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Zusammenfassung

Ceroxid gilt als vielversprechendes Katalysator-Material fiir die HCI-Oxidation. In diesem
Zusammenhang konnte bereits gezeigt werden, dass der Oxidationszustand von Ceroxid
(CeO2 0 < x =< 0,5) dessen Kkatalytische Aktivitit beeinflusst. Fiir eine genauere
Untersuchung dieses Einflusses wire jedoch ein System wiinschenswert, das die
kontrollierte Modifikation wahrend der Katalyse ermdglicht. An dieser Stelle setzt die
vorliegende Arbeit an. Basierend auf dem Pt/YSZ-Elektrodensystem wurde ein
elektrochemisches Pump-System entwickelt, mit dem der Oxidationszustand einer
Ce02.4(111)-Schicht gezielt verdndert werden kann. Die Ceroxid-Schichten wurden mittels
gepulster Laserdeposition hergestellt und mithilfe von Rasterelektronenmikroskopie,
Rontgendiffraktometrie, Raman-Spektroskopie und Rontgenphotoelektronenspektroskopie
charakterisiert. Darliber hinaus wurden elektrochemische Messungen an verschiedenen
(Ce02x/)Pt/YSZ/Pt-Systemen durchgefiihrt. Bereits mittels Impedanzspektroskopie,
Zyklovoltammetrie und potentiostatischen Polarisationsexperimenten konnten Effekte
gefunden werden, welche durch die Ceroxid-Schicht bedingt waren und die Funktionalitat
des Pump-Systems andeuteten. Final konnte die Funktionalitit des Pump-Systems dann
mithilfe eines operando-Aufbaus gezeigt werden, der es erlaubte, Messungen der CeOy.,-
Oberfliche mittels Rontgenphotoelektronenspektroskopie bei hohen Temperaturen und
nach dem Anlegen eines elektrischen Potentials durchzufiihren. Hierbei konnte sowohl die

Oxidation als auch die Reduktion der Ceroxid-Schicht nachgewiesen werden.







Abstract

Cerium oxide is considered a promising catalyst for HCI oxidation reaction. In this context,
it has been found that the oxidation state of cerium oxide (CeOz, 0 < x < 0.5) influences the
corresponding catalytic activity. For a more detailed investigation, however, a system would
be desirable that allows the controlled modification of this. In this work, a respective
approach is presented. Based on the Pt/YSZ electrode system, an electrochemical pumping
system was devised that allows the oxidation state modification of a CeO2«(111) film. The
cerium oxide films were prepared by pulsed laser deposition and characterized by scanning
electron microscopy, X-ray diffraction, Raman spectroscopy and X-ray photoelectron
spectroscopy. Beyond that, electrochemical measurements were conducted on various
(Ce02x/)Pt/YSZ/Pt systems. Here, impedance spectroscopy, cyclic voltammetry and
potentiostatic polarization experiments revealed effects caused by the cerium oxide film,
indicating thereby the working principle of the pumping system. Ultimately, the working
principle could be proven using an operando setup that allowed X-ray photoelectron
spectroscopy measurements at high temperatures and after applying electric potentials. By

this, oxidation as well as reduction of the cerium oxide film could be verified.
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1 Introduction

1 Introduction

Chlorine (Clz) is among the most important basic chemicals as it is part of many industrial
processes. In the first half year of 2025, the European chlorine production reached 3.9 Mega
tons?. One of the main by-products in processes that contain Cl is hydrogen chloride (HCI).
Even though HCI can be used in some other processes, the amount of emerging HCl is too
big, making it a huge industrial waste product. Regarding the importance of Cl; and the
excess of HCI, processes that recover Cl; out of HCI are considered with big interest. Beyond
energy intensive HCl electrolysis?, the Deacon process, i.e., heterogenous catalyzed HCl
oxidation, is a less energy-consuming alternative. Here, HCI reacts with O, whereby Cl, and
H;0 are formed (see Figure 1.1). For this process, ruthenium-based catalysts3 have been
established on an industrial scale. However, since ruthenium is rare and expensive,
alternative catalysts are investigated. Among these, cerium oxide is a very promising
material* as it is stable and very cheap. Its ability to reversibly incorporate and remove
oxygen (CeOzx 0< x <0.5) while maintaining structural integrity led to interesting
applications. In Deacon catalysis, this property becomes quite important since it was shown

that the corresponding activity is related to the oxygen deficiency x of Ce0.,*5.

Surface
reaction

__ Correlation

Catalytic activity < > | Oxygen deficiency x

Figure 1.1: Deacon reaction, i.e, heterogenous catalyzed HCl oxidation, on a cerium oxide surface. Hydrogen
chloride (HCI) and molecular oxygen (0z) are converted into chlorine (Clz) and water (Hz0). Catalytic activity is
affected by the oxygen deficiency x of cerium oxide.
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To further investigate this correlation, a system is desirable that enables the modification of
oxygen deficiency in cerium oxide. Chueh et al.67 devised an electrochemical system based
on platinum (Pt) and yttria-stabilized zirconia (YSZ) that enabled a tuning of the oxidation
state of a Sm-doped cerium oxide film. Their pumping approach is adapted in this work to
generate a system that allows the modification of pure cerium oxide (see Figure 1.2). Two
platinum thin films deposited on YSZ serve as basic cell system. One of these platinum
electrodes is de-wetted so that the cerium oxide film on top can fill the respective trenches.
Depending on the potential applied, oxygen ions can be either pumped to the de-wetted
working electrode or away from it. Oxygen ions can then either diffuse into the cerium oxide

film or out of it. By that, the cerium oxide film can be oxidized or reduced.

Cerium oxide (111) film

Z

De-wetted Pt .
thin film electrode

Yttria-stabilized o
zirconia (YSZ)

Pt thin film j
electrode —

Figure 1.2: [llustration of an electrochemical pumping system for modification of the oxidation state of a cerium
oxide (111) film. By applying a respective potential, oxygen ions can either be pumped to the de-wetted platinum
electrode or away from it. At the interface of cerium oxide and YSZ, oxygen ions can then migrate into cerium
oxide or out of it, meaning an oxidation or reduction of the film.

This work deals with the preparation, characterization and testing of a system as illustrated
in Figure 1.2. This includes several issues to be addressed. In the following, these issues are

outlined.

The first issue addressed in this work deals with the preparation of dense and crystalline
cerium oxide films that exhibit a (111) preferential orientation. This facet is considered as
the most stable one among the low index facets8. Accordingly, Deacon investigations on this
specific surface have been already conducted?-1%. The cerium oxide films were fabricated by
pulsed laser deposition (PLD) and characterized by scanning electron microscopy (SEM)
and X-ray diffraction (XRD). Besides, Raman spectroscopy (RS) and X-ray photoelectron

spectroscopy (XPS) were applied to investigate the oxidation state.
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A further part of this work deals with the preparation and electrochemical characterization
of Pt/YSZ/Pt cell systems. As indicated by Figure 1.2, this cell type serves as base for the
intended pumping system. Thus, respective investigations of oxygen transport and oxygen
exchange reaction at the triple phase boundary 0:/Pt/YSZ were conducted. For this,

electrochemical impedance spectroscopy (EIS) was applied.

A substantial issue of this work concerns the preparation and electrochemical
characterization of a CeO2../Pt/YSZ/Pt system as it is schematically shown in Figure 1.2.
Here, impedance spectroscopy and cyclic voltammetry (CV) were performed to find effects
that could be ascribed to the cerium oxide film, proving thereby the electrochemical
integration of the cerium oxide film in the Pt/YSZ system. Beyond that, potentiostatic
polarization experiments were conducted to examine differences between anodic and

cathodic currents.

The last part of this work deals with proof of principle measurements that were conducted
by operando XPS. Here, a setup for the XPS chamber is presented that enables the
polarization of a respective CeO»../Pt/YSZ/Pt system at elevated temperatures. By this, the
working principle of the system, i.e., the oxidation and reduction of the cerium oxide film,

was examined.
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Cerium oxide (Ce02.), yttria-stabilized zirconia (YSZ) and platinum (Pt) were employed as
materials in this work. Cerium oxide and platinum were applied as films and YSZ was
applied as substrate (see also Chapter 4.1). In this chapter, relevant physical and chemical

properties as well as applications are presented.

2.1 Cerium Oxide (Ce0:.x)

Physical and chemical properties

Cerium oxide (Ce02) is an oxide of the element cerium. Cerium is a lanthanide and is more
abundant than other elements like lead, mercury or cadmium?s. Stoichiometric CeO; is pale
yellow and crystallizes in the fluorite structure as illustrated in Figure 2.1. Here, the Ce**
cations (blue) are present in a face-centered cubic sublattice. The 02~ anions (white) occupy
the tetrahedral vacancies, leading to a simple cubic sublattice. The fluorite structure is
present from room temperature to the melting point, which is around 2,477 °C.1¢ The lattice

constant of stoichiometric CeO-is 5.41 A17.

‘ Ce4+

5.41A
O o*

Figure 2.1: Fluorite structure of stoichiometric cerium oxide (CeOz). The Ce** cations are present in a face-
centered cubic lattice. The 02-anions occupy the tetrahedral vacancies. The lattice constant is 5.41 A.
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A prominent property of cerium oxide is its ability to reversibly remove and incorporate
oxygen. By reducing Ce** cations to Ce3*, oxygen is removed from the lattice and oxygen
vacancies are formed. The removal can be described by a Kroeger-Vink defect equation (2.1).

For respective incorporation of oxygen, the reverse reaction applies.¢

0o +2Cece = 5 05 + V5 +2 Cege 2.1)

With increasing oxygen removal, cerium oxide first turns blue and then black. By this, the
lattice constant increases due to lower ionic radius of Ce** compared to Ce3+18. The fluorite
crystal structure, however, is maintained even with large amounts of removed oxygen16. For
describing the nonstoichiometry, the formula CeOz is commonly applied. Here, oxygen
deficiency x can be between 0 (fully oxidized) and 0.5 (fully reduced). For investigation of
the oxidation state, X-ray photoelectron spectroscopy is considered a quite common
method19-21. Besides, Raman spectroscopy and X-ray absorption spectroscopy are further

methods that can be applied?2.

The defect concentrations [V)'] and [Ce¢.] depend on oxygen partial pressure p(02) and on
temperature. In general, the defect concentrations increase with higher temperature and
decrease with higher oxygen partial pressure23-25. Based on Equation (2.1), the p(02)
dependence can be determined using the equilibrium constants and taking charge
neutrality into account. By this, a p(02)~'/6 dependence can be found for [V'] and [Ceg,].
However, this exponent only applies if the nonstoichiometry or the deficiency x is low. For
higher x values, interactions between defects must be considered. One example is
(Cece V' Cege) clustering, which affects the p(0:) dependence.? In air, the oxygen

deficiency x is close to zero?2s.

Pure cerium oxide is considered a mixed conductor with ionic and predominantly n-type
electronic conductivity. Here, electronic conductivity is based on hopping of polarons, i.e.,
an electron coupled to its surrounding lattice distortion. The ionic conductivity is based on
oxygen vacancies. Therefore, cerium oxide is often doped with two- or three-valent metal
oxides like CaO or Gd,03 to increase and control the amount of oxygen vacancies and, by
that, the ionic conductivity. A more detailed description of respective conductivities can be

found in a review article by Mogensen et al.1e.
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Applications of cerium oxide

Cerium oxide has many applications, especially in catalysis and electrochemistry. One
prominent application can be found in automotive three-way catalysts (TWC). As a carrier
material for precious metals, cerium oxide acts as an oxygen storage medium that can
promote oxidation as well as reduction reactions. Accordingly, carbon monoxide (CO) and
unburnt hydrocarbons can be oxidized, and nitrogen oxides (NO)) can be reduced.
Furthermore, cerium oxide is employed in solid oxide fuel cells (SOFC) and as catalyst in
reforming reactions. Review articles by Montini et al.2” or Sun et al.28 give more insights into

respective applications.

2.2 Yttria-stabilized Zirconia (YSZ)

Physical and chemical properties

Depending on temperature, pure zirconium dioxide (ZrO;) can occur in three different
crystal modifications. Up to a temperature of 1,100 °C, it has a monoclinic structure. Above
this temperature, ZrO; transitions into a tetragonal crystal structure. At temperatures above
2,370 °C, it exhibits a cubic fluorite structure.2® Here, the Zr*+ cations form a face-centered
cubic sublattice where the 02~ anions occupy the tetrahedral gaps. The incorporation of
metal oxides with lower cation valence can lead to a stabilization of the cubic phase. For
that, yttrium oxide (Y.03) is a prominent dopant, leading to yttria-stabilized zirconia (YSZ).

For incorporation, Equation (2.2) can be formulated.

ZrOZ , X .
Y,05 —3 24, +3 0% + V (2.2)

When Y03 is incorporated, trivalent Y3+ ions replace tetravalent Zr#* ions, resulting in a
relative charge of —1 in each case (see Figure 2.2). To maintain the charge neutrality of the
crystal, oxygen vacancies are formed, which have a relative charge of +2 to the lattice. At
Y.03 concentrations of approximately eight molar percent or higher, the cubic structure is
stabilized, even at room temperature3?. The lattice constant of cubic YSZ increases linearly
with the amount of yttrium oxide added3!. In this work, YSZ with 9.5 mol percent Y,03 was

employed, exhibiting a lattice constant of 5.13 A31,
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O Zr4+
@ v
O o*

: 0% vacancy

513 A

Figure 2.2: Crystal structure of yttria-stabilized zirconia. Fluorite structure of ZrO: and schematically
introduced Y203, leading to the formation of oxygen vacancies (dashed lines). The lattice constant is 5.13 A as
YSZ with 9.5 mol percent Y203 was used in this work.

Over a wide p(02) range, YSZ is considered a pure ionic conductor, whose electronic
contributions to the total conductivity are negligible (0tta ® 0ion). The ionic conductivity is
based on the movement of oxygen vacancies and increases consequently with higher Y,03
doping level. However, the maximum conductivity is reached at approximately 8 mol percent
Y,03303233 Besides, the temperature-dependent ionic conductivity cannot be described by a
single activation energy3? since the activation energy decreases with increasing
temperature. This is commonly ascribed to the interaction of Yz, and V' defects, which form
(Y7:V5)® and (Yz,. VS Yz )X complexes, resulting in an immobilization of oxygen vacancies.
However, at higher temperatures, these complexes decay, and the previously ‘frozen’ oxygen

vacancies contribute to ionic conduction.34

Applications of vttria-stabilized zirconia

Due to high oxygen conductivity and stability at elevated temperatures, electrolytes based
on yttria-stabilized zirconia are frequently used in solid oxide fuel cells (SOFC)3536. YSZ is
further applied in gas sensors3? like oxygen sensors, which are used to determine the oxygen
content in exhaust gases. Beyond these electrochemical applications, YSZ is employed as
thermal barrier coating (TBC) for protection of metallic components due to low thermal

conductivitys3s.
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2.3 Platinum (Pt)

Physical and chemical properties

Platinum (Pt) is a rare chemical element that belongs to the group of precious metals. It is
characterized by high chemical and thermal stability. In addition, platinum exhibits high
electrical conductivity (pzsec = 10.7 - 1078 Qm!7) as well as high thermal conductivity
(A27e¢ = 0.716 W/cmK?7). Platinum crystallizes in a face-centered cubic structure with a
lattice constant of 3.92 A39 (see Figure 2.3). The melting point is 1,769 °C. Important

oxidation states of platinum are +2 and +4, the highest oxidation state is +6.15

3.92 A

Figure 2.3: Face-centered cubic unit cell of platinum. The lattice constant is 3.92 A.

Applications of platinum

Platinum exhibits a broad range of applications, especially in heterogenous catalysis. Its use
in automotive three-way catalysts (TWC) is of particular importance for reduction of
exhaust emissions. Beyond that, platinum-based catalysts are used in numerous organic
syntheses. Due to its conductivity and chemical inertness, platinum is also considered a
prominent electrode material and is applied in fuel cells and electrolysis systems. A review

article by Hughes et al. provides more insights into respective applications#0.
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This chapter provides a theoretical background for this work. In Chapter 3.1, key aspects of
the Pt/YSZ electrode system are presented. This system serves as the electrochemical base
for the intended pumping system. Chapter 3.2 introduces cerium oxide as a Deacon catalyst
and highlights the importance of oxygen vacancies in this regard. By combining the Pt/YSZ
electrode system with cerium oxide, Chapter 3.3 depicts the intended pumping system.
Chapter 3.4 concludes this chapter by presenting essentials in solid state diffusion and ionic

conductivity.

