0, L) reflec-

tion structure factor of such a system look? To

answer this question first we need to write down

atomic scattering factors for YSZ(111) and Pt(111)

in one coordinate system (see Eq. 5.5 and 5.6). As

we focus our study on YSZ surface rods, Pt(111)

unit cell coordinates are scaled by factor γ, which is

a ratio of corresponding c axes (Eq. 5.4). To write

down the specular CTR of the whole system ana-

lytically we need to sum CTR contributions from

YSZ and Pt surfaces, taking into account appro-

priate phases, and add another phase component,

which would take care of the distance (∆) between interfaces (ei2πl∆). The distance

parameter ∆ was chosen to be 1/3 of c-axis of YSZ(111) unit cell, which corresponds

to YSZ(111) interlayer distance. To be able to relate this simulation later to our exper-

iment, an occupancy parameter (θ) for Pt is introduced. Computed specular reflection

is depicted in Figure 5.9 for θ = 1 (full coverage), and in Figure 5.10 for θ = 0.05 (5%

coverage). A real-space representation of these two cases is given in Figure 5.11.

γ =
cPt(111)

cY SZ(111)
=

6.797Å

8.903Å
≈ 0.7635 (5.4)
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For specular reflection (h = 0, k = 0):

Fc−ZrO2(111) =fZr(1 + e−i2π
1
3
l + e−i2π

2
3
l)+

+fO(e−i2π
1
12
l + e−i2π

1
4
l + e−i2π

5
12
l + e−i2π

7
12
l + e−i2π

3
4
l + e−i2π

11
12
l) (5.5)

FPt = fPt(1 + ei2π
1
3
lγ + ei2π

2
3
lγ) (5.6)

FCTRsum (l) =
FZrO2

1− e−i2πl
+ θ · FPt

1− ei2πlγ
· ei2πl∆ (5.7)

Figure 5.9: Specular reflection from Pt/YSZ interface (simulation)

Figure 5.12 depicts simulated CTRs from pure ZrO2(111) with 1ML of epitaxial Pt(111)

on top. The unit cells ratio of Pt(111) to ZrO2(111) makes up a 4:3 commensurate

surface structure, which contributes to atomic scattering factor of the specular rod and

the rods with h and/or k divisible by 4, and does not contribute to all the other CTRs.

If the mechanism of Pt and O rearrangement described by Falgairette C. and Foti G.

in [59, 75, 76, 86] for polycrystalline Pt/YSZ cell takes place at well-defined atomically

sharp Pt(111)/YSZ(111) interface, it suppose to be detectable by SXRD.
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Figure 5.10: Specular rod simmulation, Pt(111)/YSZ(111) interface (2)

Figure 5.11: Schematic drawing of Pt/YSZ interface in two cases: 100% and 10% Pt
on top of the YSZ

5.3.3 CTR data integration and corrections

Our final goal is to refine YSZ(111) surface structure when it is used as a support for

model electrode during operation of the system, as well as at reducing conditions. The

YSZ(111) surface structure was described by V. Vonk et al. [39]. The authors find that

the commercially available polished substrates after annealing have atomically smooth

Y-rich surfaces with the island morphology.

In our present study YSZ(111) surface is at the interface, when a Pt film was deposited

on it. The first question to answer is - how does YSZ surface morphology changes when
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Figure 5.12: CTR simulation from (111)-oriented ZrO2 surface vs. 4:3 commensurable
1ML Pt on (111)-oriented ZrO2 surface.

is buried under the Pt film? Second - do we observe the formation of any new structures

at the interface, especially under operando conditions (e.g. platinum oxide)?

Crystal truncation rod measurements were performed on the same sample at two con-

ditions: at 723 K, 8.7·10−7 mbar without voltage applied and at 723 K, 500 mbar O2,

+100 mV. To have better statistics on measured CTRs, we have recorded symmetry

equivalent reflections (see Figure 5.13). The (1, 0) and (0, -1), (0, 1) and (1, -1) CTRs

in a final data set were averaged and denoted as (1, 0) rod; (1, 1), (1, -2) and (2, -1)

were averaged and denoted as the (1, 1) rod. Additionally we have acquired specular

rod data, which provides information on layer structure of the sample. The integrated

corrected structure factors are depicted on Figure 5.13. As seen on the graphs, there

are additional peaks overlapping with CTR signal of YSZ. Using the spacing formula

(Eq. 5.8) for a hexagonal coordinate system, where a = b 6= c, α = β = 90◦, γ = 120◦,

these peaks can be attributed to Pt crystallites within the film. Calculations are shown

in Table 5.4.
1

d2
hkl

=
4

3

(
h2 + hk + k2

a2

)
+
l2

c2
(5.8)

Unlike Pt peaks on off-specular rods, (111) Pt peak on (0, 0, L) rod of YSZ is broad-



Chapter 5. Pt/YSZ(111) 54

Figure 5.13: Pt/YSZ XRD data after integration and averaging, and a reciprocal
space map of all the rods measured on Pt/YSZ(111) buried interface. Blue circles mark
data taken at 723 K, 8.7·10−7 mbar, red circles mark data taken at 723 K, 500 mbar

O2, +100 mV.

Pt(hkl) d-spacing [87] calculated d-spacing (eq. 5.8)

(111) on (1,0) YSZ rod 2.265 Å 2.279 Å

(111) on (0,0) YSZ rod 2.265 Å 2.298 Å

(200) 1.962 Å 1.981 Å

(220) 1.387 Å 1.395 Å

Table 5.4: Bragg peaks assignment according to the d-spacing.

ened along L, which implies that some of those crystallites are oriented along surface

normal, scatter with (111) YSZ planes coherently and the peak itself is a part of spec-

ular truncation rod from Pt(111) interface. Interestingly, lower Q shoulder of this peak

varies upon changing the sample condition. As we already discussed the appearance of

specular reflection from Pt(111)/ZrO2(111) interface depending on the amount of Pt on

top of zirconia earlier, we now can plot experimental data points over theoretical curves

and make an assumption about what this change in intensity of the shoulder stands for.

Figures 5.14a, 5.14b show how increase in Pt(111) coverage from 8% to 14% can alter

total scattering contribution from the interface.
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(a) 14% Pt (b) 8% Pt

Figure 5.14: A slice of specular rod data is plotted over simulated (0, 0, L) reflections
from ZrO2(111) surface (dashed black line) and from Pt(111)/ZrO2(111) interface (solid
gray line). Blue circles mark data taken at 723 K, 8.7·10−7 mbar, red circles mark data

taken at 723 K, 500 mbar O2, +100 mV

5.3.4 Structure refinement

Since the YSZ(111) surface structure is well described [39], and we want to observe the

difference between the surface and buried interface, we start with the simplest model

possible, i.e. oxygen terminated fluorite model (see Figure 5.15). As no anomalous data

were measured, it is not possible to distinguish between yttrium and zirconium contri-

bution to scattering intensity. Therefore there are only Zr and O atoms in the model.

Figure 5.15: YSZ(111) surface and bulk unit
cells, side view. The positions of marked atomic

layers can be refined.