3.1 The Pt/YSZ System

General aspects

The Pt/YSZ electrode system is widely employed in high temperature electrochemistry,
combining the ionic conductivity of yttria-stabilized zirconia with the electronic
conductivity and catalytic activity of platinum (see Chapters 2.2 and 2.3). For both practical
applications and fundamental studies, Pt/YSZ is considered an important system and is, e.g.,
employed for solid oxide fuel cells and oxygen sensors. It is also of particular importance for
catalytic processes. Here, the electrochemical promotion of catalysis (EPOC) or non-
Faradaic electrochemical modification of catalytic activity (NEMCA) marks a major research

topic#1-50,

Figure 3.1 shows schematically a Pt/YSZ/Pt cell in an oxygen-containing atmosphere. When
a potential is applied between the platinum electrodes, oxygen ions move to the anode and
oxygen vacancies move to the cathode. At the anode, oxygen ions are oxidized and removed
from the YSZ lattice (see Equation 3.1). Vice versa, at the cathode, oxygen is reduced and
incorporated into the YSZ lattice by occupying a vacancy. Both the oxidation reaction and

the reduction reaction take place at the triple phase boundary of oxygen, platinum and YSZ.

0% =2V +2e—+% 0, (3.1)

11



3 Theoretical Background

0
o
[
o
6

©
Cathode
Anode

@®

Pt YSZ Pt

Figure 3.1: Principle of a Pt/YSZ/Pt cell with applied potential. Oxygen ions move to the anode where they are
oxidized and removed from the lattice. At the cathode, oxygen is reduced and incorporated into the lattice. The
reactions occur, respectively, at the triple phase boundary of oxygen, platinum and YSZ.

The triple phase boundary 0,/Pt/YSZ

The electrode characteristics are mainly defined by the triple phase boundary (TPB) of
oxygen, platinum and YSZ (O./Pt/YSZ). Here, oxidation and reduction of oxygen take place
(see Equation (3.1)). For illustration of the corresponding mechanisms, Figure 3.2 shows a
Pt/YSZ/Pt cell with highlighted TPB. When the platinum working electrode (WE) is
polarized anodically (positively vs. counter electrode (CE)), oxygen ions (027) migrate
towards the WE where they are oxidized by transferring two electrons to the platinum
electrode. The remaining oxygen species (0) is thereby removed from the YSZ lattice and
migrates to the platinum surface. Here, it can diffuse on the surface and recombine with
further O species whereby molecular oxygen (0;) is formed. In a further step, this oxygen
can desorb from the platinum surface. Vice versa, when the platinum working electrode is
polarized cathodically (negatively vs. CE), the reverse reaction takes place. The oxygen
species located on the platinum surface are reduced by receiving two electrons from the

platinum electrode. The resulting oxygen ion is then incorporated into the YSZ lattice.51.52

In general, the longer the triple phase boundary per area is the more oxygen can be
exchanged33-56, In electrochemical measurement techniques, this corresponds to higher
current or lower resistance values for the electrode process. This was, e.g., shown in a work
by Opitz et al.53. They deposited round and dense platinum electrodes with various
diameters on YSZ and performed electrochemical impedance spectroscopy on these
electrodes. It turned out that the resistance attributed to the oxygen exchange reaction
decreases inversely with the perimeter of the electrode, which represents the length of the

triple phase boundary.

12
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Anodic b) | Cathodic
(a) reaction ( ) reaction

@2<Qn w 1//@
o
=

POWE ™r, .- T UPLWE
S = !
YSZ . YSZ

d J per\ A

Figure 3.2: Reactions occurring at the triple phase boundary of oxygen, platinum and YSZ; (a) anodic reaction,
i.e., the removal of oxygen ions out of YSZ; (b) cathodic reaction, i.e., the incorporation of oxygen ions into YSZ.

Formation of platinum oxides (PtO,)

The formation of platinum oxides (PtO,) represents an important issue for the Pt/YSZ
electrode systems7-63, Platinum oxides can form reversibly under oxidative conditions like
anodic polarization or high oxygen partial pressures. Platinum oxides influence the
electrochemical properties as they impede the oxygen exchange reaction. This was, eg.,
shown in a study by Popke et al.5” where anodic polarization caused an increase of the
impedance resistance attributed to the oxygen exchange reaction. Conversely, cathodic
polarization led to a decrease for the respective resistance due to the decomposition of
platinum oxides (see Figure 3.3). In a further study, Popke et al.63 investigated the
passivation of a de-wetted platinum electrode at elevated temperatures in air. Here,
respective impedance measurements indicated that the resistance attributed to the oxygen

exchange reaction increases linearly with square root of time.

(a) PtIOX (b)  Anodic polarization (c¢) Cathodic polarization

Pt WE !_F q_F
i\
YSZ YSZ YSZ \J/

Figure 3.3: The role of PtOx in the Pt/YSZ system; derived from Pépke et al.57; (a) relaxed system; (b) formation
of PtOx through anodic polarization; (c) decomposition of PtOx through cathodic polarization.

13
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Polarization induced changes in the Pt/YSZ system

In this subchapter, specific phenomena that can occur through anodic or cathodic
polarization of Pt/YSZ electrode systems are presented. For a theoretical view on polarized

Pt/YSZ electrode systems, a work by Janek et al.#* gives more insights.

Under strong anodic polarization, morphological changes in dense platinum film electrodes
can occurs0586465 (see Figure 3.4). Here, oxygen ions move to the Pt/YSZ interface where
they are oxidized. The resulting O species recombine with each other, and molecular oxygen
is formed (see (a)). As this process continues, the increasing O; pressure leads to a
delamination of the platinum film and thereby to the formation of bubbles (see (b)). These
bubbles can even lead to a cracking of the platinum film (see (c)), whereby oxygen escapes.

By this, the triple phase boundary grows.

@ ®) © 50g

Q
e
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S N N

P

YSZ

Figure 3.4: Cracking of dense platinum film electrodes on YSZ caused by anodic polarization; (a) oxygen ions
are oxidized and recombine at the Pt/YSZ interface, whereby molecular oxygen is formed; (b) formation of a
bubble containing molecular oxygen and delamination of the platinum film; (c) cracking of the platinum film
and escaping of oxygen molecules.

Under strong cathodic polarization, yttria-stabilized zirconia can undergo electrochemical
blackening, i.e, the reduction of the electrolyte. This process is associated with the
formation of oxygen vacancies and the reduction of Zr#+ cations, which causes the material
to darken. Within the reduced areas, the electronic conductivity is significantly increased

and the ionic conductivity is significantly decreased.¢6.67
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3.2 Cerium Oxide as Catalyst for HCl Oxidation

In 1868, Henry Deacon developed a procedure to recover chlorine (Clz) out of hydrogen
chloride (HCI). Based on a solid catalyst, HCl reacts with O, whereby H.0 and Cl; are formed
(see Equation (3.2)). As the reaction is exothermic (AH® =57 k] /mol), catalysts that exhibit
high activity at low temperatures (<700 K) are required. Originally, copper-based materials
were applied as catalysts for the Deacon reaction. However, by now, catalysts based on
ruthenium oxide (Ru0;)3 are commercially established as they are quite stable and active.
Nevertheless, ruthenium is a rare and expensive metal, and its market price is highly

volatiles8. Therefore, alternative catalyst materials are investigated.69-71

4 HCl + 02 2 2 Clo+ 2 H,0 (3.2)

Among investigated Deacon catalysts, cerium oxide is considered a promising and cheap
alternative. Fundamental studies by Amrute et al.* demonstrated both catalytic activity and
stability for cerium oxide powders. The corresponding activity was ascribed to the presence
of oxygen vacancies, which were occupied by chlorine atoms during the surface reaction.
The stability was related to the resistance against chlorination, i.e., the formation of an
inactive CeCls phase. Under O-rich conditions, however, chlorination was only observed for
the outermost cerium oxide layers. In a further study, Li et al.5 investigated shape-controlled
cerium oxide nanoparticles as Deacon catalysts. It turned out that nano-rods possess higher
catalytic activity than nano-cubes and nano-octaeders. This result was ascribed to the
higher oxygen storage capacity (OSC) of nano-rods, emphasizing again the importance of

oxygen vacancies.

For gaining deeper insights into the fundamental mechanisms of the Deacon reaction, recent
studies®10.12-14 have focused on well-defined CeO2..(111) surfaces. Among the low-index
facets, the (111) facet is considered the most stable8. In a work by C. Sack® various
Ce0,4(111) films were prepared and investigated. It was shown that stoichiometric CeO,
films did not show any catalytic activity, which was ascribed to the absence of oxygen
vacancies. In contrast, catalytic activity was observed on partially reduced cerium oxide
films where Cl atoms could occupy the respective oxygen vacancies. Subsequent

investigations on the mechanism were conducted by V. Koller?9.
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For the underlying mechanism of HCI oxidation on partially reduced Ce02.(111) surfaces, a
Mars-van-Krevelen mechanism has been proposed’? (see Figure 3.5). Here, hydrogen
chloride (HCI) adsorbs and dissociates on the cerium oxide surface by an acid-base reaction.
Cl fills an oxygen vacancy site and H is transferred to an oxygen atom forming an OH
group (2). After that, a second HCI molecule dissociates on the surface forming an additional
OH group and a Cl species on a Ce atom (3). By recombination of the two Cl species,
chlorine (Cl;) is formed (4). By desorption of Cl,, an oxygen vacancy is re-created (5), which
is filled with an oxygen molecule (O2) (6). In the next step, the two OH groups recombine
forming the by-product water (H,0) and an oxygen vacancy (7,8). By cleavage of the oxygen

molecule, this vacancy is occupied (9).

Figure 3.5: Proposed mechanism for HCl oxidation reaction on a partially reduced CeO2-x(111) surface. Derived
from Capdevila-Cortada et al.”2.

Although the proposed mechanism seems to be convenient, it has not been finally proven
yet. Indeed, no HCl oxidation experiment on Ce02.x(111) surfaces was performed that could
validate this mechanism. Accordingly, a system would be desirable that enables the
adjustment of oxygen vacancies independently of the reaction conditions. In literature, it
was already demonstrated that Ce0,.,(111) films can be grown on Pt(111) surfaces73-75.
Based on that, combining cerium oxide with the Pt/YSZ electrode system could provide an
electrochemical system that allows the modification of oxygen deficiency in cerium oxide

films. The respective approach is presented in Chapter 3.3.
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3.3 Intended Pumping System CeQ.x/Pt/YSZ/Pt

As described in Chapter 3.2, a device that enables the controlled modification of oxygen
deficiency x in Ce0O2«(111) films would be desirable for fundamental investigations on the
mechanisms behind the Deacon process. Chueh et al.67 devised an electrochemical system
based on Pt/YSZ that could be used for tuning the oxidation state of a Sm-doped Ce0,,(100)
film. Here, platinum thin films were deposited on both sides of a YSZ(100) single crystal and
subsequently patterned into a comb-like structure using metal-liftoff photolithography. Sm-
doped cerium oxide films were then grown on these patterned electrodes. In the present
work, this conceptis adapted and modified to evolve a system allowing the respective tuning

of pure cerium oxide. The corresponding approach is presented in the following.

Based on a YSZ(111) substrate serving as the electrolyte, two platinum thin film electrodes
are fabricated by pulsed laser deposition (PLD). One electrode is dense and the other is de-
wetted. A cerium oxide (111) film is then deposited on the de-wetted Pt(111) thin film
electrode, also by PLD. By that, cerium oxide fills the trenches of the de-wetted platinum film
generating a Ce02x/YSZ interface (see Figure 3.6).

Applying a potential across the Pt/YSZ/Pt system, oxygen ions and accordingly oxygen
vacancies start to move in the direction of the local field. Applying a negative potential to the
de-wetted electrode as depicted in Figure 3.6, oxygen vacancies are accumulated beneath
the cerium oxide film. Besides, Ce** ions are reduced to Ce3+, enabling the diffusion of oxygen
ions from cerium oxide into YSZ. By this, cerium oxide is reduced. For oxidation, the reverse

process applies.

Ce0,,(111) film

De-wetted Pt(111) —
thin film electrode

o

YSZ(111) — Polarization

Pt thin film : '
electrode —

Figure 3.6: Pursued approach of this work, aiming at an electrochemical pumping system that enables the
oxidation state modification of a cerium oxide (111) film. By applying negative potential to the de-wetted
platinum electrode (vs. dense platinum electrode), oxygen vacancies are pumped beneath the CeO2.x/YSZ
interface. By reduction of Ce** ions to Ce3+, oxygen ions can diffuse from cerium oxide into YSZ.
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3.4 Diffusion and Ionic Conductivity in Solids

Diffusion

Diffusion, in general, describes the movement of species like atoms or ions within a medium
caused by a gradient in concentration (as well as statistical motion in the absence of a
driving force). For illustration, Figure 3.7 shows two types of atoms (white and blue) that
are initially separated by an interface. By random movements of both species, however, a
stepwise mixture is observed. As indicated by Figure 3.7, a gradient dc/dx in concentration
of one species leads to a flux J of that species. The corresponding correlation is given by

FicK’s first law (see Equation (3.3)). Here, the diffusion coefficient D is a specific constant.

dc
J=-DI (3.3)
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Figure 3.7: lllustration of diffusion by two initially separated atom species. With increasing time, the interface
got stepwise blurred leading to a mixture of the species. Derived from a book by Tilley26.

In crystalline solids, diffusion is based on defects like vacancies or interstitials enabling a
species to leave a regular lattice site and occupy a vacant site. Here, the most common
description is given by the random-walk model, which is based on a series of random jumps
induced by thermal energy. Figure 3.8 (a) shows a one-dimensional energy profile
consisting of alternating minima and maxima. The minima represent a regular lattice site
for a species. For jumping to a vacant site in a distance a, a maximum or an energy barrier
(Agm) must be overcome. The probability of jumping to the left or to the right is 0.5,
respectively. In general, the jump frequency I' increases with temperature T as shown by

Equation (3.4). Here, ks is the Boltzmann constant and v is the attempt frequency.

I'=vexp (— %) (3.4)
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Based on Equation (3.4), Equation (3.5) can be derived?¢ for the diffusion coefficient D,
emphasizing the temperature dependence of diffusion. Here, Dy is a pre-exponential factor,

Ea is the activation energy and R is the gas constant.

D = Dgexp(—2) (3.5)

(a) (b)
Agm
>
= c
25} ) 5}
: a
Distance Distance

Figure 3.8: [llustration of energy barriers for one-dimensional random-walk model for ion movement within
crystalline solids; (a) energy landscape without electric field; (b) energy landscape with applied electric field in
+x direction. Figures are derived from a book by Tilley26.

lonic conductivity

Ionic conductivity is the movement of ions by applying an electric field. For description in a
crystalline solid, the random-walk model for one dimension is applied again. Assuming an
electric field E in +x direction, the energy barrier is modified as illustrated in Figure 3.8 (b).
The barrier height becomes lower in +x direction (—0.5 ZeaE) and higher in —x direction
(+0.5 ZeaE). This means that jumping of respective ions become more likely in +x direction
than in the opposite direction. Based on random-walk model, Equation (3.6) can be
derived?sé for ionic conductivity (= o). The logarithmic plot (3.7) of this equation was applied
in this work to determine activation energies. The corresponding o values were calculated
by Equation (3.8) out of the resistance values R (d = thickness of the electrolyte, A = electrode

area).

oT = oyexp (— i—‘;) (3.6)
In(aT) = In(ay) — k’% (3.7)
o= % (3.8)
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4‘ Experimental Background

This chapter presents the methods as well as the corresponding devices and parameters
employed in this work. The platinum and cerium oxide films were fabricated by pulsed laser
deposition (PLD). For characterization of the films, scanning electron microscopy (SEM),
X-ray diffraction (XRD), and profilometry were applied. Additionally, Raman
spectroscopy (RS) and X-ray photoelectron spectroscopy (XPS) were used to investigate the
oxidation state of the cerium oxide films. These film-related methods are presented in
Chapter 4.1. For electrochemical characterization, impedance spectroscopy (EIS), cyclic
voltammetry (CV) and potentiostatic polarization experiments were performed. These

methods and the corresponding setup are presented in Chapter 4.2.

4.1 Preparation and Characterization of the Films
4.1.1 Pulsed Laser Deposition (PLD)

Pulsed laser deposition (PLD) is one of the physical vapor deposition methods and it is used
to fabricate thin films. There is a wide range of material compositions that can be deposited

by this method.

Figure 4.1 illustrates the setup used in this work as well as the operation process. For PLD,
a target and a substrate are essential. They are placed inside a vacuum chamber and fixed
by respective holders. The chamber itself consists of an inlet for various gases and a window
through which laser light can pass. A shutter located in front of the vacuum pump enables
the modification of pressure within the chamber. When performing PLD, laser pulses are
adjusted to the rotating target. Thereby, atoms, ions, and electrons are ejected. A plasma
plume is formed, which expands perpendicular to the target surface and towards the
substrate, which is placed in the path of this plume. Atoms that reach the substrate can
diffuse and aggregate on the surface and start growing a film. Heating the substrate
promotes this self-assembly mechanism. A more detailed description of underlying

mechanisms can be found in several review articles’677,
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KrF laser

j Substrate

Holder

Figure 4.1: Illustration of pulsed laser deposition. Laser pulses are adjusted to the rotating target where
respective material is ejected. A plasma plume is formed, which moves towards the substrate. At the substrate
surface, self-assembly mechanisms lead to a growing film. By a gas inlet and a shutter to the vacuum pump,
various gas pressures can be adjusted.

There is a wide range of parameters that can affect the properties of the resulting film.
Firstly, laser energy E, pulse frequency fand laser spot size A are important as they define
the power that is delivered to the target. Besides, the number of pulses N influences the final
thickness of the film. A further point concerns the background gas since pressure p affects
the expansion of the plasma plume. In general, higher pressure leads to more collisions and
thus to a reduced kinetic energy of the plasma species reaching the substrate. Besides, the
type of background gas can also play a decisive role for the final chemical composition of the
film as reactive gases can react with the plasma species. As outlined above, heating the
substrate is important for self-assembly or the crystallization process. Therefore, heater
temperature Jnearer and thermal contact to the substrate (holder) are also crucial for final
film properties. In a review article by Shepelin et al.”® more specific information on the

parameters can be found.

In this work, a KrF excimer laser?? (A = 248 nm) from Coherent was applied. The distance
between the respective target and the substrate was approximately 4.1 cm for the
depositions shown in Chapter 5, 7, 8, and 9. The cerium oxide depositions shown in
Chapter 6 were prepared in another chamber with about 5 cm distance between target and
substrate. To obtain the geometries shown in this work, stainless-steel masks were fixed on
the substrate during deposition. Platinum targets from Chempur were applied
(99.95% purity). The cerium oxide targets were self-made out of cerium oxide powder
(Sigma-Aldrich, 99.99% purity). The preparation procedure is described in a work by M.
Kleine-Boymannso. As substrates, one-side polished YSZ(111) crystals (9.5 mol percent

Y203, CrysTec) with a volume of 10 mm x 10 mm x 0.5 mm were used.
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4.1.2 Scanning Electron Microscopy (SEM)

Scanning electron microscopy (SEM) is an imaging method that can resolve the surface
structure of a (conductive) sample in the nanometer range. For that, an electron beam is
focused on a confined spot on the sample. The electrons of the beam can either be scattered
back or transfer energy to the electrons of the sample. These electrons can thereby be
released and leave the sample as secondary electrons, which are gathered by a detector. For
the current position of the electron beam, a pixel is generated whose brightness depends on
the number of secondary electrons detected. The electron beam can be moved by
electrostatic or magnetic fields in two spatial directions. In this way, the beam scans over
the sample and a corresponding pixel for each position is generated. More insights into SEM

can be found in a book by Egertons!.

A Merlin device from Zeiss was applied in this work. The acceleration voltage was 3 kV and

the SE2 detector was used. The WD was between 3.8 mm and 6.8 mm.

4.1.3 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is applied to investigate the crystalline structure of a sample. In a
crystal, atoms are arranged periodically so that a crystal can be described as stacks of atom
planes, which have a defined distance d (see Figure 4.2). When monochromatic X-rays with
wavelength A interact with this periodic crystal lattice, constructive interference occurs at
specific angles 6 that fulfill Bragg’s law (4.1). By the resulting pattern, information about,
e.g., preferred crystal orientations can be obtained. Further information on XRD (on thin

films) can be found in a review article by Harrington and Santiso82.

In this work, an X’Pert PRO MRD device from PANalytical was used. Cu K, radiation
(A =1.541 A) was used and the X-ray tube worked with 40 kV and 40 mA. The pp collector

detector and the mirror optics were applied.

2d sin(8) = na (4.1)

Figure 4.2: Illustration of X-ray diffraction. X-rays are diffracted at atom planes with distance d. The diffracted
waves can interfere constructively or destructively depending on the angle 6.
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4.1.4 Profilometry

The thickness of platinum and cerium oxide films was determined by an AlphaStep D-600
device from KLA Tencor. The measurements were carried out by moving the stylus from the
prepared film down onto the substrate. The recorded profile was normalized to the
substrate. To compensate for fluctuations, several measurements were taken, and the
average value was calculated. For several samples, it was not possible to measure the film
thickness, e.g., for cerium oxide films on de-wetted platinum or platinum films on
unpolished YSZ.

4.1.5 Raman Spectroscopy (RS)

Raman spectroscopy (RS) can be applied to investigate structural properties of crystalline
solids. For that, laser light is focused on a sample. The corresponding photons can be
scattered elastically or inelastically by the sample. In case of elastic scattering, the incoming
and scattered photons have the same energy. In case of inelastic scattering, an energy
difference is given caused by an interaction between the photons and lattice vibrations. The
photons can either transfer energy to the lattice or receive energy from it. The energy
difference is represented by the Raman shift, i.e., the change in wave number of incoming
and inelastically scattered photons. The Raman shift represents distinctive vibrational
modes of a material. In general, highly symmetric crystals only have a few Raman active
modes, but lattice distortions can yield to additional modes. A book by Loudon83 gives

further information on Raman spectroscopy on solids.

In this work, an In-Via device with a charge-coupled device camera from Renishaw was used.
The laser light (Cobalt 08-DPL) applied had a wavelength of 515 nm and a power of 50 mW.

4.1.6 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique, which is
used to investigate the chemical composition and bonding of a sample. Based on the
photoelectric effect, photons with specific energy (E = h - v) are focused on a sample where
they can excite and eject core electrons (see Figure 4.3). Depending on binding energy Es
and work function ¢, photoelectrons can be released from the sample and detected. By
measuring their kinetic energy Ex, the binding energy can be calculated by Equation (4.2).
The binding energy is characteristic for specific atomic orbitals and allows therefore the
identification of elements. Moreover, further chemical information can be derived as the

binding energy is sensitive to the oxidation state and to the local chemical environment of
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detected species. Here, increasing oxidation leads to a decrease of electron density and
therefore to a higher binding energy of a species. Effects like spin-orbit coupling or
relaxation processes can additionally affect the resulting spectrum. A review article by

Stevie and Donley84 gives more insights into XPS technique.

EK:h'V—EB—(l) (42)
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Figure 4.3: lllustration of (operando) X-ray photoelectron spectroscopy. X-ray photons excite and eject electrons
from the sample, which can then leave the sample. Those photoelectrons are detected, and a respective spectrum
is generated. For operando experiments a sample holder with heating plate and electrical pins was used that
enables the connection of a potentiostat out of the XPS chamber.

XPS is frequently employed in operando experiments, enabling real-time investigations of
electrochemical systems under operating conditions. By that, structural, chemical or
electronic changes induced by an applied potential can be investigated. To perform
operando experiments with ion-conducting solids, elevated temperatures are typically
required, necessitating the use of a special setup. In literature, several approaches can be
found, enabling XPS measurements at several hundred degrees Celsius67:85-88, Also in the
present work, a specific setup was devised, allowing proof of principle measurements on the
CeO,.x/Pt/YSZ/Pt system (see Chapter 3.3) at approximately 385 °C. The description and

discussion of the experimental setup are presented in Chapter 9.1.

A PHI 5000 VersaProbe IV Scanning ESCA Microscope device from Physical Electronics was
used in this work. Monochromatized Al K, X-ray radiation (E = 1486.6 eV) was applied. The
spectra were normalized to the C 1s peak at 284.8 eV89. A Zennium Pro potentiostat from

Zahner was connected to the XPS device for operando experiments.
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4.2 Electrochemical Characterization

This chapter provides an overview of the electrochemical setup and the corresponding
techniques applied in this work. As techniques, electrochemical impedance spectroscopy

(EIS), cyclic voltammetry (CV) and potentiostatic polarizations were performed.

4.2.1 Preparation and Setup

For preparing samples for electrochemical characterization, corresponding platinum thin
film electrodes were bonded with platinum wires as illustrated in Figure 4.4. In the first step,
a piece of platinum wire (@ = 0,1 mm, ChemPur, purity: 99.9%) was placed on the platinum
thin film and fixed by Ceramabond (T-E-Klebetechnik, Ceramabond 503). After one hour,
platinum paste (ChemPur, ltem no.: 900487) was brushed on the tip of the wire to bond it
with the platinum thin film. Approximately 24 hours later the sample was turned, and the
procedure was repeated to also bond the opposite electrode. Another 24 hours later, the

sample was mounted in the tube furnace.

The electrochemical characterization was carried out combining a tube furnace (Heraeus LT
14-0) and a potentiostat (Zahner, Zennium Pro). Here, a ceramic sheathed wire extends into
the interior of the furnace, allowing the bonding of respective wires by spot-welding. A two-

electrode setup was used.

Platinum film Platinum paste T d
‘ urn aroun
1h o 1h
24h
|
YSZ Ceramabond
Platinum wire
Ceramic
| sheated wire spot-welded
EIS, CV, © | I T -
Polarization ® | | |i‘ } \ @
24h
7 C] | ' I :
——————
Computer Potentiostat Tube furnace

Figure 4.4: Preparation and two-electrode setup for electrochemical measurements. The two platinum
electrodes were bonded with Ceramabond, platinum wire and platinum paste. By spot-welding, wires were
mounted in a tube furnace, which is connected to a potentiostat.
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4.2.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is used to investigate processes within an
electrochemical system. By applying a sinusoidal alternating voltage Uac(w) and measuring
the resulting current Iac(w), the frequency-dependent impedance Z(w) can be determined
(see Equation 4.3). In general, different frequencies w are applied to trigger various

electronic or ionic processes.

Z(w) = P (4.3)
c=(Q - Rl—“ﬁ (4.4)

There are two common methods for representing impedance data. The first is the Bode plot,
in which the impedance Z or the phase angle ¢ is plotted as a function of frequency. The
second method is the Nyquist plot, in which imaginary part and real part of impedance are
plotted on x and y axis. Based on the Nyquist plot, an equivalent circuit can be modeled that
describes the system by (several) circuit parts. Each part stands for a specific process within
the electrochemical system. Table 4.1 lists all circuit parts used in this work, including the
underlying equation for the impedance Z. Apart from pure ohmic resistance R, all circuit
parts have an imaginary part and depend on the frequency w. The constant phase element
(CPE) is a special circuit part. It allows more flexibility in fitting and can be seen as
something in between a resistor and a capacitor. The corresponding Q and a values, however,
have no physical meaning, but they can be used for determining the capacitance C (see
Equation (4.4)). More information on electrochemical impedance spectroscopy can be

found in a review article by Lzanas and Prodromidis9.

Table 4.1: Circuit parts that were used in this work to model electrochemical systems.

Ohmic resistance R RL circuit CPE RCPE circuit
-Im(2) Re(2) -Im(2) -Im(2)
w
— —
Re(2) lm(Z(S) 7o Re(2) Re(2)
=7 27
iwLR 1 _ R
Z=R " Rtiwl T (i)« T 1+QR(iw)*
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The EIS measurements in this work were performed in a frequency range from 0.1 Hz to

5 MHz. A voltage amplitude of 50 mV was applied. For evaluation, RelaxIS 3 was used.

4.2.3 Cyclic Voltammetry (CV)

Cyclic voltammetry (CV) is an electrochemical technique for investigating electrode
reactions or redox processes. Here, the potential E of a working electrode (vs. CE) is shifted
linearly and the resulting current [ is recorded. Figure 4.5 (a) shows a typical potential
profile like it was applied in this work. The potential is swept anodically or cathodically with
a scan rate v (= dE/dt) until a defined reverse potential Er is reached. Figure 4.5 (b)
illustrates a resulting cyclic voltammogram with two peaks. The peaks are associated with
a specific redox process, where the anodic peak corresponds to the oxidation process and

the cathodic peak to the respective reduction process.

(a) Eq (b) (EnelLap)

v

Potential E vs. CE
o
Current /

Ex (Ecpllce)
Time t Potential E vs. CE

Figure 4.5: [llustration of a cyclic voltammetry measurement with relevant parameters; (a) potential profile of
the working electrode potential E vs. CE as a function of time with scan rate v and reverse potential Eg;
(b) resulting cyclic voltammogram with an anodic (AP) and a cathodic peak (CP).

For higher scan rates v, higher peak currents Ir are observed. For liquid electrolytes,
Randles-Sev¢ik equation (4.5) claims an Ir ~ Vv correlation. Besides, an Er ~ In(v)
correlation holds for irreversible systems (see Equations (4.6) and (4.7)91). In this work, the
peak values (Ep|lp) illustrated in Figure 4.5 (b) were determined by picking the highest
current value and its corresponding potential value from the data set. More insights into

cyclic voltammetry can be found in a book by Bard, Faulkner and White92.

nFvD
RT

Ip = 0.4463 nFAc (4.5)
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) RT (1—a)nFv

Enp = E° (l—a)nFln( RTk ) (4-6)
_ 0 _ RT anFv

Eep = E anFln(RTk) (47)

4.2.4 Potentiostatic Polarization

In potentiostatic polarization experiments, a constant potential (= Epor) is applied to the
working electrode (vs. CE) and the resulting current I is recorded. Figure 4.6 illustrates a
typical I versus t curve obtained in this work. During polarization, the current decreases
with time and drops to zero after polarization time tpor. is reached. The decrease of current
is ascribed to diffusive limitations of redox species that are transported towards the working
electrode. According to Cottrell equation (4.8), the current is expected to follow an I ~ 1/+/t
dependence. However, it should be noted that this correlation is derived for liquid

electrolytes and is therefore not valid for solid electrolytes.

[ = nFj%\/E (4.8)
t
Q=J1®dt (4.9)
=
=
[«5]
=
=
|
It(POL)
Q
0 :
Time t t(POL)

Figure 4.6: Illustration of a typical I versus t curve obtained by applying a constant potential E to the WE

(vs. CE) for a polarization time t(POL). Q represents the area beneath the curve, and IipoL) represents the current
value before current drops to zero.

For evaluation of potentiostatic polarization experiments, two quantities were determined.
First, the area beneath the I versus t curves was determined (see Figure 4.6). Due to
Equation (4.9) this area corresponds to the moved or converted charge Q and was calculated
by OriginPro 2023b. Second, the last current value /ipor) before the current drops to zero was

determined by picking it from the data set.
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5 Preparation of Pt and CeO2.x Films

This chapter deals with the fabrication and characterization of platinum (Pt) and cerium
oxide (Ce02.y) films. For that, preparation by pulsed laser deposition (PLD) is considered a
suitable method. Here, the fabrication of dense?3-%5 and de-wetted®39 platinum films on
polished YSZ(111) substrates are well documented in literature. However, since the YSZ
substrates employed in this work were only polished on one side, the fabrication of platinum
films on the unpolished side had to be investigated (Chapter 5.1). These films were supposed
to work as counter electrodes in the pumping system which is why the preparation of dense
and electrically conductive films was necessary. Beyond that, the fabrication of cerium oxide
films is investigated in this chapter. Also for cerium oxide films, preparation by PLD is a
common method97-1%0, In this work, dense cerium oxide films with a (111) preferential
orientation were pursued (see Chapter 3.3). For that, the deposition was primarily tested
on the polished side of the YSZ(111) substrate (Chapter 5.2). Based on this, Chapter 5.3
shows the deposition of cerium oxide films deposited on Pt(111) films that were deposited
on the polished side of YSZ(111) beforehand (see Figure 5.1). All films were characterized
by scanning electron microscopy (SEM) and X-ray diffraction (XRD).

SEM, XRD
Pt(111)
Platinur‘n film Cerium oxide film Cerlum oxide film film
= vz | YSZ(111) \ YSZ(111) |

Figure 5.1: Illustration of Chapter 5. Platinum films were grown on the unpolished side of the YSZ(111)
substrate and cerium oxide films were grown on the polished side of the YSZ(111) substrate as well as on Pt(111)
films. All films were fabricated by pulsed laser deposition (PLD) and characterized by scanning electron
microscopy (SEM) and X-ray diffraction (XRD).
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5 Preparation of Pt and CeO2zx Films

5.1 Preparation of Pt Films on Unpolished YSZ(111)

Platinum deposition on the unpolished side of the YSZ(111) substrate by PLD was carried
out in argon atmosphere (p = 2 Pa) with a pulse energy of 400 m] and a pulse frequency of
6 Hz. The temperature of the heater was set to 700 °C. These parameters were taken from a

work by Beck et al.3. 7,200 pulses were emitted.

The electrical conductivity of the platinum film was examined by a multimeter. The two pins
were pressed onto the film with around seven millimeters distance. Resistance values in the
single digit Q range were obtained, making the film suitable for the application as counter
electrode in the intended pumping system (see Chapter 3.3). The SEM images in Figure 5.2

show a dense, but inhomogeneous platinum film with fragments of various sizes. In XRD

analysis, reflexes at 30.1°, 39.9° and 62.5° were found, which could be attributed to
YSZ(111), Pt(111) and YSZ(222)93 (see Figure 5.3). The reflexes at 27.2°, 28.8°, 55.9° and
59.6° are not discussed, but they did not appear for respective Pt depositions on the polished
YSZ(111) side (cf. Figure 11.1).