A graphical representation of the fitting

is given in Figure 5.16. For this model an

agreement factor χ2
n = 3.08 was achieved

for condition 2 and χ2
n = 3.79 for condition

11. At reducing condition (condition 2),

without polarisation, the fit suggests that

we have an island-like structure of YSZ

at the interface with 31.0±1.5% of metal

sites occupied (Zr1 in Figure 5.15). Con-

centration of the top-most layer of oxygen

(O1 in Figure 5.15) is vanishingly small

(0.5±5.0%), and of the second layer (O2

in Figure 5.15) is 91±13%. The incom-

plete Zr-Y layer exhibits an inward relaxation of 0.24±0.02 Å; as top-most oxygen layers

occupancy is so small, the fit is not sensitive to its relaxation and Debye-Waller (DW)

parameter. The DW factor of Zr1 is found to be 3.37±1.02 Å2. Oxygen beneath Zr1
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(O2) has the DW factor of 11.06±4.54 Å2. According to the fit, under anodic polar-

ization (condition 11) slightly more metal sites are occupied - Zr-Y concentration is

increased up till 35.9±1.5%. Top-most oxygen concentration is also vanishingly small

(0.5±5.0%) . The second oxygen layer appeared to be almost as full as at condition 2

(87±12%). Top most metal ions are relaxed downwards by practically the same amount

as before (0.23±0.02 Å). Concerning the DW-factor, for top-most Zr-Y atoms it found

to be equal to 2.18±1.00 Å2, for O2 - 7.28±4.5 Å2. The big errors of the parameters

related to oxygen are due to low Z number compared to Y and Zr, which results in small

influence of these parameters on CTRs.

Atom Parameter Condition 2 Condition 11

O1
Occupancy 0.5±5.0% 0.5±5.0%
Displacement 0 (fixed) 0 (fixed)
DW-factor 2.3 Å2(fixed) 2.3 Å2(fixed)

Zr1
Occupancy 31.0±1.5% 35.9±1.5%
Displacement -0.24±0.02 Å -0.23±0.02 Å
DW-factor 3.37±1.02 Å2 2.18±1.00 Å2

O2
Occupancy 91±13% 87±12%
Displacement 0 (fixed) 0 (fixed)
DW-factor 11.06±4.54 Å2 7.28±4.5 Å2

Table 5.5: Summary of two fits of top-most O-Zr-O layer with zirconia fluorite model.

5.3.5 Analysing background intensity

There was no evidence of PtOx forming at the interface so far. Since we know that our

Pt film is polycrystalline with (111) preferential orientation, we can assume that PtOx

forms at the grain boundaries. If so, we should be able to see powder-like signal in a

form of a background intensity increase in our CTR scans. To access this information,

average background intensity from each rocking scan taken along all measured CTRs

is plotted as a function of d-spacing, which is calculated according to the formula 5.8.

Figures 5.18 and 5.19 yield the result of this data treatment. Each point of these graphs

is an average of 10 background points, taken from the rocking scans as depicted on

Figure 5.17. Most of the peaks can be identified as Pt and YSZ powder peaks. The

absence of new features in Figure 5.19 suggests that there were no new phases formed

during operating conditions in a sufficient amount to be detectable.
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Figure 5.16: Pt/YSZ data and fits at two different conditions: condition 2 (blue) and
condition 11 (red).
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Figure 5.17: A typical rocking scan across of one of the CTRs. Average of background
points marked in orange were taken to produce Figures 5.18 and 5.19. th is a sample

rotation angle around surface normal.
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Figure 5.18: Powder-like background signal observed in CTR data recorded at con-
dition 2: 723 K, 8.7·10−7 mbar.

Figure 5.19: Powder-like background signal observed in CTR data recorded at con-
dition 11: 723 K, 500 mbar O2, +100 mV.
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5.3.6 SEM and EDX studies of the bubbles

Morphology studies of the Pt film on YSZ by means of scanning electron microscopy

(SEM) and Energy-dispersive X-ray spectroscopy (EDX) were conducted3 after the syn-

chrotron measurements previously described in the current chapter. Figure 5.20a de-

picts an SEM image of the Pt/YSZ sample surface. XRD data from the sample were

collected within 69 hours of measurements. Placed in the environmental chamber, the

sample stayed at 723 K for 61 hour, 39 hours in oxygen atmosphere at p(O2) = 500

mbar among them, including 17 hours at +100 mV. The detailed history of the sample

can be tracked in Table 5.1. Figure 5.20b depicts an image taken on identically prepared

Pt/YSZ sample (sample 2), except the YSZ(111) crystal with higher miscut (< 2◦) was

used. Sample 2 was at 723 K in oxygen (500 mbar) and at +100 mV for 2 hours.

(a) sample 1 (b) sample 2

Figure 5.20: SEM images of Pt films on YSZ after the beamtime at ID15. A: the
sample which was exposed to oxygen atmosphere at 723 K and to the synchrotron
radiation continuously for 69 hours (17 hours of anodic polarization among them); B:
sample measured in air for 4 hours at the synchrotron after anodic treatment for 2

hours at 723 K in oxygen atmosphere followed by rapid cooling.

As can be seen in the Figure 5.20 sample 2 has considerably smaller amount of micro-

sized defects and no holes in comparison to sample 1, which stayed longer at the oper-

ational conditions, including extended anodic polarization (17 hours vs. 2 hours). The

biggest deformations of both films occurred in the form of bubbles, which have a shape

close to a regular circle and a similar size range of 1-2 µm. Comparing Figures 5.20a and

5.20b, it can be assumed that the formation of big bubbles takes place earlier than of

sub-micrometer-sized defects of irregular shape observed on sample 1 (see Figure 5.20a).

Bubble growth saturation seem to take place - most of the bubbles are no greater than

2 µm.

A cross-section of a big bubble from sample 1 was obtained by milling of the Pt film and

partly YSZ crystal with Focused-Ion Beam (FIB) of gallium ions (see Figure 5.21). Cut

3Images courtesy of Thomas F. Keller and Satishkumar Kulkarni
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bubble reveal a sharp YSZ substrate surface. Backscattered electron image in Figure

5.21b reveals a layer of a material other than Pt on the inner side of the bubble, which

is not seen in places where the film is intact with the substrate. Cross-sections of two

(a) Pt/YSZ: secondary electrons (b) Pt/YSZ: backscattered electrons

Figure 5.21: Cross-section of the bubble obtained by milling of the Pt film and partly
YSZ crystal with FIB. The sample surface normal was tilted by 70◦ relative to the

primary electron beam direction.

different bubbles of the sample 1 were also studied by EDX (see Figures 5.22 and 5.23).

EDX data show O Kα1 signal (see Figure 5.22b) from two distinct places: the oxide

substrate and the bubble cross-section. An EDX line-scan through the body of the

bubble 5.23a shows no carbon contamination inside the bubble and a distinct oxygen

signal shifted to the inner side of the bubble. Limited resolution of the EDX detector

hinders precise localization of the oxygen signal.
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(b) EDX

Figure 5.22: EDX analysis of the Pt bubble cross-section.
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(a) EDX line-scan direction

(b) Elemental analysis

Figure 5.23: Pt bubble profile: elemental analysis.
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5.4 Conclusions

CTR data show that YSZ(111) surface at Pt/YSZ(111) remains atomically smooth un-

der operating conditions. The YSZ surface at the electrode/electrolyte interface does

not show any morphological changes between the initial sample state (723 K, 8.7·10−7

mbar, no voltage applied) and the sample at 723 K, 500 mbar O2, +100 mV, although

reflectivity prompts that the top-most YSZ layer is relaxed outwards after prolonged

cathodic polarization followed by current interruption (723 K, 500 mbar O2, 0 V). This

top-most layer displacement most likely caused by the increased oxygen vacancies con-

centration in the near-surface region after cathodic polarization. There are no traces of

the ”phase oxide” (PtOx) formation at the interface found in the X-ray data. However

EDX studies show clear evidence of the presence of oxygen at least within deformed

part of the film - oxygen Kα1 signal from the Pt bubble profile. One explanation could

be that PtOx does not form in places where the film is intact with the substrate, only

where the defects are. In which form the oxide is present is still an open question.

Combining all the information obtained for the Pt/YSZ interface - island morphology

of the YSZ (30%), a rough estimate of the amount of Pt(111) crystallites (8% during

anodic polarization), EDX data, the best representation of our current understanding

of the Pt/YSZ(111) interface structure can be summarized in a sketch (Figure 5.24).

Figure 5.24: Schematic representation of the Pt/YSZ interface.





Chapter 6

Structural studies of ZrO2

ultrathin film on Pt3Zr(0001)

6.1 Pt3Zr(0001) as a substrate for ultrathin ZrO2 film growths

Zirconia (ZrO2), in its pure and doped form, has a wide range of applications in en-

gineering, electronics, and catalysis. Wide band gap (>5 eV) makes ZrO2 a reliable

electronic insulator. Doped with trivalent metals (Y, Sc), it is substantially used as an

electrolyte in SOFCs and gas sensors. Nevertheless, not much is known about zirconia

and oxide-metal interactions on the atomic level, mostly because of its insulation prop-

erties, which prevent the use of many electron-based surface science techniques. This

difficulty can be overcome when zirconia is in a form of an ultra-thin film. To make

such a film, one can use an alloy, which exhibits strong chemical ordering, is based on a

metal inert towards oxidation, and where reactive metal would diffuse from the bulk to

the surface rather slowly to form a well-ordered film. Alumina films grown on so-called

superalloys (NiAl(110), Ni3Al(111), Cu–9at%Al(111)) are well-known examples [88–91].

In experiments reported in this chapter, a Pt3Zr(0001) single crystal was used to grow

ultrathin ZrO2 film by thermal oxidation.

6.1.1 Pt3Zr(0001)

Pt3Zr belongs to the group of ”Engel-Brewer” alloys [92], which exhibit an exceptionally

strong metallic bonding due to half-filled d shells (≈ 5 electrons per atom). The alloy

has a narrow stability range (see Figure 6.2 [93]) and adopts a Ni3Ti (D024) structure

(see Figure 6.1) with ABAC stacking. The A-termination, as observed by scanning

tunnelling microscopy (STM) and density functional theory (DFT), is more stable then

65
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B/C type termination. Table 6.1 shows Pt3Zr bulk lattice constants obtained by DFT

calculations, utilizing two different functionals - PBE and van-der-Waals (vdW-DF) [6],

and experimentally [93].

PBE [6] vdW-DF [6] Expt.[93]

a (Å) 5.729 5.742 5.624

c (Å) 9.364 9.380 9.213

Table 6.1: Calculated and experimental lattice constants of bulk Pt3Zr [6, 93].

Figure 6.1: Pt3Zr unit cell exhibits D024 structure with ABAC stacking.

6.1.2 Ultra-thin zirconia film

DFT and STM studies of ultrathin ZrO2 films on Pt3Zr(0001) by M. Antlager et al. [6]

reveal that zirconia films, grown according to the recipe described in the paper, consists

of an O-Zr-O trilayer (see Figures 6.3 and 6.4). In-plane lattice constant aZrO2 is found

to be 3.5 Å. The formation of one oxide trilayer requires 2.58 Zr atoms per alloy surface

unit cell area ((aPt3Zr/aZrO2)2 = 2.58). As 1 ML of Pt3Zr contains only 1 Zr atom, 2.58

ML of the alloy have to be liberated from it. This diffusion of Zr to the surface leads to

a formation of reconstructed Pt rich layer underneath. The film is bond to the substrate

not via oxygen, which is the case for surface oxides of late transition metals, but via

some of its Zr atoms. STM measurements of the ZrO2 ultrathin film grown on Pt3Zr

provide evidence for (
√

19 ×
√

19)R23.4◦ superstructure (Figure 6.4). Using the fact

that the diagonal of the free-standing ZrO2(111) film (572 pm) fits the Pt3Zr in-plane

DFT lattice constant (a = 572.9 pm), calculated with PBE (Perdew, Burke, Ernzerhof)
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Figure 6.2: Pt-Zr phase diagram [93]. Pt3Zr has a very narrow stability range, which
causes phase separation at very small deviations from the compound stoichiometry.

functional, a simpler model, with zirconia (
√

3 ×
√

3) superstructure (see Figure 6.3),

was chosen for the initial ZrO2/Pt3Zr(0001) properties calculations.

One of the outcomes of these calculations, directly related to our XRD studies, is an

average interlayer distance between Zr atoms in O-Zr-O trilayer and Pt atoms of the

(a) side view (b) top view

Figure 6.3: (
√

3×
√

3) ZrO2(111) cell (black dotted line) on Pt3Zr cell (black dashed
line), constructed to facilitate first DFT calculations of the structure.
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(a) side view (b) top view

Figure 6.4: (
√

19×
√

19)R23.4◦ ZrO2(111)/Pt(111) superstructure, which corresponds
to the zirconia ultrathin film structure on Pt3Zr(0001) and 6.6◦ rotation angle found

by STM [6].

top-most reconstructed layer of the alloy. The red curve on Figure 6.5 corresponds to

an average Zr-Pt distance of 432 pm (PBE functional) and the blue curve to 338 pm

(vdW-DF functional). The green curve is a specular rod structure factor simulation

based on the (
√

19×
√

19)R23.4◦ model, calculated using vdW-DF functional and pure

Pt(111) slab as a substrate for zirconia film. According to this calculation the average

Zr-Pt interlayer distance is 296 pm. As seen on the plots from the figure, these three

cases can easily be resolved by means of X-ray diffraction. If we recognize a bump

centered around L = 2 (red curve) in our data, this observation would support PBE

functional calculations. The region between two Bragg peaks at L = 4 and L = 8 is

also informative and can give us a hint in favour of one of the models: if the (0, 0, 4)

peak’s right shoulder intensity drops faster than the intensity of the left shoulder of the

(0, 0, 8) peak, this would indicate that (
√

3×
√

3) superstructure calculated with vdW-

DF potential is less like to describe the real structure. To sum up, all three simulated

specular truncation rods have completely different shapes along Q, which, as we will see

later in this chapter (see Figure 6.14 and accompanying text), will help us to tell which

available model describes the real ZrO2/Pt3Zr(0001) structure the best.