Figure 5.2: SEM images of a platinum film deposited on the unpolished YSZ(111) substrate side; (a) overview
image showing a dense film; (b) more detailed image with fragments of different sizes.
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Figure 5.3: XRD pattern of a platinum film deposited on the unpolished YSZ(111) substrate side. Reflexes are
attributed to YSZ(111), Pt(111) and YSZ(222).
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5.2 Preparation of CeO:.x Films on YSZ(111)

The preparation of cerium oxide films was tested on the polished YSZ(111) substrate side.
The films were prepared by PLD with a pulse energy of 300 m] and a pulse frequency of
10 Hz. The depositions were carried out in an oxygen atmosphere (p =2 Pa). The
temperature of the heater was set to 300 °C. 36,000 pulses were emitted. These parameters

were derived from a work by Balakrishnan et al.%8.

The so-prepared cerium oxide film had a film thickness of around 4 pm and a dark blue color.
The color could indicate that the film was reduced or nonstoichiometric to a certain extent?s,
A more detailed spectroscopic investigation of this can be found in Chapter 6. Images taken

by SEM show a dense film with grains of various sizes (see Figure 5.4). The cerium oxide

film grew epitaxially since reflexes at 28.3° and 58.5° could be attributed to
Ce02.4(111) and Ce02-,(222)9%8.

Figure 5.4: SEM images of a cerium oxide film deposited on the polished side of the YSZ(111) substrate;
(a) overview image showing a dense film; (b) more detailed image showing grains of various sizes.
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Figure 5.5: XRD pattern of a cerium oxide film deposited on the polished YSZ(111) substrate side. Reflexes are
attributed to CeO2-x(111), YSZ(111), CeO2-x(222) and YSZ(222).
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Deposition in argon atmosphere

The deposition of cerium oxide films on the polished side of the YSZ(111) substrate was also
tested with argon as background gas. Apart from that change, the same parameters were
used as described above (E =300 m], f=10 Hz, N = 36,000, p(Ar) = 2 Pa, 9eater = 300 °C).

The resulting film also had a thickness of around 4 pm and a deep blue color. However, SEM
images reveal significant differences since the cerium oxide film deposited in argon
atmosphere shows cracks (see Figure 5.6). The corresponding results of XRD analysis can

be found in the Appendix (Figure 11.2).

Figure 5.6: SEM images of a cerium oxide film deposited on the polished side of the YSZ(111) substrate; the
deposition was performed with argon as background gas; (a) overview image revealing cracks within the film;
(b) more detailed image of the cracks.

5.3 Preparation of CeO:., Films on Pt(111)/YSZ(111)

Based on the results from Chapter 5.2, cerium oxide films were deposited on a Pt(111) film,
which was deposited on the polished YSZ(111) substrate side beforehand (F = 400 m],
f =6 Hz, p(Ar) = 2 Pa, Jnearer = 700 °C, N = 7,2009). For the subsequent preparation of a
cerium oxide film, a pulse energy of 300 m], a pulse frequency of 10 Hz and a heater
temperature of 300 °C were used. Oxygen was used as background gas (p(02) = 2 Pa) and

36,000 pulses were emitted.’8

Figure 5.7 shows SEM images of the resulting cerium oxide film that are comparable to the
images taken for the cerium oxide film deposited on YSZ(111) (cf. Figure 5.4). Figure 5.8
shows the XRD pattern of the CeO,.x/Pt/YSZ system. In addition to the reflexes that are
ascribed to Pt(111) (26 = 39.8°), YSZ(111) (26 = 30.0°) and YSZ(222) (208 = 62.4°)%, a
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5 Preparation of Pt and CeO2zx Films

further reflex at 28.3° was attributed to Ce02.,(111)%. Accordingly, an epitaxial growth of

the cerium oxide film on the Pt(111) film was obtained.

Figure 5.7: SEM images of a cerium oxide film deposited on a Pt(111) film, which was deposited on the polished
YSZ(111) substrate side beforehand; (a) overview image showing a dense film; (b) more detailed image showing
grains.
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Figure 5.8: XRD pattern of a cerium oxide film deposited on a Pt(111) film, which was deposited on the polished
side of YSZ(111) substrate beforehand. Reflexes are attributed to CeO2x(111), YSZ(111), Pt(111) and YSZ(222).

Regarding the intended pumping system (see Chapter 3.3), the successful preparation of
dense cerium oxide films with (111) preferential orientation on dense platinum thin films
represents an important intermediate result. Based on this, cerium oxide films were grown

on de-wetted platinum thin films in a further step (see Chapter 8.1).
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6 Spectroscopy on CeQ:.x Films

Raman spectroscopy (RS)?2 and X-ray photoelectron spectroscopy (XPS)19-21 are suitable
methods to investigate the oxidation state of cerium oxide (CeO2.). Accordingly, they were
applied on the cerium oxide films fabricated by pulsed laser deposition (see Chapter 5). It
was assumed that these films were partially reduced due to dark blue colori¢ after
deposition on yttria-stabilized zirconia. RS and XPS measurements were additionally
performed after an annealing step in air. [t was assumed that annealing in air would lead to
an incorporation of oxygen into cerium oxide26. Thereby, spectra with different amount of
oxygen vacancies could be analyzed. In addition, due to corresponding penetration depth,
Raman spectroscopy gave information about bulk defects, whereas XPS provided
information about the surface. The measurements were carried out on cerium oxide films
deposited on YSZ(111) as well as on Pt(111)/YSZ(111). A brief description of preparation
is given in Chapter 6.1. The results of the spectroscopic measurements are then presented
in Chapters 6.2 and 6.3.

As prepared - RS, XPS CeOy.,
YSZ(111) YSZ(111)

Pt(111)

Annealmg in air \ Pt(l 11)
] YSZ(111) \ YSZ(111)

Figure 6.1: [llustration of Chapter 6. Cerium oxide films were grown by pulsed laser deposition on YSZ(111) and
on a Pt(111) thin film. After preparation, films were investigated by Raman spectroscopy (RS) and by X-ray
photoelectron spectroscopy (XPS). After annealing in air, measurements were repeated. It was assumed that
oxygen is incorporated into cerium oxide in the annealing step.
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6.1 Preparation of CeO:.x Films

The cerium oxide films were prepared by PLD with a pulse energy of 300 m], a pulse
frequency of 10 Hz and a heater temperature of 300 °C. Oxygen was used as background gas
(p =2 Pa).%8 The number of pulses was 18,000. These parameters led to films with a
thickness of around 150 nm. The deviating film thickness compared to Chapter5 is
described in Chapter 4.1.1. The cerium oxide films were deposited on YSZ(111) and on
Pt(111)/YSZ(111) as illustrated by Figure 6.1. The polished side was deposited, respectively.
The intermediate Pt(111) film was also prepared by PLD? (E = 400 m], f = 6 Hz,
OHeater = 700 °C, p(Ar) = 2 Pa, N = 7,200). The thickness of the Pt(111) film was around
130 nm. After the initial Raman and XPS measurements were carried out, the samples were
annealed in air (p(02) = 0.2 atm) at 600 °C for 12 hours. After that, measurements were

repeated.

6.2 Raman Spectroscopy on CeO:.x Films

This chapter presents the results of Raman measurements on cerium oxide films deposited
on YSZ(111) as well as on Pt(111)/YSZ(111). Since the results differ significantly, this

chapter is divided into two subchapters.

Raman spectroscopy on CeQ,../YSZ(111)

Figure 6.2 (a) shows the Raman spectra for a cerium oxide film grown on YSZ(111) after
preparation via PLD (black graph) and after annealing in air (blue graph). Several modes
were observed, which were assigned to the underlying YSZ substrate as a reference
spectrum of a pure YSZ substrate shows (grey graph). The only mode that did not occur for
pure YSZ is the characteristic Fz; mode of CeO; caused by the symmetric breathing vibration
of the oxygen ion sublattice?2. Regarding Figure (b), the position of the F,; peak shifts
through annealing. As prepared, the position of this peak was found at around 460 cm™.
After heat treatment, the F,; mode was located at 463 cm™. This shift to higher wave
numbers can be explained by oxidation of the cerium oxide film1°L. In addition to the peak
shift, a change in peak width was observed. As prepared, the full width at half maximum
(FWHM) of the F2; mode was 25 cm™1. After annealing in air, however, the FWHM was only
15 cm™1. This effect is ascribed to growing crystallites. The correlation between crystallite
size within cerium oxide films and peak width is also shown in a publication by Suzuki et
al.102, Here, they presented a linear behavior between half width and the inverse of the grain

size.
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Figure 6.2: Raman spectra of a cerium oxide film deposited on the polished side of YSZ(111) substrate after
preparation via pulsed laser deposition (black) and after annealing in air (blue); (a) overview spectra compared
with a reference spectrum of the YSZ substrate (grey); (b) normalized Fzg mode of cerium oxide.

Raman spectroscopy on Ce0,../Pt(111)/YSZ(111)

This subchapter presents the obtained Raman spectra for the CeO,../Pt(111)/YSZ(111)
system after preparation by PLD and after annealing in air (see Figure 6.3). The respective
Raman spectra differ significantly from that of the Ce0,../YSZ(111) system since there are
no peaks that could be attributed to YSZ. Presumably, this is caused by the high reflectivity
of the intermediate platinum film. Indeed, no YSZ peak was obtained when the laser spot is
focused on the platinum film. Figure 6.3 clearly shows the characteristic F2; mode?22 in both
cases at around 463 cm~! meaning that no significant shift due to the heat treatment
occurred. This contrasts with the cerium oxide film deposited on YSZ. However, the FWHM
decreased through annealing (21 cm™ to 16 cm™) that is, again, attributed to crystallite
growth10z, Regarding (b), another difference caused by annealing can be noticed. Before heat
treatment, additional modes at around 542 cm™! and 592 cm~! were observed. After heat
treatment, these modes are hardly noticeable or absent. Comparable spectra containing
these modes can be found in literature for  Gd-doped!03-107  or
Sm-doped104106107 cerium oxide samples. There are also publications that found defect
modes at 560 cm™1108 and at 592 cm~11%9 for pure nonstoichiometric cerium oxide. Overall,
these modes can be attributed to the presence of oxygen vacancies. Therefore, annealing led
to a decrease of oxygen vacancies and accordingly to an oxidation of the cerium oxide film.
Since these modes nearly disappeared, cerium oxide is considered fully oxidized or
stoichiometric. The Raman spectrum of the cerium oxide target employed for PLD can be

found in the Appendix.
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Figure 6.3: Raman spectra of a cerium oxide film deposited on Pt(111)/YSZ(111) after preparation via pulsed
laser deposition (black) and after annealing in air (blue); (a) overview spectra; (b) normalized F2; mode of

cerium oxide with defect modes at 541 cm™! and 592 cm™! after preparation that nearly disappeared after
annealing.

The Raman results presented here are particularly important for the interpretation of
electrochemical data obtained for the Ce0O»../Pt/YSZ/Pt system (see Chapter 8). Based on
the presented Raman data, it can be concluded that stochiometric CeO; is present during

electrochemical characterization, which was conducted at elevated temperatures in air.

6.3 X-ray Photoelectron Spectroscopy on CeO:.x Films

Like Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) is another method that
can be used to investigate the oxidation state of cerium oxide. XPS has an information depth
of a few nanometers and is therefore significantly more surface-sensitive than Raman
spectroscopy. Figure 6.4 shows the XP spectra for the respective cerium oxide films after
preparation and after annealing in air for both cerium oxide systems. Regarding (a), the
Ce 3d spectra are quite similar before and after annealing. Six main peaks indicate a high
Ce** concentration?!. Before heating, slight shoulders at around 885 eV and 903 eV were
observed, which are attributed to a slight nonstoichiometry or reduction of the cerium oxide
surfacel10, However, after the annealing step, the cerium oxide surface is considered fully

oxidized due to disappearance of these shoulders.
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Figure (b) shows the corresponding O 1s XP spectra. For both the Ce0O;../Pt/YSZ and the
Ce02../YSZ system the same trend was observed, i.e., a slight shift of the O 1s peak towards
lower binding energy due to annealing in air. It shifted from 529.4 eV to 529.2 eV,
respectively. The origin of that shift might be caused by an oxidation effect. In a work by
Mullins et al.2, the O 1s position is claimed to be 530.4 eV for CeO; and 530.7 eV for CeO1..
Besides, there are further studies that investigated the O 1s peak when cerium metal is
exposed to oxygen?11L. Also here, a shift to lower binding energies is given during oxidation.
However, literature is not consistent in terms of O 1s shifting and the respective role of

oxygen vacancies in this regard!12. The corresponding Ce 4d XP spectra can be found in the

Appendix.
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Figure 6.4: XP spectra of cerium oxide films after preparation via pulsed laser deposition (black) and after
annealing in air (blue); (@) Ce 3d XP spectra of a CeO2z« film deposited on a Pt(111) film (top) and Ce 3d XP
spectra of a CeOz-xfilm deposited on aYSZ(111) substrate (bottom); (b) O 1s XP spectra of a CeOz-x film deposited
on a Pt(111) film (top) and O 1s XP spectra of a CeOz-x film deposited on a YSZ(111) substrate (bottom).
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7 Characterization of Pt/YSZ /Pt Cells

The pursued pumping system is based on a Pt/YSZ/Pt cell (see Chapter 3.3). This chapter
presents the preparation and electrochemical characterization of this underlying cell type.
Therefore, a de-wetted platinum film electrode is deposited on one side of the YSZ substrate.
On the backside, a dense platinum film electrode is deposited. For characterization,
electrochemical impedance spectroscopy (EIS) was applied. It was investigated how de-
wetted structure affects the impedance. For that, the EIS results were compared with those
of another Pt/YSZ/Pt cell that has two dense platinum film electrodes (see Figure 7.1). EIS
measurements were performed at different temperatures to make conclusions about YSZ
activation energies and about the electrode process, i.e., oxygen incorporation and removal
occurring at the triple phase boundary 0,/Pt/YSZ. In Chapter 7.1, the preparation of
respective Pt/YSZ/Pt cells by PLD is shown. Results of EIS measurements are then presented
in Chapters 7.2 and 7.3. The cells were first annealed at 600 °C in air (Chapter 7.2) and then
characterized in the temperature range from 300 °C to 600 °C (Chapter 7.3).

EIS

De-wette‘d Pt film Dense ‘Pt film

o D 4 % o o
78 S CTACA YA LN S
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[ / \ )
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Dense Pt film

Figure 7.1: lllustration of Chapter 7. Two different Pt/YSZ/Pt cells were prepared by pulsed laser deposition.
One cell consists of one de-wetted and one dense platinum thin film electrode (left). The other cell consists of
two dense platinum thin film electrodes (right). Both systems were characterized by electrochemical impedance
spectroscopy (EIS) to reveal differences caused by the de-wetted structure.
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7.1 Preparation of Pt/YSZ/Pt Cells

For preparation of Pt/YSZ/Pt cells, platinum films were first deposited on the polished side

of the YSZ(111) substrate. For preparation of a dense platinum film on polished YSZ, the

same parameters?3 were used like for the deposition on unpolished YSZ (see Chapter 5.1).

The resulting film had a thickness of around 161 nm and showed a Pt(111) preferential

orientation. For preparation of a de-wetted platinum film on polished YSZ, a heater

temperature of 800 °C and a pulse frequency of 2 Hz were applied. The deposition took place

in argon atmosphere (p = 1 Pa) and 14,400 pulses with a pulse energy of 400 m] were

emitted. These parameters were derived from a publication by Popke et al.63 and led to a

film thickness of around 34 nm. After platinum depositions were carried out on the polished

side of the YSZ substrate, respective platinum depositions were performed on the

unpolished side. Again, the same PLD parameters?3 as described in Chapter 5.1 were used

for preparation of dense films. All platinum depositions were performed centered with an

area of 8 mm x 8 mm on the 10 mm x 10 mm YSZ substrate (see Figure 7.2).
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Figure 7.2: Geometries of deposited platinum thin films on the polished (left) and on the unpolished side (right)
of the YSZ(111) substrate; films were prepared by pulsed laser deposition; (a) Pt/YSZ/Pt cell with one de-wetted
and one dense platinum film; (b) Pt/YSZ/Pt cell with two dense platinum films.
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Characterization of de-wetted platinum film

Figure 7.3 shows SEM images of the de-wetted platinum thin film. The trenches reveal
different forms and a width of approximately 100 nm. Despite de-wetted structure,
electrical conductivity could be confirmed by multimeter. The two pins were pressed onto
the film with around seven millimeters distance and resistance values in the range of 10
were obtained. The de-wetted platinum film exhibited a (111) preferential orientation®3 as

indicated by the reflex at 39.8° in the XRD pattern (see Figure 7.4).

()|, = !

¢ w o
Ny
)0 /-1 >

Figure 7.3: SEM images of a de-wetted platinum film that was grown on the polished side of a YSZ(111)
substrate; (a) overview image; (b) more detailed image with trenches of different forms.