6.2 Cleaning and oxidation of Pt3Zr

Preliminary studies and sample preparation were carried out in our home-lab-based

ultra-high-vacuum (UHV) system (see Figure 6.6). The load-lock chamber, which is
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Figure 6.5: Simulated zirconia’s film specular rod based on different DFT models:
red line - (

√
3 ×
√

3) ZrO2/Pt3Zr model, where dZr−Pt = 432 pm, calculated with
PBE functional; blue line - (

√
3×
√

3) ZrO2/Pt3Zr model, with dZr−Pt = 338 pm, also
calculated with PBE functional; green line - (

√
19×

√
19)R23.4◦ model, where dZr−Pt

= 296 pm, calculated with vdW-DF functional.

separated from the preparation chamber (wrapped with aluminium foil), is used for

sample introduction into the system. The base pressure of the preparation chamber

is lower than 5·10−10 mbar, and maintained by a turbo-molecular pump and an ion

pump. Different gasses, such as Ar, O2 and others, can be introduced into the chamber.

There is also a heating stage, which allows radiative and e-beam heating of the sample.

The chamber is equipped with a sputter gun for cleaning sample surfaces. Addition-

ally, there is a combined setup for Auger electron spectroscopy (AES) and low-energy

electron diffraction (LEED). The setup was used for cleaning Pt3Zr sample (sputtering,

annealing), growing ultra-thin zirconia film on it (oxidation, annealing) and to examine

the quality of the surfaces with AES and LEED.

The preparation procedure for ZrO2/Pt3Zr is as follows:

1. Ar+ sputtering at E = 2 keV with initial sample temperature of 673 K (thermo-

couple reading, which is mounted on the heating stage) for 30-60 min.

2. Annealing at 1123 K for 15 min.

3. Oxidation 673 K P(O2) = 5.0·10−8 mbar for 30 min. (5 minutes to cool down after

oxidation and before post-annealing)

4. Annealing at 1123 K for 10 min.
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Figure 6.6: The UHV system for sample preparation and characterization at DESY,
Nanolab. The sample is introduced into the system via the load-lock, then transferred
to the main chamber for sputtering, annealing, oxidation and surface quality check by

LEED and AES.

For initial cleaning of the as-received sample, 11 cycles of sputtering and annealing (steps

1 and 2) were needed before no carbon or oxygen contamination was detected by Auger

(see Figure 6.7), and clear LEED patterns with bright, sharp spots were obtained (see

Figure 6.8). First-order peaks (blue inner circles) rise from alloy’s chemical order (i.e.

Pt3Zr unit cell, aPt3Zr = 5.624 Å), second-order peaks rise from the metal lattice of

the alloy (i.e. aPt3Zr/2 = ametal = 2.812 Å). There is still some residual oxide present

(red circles; will be discussed further) on the sample surface, despite the fact that it was

repetitively cleaned.

Controlled oxidation (steps 3 and 4) of a Pt3Zr crystal leads to formation of an ultra-

thin ZrO2 film, which is confirmed by LEED and AES (see Figures 6.9 and 6.7). On

the electron diffraction patterns, recorded at 50 eV and 90 eV, we no longer observe

the peaks assigned to Pt3Zr unit cell, but the metal lattice peaks are in place (blue

circle and hexagon), which points to the presence of pure Pt beneath the zirconia film.

The spots are not as sharp as from the clean surface, which indicates that our prepared

ultrathin film is not defect-free. By the direct measurements of angles and line ratios,

it can be concluded, that the spots, which appear in pairs (red circles and hexagons)

next to the substrate spots (blue), belong to a structure with 2 domains, ≈6.1◦ rotated
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Figure 6.7: Auger spectra of as-received (red), cleaned (blue) and oxidized (black)
Pt3Zr crystal.

Figure 6.8: Pt3Zr(0001): LEED image of a clean surface at different energies after
11 cycles of cleaning. Blue inner circle marks a spot, which rises from Pt3Zr unit cell;
blue outer circles marks a spot, which rises from the metal lattice of the alloy (half the

lattice of the; red circles mark spots from residual oxide.
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relative to the substrate, and with the real-space space lattice constant ≈1.25 times

bigger than that of the metal lattice of the alloy. Confronting these observations with

previous results this structure can be assigned to ZrO2 film. Besides, additional spots,

best seen at 90 eV, seem to be a result of multiple diffraction. A similar picture is

observed, for example, with graphene/Ir(111) [94].

Figure 6.9: Pt3Zr(0001): LEED image of an oxidized surface at different energies.
Blue circle and hexagon belong to the metal lattice of the substrate; red circles and

hexagons belong two rotational domains of the oxide.

6.3 Structural XRD studies of ZrO2/Pt3Zr(0001)

The first XRD experiment on Pt3Zr alloy was performed at NANO beamline, ANKA

synchrotron. As the clean and oxidized surface of Pt3Zr can not withstand atmospheric

pressures and the beamline does not possess a built-in UHV system, it was decided to

utilize the possibility of sample in-vacuum transfer from our home-lab UHV system to

a mobile vacuum chamber (see Figure 6.10), and deliver it to the beamline for X-ray

measurements. The CTR data were collected at 11.3 keV with the Cyberstar point

detector by measuring rocking curves.

Following the cleaning and oxidation recipe the ultra-thin zirconia film was grown on

Pt3Zr and inspected by AES and LEED (see Figures 6.7, 6.8 and 6.9), and ready for

the transfer.

The mobile chamber, chosen for the experiment (see Figure 6.10), has a Be window, was

equipped with a heating stage, rough-, turbo-, ion-pumps, pressure gauges and a gas-

line. Special trolley, which the mobile chamber (marked green) is mounted onto, allows
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the chamber to be put vertically and be connected to the preparation chamber via an

adapter with a turbo-pump (marked yellow). When all three parts were connected, a

bake-out of the adapter and the mobile chamber was performed before the transfer.

Sample path during the transfer is depicted by the pink dashed arrow. When the

sample was in place, the mobile chamber sealed and brought into its original horizontal

position; base pressure was equal to 9·10−10mbar. Maintenance of the pressure during

transport was realized by an ion pump, which was powered by a battery. After delivery,

throughout the rest of the experiment, the pressure was maintained by all three pumps

of the chamber. Besides, the sample was slightly annealed before measurements to get

rid of possible contaminations, which could occur during transportation.

Figure 6.11: Annealing of Pt3Zr
crystal in the UHV chamber of SIXS
beamline, SOLEIL. Two parts of the
crystal have a temperature difference,
which is visible by eye. The border
between to crystal areas is marked by
the white dash line. To avoid possible
additional complications, the measure-
ments were performed on the brighter
half (upper part of the crystal on the

picture) of the sample.