[%2]
S 800 | .
<
~ F ]
B = _ S
SR | 3
g 3 = 2
E >~ & >~

0 JIL 1 N 1 N 1 N

20 30 40 50 60 70

20/°

Figure 7.4: XRD pattern of a de-wetted platinum film that was grown on the polished side of a YSZ(111)
substrate. Reflexes are attributed to YSZ(111), Pt(111) and YSZ(222).
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7.2 EIS Measurements during Annealing

The Pt/YSZ/Pt cells (see Chapter 7.1) were first annealed in air (9 = 600 °C, t = 12 h,
p(air)= 1 atm). During annealing, EIS measurements were performed to monitor changes.
Figure 7.5 shows the resulting Nyquist plots for the two Pt/YSZ/Pt cell types. Here, part (a)
shows the low-frequency range and part (b) the high-frequency range. For quantitative
evaluation, a R-RL-RCPE equivalent circuit was applied for the sample with one de-wetted

film, and a R-RL-CPE circuit was used for the cell with two dense films (see also Table 7.1).
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Figure 7.5: Nyquist plots for a Pt/YSZ/Pt cell with one de-wetted Pt film and one dense Pt film as well as Nyquist
plots for a Pt/YSZ/Pt cell with two dense Pt films during annealing in air (9 = 600 °C, t = 12 h, p(air) = 1 atm);
time represents the dwell time at 600 °C; (a) low-frequency range; (b) high-frequency range.

Discussion of low-frequency range

Regarding Figure 7.5 (a), Nyquist plots differ significantly in the low-frequency range. While
the Pt/YSZ/Pt cell with de-wetted Pt film resulted in clearly visible semicircles, the
Pt/YSZ/Pt cell with dense Pt film led to a straight line instead. This can be explained by the
electrode process taking place, i.e., the incorporation and removal of oxygen at the triple
phase boundary (TPB) 02/Pt/YSZ (see Chapter 3.1). Since the TPB of de-wetted platinum
film is orders of magnitude longer in comparison to the dense platinum film, much more
oxygen can be incorporated or removed. For that process, a semicircle (RepCPE) is obtained
whose resistance (= Rgp) is regarded as resistance for the electrode process or the oxygen
exchange reaction. In case of dense platinum film, oxygen accumulates at the dense platinum
electrode since it cannot be exchanged. In the Nyquist plot, this blocking behavior results in
a straight line and is therefore modelled with a constant phase element (CPE). The

corresponding Q and a values of RgpCPE and CPE can be found in the Appendix.
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7 Characterization of Pt/YSZ/Pt Cells

As indicated by Figure 7.5 (a), the diameter of the semicircle or the resistance Rgp increased
with dwell time at 600 °C. This increase is proportional to V¢t as shown in Figure 7.6 (a). This
behavior was, e.g., also observed by Popke et al.63 where it was ascribed to the formation of
platinum oxides. Platinum oxides inhibit the oxygen exchange reaction, leading to an

increase of the corresponding resistance (see also Chapter 3.1).
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Figure 7.6: (a) Plot of electrode process resistance Rgp versus square root of dwell time vVt at 600 °C for the
Pt/YSZ/Pt cell with one de-wetted and one dense Pt thin film (p(air) = 1 atm); (b) plot of YSZ bulk resistance
Rysz versus dwell time at 600 °C for the Pt/YSZ/Pt cell with one de-wetted and one dense thin Pt film as well as
for the Pt/YSZ/Pt cell with two dense Pt thin films.

Discussion of high-frequency range

In the high-frequency range, the Nyquist plots of the two Pt/YSZ/Pt cells are similar (see
Figure 7.5 (b)). On the real axis an offset was obtained, which was modelled as a resistance R
attributed to the YSZ bulk resistance (= Rysz). An inductive semicircle also occurred, which
was included in the equivalent circuit diagram as parallel R;L element. However, R, and L

values will not be further discussed as it was assumed that they arose from the setup.

Regarding Figure 7.6 (b), Rysz values for de-wetted Pt/YSZ/Pt cell are slightly higher in
comparison to those for the dense Pt/YSZ/Pt cell. This issue could be caused by a smaller
electrode area due to de-wetted structure. By Image/, a de-wetted area of around 7% was
calculated. That means that the electrode area A of the de-wetted film is only 93% of the
area of the dense film (Age-wetted/Adense = 0.93). By considering R ~ 1/4, a slightly higher
resistance is therefore reasonable. Indeed, the corresponding ratio of resistances
(= Raense/Rde-wetted) Would underline this assumption as it is 0.95 in average. Beyond that,

both curves show the same trend as they first increase slightly and then remain constant.
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7.3 EIS Measurements at Different Temperatures

In this chapter, the results of temperature-dependent EIS measurements are presented
(p(air) = 1 atm). The Pt/YSZ/Pt cells (see Chapter 7.1) were characterized in 25 °C steps
from 300 °C to 600 °C. Representative Nyquist plots for different temperature ranges are
shown in Figure 7.7. In the high-frequency range (a), the two cell types do not differ in their
general form. In the temperature range from 300 °C to 475 °C, a semicircle occurred in both
cases, which was modelled by a RCPE parallel circuit, respectively (see Table 7.1). Here,
corresponding R values were attributed to the bulk resistance of YSZ (= Rysz). From 525 °C
to 600 °C, there is a single resistance (= Rysz) and an inductive semicircle (= R;L) as it was
also obtained during annealing at 600 °C (see Chapter 7.2). The measurement at 500 °C
could not be modelled appropriately. In the low-frequency range (b), both Pt/YSZ/Pt cells
exhibit blocking behavior for the temperature range from 300 °C to 475 °C. This behavior
remains the same for the cell with two dense platinum films in the temperature range from
525 °C to 600 °C. For the cell with the de-wetted platinum film, however, a semicircle
appears from 525 °C on, which is modelled as parallel RCPE element, representing the
electrode process occurring at the triple phase boundary O,/Pt/YSZ. The equivalent circuits

applied for quantification are summarized for the respective temperature range in Table 7.1.
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Figure 7.7: Nyquist plots for a Pt/YSZ/Pt cell with one de-wetted Pt film and one dense Pt film (black) as well
as Nyquist plots for a Pt/YSZ/Pt cell with two dense Pt films (blue) for various temperatures (p(air) = 1 atm);
(a) high-frequency range; (b) low-frequency range.
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Table 7.1: Overview of equivalent circuits used for respective Pt/YSZ/Pt cells at various temperature ranges.

9 =300°Cto475°C ¥ =525°Cto 600 °C
Dense Pt R,
/YSZ/ Ry > —
Dense Pt L

>_

De-wetted Pt Ry
/YSZ/ Ry,

Dense Pt L

Activation energies of oxygen bulk transport in YSZ

For the two Pt/YSZ/Pt cells the same temperature dependence for YSZ bulk resistance
(= Rysz) was observed. This can be demonstrated by a respective In(ovyszT) versus 1/T plot
(see Figure 7.8). Here, a bending in the data points was found which is why no single linear
regression was performed. Instead, three different regressions are presented showing the
general trend of decreasing activation energy Ea with increasing temperature. Indeed, this
bending is often reported in literature3032113-115 and frequently ascribed to mobile and
immobile oxygen vacancies. The immobile oxygen vacancies are trapped in defect
complexes3* like (Y7, V5")® and (Y2, VS Yg,)* and do not contribute to ionic conduction. With

increasing temperature, however, these complexes decay, resulting in more mobile

vacancies.
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Figure 7.8: Logarithmic plot of ovszT versus T-! and calculated values for activation energies Ea for three
different temperature ranges; (a) data for the Pt/YSZ/Pt cell with one de-wetted and one dense Pt thin film;
(b) data for the Pt/YSZ/Pt cell with two dense Pt thin films.
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Temperature dependence of the electrode process

In the temperature range from 525 °C to 600 °C the electrode process, i.e., oxygen
incorporation and removal at the 0,/Pt/YSZ triple phase boundary, can be modelled by a
parallel RgpCPE circuit (see Table 7.1). For evaluating the Rgp values in greater detail, EIS
measurements were performed in 10 °C steps from 530 °C to 600 °C. The corresponding
Nyquist plots (see Figure 7.9 (a)) show a decreasing semicircle diameter with increasing
temperature. A plot of the corresponding Rgp values is given in Figure (b), providing a clear
illustration of the temperature dependence of the oxygen exchange reaction. The Q and «
values associated with the RgpCPE circuit as well as the high-frequency parts of Figure 7.9

(a) can be found in the Appendix.
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Figure 7.9: Temperature dependence of the electrode process resistance Rep of the Pt/YSZ/Pt cell with one de-
wetted Pt thin film and one dense Pt thin film (p(air) = 1 atm); (a) low-frequency range of Nyquist plots for
various temperatures; the corresponding high-frequency parts are presented in the Appendix; (b) plot of
calculated Repvalues versus temperature. Lines are drawn between data points to indicate the trend.
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8 Electrochemistry on CeO..x/Pt/YSZ/Pt

In this chapter, the preparation and electrochemical characterization of a CeO;../Pt/YSZ/Pt
system is shown, representing a prototype for the intended pumping system (see
Chapter 3.3). For that, a Pt/YSZ/Pt system with one de-wetted Pt film was prepared and
extended with a cerium oxide film (see Figure 8.1). Preparation as well as SEM and XRD
characterization are presented in Chapter 8.1. The main part of this chapter, however, is the
electrochemical characterization of this system since the oxidation state of cerium oxide
must be controlled by applying electric potentials. Therefore, electrochemical impedance
spectroscopy (EIS) (Chapter 8.2) and cyclic voltammetry (CV) (Chapter 8.3) were applied to
investigate at first whether influences were found, which could be ascribed to the cerium
oxide film. Thus, respective EIS and CV measurements were compared with a reference
system without cerium oxide (see Chapter 7). Additionally, potentiostatic polarization
measurements were conducted to gain information about the currents at anodic and
cathodic polarization (Chapter 8.4). All electrochemical measurements were performed in

air and at various temperatures (p(air) = 1 atm, 9 = 300 °C to 600 °C).

Cerium oxide film Influences in...

De-wetted Pt film —
{WE]

[CE] EIS Cv POL

YSZ LA Dense Pt film

Figure 8.1: [llustration of Chapter 8. An electrochemical CeO2.x/Pt/YSZ/Pt system was prepared by pulsed laser
deposition that serves as a prototype for the intended pumping system. To investigate whether the cerium oxide
film is electrochemically integrated in the system, impedance spectroscopy (EIS), cyclic voltammetry (CV) and
potentiostatic polarization (POL) experiments were performed to find influences caused by the cerium oxide
film.
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8.1 Preparation of a CeO;.x/Pt/YSZ/Pt System

For preparation of a CeO2.,/Pt/YSZ/Pt system by PLD, a Pt/YSZ/Pt cell was prepared as
described in Chapter 7.1. Thus, a de-wetted platinum film was grown on the polished side
of the YSZ(111) substrate in a first step. The same parameters as depicted in Chapter 7.1
were used, except for the number of pulses, which were 21,600. As shown in Figure 8.2, the
de-wetted platinum film was deposited centered with an area of 8 mm x 8 mm (@ film
thickness = 41 nm). After that, a dense platinum film was deposited on the backside of the
YSZ(111) substrate, also centered with an area of 8 mm x 8 mm. For that, the same
parameters as depicted in Chapter 5.1 were used. Finally, a cerium oxide film was deposited
on the de-wetted platinum film with the same parameters as presented in
Chapter 5.3. The area of the cerium oxide film was 3 mm x 6 mm. As shown in Figure 8.2,
the cerium oxide film was not deposited centered but with 1 mm distance to the respective
edges of the platinum film on the left side. This geometry was chosen to have sufficient free

area for bonding with platinum paste, platinum wire and Ceramabond.
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Figure 8.2: Geometries of the prepared CeO2.x/Pt/YSZ/Pt system; films were prepared by pulsed laser
deposition; (a) a de-wetted platinum was grown on the polished side of the YSZ(111) substrate; on top of this
film, a cerium oxide film was deposited; (b) a dense platinum film was deposited on the unpolished backside of
the YSZ(111) substrate.

Figure 8.3 shows SEM images of the respective films that were taken after final deposition
of cerium oxide. Figure part (a) shows the de-wetted platinum thin film deposited on the
polished side of the YSZ(111) substrate. In comparison to the de-wetted platinum film
shown in Chapter 7 (cf. Figure 7.3), the degree of de-wetting is less for this film, which is
probably due to increased number of laser pulses and increased film thickness (41 nm
versus 34 nm). Regarding (b), a dense cerium oxide film can be seen, which is comparable
to that obtained for deposition on dense platinum (cf. Figure 5.7). For discussion, it is
assumed that the cerium oxide film fills the trenches of the de-wetted structure, resulting in
a Ce02.+/YSZ interface.
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Figure 8.3: SEM images of the films after final deposition of cerium oxide; (a) de-wetted platinum thin film
deposited on the polished side of the YSZ(111) substrate; (b) dense cerium oxide film deposited on the de-
wetted platinum thin film.

XRD analysis of the prototype system reveals an epitaxial growth of the cerium oxide film
on the de-wetted platinum film (see Figure 8.4). A respective reflex was obtained at 28.4°
thatis ascribed to a (111) preferential orientation of cerium oxide98. The pattern also shows
areflex at 39.9°, which is ascribed to a Pt(111) preferential orientation?3. The other reflexes
are attributed to YSZ(111) (26 = 29.9°) and YSZ(222) (26 = 62.5°).
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Figure 8.4: XRD pattern of the CeO2-x/Pt/YSZ/Pt system. The reflexes are attributed to CeO2-x(111), YSZ(111),
Pt(111) and YSZ(222).

Based on the findings presented in Chapter 5.3, this chapter demonstrates that dense cerium
oxide films with a (111) preferential orientation can likewise be grown on de-wetted
platinum thin films. This represents a significant intermediate result with respect to the

intended application as Deacon catalyst (see Chapters 3.2 and 3.3).
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8.2 Impedance Spectroscopy on CeO.../Pt/YSZ/Pt

In this chapter, EIS results of the CeO;../Pt/YSZ/Pt system are presented and compared with
those obtained for the Pt/YSZ/Pt reference system (see Chapter 7). By this, influences
caused by the cerium oxide film were found. Like the Pt/YSZ/Pt system, the
CeO,.x/Pt/YSZ/Pt system was first annealed in air. Afterwards, it was characterized at

various temperatures.

8.2.1 EIS Measurements during Annealing

At first, the CeO../Pt/YSZ/Pt system was annealed in air (9=600 °C, t = 12 h,
p(air) = 1 atm), which was analyzed by EIS. The resulting Nyquist plots (see Figure 8.5 (a))
look quite like those obtained for the annealing process of the Pt/YSZ/Pt reference system
(cf. Figure 7.5). However, the corresponding Bode plots (b) show a second peak meaning an
additional process compared to the reference system (see black line). The high-frequency
range of the CeO,../Pt/YSZ/Pt system is comparable to the reference system as a resistive

offset and an inductive semicircle occurred (see Figure 11.9 (a) in the Appendix).

, , T T
| (b) ’Reference system without Ce0,, film| |
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Figure 8.5: EIS measurements conducted during the annealing process of the CeO2z.x/Pt/YSZ/Pt system
(9 =600 °C, t = 12 h, p(air) = 1 atm); time represents the dwell time at 600 °C; (a) Nyquist plots with two
schematically drawn semicircles (A) and (B); (b) corresponding Bode plots for the low-frequency range
indicating two processes (peaks) in comparison to the Pt/YSZ/Pt reference system revealing only one peak (see
black data line).
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Discussion of two peaks in the low-frequency range

Due to the additional peak, two RCPE circuits were used for modelling the low-frequency
range of the CeO,.x/Pt/YSZ/Pt system, resulting in a Ri-R;L-R3CPE-R4CPE equivalent circuit.
Like for the Pt/YSZ/Pt reference system, the resistance R;represents the bulk resistance of
YSZ (= Rysz). However, Rysz values as well as R, and L values are not discussed as they did not
differ significantly from the Pt/YSZ/Pt systems. Instead, the two RCPE elements are

discussed in greater detail.

The semicircle with the bigger diameter (B) is ascribed to the process of oxygen
incorporation and removal occurring at the triple phase boundary O,/Pt/YSZ. This is
because the corresponding R (= Rep) values show a linear behavior when plotted against Ve,
which was also obtained for the respective process at the Pt/YSZ/Pt reference system (see
Figure 8.6). Furthermore, the corresponding slope (m = 2.65 kQ/vh) is almost the same as
for the reference system (m = 2.72 kQ/Vh). Figure 8.6 shows that the resistance values for
the Ce02../Pt/YSZ/Pt system are bigger in comparison to those of the Pt/YSZ/Pt system.
This could be explained by a smaller TPB length as shown by respective SEM images. Beyond
that, the cerium oxide film covers around 28% of the de-wetted platinum film. Accordingly,
this platinum area has no exposure to oxygen of the atmosphere, meaning that oxygen

exchange is possibly suppressed within this area.
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Figure 8.6: Comparison of electrode process resistance Rep values versus square root of dwell time Vtat 600 °C

for the CeO2-«/Pt/YSZ/Pt system (blue) and for the Pt/YSZ/Pt reference system (black). Electrode process
represents the oxygen exchange reaction occurring at the triple phase boundary 02/Pt/YSZ, respectively.
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The second semicircle (A) must be linked to the cerium oxide film as it is the only difference
in comparison to the reference system. For description of an additional process occurring in
the Ce02../Pt/YSZ/Pt system, Figure 8.7 shows schematically the interface of cerium oxide
and YSZ. During a negative phase of the sinusoidal voltage signal applied to the de-wetted
platinum working electrode, Ce** ions could be reduced to Ce3* by electrons from the
platinum electrode, allowing oxygen ions to migrate across the Ce02./YSZ interface and
occupy oxygen vacancies within the YSZ electrolyte. In case of a positive potential phase, the
reverse process takes place. Here, Ce3+ions are oxidized to Ce**, allowing the incorporation

of oxygen ions into the cerium oxide lattice.

This additional process identified in EIS analysis provides initial evidence for the
electrochemical integration of the cerium oxide film into the pumping system and provides

therefore a first hint for the intended working principle (see Chapter 3.3).
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Figure 8.7: Process assumed to occur at the buried de-wetted platinum electrode during EIS measurements.
During a negative potential phase, electrons of the platinum working electrode (WE) reduce Ce** ions to Ce3*,
whereby oxygen ions migrate from cerium oxide into YSZ.
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Figure 8.8 shows the resistance (= Rce) and capacitance values (= Cc.) of the as-described
Ce*+/Ce3* redox process with increasing dwell time ¢ at 600 °C. Here, the resistance values
increase, and the capacitance values decrease. This suggests an inhibition of the process,
meaning that less oxygen can be exchanged between cerium oxide and YSZ. An inhibition
was also observed for the electrode process occurring at the triple phase boundary of
02/Pt/YSZ. Here, a linear Rep versus V't correlation was ascribed to the formation of platinum
oxides®3. The formation of platinum oxides at the Pt/YSZ interface might also be a reason for
the observed development in Figure 8.8. Indeed, plotting of Rc. versus vVt did not yield a
linear correlation. However, an appropriate linear behavior is obtained by plotting Rce

versus 1/\/t instead. The corresponding plot can be found in Figure 11.12 in the Appendix.
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Figure 8.8: Development of parameters corresponding to the process associated with the Ce**/Ce3* redox
process during annealing at 600 °C; the corresponding Q and « values of the Rc.CPE circuit part can be found in
the Appendix; (a) resistance values Rce versus dwell time ¢; (b) capacitance values Cce versus dwell time ¢. Lines
are drawn between data points to indicate the trend, respectively.

8.2.2 EIS Measurements at Different Temperatures

As shown in Chapter 8.2.1, an additional process occurred for the CeO»../Pt/YSZ/Pt system
at 600 °C. This process was ascribed to the Ce*+/Ce3*+ redox couple and to the corresponding
oxidation or reduction of the cerium oxide film. To further investigate this process or other
processes that could be ascribed to the cerium oxide film, EIS measurements were
performed in a temperature range from 300 °C to 600 °C (25 °C steps) in air (p = 1 atm).
Indeed, from 300 °C to 500 °C no significant differences compared to the reference system
were found. However, from 525 °C on, the process related to the Ce*+/Ce3* redox couple was
observed. For investigating this process in greater detail, measurements from 550 °C to
600 °C were performed in 5 °C steps. Figure 8.9 shows the resulting Nyquist plots and the
corresponding Bode plots. For fitting of presented data, a Rysz-R:L-Rc.CPE-RgpCPE circuit

was used.

As described in Chapter 8.2.1, the semicircle with the bigger diameter (B) is ascribed to the
electrode process occurring at the triple phase boundary 0,/Pt/YSZ. The semicircle with
smaller diameter (A) is ascribed to the process representing the reduction or oxidation of
cerium oxide. Figure 8.10 shows the temperature dependence of respective Rc. and Cce
values. The resistance Rce decreases with increasing temperature meaning that more oxygen
ions could migrate across the CeO2x/YSZ interface. For capacitance values Cce, an increase
with increasing temperature is obtained. Accordingly, more oxygen ions could be

accumulated for this process.
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Figure 8.9: EIS measurements of the CeO2.x/Pt/YSZ/Pt system conducted at various temperatures
(p(air) = 1 atm); (@) Nyquist plots with two schematically drawn semicircles (A) and (B); corresponding high-
frequency part is presented in the Appendix; (b) corresponding Bode plots for the low-frequency range

indicating two processes.
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Figure 8.10: Temperature dependence of parameters corresponding to the process associated with the
Ce#+/Ce3* redox couple; the corresponding Q and a values can be found in the Appendix; (a) temperature
dependence of resistance Rce; (b) temperature dependence of capacitance Cce. Lines are drawn between data

points to indicate the trend, respectively.
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8.3 Cyclic Voltammetry on CeO..x/Pt/YSZ/Pt

By performing EIS measurements with the CeO,./Pt/YSZ/Pt system, a process was
observed, which was attributed to the Ce**/Ce3* redox couple and the corresponding
oxidation or reduction of the cerium oxide film (see Chapter 8.2). In the next step, cyclic
voltammetry (CV) was applied to the system to also find influences that are caused by the
cerium oxide film. However, in a temperature range from 400 °C to 450 °C, no influence by
cerium oxide was observed (see Chapter 8.3.1). Here, the Pt/YSZ system was investigated.
From 500 °C on, influences by cerium oxide were observed, which are presented and
discussed in Chapter 8.3.2. As illustrated in Figure 8.1, all measurements were carried out
with a two-electrode setup with de-wetted platinum film as working electrode (WE) and

dense platinum film as counter electrode (CE).

8.3.1 CV Measurements without Cerium Oxide Contribution (400 °C to 450 °C)

At first, reverse potentials Er were tested to reveal electrochemical processes within the
CeO,.x/Pt/YSZ /Pt system. For that, CV measurements were performed with increasing Er
values (9 = 400 °C, v = 20 mV/s, p(air) = 1 atm). Starting with +0.1 V, the reverse potential
was consecutively increased by £0.1 V as shown in Figure 8.11 (a). By applying a reverse
potential of +0.8 V, one anodic and one cathodic peak were clearly observed. The cathodic

peak exhibits a shoulder peak, additionally.
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Figure 8.11: (a) Cyclic voltammograms obtained for the CeOz.x/Pt/YSZ/Pt system (9 = 400 °C, v = 20 mV/s,
p(air) = 1 atm); reverse potentials were increased in 0.1 V steps; (b) comparison of cyclic voltammograms
obtained for the CeO2-x/Pt/YSZ/Pt system (blue) and for the Pt/YSZ/Pt reference system without cerium oxide
film (black) (9 =400 °C, v =20 mV/s, p(air) = 1 atm).
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Attribution of peaks appearing

None of the peaks in the cyclic voltammograms are caused by the cerium oxide film since
the same peaks were obtained in a respective CV measurement for the Pt/YSZ/Pt system
(see Figure 8.11 (b)). According to that, peaks are attributed to charge transfer reactions of
the Pt/YSZ electrode system. In literature, these peaks are frequently attributed to the
formation of platinum oxides (PtO;x) or to the oxygen exchange reaction occurring at the
triple phase boundary (TPB) 0,/Pt/YSZ55116-118, Dye to high TPB length of the de-wetted
platinum working electrode, the obtained CV peaks were attributed to the oxygen exchange
reaction. Thus, the anodic peak represents the oxygen removal from the YSZ lattice, and the
cathodic peak represents the oxygen incorporation into the YSZ lattice (see
Figure 3.2). The cathodic shoulder peak might occur due to the formation of platinum oxides

at the interface of YSZ and the dense Pt counter electrode.

Behavior of peaks at different scan rates and temperatures

To further characterize the peaks attributed to the oxygen exchange reaction, scan rate v
and temperature ¥ were varied. Figure 8.12 shows the resulting cyclic voltammograms
obtained for the CeO:./Pt/YSZ/Pt system. Here, Figure (a) presents the scan rate
dependence at 400 °C, revealing two distinct effects. First, increasing the scan rate led to
higher anodic and cathodic peak currents (= Iap and Icp). Second, the corresponding peak
potential (= Ep) shifted along the E (vs. CE) axis towards higher absolute values. Varying the
temperature also had two effects on the respective voltammograms (see (b)). With
increasing temperature, peak currents increased and the corresponding peak potential

shifted to lower absolute values.

The trends described can be illustrated by plotting the respective peak points (Ep/Ip). Based
on Equations (4.5), (4.6) and (4.7), peak currents were plotted as a function of Vv and peak
potential values were plotted against In(v). In all cases, linear correlations were obtained as
shown in Figure 8.13. Regarding the respective Ip vs. Vv plots in Figure (a), two additional
observations concerning the slopes can be made. First, the absolute slopes m for anodic and
cathodic peak current values are quite similar. Second, these slopes increase with
temperature. According to Randles-Sev¢ik equation (4.5), this increase could be attributed
to a higher diffusion coefficient D. For the corresponding plots of Er versus In(v), a decrease

of absolute slope values was observed for higher temperatures (see Figure (b)).
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Figure 8.12: Influence of parameters on cyclic voltammograms obtained for the CeO2.x/Pt/YSZ/Pt system in air

(p =1 atm); (a) variation of scan rate (9 = 400 °C); (b) variation of temperature (v =50 mV/s).
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Figure 8.13: Plot of peak points (Ep|lp) obtained from the anodic peak (AP) and from the cathodic peak (CP) as
indicated in Figure 8.12 (a); (@) Iap or Icp vs. Vv plots for different temperatures with linear regression and
corresponding slope m ([m] = HAVs/vmV); (b) Eae or Ecp vs. In(v) plots for different temperatures with linear
regression and corresponding slope m ([m] = mV).
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8.3.2 CV Measurements with Cerium Oxide Contribution (500 °C to 600 °C)

For CV measurements in the temperature range from 400 °C to 450 °C, no significant peaks
were found, which could be attributed to the cerium oxide film of the CeO.../Pt/YSZ/Pt
system (see Chapter 8.3.1). Therefore, cyclic voltammetry was performed at higher
temperatures. Here, an additional peak was observed for the respective cyclic
voltammogram at 500 °C (see Figure 8.14 (a)). Increasing the temperature further, this peak
shifted along the E (vs. CE) axis as illustrated in Figure 8.14 (b). Besides, with increasing
temperature, an additional cathodic peak became more pronounced. These peaks did not
appear for the reference system without cerium oxide which is why they were attributed to

the Ce*+/Ce3* redox couple. A more detailed discussion on the origin of these peaks is given

below.
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Figure 8.14: Cyclic voltammograms obtained for the CeOz-«/Pt/YSZ/Pt system (v = 50 mV/s, p(air) = 1 atm);
(a) measurement at 500 °C; (b) measurements at 550 °C, 575 °C and 600 °C with an anodic (AP) and a cathodic
peak (CP) associated with the Ce**/Ce3* redox couple. The anodic peak shift is highlighted with an arrow.

Discussion of cerium oxide related peak(s)

As outlined above, the additional peaks were associated with the Ce4*/Ce3+ redox couple.
Considering this, the electrochemical processes indicated by the cyclic voltammogram
recorded at 600 °C are discussed (see red line in Figure 8.14 (b)). The discussion focuses
exclusively on processes occurring at the working electrode. Possible platinum oxide

formation was neglected.

Starting from a working electrode potential of 0 V, the potential is shifted towards negative

values. By that, oxygen vacancies are pumped to the working electrode. At approximately
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8 Electrochemistry on CeQz-/Pt/YSZ/Pt

—0.2 V (E vs. CE), the first cathodic peak appears, which is attributed to oxygen incorporation
in YSZ at the 0;/Pt/YSZ triple phase boundary (CP(O—02%7)). Subsequently, a second
cathodic peak occurs, representing the reduction of Ce*+ to Ce3* (CP(Ce**—Ce3*)). This
reduction process involves the removal of oxygen ions from the cerium oxide lattice. These
ions migrate into YSZ and occupy oxygen vacancies accumulated beneath the working
electrode during cathodic polarization. After reaching the reverse potential, an anodic peak
emerges, which is assigned to the (re)oxidation of Ce3+ to Ce** (AP(Ce3+—Ce**)), involving
the migration of oxygen ions from YSZ back into cerium oxide. The second anodic peak
corresponds to the oxygen removal at the triple phase boundary 0,/Pt/YSZ (AP(02~—0)).

All processes described are illustrated in Figure 8.15.

(a) Cathodic polarization during CV (b) Anodic polarization during CV
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Figure 8.15: Illustration of processes assumed to occur at the CeO:.x/Pt working electrode of the
CeO2-x/Pt/YSZ/Pt system during cyclic voltammetry (CV) measurements performed at elevated temperatures
(see Figure 8.14 (b)); formation of platinum oxides is neglected; (a) cathodic reactions; (b) anodic reactions.

Here, it is emphasized that not only EIS measurements (see Chapter 8.2), but also CV
measurements revealed an additional contribution that can be attributed to the Ce*+/Ce3*
redox couple. This further substantiates the electrochemical integration of the cerium oxide
film into the CeO2../Pt/YSZ/Pt pumping system and provides an additional hint for the
intended working principle (see Chapter 3.3).
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8 Electrochemistry on CeQz-/Pt/YSZ/Pt

Behavior of anodic cerium oxide (re)oxidation peak at different scan rates and temperatures

For further investigation of the anodic peak associated with the (re)oxidation of Ce3+ ions
(AP(Ce3+—Ce*)), peak values (Eap|Iap) at various temperatures and scan rates are presented
in Figure 8.16. According to Equations (4.5) and (4.6), Iar values were plotted against
Vv (Figure (a)) and Eap values were plotted against In(v) (Figure (b)). The respective Iap vs.
Vv plots show a slight bending, indicating a deviation from linear behavior. However,
corresponding slopes increase with temperature, indicating higher diffusion coefficients

(see Equation (4.5)). The respective slopes for Eap vs. In(v) plots decrease with temperature.
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Figure 8.16: Plotting of peak points (Ear/Iap) attributed to the (re)oxidation of cerium oxide as a function of
scan rate v for various temperatures; (a) peak current Iap vs. Vv with linear regression and corresponding
slope m; (b) peak potential Eapvs. In(v) with linear regression and corresponding slope m.
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8 Electrochemistry on CeQz-/Pt/YSZ/Pt

8.4 Potentiostatic Polarization on Ce0Q.../Pt/YSZ/Pt

In this chapter, potentiostatic polarization experiments on the CeO,../Pt/YSZ/Pt system are
presented. The de-wetted working platinum electrode was polarized anodically and
cathodically (vs. CE) to examine differences in resulting currents. By this, the influence of
applied potential (Chapter 8.4.1) and temperature (Chapter 8.4.2) was investigated. Beyond
that, it has been investigated how dwell time at a certain temperature influences the

polarization experiments. Here, the formation of platinum oxides is considered.

8.4.1 Influence of Applied Potential

Within this chapter, the influence of potential Epor, on potentiostatic polarizations of
the CeO,.x/Pt/YSZ/Pt system is presented. Comparatively low potentials (Epor = +100 mV,
+150 mV and £200 mV) were applied to avoid irreversible changes of the sample. It has been
shown that high potentials can lead to oxygen bubble formation beneath dense platinum
film electrodes and to subsequent film delamination and cracking>0586465, Furthermore, a
reduction of the electrolyte is possible under strong polarization conditionsé667.
Figure 8.17 (a) shows the resulting I versus t curves obtained during potentiostatic
polarizations at 450 °C (tpor. = 2 min, p(air) = 1 atm). The decline of I could be described in
good agreement by a 1/Vt dependency (see Figure (b)), thereby obeying Cottrell’s law (4.8).
However, cathodic currents deviate more from linear behavior, which could be caused by

two processes occurring during cathodic polarization (see discussion in Chapter 8.4.2).
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Figure 8.17: (a) [ versus t curves obtained during potentiostatic polarizations of the CeOz-x/Pt/YSZ/Pt system
for various applied potentials (tpoL = 2 min, J = 450 °C, p(air) = 1 atm); (b) corresponding plots of ] versus 1Vt
with linear regressions and corresponding slopes m.
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8 Electrochemistry on CeQz-/Pt/YSZ/Pt

In general, cathodic currents were higher in absolute values than anodic currents. This can
be quantified by the converted charge Q, i.e., the area beneath the respective I vs. t curve.
Additionally, it can be demonstrated by the current value after two minutes of polarization
(= Izmin). The respective plots of Q and |Izmin| for the respective electrode potentials E (vs. CE)
can be seen in Figure 8.18. A discussion explaining higher cathodic currents is given in
Chapter 8.4.2.
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Figure 8.18: Quantification of anodic and cathodic currents obtained for various potentials during potentiostatic
polarizations of the CeOz2-x/Pt/YSZ/Pt system (troL = 2 min, ¥ = 450 °C, p(air) = 1 atm); (a) converted charge Q
vs. absolute working electrode potential |E vs. CE|; (b) absolute current value after 2 minutes |/zmin| vs. absolute
working electrode potential |E vs. CE|.