SIXS (Surfaces Interfaces X-ray Scattering) beam-

line at SOLEIL synchrotron (France) is dedicated

to the X-ray studies of surfaces and interfaces un-

der controlled sample environment. Available en-

ergy range is between 5 and 25 keV. The UHV

end-station has four vacuum chambers (Load-lock,

STM, Preparation, and XRD) which are organized

in one system and built into a six-circle diffrac-

tometer (see Figure 6.12). The preparation cham-

ber is equipped with AES and LEED, BN heater,

gas system and sputter gun, which enabled clean-

ing, oxidizing and surface quality check of our

Pt3Zr crystal. The base pressure in preparation

chamber was 5·10−10mbar. After the sample was

cleaned or oxidized in the preparation chamber, it

was transferred to the XRD chamber (base pres-

sure 4·10−10mbar) via the Load-lock chamber (base

pressure 1·10−8 mbar). Unavoidable short expo-

sure (∼1 min) of the sample to elevated pressure in the Load-lock chamber did not seem

to have any noticeable effect on the surface quality. Although, after each transfer of the

crystal to the XRD chamber, the sample was annealed up to 473 - 573K to eliminate

possible contamination. Figure 6.11 shows Pt3Zr crystal inside the preparation chamber

facing a view-port during annealing step at 1123 K. As seen on the picture the sample

surface is not homogeneously hot. Apparently, the crystal consists of two macroscopic

domains, which appeared during initial growth at the selling company. Keeping this in

mind, the measurements were conducted on a brighter side of the sample. The exact

surface temperature was measured by a pyrometer with disappearing filament. The

same device was used for temperature calibration in the work by M. Antlager et al. [6].
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Figure 6.10: Transferring of the oxidized Pt3Zr crystal from the preparation chamber
to the mobile chamber. The sample path is marked by pink dotted line. Special adapter
(marked yellow) for sample transfer from the UHV system to the mobile chamber is
pumped by a dedicated turbo-pump to ensure good vacuum. The mobile chamber
(marked by a green triangle) is 90◦ tilted from it’s nominal position (upper picture)
to facilitate the transfer. Then the mobile chamber was sealed and brought to the

horizontal position; ready for transport.
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The CTR data were collected at two energies (17.88 keV and at 11.5 keV) using a point

detector and collecting rocking scans.

6.4 SXRD results and discussion

One of the first structure features of zirconia film, which can easily be measured with

XRD is the rotation angle between the oxide and the substrate. Figure 6.13 shows the

LEED image of the oxide prepared. Yellow dashed line on the left depicts the scan

path in reciprocal space. Figure 6.13b shows an in-plane (Q⊥=0.073 Å−1) azimuthal

scan taken at SIXS beamline, diffractometer design allowed to cover 350◦ of the sample

rotation. The peaks marked red appear in pairs every 60◦, which implies they belong

to the oxide. Intensity differences between the peaks could be due to slight sample

misalignment. In average the angle between the spikes is equal to 11.9±0.2◦, this gives

an angle of 5.95±0.10◦ between the oxide and the substrate lattices. Such a value is

in a perfect agreement with results obtained by Li H. et al. (angle of ≈6◦) [95], and is

comparable to STM results (angle of 6.6◦) by M. Antlager et al. [6].

Figure 6.14 represents summary of specular rod data for clean and oxidized Pt3Zr sample.

Coloured data points are structure factor values calculated from integrated intensities,

solid and dashed lines are simulated structure factor values based on (
√

19×
√

19)R23.4◦

DFT model simply plotted over the experimental data. As seen in the figure, both

clean and oxidized sample data show tendencies as predicted, which implies DFT model

correctness to the extent of specular rod data.

X-ray energy (keV) f ′Zr f ′′Zr f ′Pt f ′′Pt

17.88 -5.79 1.05 -0.83 8.21

11.55 -0.61 1.12 -15.1 3.81

Table 6.2: Anomalous dispersion corrections at give energies [29].

One of the main questions under discussion about zirconia thin film structure is its

distance to the substrate. DFT model (
√

19 ×
√

19) seems to give a good estimate

of that value already (Pt-Zr distance is 2.96 Å). Interlayer distances are calculated as

differences between average heights of the atoms in each layer. Based on this DFT

model, we can analyse collected XRD data and refine atomic positions in zirconia film

relative to the substrate. Figure 6.15 shows the fit of the data taken at two energies: at

17.88 keV and Pt L-III absorption edge (11.55 keV). Anomalous dispersion corrections,

used at the absorption edge, are listed in Table 6.2. In this fit, only two scale parameters

(one for each energy) and one displacement parameter (to refine zirconia film height)
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Figure 6.12: UHV end-station of the beamline SIXS at SOLEIL. The UHV end-
station has four vacuum chambers (Load-lock, STM, Preparation and XRD) which are
organized in one system and built into a six-circle diffractometer. The preparation
chamber is equipped with AES and LEED, BN heater, gas system and sputter gun.
From the preparation chamber the sample can be transferred to the XRD chamber for

further X-ray measurements.
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(a) LEED + azimuthal scan

(b) Azimuthal scan

Figure 6.13: An in-plane azimuthal scan of the zirconia film (B) with oxide peaks
marked red. The yellow dotted circle on the LEED pattern (A) is to show the scan

direction in reciprocal space.

were allowed to vary. With the χ2
n = 6.3 fitting gives the displacement of -5.8 ± 0.6 %

relative to the unit cell, which results in the average Pt-Zr distance (2.43 ± 0.06 Å).

Further model refinement is beyond the scope of the present work.

6.4.1 Further oxidation

Stability of the oxide film was studied by further oxidation at T = 673K and p(O2) =

1·10−6 mbar. To track structural changes of the film, the intensity of the oxide peak at
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Figure 6.14: ZrO2/Pt3Zr specular rod data. Simulated CTR from the bulk Pt3Zr
(black dashed line); specular rod data from the clean Pt3Zr surface taken at 17.88 keV
(blue circles); specular CTR data from the oxidized sample taken at: 11.3 keV s(cyan
asterisks), 17.88 keV (red triangles), 11.5 keV (gray diamonds); Specular rod structure
factors computed based on (

√
19×

√
19)R23.4◦ DFT model of ZrO2/Pt3Zr (black solid

line).

(1.51, 0.19, 0.11) in hkl-coordinates of the substrate was followed over time (see Figure

6.16a). The peak intensity drops by a factor of 4 within ∼3 minutes. Two rocking scans

of the peak are compared before (red circles) and after (green circles) oxidation in Figure

6.16b. Scanning along L in reciprocal space gives a powder-like diffraction pattern (see

Figure 6.16c), which peaks can be assigned to monoclinic ZrO2. This means that growth

of zirconia ultra-thin film is very sensitive towards oxidative condition, and increasing

O2 pressure by less than two orders of magnitude leads to bulk oxide formation on Pt3Zr

substrate.

6.4.2 Pt reconstruction

As studies reveal [6, 95], if the sample is annealed at temperatures below 1223 K, there

is a Pt rich layer formed at the ZrO2/Pt3Zr interface upon Zr consumption during the

film growth. The presence of at least 1 Pt layer is confirmed by the authors.
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Figure 6.15: ZrO2/Pt3Zr specular rod data fit at two energies. Black dashed line
depict bulk contribution. Gray and red solid lines are the fits of the corresponding
data - gray diamond data points are taken at Pt L-III absorption edge (11.55 keV), red

triangular data points are taken at 17.88 keV.

Since the bulk in-plane metal lattice constant of the alloy is bigger than the one of

the pure 111-oriented Pt (2.81 Å and 2.77 Å respectively), this layer is expected to be

contracted relative to the rest of the bulk below. In XRD, such reconstructed layer, if

it is present, gives rise to so-called surface rods. These rods, due to different in-plane

periodicity, do not cross Bragg-peaks from the substrate bulk and are parallel to the

substrate’s CTRs. In reciprocal space it looks as depicted in Figure 6.17, where green

mesh corresponds to the ordered alloy with an in-plane lattice constant of 5.62 Å, and

black mesh to reconstructed Pt layer beneath ZrO2 ultra-thin film with lattice constant

slightly smaller then the Pt3Zr intermetallic distance (2.81 Å). Black and green dots

correspond to in-plane Bragg reflections. As the alloy to pure Pt lattice ratio in real

space is close to 2, in reciprocal space first-order peaks from the latter would appear

next to second-order peaks of the bigger lattice. Best-suited area (marked by dashed

red line) of the Q-space to measure the surface rod from reconstructed Pt layer would

be around (2,2) peak of Pt3Zr, as it is the closest area to the origin where those two

Bragg reflections suppose to be adequately separated and distinguishable.

The results of the measurements are presented in Figure 6.18. We see two distinct
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(a)

(b) (c)

Figure 6.16: (A):Time-scan of the peak (1.51, 0.19, 0.11) shows degradation of its
intensity upon further oxidation at T = 673K and p(O2) = 1·10−6 mbar. (B): rocking
scans of the oxide peak before (red circles) and after (green circles) additional oxidation.
(C): scan of the (1.51, 0.19, 0.11) peak along L direction in reciprocal space - only

powder-like signal from the newly formed bulk monoclinic zirconia.

peaks: the first one at H = K = 2 belongs to the respective Bragg reflection of Pt3Zr,

the second peak at H = K = 2.074 we assign to reconstructed Pt(111) layer. Based on

the displacement of the Pt peak from Pt3Zr peak position, it can be concluded that the

reconstructed layer is contracted by 3.7 % relative to the rest of the alloy. This yields

the in-plane lattice constant of 2.71 Å, which is even smaller than the corresponding

value of the bulk Pt(111).

The same scan with H = K was performed at different L values with the step of 0.2

to study the out-of-plane periodicity of the pure Pt layer. These surface rod data were
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Figure 6.17: Reciprocal-space map of the reconstructed Pt layer (black) overlapping
with Pt3Zr (green) unit cell. Red dotted line depicts the direction of in-plane scans

from the Figure 6.18.

Figure 6.18: Pt surface rod. In-plane scans across (2, 2) peak of the alloy and (1, 1)
peak of the reconstructed Pt layer with H = K and increasing L (scale on the right).

The blue arrows point to corresponding peaks. Courtesy of V. Vonk
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fitted and the structure factors are calculated1. To fit these scans, three Gaussian peaks

were needed: one for the main Pt3Zr (2, 2) peak, another for reconstructed Pt layer

(1, 1) peak, and one for a diffuse scattering peak in the background. Figure 6.19 shows

the data integration results (black open circles) fitted with 1 and 2 ML Pt(111) models.

Black dot line represents scattering contribution in the case if only 1 ML of absolutely flat

reconstructed Pt layer was present. If two complete flat Pt layers were present beneath

the zirconia film, the surface rod would be modulated along L. In our data region this

would look as depicted by the dashed line in the figure. If we take a 1 ML model and

introduce out-of-plane Debye-Waller parameter for this layer, a relatively good fit (solid

orange line), with the χ2 = 1.4, can be obtained with B = 104±14 Å2. This value

corresponds to the out-of-plane mean amplitude of 1.1±0.1 Å. Compared to buckling

calculated for the Pt substrate layer by means of DFT (7 pm from (
√

3 ×
√

3) model,

28.6 pm from (
√

19×
√

19)R23.4◦ model), this uncertainty in Pt atoms positions within

the layer is rather unrealistic. The conclusion is that the 1 ML model is insufficient to

describe our data. Therefore, a 2 ML model was used for the refinement. The best fit

(solid green line) is obtained with an occupancy parameter of the top-most layer of 0.4,

which suggests that there are 1.4 ML of reconstructed Pt(111) in total at the interface.

Figure 6.19: Pt reconstruction, (1, 1) surface rod. Simulated 1ML (black dotted line)
and 2ML (black dashed line) Pt structure factors with only scaled to the data points.
1ML model fitted with out-of-plane Debye-Waller factor (solid orange line). 2ML model

fitted with an occupancy of 1 layer set as a variable parameter (green solid line).

1courtesy of V. Vonk
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6.5 Conclusions

The main goal of the studies reported in this chapter was to shed light on structural

properties of ZrO2/Pt3Zr(0001) from XRD point of view, compare obtained information

to the available STM results and refine, if needed, DFT models of the system [6]. First

of all, it is confirmed by LEED and XRD that a trilayer oxide (O-Zr-O) is formed

on the alloy. Second, there is a direct evidence (see Figure 6.18) that at least 1 ML

of pure reconstructed Pt(111) is present underneath the oxide. The exact amount of

reconstructed Pt layers is not clear - current data support both assumptions - 1ML and

1.4ML (island morphology). To make it clear, the surface rod from reconstructed Pt

has to be measured at higher momentum transfer Q. Another critical point in resolving

the real ZrO2/Pt3Zr(0001) structure is the distance between the film and the substrate,

which summarized in the table below:

Method Functional ZrO2 film structure Zr-Pt distance (Å)

DFT

PBE
(
√

3×
√

3)
4.32

vdW-DF
3.38

(
√

19×
√

19)R23.4◦
2.96

SXRD 2.43 ± 0.06

Table 6.3: Interlayer Zr-Pt distance between the ZrO2 film and the top-most Pt layer
of the Pt3Zr substrate

Regarding an in-plane structure of the zirconia film, we find that our preparation never

results in 6.6◦ rotated, relative to the substrate, film, as it is in the work of M. Antlager

et al. [6]. Instead, an average angle of 5.95±0.10◦ is found, which indicates that, with

our preparation, the film’s unit cell is not commensurate with the alloy’s metal cell,

and (
√

19×
√

19)R23.4◦ superstructure is not present. Finally, we find, that at elevated

oxygen pressure (p(O2) = 1·10−6 mbar) the oxide is not stable, a bulk oxide (monoclinic

ZrO2) is formed (see Figure 6.16c).





Chapter 7

Summary and final remarks

This work set out to demonstrate possibilities beyond the application of the surface

X-ray diffraction in the SOFCs model systems research. An advantage of using X-rays

in material studies is their indifference to the sample environment due to their high

penetration capabilities. In Chapters 4 and 5 it is shown how synchrotron-based SXRD

experiments can provide atomic-scale structural information on the electrolyte surface

at the electrode/electrolyte interface during operational conditions.

The model system described in Chapter 4 is an La0.6Sr0.4CoO3−δ (LSC) electrode on

yttria-stabilized zirconia (YSZ) electrolyte. Changes in the YSZ(100) single crystal

surface structure buried under the squared LSC microelectrode were studied at a syn-

chrotron under operational conditions. High flux photon beam at the synchrotron al-

lowed access to the LSC/YSZ interface. Structural information from the substrate sur-

face at an atomic scale was acquired. Element-specific anomalous XRD data allowed to

distinguish between Y and Zr scattering contributions, which made possible to resolve

operando the chemical composition of deeply buried LSC/YSZ interface. For the first

time, it was shown that the Y cation concentration at the electrode/electrolyte interface

strongly depends on the sample environment and the applied potential. The interface

was found to be Y rich after LSC film deposition; subsequent exposure to oxygen in the

mbar pressure regime at 775 K strongly reduced the Y concentration at the interface,

which is traced back to the complex defect chemistry and thermodynamics of LSC in

contact with YSZ. Upon bias voltage application further changes are observed, indi-

cating enhanced Y concentration at the interface for positive bias. The Y segregation

behaviour is supported by outward cation relaxation, which correlates with the amount

of Y at the interface. The LSC/YSZ(100) interface is found to stay atomically smooth

under oxygen transport conditions. Reference measurements from a bare YSZ(100) sur-

face area indicate a stable surface composition and relaxations. The observed interfacial

85
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defects and variation from bulk stoichiometry for different conditions calls for further

theoretical investigations to disentangle their role for the rate limitation of the oxygen

reduction reaction.