8.4.2 Influence of Temperature

This chapter shows the influence of temperature on potentiostatic polarization
experiments. For that, the CeO,.x/Pt/YSZ/Pt system was polarized at various temperatures
from 400 °C to 600 °C (Epo. = #200 mV, tpor. = 2 min, p(air) = 1 atm). Figure 8.19 (a) shows
the resulting I vs. t curves. It is clearly visible that a higher temperature led to an increase in
current. Figure 8.19 (b) shows the development of working electrode potential E (vs. CE)
after the potential was applied. The potential E settled down to approximately 0 V. Here,
equilibrium is reached faster at higher temperatures. Besides, the respective decline is faster
after anodic polarization. This would be in good agreement with the fact that anodic
polarization led to less converted charge (see Figure 8.20). Accordingly, less charge needs to

be re-converted.
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Figure 8.19: Potentiostatic polarizations of the CeOz.x/Pt/YSZ/Pt system performed at various temperatures
(EpoL = +200 mV; troL = 2 min, p(air) = 1 atm); (@) resulting I vs. t curves; (b) development of working electrode
potential E (vs. CE) after potential was applied.

As already noted in Chapter 8.4.1, cathodic polarization led to higher currents than anodic
polarization. This is also valid for various temperatures as illustrated in Figure 8.20. For

quantification, the converted charge @ and the absolute current value |Izmin| are presented.
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Figure 8.20: Quantification of anodic and cathodic currents obtained for various temperatures during
potentiostatic polarizations of the CeO2.x/Pt/YSZ/Pt system; (@) converted charge Q vs. ¥; (b) absolute current
values after 2 minutes |I2min| vs. 9.
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Discussion of higher cathodic current

For both anodic and cathodic polarization, a certain amount of resulting current is caused
by the electrode process taking place at the 0,/Pt/YSZ triple phase boundary, i.e., the
removal and incorporation of oxygen (see Figure 8.21). In case of cathodic polarization (a),
oxygen surface species receive electrons from the electrode. Vice versa, the electrode
receives electrons from lattice oxygen when polarized anodically (b). Both cases contain
electron transfer and contribute to the current, accordingly. However, an additional process
associated with the Ce*+/Ce3* redox couple could only occur when the electrode is polarized

cathodically.

For explanation, the stoichiometry of cerium oxide is considered a key aspect. According to
spectroscopic measurements presented in Chapter 6, annealing in air (p(02) = 0.2 atm) led
to an incorporation of oxygen, which resulted in nearly stoichiometric cerium oxide (CeOz-x
with x = 0). Since polarization experiments were also performed at elevated temperatures
in air, nearly stoichiometric cerium oxide (Ce0O:) is concluded. This means a very low
concentration of oxygen vacancies and a Ce3*/Ce** ratio of approximately 0. Considering this

stoichiometric condition, an explanation for polarization results can be derived.

When the CeO../Pt electrode is polarized cathodically, oxygen vacancies are pumped
towards the Ce02../YSZ interface. Additionally, Ce** ions at the CeO,.x/Pt/YSZ triple phase
boundary are reduced to Ce3+ by the platinum electrode. By that, oxygen ions can be released
from the cerium oxide lattice, migrate into YSZ and occupy oxygen vacancies. This process
includes electron transfer and therefore an additional part for current is given. When the
CeO,.x/Pt electrode is polarized anodically, oxygen ions are pumped to the Ce0O;.,/YSZ
interface. However, these oxygen ions cannot be introduced to the cerium oxide lattice since
no oxygen vacancies are present. For introducing an oxygen ion into cerium oxide, oxidation
of cerium ions would be necessary to maintain electrical neutrality. However, only Ce#+ions
are present, which cannot be oxidized. Accordingly, no charge transfer and, thus, no
additional contribution to the current is possible. The as-described mechanisms are also

illustrated in Figure 8.21.
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(a) Cathodic polarization (b) Anodic polarization
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Figure 8.21: Illustration of assumed processes during potentiostatic polarization of the CeO2.x/Pt/YSZ/Pt
system; (@) reactions occurring at the working electrode during cathodic polarization; (b) reactions occurring
at the working electrode during anodic polarization.

8.4.3 Formation of Platinum Oxides indicated by Polarization Experiments

Potentiostatic polarization experiments on the CeO,./Pt/YSZ/Pt system with the same
parameters (Epror = £200 mV, tpoL = 2 min, 9 = 500°C, p(air) = 1 atm) were performed at
intervals of one hour. The sample was heated up to 500 °C and after one hour at 500 °C, a
first polarization was performed. After another hour, ie, 2 hours at 500 °C, another
polarization measurement was done. This was done five times in total. Figure 8.22 shows
the resulting I vs. t curves that were obtained during respective polarizations. For anodic
and cathodic polarization, a respective current decrease with increasing dwell time was

observed.

For this decrease, proceeding formation of platinum oxides (PtO,) might be an explanation.
Platinum oxides impede the electrode reaction taking place at the 0,/Pt/YSZ triple phase
boundary®3. In Chapter 8.2.1 it was already shown for the CeO,.x/Pt/YSZ/Pt system that the
resistance of this electrode process (= Rgp) increases with Vt while annealing in air.
According to that, a 1/t dependency on current I would be conclusive. A respective plot for
Domin, I.€., the current value after two minutes of polarization, is presented in Figure 8.22 (b).
Here, a certain bending in the plots can be observed, which could be ascribed to the fact that
Dminis not stationary. Indeed, current would further decrease with longer polarization time.

However, the slopes obtained for linear regressions are quite similar. From that, it could be
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concluded that forming platinum oxides impede anodic and cathodic reactions in the same

way.
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Figure 8.22: Potentiostatic polarization measurements performed at an interval of one hour at 500 °C in air
(EpoL=2200 mV, troL = 2 min, p = 1 atm); (a) [ vs. t curves with increasing dwell time at 500 °C; (b) corresponding
L2min vs. 1/t plots with linear regression and corresponding slopes m.
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9 Operando XPS

The electrochemical characterization of the CeO2../Pt/YSZ/Pt prototype system revealed
contributions that were ascribed to the oxidation or reduction of the cerium oxide film (see
Chapter 8). Although this could be seen as a hint for the intended working principle, no
information about the oxidation state of cerium oxide could be derived from that.
Accordingly, a setup was necessary that enabled the spectroscopic investigation of cerium
oxide subsequently to polarization. Aiming at that, an operando XPS setup was established
that allowed sample heating and the connection of a potentiostat (Chapter 9.1). The setup
was first used to investigate how the cerium oxide film of the Ce0Q2../Pt/YSZ/Pt system
behaves under UHV conditions at elevated temperatures (Chapter 9.2). Afterwards,
potentials were applied to the CeO»../Pt/YSZ/Pt system to prove whether the oxidation state
of cerium oxide could be influenced. Here, cathodic and anodic polarizations were

performed to reduce and oxidize the cerium oxide film (Chapter 9.3).

XPS Influences?
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De-wetted Pt film
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Figure 9.1: Illustration of Chapter 9. Based on an operando setup, the cerium oxide film of a
Ce02-x/Pt/YSZ/Pt system could be investigated by X-ray photoelectron spectroscopy (XPS) subsequently to
anodic or cathodic polarization. By that, the working principle, i.e., the reduction and oxidation of the cerium
oxide film, could be proven.
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9.1 Establishment of the Setup

This chapter describes the setup for operando XPS measurements and is divided into three
parts. The first part shows the preparation of an adjusted CeO;../Pt/YSZ/Pt system. An
adjustment was required for geometric reasons. The second part shows the assembly of the
XPS sample holder, and the third part shows the determination of real sample temperature
within the XPS chamber.

Preparation of an adjusted CeQ;../Pt/YSZ/Pt system

To conduct operando experiments with a CeO2.,/Pt/YSZ/Pt system, the area of the cerium
oxide film had to be reduced in comparison to the prototype system shown in Chapter 8.
This was necessary for not covering the cerium oxide film with the stainless-steel stripe or
with the pin fingers (see Figure 9.3). Thus, another system with a round cerium oxide film
(diameter = 1.5 mm) was prepared by PLD as shown in Figure 9.2. Except for the adjusted
geometry of the cerium oxide film, almost the same parameters as depicted in Chapter 8.1
were applied for the depositions. Only the number of pulses were changed for fabrication of
a de-wetted platinum film (N = 25,200) and for the cerium oxide film
(N =9,000). For the de-wetted platinum film, the number of pulses had to be adjusted to
achieve a comparable degree of de-wetting like shown in Chapter 8.1. Regarding the cerium
oxide film, only % of the pulses (compared to Chapter 8.1) were applied to achieve a thinner
film. A thinner film might be easier to oxidize or reduce due to a lower amount of oxygen to
be converted. It was assumed that the cerium oxide film had a thickness of 1 ym (=% - 4 pm)
(cf. Chapter 5.2).
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Figure 9.2: Geometries of the adjusted CeO2-x/Pt/YSZ/Pt system to be applied for operando XPS experiments;
films were prepared by pulsed laser deposition; (a) a de-wetted platinum film was grown on the polished side
of the YSZ(111) substrate; on top of this film, a cerium oxide film was deposited; (b) a dense platinum film was
deposited on the unpolished backside of the YSZ(111) substrate.
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Preparation of the sample holder

The operando XPS experiments were based on a sample holder possessing a heating plate
that could reach 500 °C. Besides, electrical pins allow the connection of a potentiostat out
of the setup. For sample holder assembly, an Al;0z substrate (V=20 mm x 10 mm x 1 mm)
with a platinum film was first placed on the heating plate of the sample holder. The platinum
deposition was performed by PLD with an area of 16 mm x 6 mm (E = 400 m], Jheater =
700 °C, f=6 Hz, p(Ar) = 2 Pa, N = 14,400). In this setup, Al,O3 was used since it is electrically
insulating and exhibits high thermal conductivity!?. Thereby, no electrical contact between
the heating plate and the bottom platinum electrode is given. In the next step, the
CeO0,.x/Pt/YSZ/Pt sample was placed on the Al,O3 substrate and fixed with a stainless-steel
stripe and two ceramic screws. Besides, two ceramic rings were placed between the sample
holder and the stainless-steel stripe. Lastly, two pin fingers were applied for bonding. The

functionality of this setup was proven by impedance spectroscopy (see next part).

Heating AlLO; CeO,_/Pt/YSZ/Pt Ceramic Stainless-
plate substrate Pt film system screws steel stripe

Electrical pins Pin fingers

Figure 9.3: Illustration of sample holder assembly for operando XPS measurements. The CeO2.x/Pt/YSZ/Pt
system is placed on a platinum coated Al203 substrate and is fixed by a stainless-steel stripe and ceramic screws.
Connection to a potentiostat is given by electrical pins and pin fingers.

Real temperature of the sample within the XPS chamber

Electrochemical impedance spectroscopy was applied for estimating the real sample
temperature. Figure 9.4 (a) shows a Nyquist plot (RyszCPE-CPE), which was obtained for the
CeO,.x/Pt/YSZ/Pt system two hours after the heating plate reached 500 °C. The semicircle
was ascribed to the bulk resistance of YSZ (Rysz = 2.46 kQ1). Considering the corresponding
data for impedance measurements at various temperatures, a temperature of around 385 °C
could be concluded for the CeO,./Pt/YSZ/Pt system. This temperature should be
considered a middle temperature since the sample is back-heated. Thus, the bottom
platinum electrode is likely hotter than the upper electrode as illustrated by the cross-

section scheme in Figure 9.4 (b). According to that, the cerium oxide film probably has a
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temperature of less than 385 °C since it is located on top of the upper electrode. Another
issue that must be regarded is the fact that Rysz values decrease slightly with time. Six hours
after the heater reached 500 °C, a bulk resistance of 2.27 k() was determined meaning a real
temperature of 387 °C. Therefore, 385 °C can just be considered a rough estimation for the

presented operando experiments.
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Figure 9.4: Applying electrochemical impedance spectroscopy for estimation of the real temperature of the
Ce02-x/Pt/YSZ/Pt sample during operando XPS measurements; (a) Nyquist plot for the CeO2-x/Pt/YSZ/Pt system
obtained two hours after heating plate reached 500 °C; (b) cross-section of the assembly with an assumed
gradient in temperature.
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9.2 XPS Measurements during UHV Annealing

The cerium oxide film of the Ce02.,/Pt/YSZ/Pt system was first investigated by XPS without
applying an electric potential. Here, a measurement was performed initially without heating.
The resulting Ce 3d XP spectrum is shown in Figure 9.5 (a). Six peaks can be seen indicating
nearly stoichiometric CeO,.x with x near to 021, Only two small shoulders around 885 eV and
903 eV indicate a slight reduction10. This slight reduction is probably caused by preparation
via PLD and was already described in Chapter 6.3. After initial XPS measurements, heating
process to 500 °C was started. This was done stepwise within five hours for controlled
degassing of the sample. When the heating plate reached 500 °C, XPS measurements were
conducted at an interval of 30 minutes. As described in Chapter 9.1, the real temperature of
the sample was assumed to be around 385 °C. The resulting Ce 3d XP spectra exhibit a
growth of the as-mentioned shoulders, meaning a proceeding reduction of the cerium oxide
film. The reduction of cerium oxide due to annealing in UHV is well documented in

literature110,119,120,

(b) Ce 3d
= =
S S
~ ~
B 5 \
la Ia
= =
] M)
] -
= =
TO.S h
Without heating =—5h
920 910 900 890 880 920 910 900 890 880
BE / eV BE / eV

Figure 9.5: Ce 3d XP spectra of the cerium oxide film of the CeO2.x/Pt/YSZ/Pt system; (a) measurement without
heating showing two slight shoulders; (b) development of the XP spectra after heater reached 500 °C
(Isample = 385 °C); two shoulders grow with increasing time.

Figure 9.6 shows the corresponding XP spectra for Ce 4d (a) and O 1s (b). For Ce 4d, no
significant change due to heating could be observed like for the Ce 3d XP spectra. For the
0 1s peak, however, a peak shift was obtained. Without heating, this peak was located at

around 529.5 eV. When the heater reached 500 °C, the peak position was located at
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529.7 eV. Accordingly, the peak shift already occurred during stepwise heating to 500 °C.

When 500 °C were reached, no significant change for the O 1s peak was observed.
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Figure 9.6: Comparison of XP spectra for the cerium oxide film of the CeO2-x/Pt/YSZ/Pt system obtained without

heating and with increasing dwell time at Jneater = 500 °C (Jsample = 385 °C); (a) Ce 4d XP spectra; (b) O 1s XP
spectra.
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9.3 XPS Measurements after Applying a Potential

In this chapter, the results of proof of principle measurements are presented. Accordingly,
the effect of applying an electric potential to the CeO2../Pt/YSZ/Pt system is investigated by
measuring XPS on the cerium oxide film before and after polarization. Here, reduction
(part 1) and oxidation (part 2) were tested. In general, it was ensured that XP spectra were
constant before applying a potential. As illustrated in Figure 9.1, the de-wetted platinum
film is considered the working electrode and the dense platinum film is considered the

counter electrode. The temperature of the sample is assumed to be 385 °C (see Chapter 9.1).

Cathodic polarization for reduction of cerium oxide

[t was calculated that roughly 148 nmol of oxygen ions are present in the cerium oxide film
of the Ce02/Pt/YSZ/Pt system. For calculation, stoichiometric cerium oxide with a volume
of 1.77 - 106 um3was assumed. This amount of oxygen ions corresponds to a total charge of
28.6 m(, assuming two elementary charges per oxygen ion. Taking into account that only
two of eight oxygen ions per unit cell could be removed, a total charge of 7.15 mC could be

excorporated from the lattice. By that, CeO, would be completely reduced down to CeO1s.

According to this calculation, currents in a range of pA would be necessary for several
minutes to obtain significant changes in the oxidation state. For reduction, various cathodic
potentials were subsequently applied to the CeOz./Pt/YSZ/Pt system (tro. = 3 min,

respectively). By that, currents in the range of pA were obtained (see Figure 9.7).
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Figure 9.7: Cathodic polarization tests of the CeOz-x/Pt/YSZ/Pt system under UHV conditions at around 385 °C;
various potentials E were applied for 3 minutes to the de-wetted electrode (vs. CE); (a) I vs. t curves for various
cathodic potentials during potentiostatic polarizations; (b) I3min values vs. working electrode potential E (vs. CE).
Lines are drawn between data points to indicate the trend.
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In total, 1.84 mC of charge Q were moved or converted due to cathodic polarizations shown
in Figure 9.7. This already had an influence on the oxidation state of cerium oxide as the
corresponding XP spectra for Ce 3d and Ce 4d show (see Figure 9.8), which were recorded
under OCV conditions after the last polarization was performed. The influence on the XP
spectra for O 1s is too small to be significant which is why it is not presented here. It can be

found in Figure 11.13 in the Appendix.