The second model system is the Pt/YSZ, described in Chapter 5. Buried YSZ(111) sur-

face and dense Pt film morphology changes under operational conditions were addressed.

The use of high-energy photons was necessary to collect surface-sensitive information

from the interface due to highly absorbing Pt film on top. The CTR data show that

the YSZ(111) surface at Pt/YSZ(111) remains atomically smooth under operating con-

ditions, and it is covered with oxide islands by ≈30%, just as the free YSZ(111) surface

after annealing at 700 K in 10−5 mbar oxygen. The YSZ surface at the electrode/elec-

trolyte interface does not show any morphological changes between the initial sample

state (723 K, 8.7·10−7 mbar, no voltage applied) and the sample at 723 K, 500 mbar

O2, +100 mV, although reflectivity prompts that the top-most YSZ layer is relaxed out-

wards after prolonged cathodic polarization followed by the current interruption (723

K, 500 mbar O2, 0 V). This top-most metal Y-Zr layer displacement can be related to

the varying yttrium concentration upon sample polarization, as was demonstrated in

Chapter 4 for LSC/YSZ interface. Defect nature of oxygen vacancies in the YSZ relates

their concentration to the amount of yttrium in the crystal matrix. In this way, the

metal layer outward relaxation in the near-surface region after cathodic polarization can

be explained by Y segregation and hence oxygen vacancies concentration increase. This

causes metal cation repulsion from the vacancies also carrying a positive charge.

A nagging topic of the Pt ”phase oxide” formation at the Pt/YSZ interface during anodic

polarization was also raised. Although XRD data did not show a clear evidence of PtOx

presence at the interface, energy-dispersive X-ray analysis of the film cross-cut profile

after the synchrotron experiment revealed distinct oxygen signal from delaminated parts

of the film - oxygen Kα1 signal from the Pt bubble profile. Possibly PtOx does not form

in the places where the film is intact with the substrate, only where the defects are. In

which form the oxide is present is still an open question.

Last but not least, for the first time ZrO2 ultrathin film grown on a Pt3Zr(0001) sin-

gle crystal was studied in ultra-high vacuum by means of SXRD. This model system

is aiming to improve understanding of the electrolyte materials based on ZrO2 (e.g.

YSZ) at an atomic level. One of the goals was to compare obtained information to the

available STM results and refine the DFT models of the system [6], if needed. First

of all, it is confirmed by LEED and XRD that a trilayer oxide (O-Zr-O) is formed on

the alloy. Second, there is a direct evidence (see Figure 6.18) that at least 1 ML of

pure reconstructed Pt(111) is present underneath the oxide. The exact amount of re-

constructed Pt layers is not clear - current data support both assumptions - 1ML and
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1.4ML (island morphology). To make it clear, the surface rod from reconstructed Pt

has to be measured at higher momentum transfer Q. Another critical point in resolving

the real ZrO2/Pt3Zr(0001) structure is the distance between the film and the substrate,

which is summarized in Table 6.3, Chapter 6. Regarding an in-plane structure of the

zirconia film, we find that our preparation never results in 6.6◦ rotated, relative to the

substrate, film, as it is in the work of M. Antlager et al. [6]. Instead, an average angle

of 5.95±0.10◦ is found, which indicates that, with our preparation, the film’s unit cell is

not commensurate with the alloy’s metal cell, and (
√

19×
√

19)R23.4◦ superstructure is

not present. Finally, we find, that at elevated oxygen pressure (p(O2) = 1·10−6 mbar)

the oxide is not stable, a bulk oxide (monoclinic ZrO2) is formed (see Figure 6.16c).

This work has raised important questions about surface and interface structures of the

SOFCs related model systems, especially during operating conditions. Surface X-ray

diffraction is proven to be a valuable tool to study model electrode systems, giving

an insight to the electrode/electrolyte interface from the new perspective. Along with

other techniques, SXRD effectively contributes to a better understanding of the complex

processes underlying SOFC performance.
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LSC electrode characterization after the beamtime

by Markus Kubicek, TU Vienna

Optisches Mikroskop

1

2

3

Es sind mehrere Verunreinigungen 
erkennbar, die markierten 
Positionen wurden genauer 
untersucht.  Die Wellen in den 
Ecken der Elektrode sowie das 
Loch in der rechten unteren Ecke 
stammen noch vom 
Lithographieprozess, da etwas 
länger als üblich geätzt wurde, um 
sicherzustellen dass das YSZ 
möglichst frei von 
Verunreinigungen ist. Alles 
Andere, insbesondere viele kleine 
Vernreinigungen (schwarze 
Punkte) sind wohl im Lauf von 
Transport und Messung 
dazugekommen. 

Figure A.1: Optical microscope image: There are several impurities recognizable,
the marked positions were examined in more detail. The waves in the corners of the
electrode and the hole in the bottom right corner originate from the lithography process,
the sample has been etched a little longer than usual to ensure that the YSZ is free
of impurities. Everything else, in particular, many small impurities (black dots) are

probably originated from transport and the measurements.

89
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Pos. 1 SEM ‐ Vergleich zu unbehandeltem LSC

Die unveränderten Teile der Oberfläche der gemessenen Elektrode (Bild links) zeigen noch 
die gleiche Mikrostruktur wie eine LSC‐Schicht direkt nach der Herstellung (Bild rechts). Eine 
homogene Oberfläche mit ca. 30nm großen Körnern (Säulen im Schichtwachstum). 

Figure A.2: SEM comparison to untreated LSC: Area 1 in optical microscope
image. The unchanged portions of the surface of the measured electrode (left) still
show the same microstructure as an LSC layer immediately after preparation (pictured
right). A homogeneous surface with about 30nm large grains (columns in the layer

growth).

Pos. 2 Nadelabdruck
Position 2 im Mikroskopiebild kennzeichnet 2 Bereiche, die höchstwahrscheinlich von dem 
Kontakt mit der Nadel stammen. Im Bereich rechts dürfte die Nadel nur ganz wenig 
eingedrungen sein (evtl. ganz kurzer Kontakt beim ersten Hinunterfahren, wo die Nadel 
vermutlich noch etwas schwingt), der Bereich links dürfte eher der Punkt sein, wo die Nadel 
die ganze Zeit über Kontakt hatte (der Zentralbereich ist mit ca. 10µm breiter, wie es für 
größeren Anpressdruck und die wechselnden Bedingungen, p T, und die verwendete Nadel 
zu erwarten wäre). Beide Punkte weisen einen Rand auf, wo die Schicht verändert ist, der 
dürfte von Verunreinigungen von der Nadel stammen (Vergoldungsprozess Cl‐, CN‐), 
möglicherweise im Zusammenspiel mit der Strahlung?

Figure A.3: Needle imprint: Position 2 in microscopy image features 2 areas,
most probably the result of contact with the needle. In the area on right needle has
penetrated very little (possibly very brief contact with the first driving down where
the needle probably resonates a bit), the area to the left is more likely to be the point
where the needle had the contact all the time during the experiment (the central region
is approximately 10 microns wide, as would be expected for larger contact pressure and
the changing conditions, pressure, temperature, and the needle used). Both points have
an edge where the layer is changed, the likely contamination of the needle stem (gilding

process Cl-, CN-), possibly in combination with the radiation.
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Pos. 3 Verunreinigung

Die Verunreinigung in Pos.3 im Mikroskopiebild dürfte vermutlich Inconel oder Edelstahl 
sein, siehe SIMS. Vorstellbar dass es ein Funke vom Punktschweißen war.

Figure A.4: Contaminations: The contamination in position 3 in microscopy image
should probably be Inconel or stainless steel, see SIMS. Conceivably it was a spark from

the spot welding.Impedanzspektroskopie

10 mHz
100 mHz1 Hz 100 mHz 1 Hz

Sowohl bei 500°C als auch bei 600°C zeigt sich zunächst ein flacher Halbkreis (ca. 1Hz) und 
dann ein extrem langgezogenes Signal zu niedrigen Frequenzen. Grund für ein solches 
Verhalten kann sein dass die laterale Leitfähigkeit der Schicht verschlechtert ist, oder evtl. 
das Auftreten einer zusätzlichen Diffusionsbarriere (evtl. Sr2Co2O5 siehe SIMS), solche 
langgezogenen Spektren sind aber leider nie einfach exakt zu interpretieren. 

Figure A.5: Impedance spectroscopy: Both at 773 K and at 873 K initially a
flat semicircle appears (approximately 1Hz), and then an extremely elongated signal
at low frequencies. Reason for such behavior may be that the lateral conductivity of
the layer is deteriorated, or possibly the occurrence of an additional diffusion barrier
(possibly Sr2Co2O5 see SIMS), but such elongated spectra are unfortunately never easy

to interpret accurately.
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Impedanzspektroskopie

100 Hz
1 kHz

Diese Messungen wurden bei 500°C und 
den im Synchrotron applizierten 
Spannungen (+250mV sowie ‐500mV) 
durchgeführt. Die Widerstände sind wie zu 
erwarten deutlich kleiner als ohne DC 
Spannung. Es ist zunächst links ein 
Halbkreis zu sehen, bei niedrigen 
Frequenzen ist das Spektrum leider sehr 
verrauscht, was bei Messungen unter 
relativ hoher DC Spannung immer auftritt 
(einige 100mV bei 10mV Messspannung). 
Der Stromfluss im DC‐Fall beträgt ≈1,6 µA 
(‐500 mV) bzw. ≈0,3 µA (+250mV) liegt also 
durchaus in dem Bereich den wir beim 
Anlegen der Spannung in Grenoble 
gemessen haben. Ob der danach 
beobachtete Abfall in der Stromstärke 
aufgrund des Messaufbaus und der Geräte 
oder als Folge von Veränderungen der 
Probe aufgetreten ist, lässt sich jetzt im 
Nachhinein sehr schwer sagen.  Figure A.6: Impedance spectroscopy: These measurements were carried out at

773 K and the applied voltages as at the synchrotron (+ 250 mV and -500 mV). The
resistances are as expected significantly smaller than without DC voltage. There is a
semicircle seen on the left at low frequencies, the spectrum is unfortunately very noisy,
what with measurements under relatively high DC voltage always occurs (100 mV at
10 mV measuring voltage). The current flow in the DC case is ≈1,6 µA (-500 mV) or
≈0,3 µA (+ 250 mV) of the order of which was measured during the beamtime. It is
not clear, whether the subsequently observed drop in the current due to the test setup

and the equipment or as a result of changes in the sample.SIMS ‐ Tiefenprofil
Es wurden positive 
Sekundärionen
untersucht, die 
berechnete Dicke der 
Schicht (aus der 
Sputterzeit) beträgt 93 
nm. Lateral zeigt sich 
die Schicht soweit 
homogen, die großen 
Verunreinigungen sind 
wie im optischen 
Mikroskop auch mit 
SIMS sichtbar.

Nadeleindrücke Pos.2: 
keine merklichen 
Veränderungen bei den 
Kationen, YSZ‐Signal 
kommt früher (Loch).

Verunreinigung in der 
Mitte(Pos.3):  viel Fe+, 
Ni+ wenig Cr+, Ca+, 
Spuren von Al+, Na+.Figure A.7: SIMS depth-profiling: Positive secondary ions were examined, the

calculated thickness of the layer (from the sputtering time) is 93 nm. Laterally the
layer is homogeneous, the large impurities are visible as in the optical microscope with
SIMS. Position 2 in the optical microscope image: no noticeable changes in the cations,
YSZ signal comes earlier (hole). Pollution in the middle (position 3): a lot of Fe+, Ni+,

little Cr+, Ca+, traces of Al+, Na+.
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SIMS – Vergleich zu unveränderter 
Probe 

Hier ist die  Oberfläche (erste 15 nm) aus 
dem homogenen Messbereich der Probe 
dargestellt (oben) und gegen eine 
Vergleichsprobe von LSC direkt nach der 
Abscheidung (unten) dargestellt. Das 
leichte Einschwingen der Signale in den 
ersten 3 nm der LSC Schicht unten ist ein 
SIMS‐Artefakt (preferential sputtering) –
diese Schicht ist wirklich homogen bis zur 
Oberfläche. Abweichungen in den Signalen 
im Vergleich zu dieser homogenen Schicht 
im oberen Tiefenprofil verraten etwas über 
die Veränderungen. 
Diese sind: erhöhtes Sr+ und Co+ in den 
ersten 7 nm, solange ist weniger La+ 
vorhanden.  Die wahrscheinlichste 
Erklärung ist die Bildung von sog. 
brownmillerit ‐Struktur Sr2Co2O5, die bei 
neidrigen Partialdrücken und hohen 
Temperaturen beobachtet wurden. [z.B. 
Ovenstone, J. Power Sources 181(2008)56]

Figure A.8: SIMS - comparison to an unchanged sample: Here is the surface
(first 15 nm) shown from the homogeneous measuring range of the sample (above) and
plotted against a control sample of LSC directly after deposition (below). The slight
settling of the signals in the first 3 nm of the LSC layer below is a SIMS artifact (prefer-
ential sputtering) - this layer is really homogeneous up to the surface. Deviations in the
signals compared to this homogeneous layer in the upper depth profile reveal something
about the changes.These are: increased Sr+ and Co+ in the first 7 nm, while less La
+ available. The most likely explanation is the formation of so-called Brownmillerite

structure Sr2Co2O5 observed at low partial pressures and high temperatures [96].
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In summary, the electrode was indeed quite varied, but the treatment has survived in any

case such an extent that even now sensible and with the measurements at the synchrotron

comparable values were measured. Accordingly, the measurements at the synchrotron

were at different potentials were entirely reproducible. Calculating the voltage drop of

the impedance spectra, we obtain (neglecting the cable in the experiment) that at + 250

mV applied voltage drops at the eletrode ≈238 mV (12 mV in YSZ) at -500 mV; -455

mV in LSC (and -45 mV in YSZ). The most striking, is the large impurity in the middle

likely originated from sparks during spot welding (Inconel), or perhaps a stainless steel,

which is less easy to imagine but because of the shape eventually.

YSZ(111) miscut

Figure A.9: YSZ(111) miscut determination by tracking the Bragg peak deviation
from the average position.
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