Regarding the respective Ce 3d XP spectra (a), several features were observed that imply a
reduction of the cerium oxide surface!l0. First, peak growths at 885.5 eV (II) and
903.9 eV (IlI) indicate an increased concentration of Ce3* ions. The decreasing peak
intensity at 916.9 eV (IV) corresponds to a lower concentration of Ce*+ ions than before.
Additionally, shoulder growth (I) between 880 eV and 881 eV respresents an increased
amount of Ce3+ ions. Beyond that, changes in the Ce 4d XP spectra (b) were also obtained as
peak intensities at 122.0 eV (III) and 125.3 eV (IV) decrease while peak intensities at
108.6 eV (I) and 111.9 eV (II) increase. This also implies a reduction of the cerium oxide

surfacel?1,

(b) II Ce4d
}

Intensity / a. u.
Intensity / a. u.

Before cathodic polarizations

Before cathodic polarizations

— After cathodic polarizations —— After cathodic polarizations
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BE / eV BE / eV

Figure 9.8: Comparison of XP spectra obtained under OCV conditions for the cerium oxide film of the
Ce02-x/Pt/YSZ/Pt system before (black) and after (blue) cathodic polarization test measurements (Jsample %
385 °C); the effect of cathodic polarization is illustrated by arrows; (a) Ce 3d XP spectra; (b) Ce 4d XP spectra.

This result is regarded a first proof for the intended working principle as the oxidation state
of the cerium oxide surface was succefully influenced through polarization. Moreover, a

reduction due to cathodic polarization was expected. During cathodic polarization, Ce*+ions
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9 Operando XPS

are reduced to Ce3* by the de-wetted platinum electrode whereby oxygen ions can be

released from the cerium oxide lattice and migrate into YSZ (see Chapter 3.3).

Without applying any further electric potential, the oxidation state change achieved through
cathodic polarization remains constant as indicated by a second XPS measurement
conducted 30 minutes after the first measurement. This is valid for the Ce 3d XP spectra as

well as for the Ce 4d XP spectra (see Figure 9.9).

Intensity / a. u.

Intensity / a. u.

First measurement
A 30 minutes break A 30 minutes break

First measurement

Second measurement Second measurement

920 910 900 890 880 130 125 120 115 110 105
BE / eV BE / eV

Figure 9.9: Comparison of the first XP spectrum obtained for the cerium oxide film of the CeO2.x/Pt/YSZ/Pt
system after cathodic polarizations (black) and a further spectrum that was obtained 30 minutes after the first
measurement was performed (blue); measurements were conducted under OCV conditions; (a) Ce 3d XP
spectra; (b) Ce 4d XP spectra.

Anodic polarization for oxidation of cerium oxide

As cathodic polarization of the CeO,./Pt/YSZ/Pt system led to a reduction of the
corresponding cerium oxide film, anodic polarization had to be performed to examine the
reverse reaction, i.e., the oxidation of the cerium oxide film. Therefore, a potential of +1.6 V
was applied for 15 minutes to the de-wetted electrode (vs. CE) (Q = 16.4 mC). Indeed, an
oxidation of the cerium oxide film was observed after the potential was applied. In the
corresponding Ce 3d and Ce 4d XP spectra, the opposite effects as after cathodic polarization
were obtained (cf. peaks [-IV in Figures 9.10 and 9.8, respectively). Also here, no significant
change in corresponding O 1s XP spectra was obtained (see Figure 11.14 in the Appendix).
Like after cathodic polarizations, the corresponding XP spectra after anodic polarization
remain constant. Without applying any further potential, a second XPS measurement, taken
30 minutes after the first one, led to a spectrum with no significant changes compared to the

first one (see Figures 9.11).
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9 Operando XPS

Finally, the results of anodic polarization verify the pumping principle of the
Ce02../Pt/YSZ/Pt system as oxygen ions are incorporated into cerium oxide (see Chapter

3.3). Accordingly, a system was successfully devised that enables both the oxidation and the

reduction of a cerium oxide film.

Intensity / a. u.
Intensity / a. u.

Before anodic polarization

Before anodic polarization

—— After anodic polarization —— After anodic polarization
920 910 900 890 880 130 125 120 115 110 105
BE / eV BE / eV

Figure 9.10: Comparison of XP spectra obtained under OCV conditions for the cerium oxide film of the
Ce02-x/Pt/YSZ/Pt system before (black) and after (blue) anodic polarization (9sample ® 385 °C); the effect of
anodic polarization is illustrated by arrows; (a) Ce 3d XP spectra; (b) Ce 4d XP spectra.

(a) Ce 3d (b) Ce 4d
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Figure 9.11: Comparison of the first XP spectrum obtained for the cerium oxide film of the CeOz-x/Pt/YSZ/Pt
system after anodic polarization (black) and a further spectrum that was obtained 30 minutes after the first XPS
measurement was performed (blue); measurements were conducted under OCV conditions; (a) Ce 3d XP
spectra; (b) Ce 4d XP spectra.
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1 O Conclusion and Outlook

Conclusion

This work focused on the preparation, characterization and testing of an electrochemical
pumping system that enables controlled modification of the oxygen deficiency x in a
Ce024(111) film. Such a system would be desirable for fundamental investigations of the
Deacon process as previous studies*> reported a clear correlation between oxygen

deficiency and catalytic activity.

Based on the Pt/YSZ electrode systemé7, a respective system was successfully devised
within this work. By applying an electric potential to a respective CeO;.,/Pt/YSZ/Pt system,
controlled oxidation and reduction of a Ce02.,(111) film could be reached. For establishment
of this system, several issues had to be investigated. These include the preparation and
(spectroscopic) characterization of cerium oxide films, as well as the electrochemical
characterization of Pt/YSZ/Pt and CeO.../Pt/YSZ/Pt systems. Beyond that, an operando
technique was devised enabling proof of principle measurements. In the following, key

findings from these investigations are summarized.

First, dense and crystalline cerium oxide films with a (111) preferential orientation were
prepared by pulsed laser deposition on both dense and de-wetted Pt(111) thin films (see
Chapters 5 and 8). Raman spectroscopy and X-ray photoelectron spectroscopy revealed the
presence of oxygen vacancies within the films after preparation. Subsequent annealing in
air (p = 1 atm) led to the disappearance of these vacancies (see Chapter 6), resulting in

nearly stoichiometric CeO,.x with an oxygen deficiency x of approximately zero.

In a further step, Pt/YSZ/Pt cell types were prepared and electrochemically characterized
by impedance spectroscopy (see Chapter 7). Here, dense and de-wetted platinum electrodes
were compared. For the de-wetted platinum electrode, temperature dependence as well as
the inhibition of the oxygen exchange reaction were presented. The inhibition was ascribed
to the formation of platinum oxides, however, without spectroscopic proof. For both
Pt/YSZ/Pt cells, a decrease of activation energies for YSZ oxygen ion conduction with

increasing temperature was obtained.

81
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Performing impedance spectroscopy (EIS), cyclic voltammetry (CV) and potentiostatic
polarization experiments with a CeO,../Pt/YSZ/Pt prototype system, influences caused by
the corresponding cerium oxide film were found (see Chapter 8). In EIS and CV
measurements, contributions were observed, which did not occur in a Pt/YSZ/Pt reference
system. In potentiostatic polarization experiments, differences in anodic and cathodic
currents were observed, which were also ascribed to the cerium oxide film. All results were
referred to the Ce#*/Ce3+ redox couple and gave a first hint that the cerium oxide film is

electrochemically integrated in the CeO,../Pt/YSZ /Pt system.

Finally, an operando setup was presented that enabled XPS measurements at elevated
temperatures (Jsampe ® 385 °C) and after applying an electric potential to the
CeO,./Pt/YSZ/Pt system. By that, the working principle meaning the oxidation and

reduction of the corresponding cerium oxide film could be proven.

Outlook

In this work, an operando XPS setup was successfully employed to verify the working
principle of the CeO../Pt/YSZ/Pt system. However, only a few polarization experiments
were conducted with this setup, meaning that further investigations are required to study
the effects of polarization in greater detail. In particular, the applied potential and the
polarization time could be analyzed in a systematic way. It would be, in general, interesting
to determine to which extent the cerium oxide film can be oxidized or reduced. Here,
stability of the system should also be examined since applying high potentials for longer

time may induce irreversible changes in the film electrodes50586465 or in the electrolyte6667.

The results obtained from XPS measurements only provided information on the oxidation
state of the top layers of the cerium oxide film. Raman spectroscopy, by contrast, is a more
bulk-sensitive technique that is also sensitive to oxygen vacancies in cerium oxide films?22.
Therefore, devising a suitable setup for performing operando Raman measurements on the
CeO,.x/Pt/YSZ /Pt system would be desirable as it could complement the results obtained
from operando XPS. In literature, various setups have been reported that enable Raman

measurements on electrochemical systems at elevated temperatures!22-124,

In a further step, the CeO,.x/Pt/YSZ/Pt system can be transferred to a suitable reactor
allowing a detailed study on the correlation between Deacon activity and oxygen vacancies
in cerium oxide (surfaces). By that, the application of cerium oxide as catalyst could be

optimized, aiming at a viable alternative to expensive ruthenium-based catalysts.
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Figure 11.1: XRD pattern for a platinum film deposited on the polished YSZ(111) substrate side (PLD
parameters: E = 400 m], f = 6 Hz, p(Ar) = 2 Pa, Jueater = 700 °C, N = 7,200). Reflex positions are 30.0°, 39.8° and
62.4°. The film had a thickness of around 160 nm.
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Figure 11.2: XRD pattern for a cerium oxide film deposited on the polished YSZ(111) substrate side (PLD
parameters: E =300 mJ, f= 10 Hz, p(Ar) = 2 Pa, Oneater = 300 °C, N = 36,000). Reflex positions are 28.4°,30.0° and
62.4°. The film had a thickness of around 4 pm.
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Figure 11.3: Raman spectrum of the CeO2 target used for PLD depositions. The main peak, i.e., the F2g mode, is
ataround 465 cm™1.
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Figure 11.4: Ce 4d XP spectra for cerium oxide films after PLD preparation (black) and after annealing in air
(blue) (9 =600 °C, t =12 h, p(air) = 1 atm); (a) CeO2-x/Pt/YSZ sample; (b) CeO2-x/YSZ sample.
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Figure 11.5: EIS data obtained for the Pt/YSZ/Pt cell with two dense platinum film electrodes during annealing
in air (9 =600 °C, t=12 h, p(air) = 1 atm); the data belong to the CPE in the Rysz-RL-CPE circuit; (a) development
of corresponding Q values during dwell time ¢t; (b) development of corresponding « values during dwell time ¢.
Lines are drawn between data points to indicate the trend, respectively.
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Figure 11.6: EIS data obtained for the Pt/YSZ/Pt cell with one de-wetted and one dense platinum film electrode
during annealing in air (9 = 600 °C, t = 12 h, p(air) = 1 atm); the data belong to the CPE in the Rysz-RL-RepCPE
circuit; (a) development of corresponding @ values during dwell time t; (b) development of corresponding
a values during dwell time t. Lines are drawn between data points to indicate the trend, respectively.
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Figure 11.7: High-frequency part of Nyquist plots obtained for the Pt/YSZ/Pt cell with one de-wetted platinum
thin film and one dense platinum thin film for various temperatures (p(air) = 1 atm).
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Figure 11.8: EIS data obtained for the Pt/YSZ/Pt cell with one de-wetted and one dense platinum film electrode
for various temperatures (p(air) = 1 atm); the data belong to the CPE in the Rysz-RL-RepCPE circuit;
(a) temperature dependence of corresponding Q values; (b) temperature dependence of corresponding a values.
Lines are drawn between data points to indicate the trend, respectively.
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Figure 11.9: High-frequency parts of Nyquist plots obtained for the CeOz.x/Pt/YSZ/Pt system; (@) during
annealing in air (9 = 600 °C, t = 12 h, p(air) = 1 atm); time represents dwell time at 600 °C; (b) at various
temperatures.
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Figure 11.10: EIS data obtained for the CeO2.x/Pt/YSZ/Pt system during annealing (9 = 600 °C, t = 12 h,
p(air) = 1 atm); the data belong to the CPEce in the Rysz-RiLL-RceCPEce-RepCPEEp circuit; (a) development of
corresponding Q values during dwell time t; (b) development of corresponding a values during dwell time ¢.
Lines are drawn between data points to indicate the trend, respectively.
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Figure 11.11: EIS data obtained for the CeO2-x/Pt/YSZ/Pt system for various temperatures (p(air) = 1 atm); the
data belong to the CPEce in the Rysz-RiL-RceCPEce-RepCPEEp circuit; (a) temperature dependence of
corresponding Q values; (b) temperature dependence of corresponding a values. Lines are drawn between data
points to indicate the trend, respectively.
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Figure 11.12: Plotting of Rce values versus inverse square root of dwell time ¢ with linear regression. This graph
contains the same data as shown in Figure 8.8 (a).
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Figure 11.13: O 1s XP spectra obtained for the cerium oxide film of the CeO2.x/Pt/YSZ/Pt system during
operando experiments (Jsample * 385 °C); measurements were conducted under OCV conditions, respectively;
(a) comparison of spectra obtained before and after cathodic polarization tests; (b) comparison of first
measurements after cathodic polarization tests and subsequent measurement taken 30 minutes later.
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Figure 11.14: O 1s XP spectra obtained for the cerium oxide film of the CeOz-x/Pt/YSZ/Pt system during
operando experiments (Jsample ® 385 °C); measurements were conducted under OCV conditions, respectively;
(a) comparison of spectra obtained before and after anodic polarization; (b) comparison of first measurements
after anodic polarization and subsequent measurement taken 30 minutes later.
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1 2 List of Abbreviations

AP Anodic peak

a. u. Arbitrary units

BE Binding energy

CE Counter electrode

CP Cathodic peak

CPE Constant phase element

Ccv Cyclic voltammetry

EIS Electrochemical impedance spectroscopy
EP Electrode process

EPOC Electrochemical promotion of catalysis
FWHM Full width at half maximum

(k)cps (Kilo) counts per second

NEMCA Non-Faradaic electrochemical modification of

catalytic activity

0sC Oxygen storage capacity

POL Polarization

PLD Pulsed laser deposition

RE Reference electrode

RS Raman spectroscopy

SEM Scanning electron microscopy
SOFC Solid oxide fuel cell

TBC Thermal barrier coating

TPB Triple phase boundary
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TWC Three-way catalyst

UHV Ultrahigh vacuum

WD Working distance

WE Working electrode

XPS X-ray photoelectron spectroscopy
XRD X-ray diffraction

YSZ Yttria-stabilized zirconia
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1 3 List of Symbols

a Alpha value (corresponding to CPE)

a Charge transfer coefficient (Equations (4.6)
and (4.7))

r Jump frequency

0 Angle

) Temperature (in °C)

UHeater Heater temperature

A Wavelength

Ao Thermal conductivity

v Scan rate (in context of CV)

v Attempt frequency (Equation (3.4))

Specific resistivity

o Specific conductivity
00 Conductivity constant
0] Work function

@ Phase angle

w Frequency

A Area (of the electrode)
A Laser spot size (in context of PLD)
a Jump distance

C Capacitance

c Concentration

D Diffusion coefficient
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13 List of Symbols

Ea
Eap
Ep
Ecp
Ex
Ep
Epor

Er

Agm
AH®
h

I

Iac
Iap
Icp

Ip
Ii(pory
i
Im(Z)

J
k

kg
L

Diffusion constant
Distance

Electrode potential
Electric field (Figure 3.8)
(Pulse) energy (in context of PLD)
Elementary charge
Standard electrode potential
Activation energy
Anodic peak potential
Binding energy

Cathodic peak potential
Kinetic energy

Peak potential
Polarization potential
Reverse potential
Faraday constant

Pulse frequency

Energy barrier

Reaction enthalpy
Planck constant

Current

Alternating current
Anodic peak current
Cathodic peak current
Peak current

Current value at tpor,
Imaginary unit
Imaginary part of impedance Z
Flux

Reaction rate constant
Boltzmann constant

Inductance
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m Slope (of a linear regression)

N Number of pulses

n Diffraction order (Bragg’s law (4.1))

n Number of electrons to be converted during

a redox process

p Pressure

Q Q value (corresponding to CPE)
Q Converted charge (in context of polarization)
R Gas constant

R Resistance

Re(Z) Real part of impedance Z

T Temperature (in K)

t Time

teo. / t(POL) Polarization time

Uxc Alternating voltage

Vo /V Oxygen vacancy

% Volume (of a substrate)

X Oxygen deficiency

Z Charge number (Figure 3.8)

Z Impedance (in context of EIS)
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