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Abstract

Solid oxide fuel cells (SOFCs) represent a highly efficient and sustainable future technology
for stationary energy generation. Nevertheless, several obstacles need to be overcome in order
to achieve a broad introduction in the commercial market. In this regard, one of the most critical
factors is the limited long-term stability of the cells, especially of the cathode. Degradation of
the cathode is frequently caused by contaminants, which are introduced through the air feed, or
originate from stack components. These degradation effects can decrease the performance of
the stack significantly during operation for several thousand hours. Thus, the development of
long-term stable cathode materials with excellent mass and charge transport properties is one

of the most important aspects of current research worldwide.

The first part of the present thesis focuses on synthesis and characterisation of novel SOFC
cathode materials with perovskite structure. The aim is the development of compounds which
show fast oxygen exchange kinetics, good ionic and electronic conductivities, as well as high
tolerance against critical impurities. Single phase materials are synthesised and characterised
regarding mass and charge transport properties and defect chemistry. The second part of the
thesis focuses on the optimisation of the oxygen exchange kinetics of alkaline earth-free SOFC
cathode materials with KoNiFs-type structure. These generally offer extraordinarily high
oxygen diffusivities, but the oxygen exchange kinetics is limited by the surface exchange
process. Thus, the aim is the synthesis and characterisation of new K>NiFs-type materials with

significantly higher surface exchange coefficients for oxygen.

The results of the thesis show impressively that a series of promising SOFC cathode materials
with fast oxygen exchange kinetics and high SO; tolerance could be developed by purposeful
variation of the chemical composition. For various compositions of Lai.xCaxFeOs; (with x=0.1
for LCF91, x=0.2 for LCF82, and x=0.25 for LCF7525) comprehensive data were acquired on
important material parameters such as oxygen exchange kinetics, ionic- and electronic
conductivity, thermal expansion coefficient, and oxygen nonstoichiometry as functions of
temperature and oxygen partial pressure. Furthermore, the effect of changing the A-site cation
from La to Pr at x=0.2 leading to Pro.sCao2FeO3 (PCF82) is investigated. These studies lead to
the conclusion that LCF82 shows the best material properties for application in SOFC-cathodes.
However, with respect to increased long-term stability (SO; tolerance), PCF82 shows the most
promise. Within this work, detailed insights into the mechanisms of cathode degradation were
obtained down to the nanometre scale. This knowledge was used to develop and validate

strategies for the improvement of long-term stability. With PCF82, island-like growth of
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secondary phases, which are formed by reaction of the cathode material with sulphur dioxide,
results in a relatively low degree of coverage of the surface with inactive phases. This
characteristic feature of PCF82 leads to an increased long-term stability of the surface oxygen
exchange kinetics under critical conditions. With the new K>NiFs-type materials, an increase in
the chemical surface exchange coefficient of oxygen could be achieved by partial substitution

of Ni with Co.
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1) Introduction

Currently, the rising energy demand and the effort for minimal environmental impact are strong
driving factors in the research for new energy systems. Energy is currently still generated
mostly from fossil fuels, which have many drawbacks, especially in terms of environmental
pollution and impeded availability. This led to increased efforts in research and development in
both identification of alternative renewable energy resources, and improvement in energy

conversion efficiency of alternative power generating devices [1-4].

Solid oxide fuel cells are very promising alternative power generation devices, which convert
chemical energy into electrical energy and thermal energy. The chemical energy is provided by
the reaction of fuel (H2, CHs, CoHsOH etc.) with an oxidant (usually O> from air). Major
advantages of SOFCs are the low emissions and the high energy conversion efficiencies,
because the energy generation is not limited by the Carnot cycle (overall efficiencies greater
than 80 % could be achieved [1]). For instance, it was reported that a 100 kW SOFC system,
operated on biogas as a fuel, reached an efficiency of 48.7 %, which is about 7 % higher than
the commonly used gas turbine [5]. Typically, an SOFC consists of an anode and a cathode,
which are separated with a thin electrolyte. As the name SOFC suggests, all cell components
are based either on solid oxides, especially ceramics and ceramic-metal composites (electrolyte,
cathode, and anode), or on metals (stainless steel interconnectors between single cells) [6-8].
The SOFC cathode is of major importance for the overall cell performance and therefore needs
extensive study. During the oxygen reduction reaction, molecular oxygen adsorbs on the
surface, dissociates and is incorporated into the electrolyte in the form of O* ions. For a high
efficiency of these processes, the cathode material has to provide fast oxygen exchange kinetics,

as well as sufficient 1onic and electronic conductivities.

In addition, for successful commercialisation of SOFCs, strategies for reducing the costs for
raw materials and processing, and increase long-term stability, have to be found. One promising
way to reduce the degradation, is to lower the operation temperature from 1000°C to 600-800°C
(intermediate temperature regime) [ 1]. Thus, novel cathode materials with reduced raw material
costs, as well as superior performances in the intermediate temperature regime and high long-

term stability, need to be developed to overcome the current obstacles for commercialisation.



2) Description of the study design

The aim of this thesis was to overcome some of the most important current issues in SOFC
cathode development, such as degradation in cathode performance due to surface poisoning
effects, limited cathode performance due to reduced oxygen exchange kinetics at intermediate
temperatures, and insufficient thermal expansion compatibility between the cathode and the

electrolyte.

At the beginning of this work, an extensive literature study was performed to obtain an overview
of the performance of different cathode materials in the fresh state, as well as their degradation
behaviour in sulphur dioxide containing atmospheres. Additionally, other important material
parameters like the ionic and electronic conductivity, the thermal expansion coefficient and the

oxygen exchange kinetics were also considered.

Based on the results from the literature study, two material classes were selected for their
promising properties: Perovskite ferrites and cobaltites like (La,Sr)(Fe,Co)Os.s and K,NiFs-
type oxides like (La,Pr);NiOs+s.

Chapter 3 of this thesis describes the properties of the above-mentioned material classes in
terms of crystal structure and oxygen exchange kinetics. The state of the art materials show
good performance in their fresh state (in atmospheres without critical impurities), but this

drastically changes in the SO> poisoned state.

Chapter 4 describes the actions that were implemented to improve the SO, tolerance in ferrite

perovskites and to increase the oxygen exchange kinetics in the ProNiOs+5 based materials.

Chapter 5 describes the theoretical background of the measurement techniques used to obtain

the published results.



3) State of the art cathodes in solid oxide fuel cell technology

Fuel cells convert chemical energy into electrical energy by oxidising fuel (for instance H» or
CHa4) on the anode side and simultaneously reducing oxygen (to O%) on the cathode side. The
migration of oxygen ions through the cathode and the electrolyte and the transfer of the
electrons to the external consumer line close the circuit. In SOFC technology, all components
are ceramic materials (or ceramic-metallic composites) and the operating temperatures range
from 600 to 1000°C. With intermediate temperature solid oxide fuel cells (IT-SOFCs),
operating temperatures are in the range of 600-850°C. A schematic of an SOFC with gas supply

channels is shown in Figure 3-1a.
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Figure 3.1: a) Working principle of an SOFC (single cell). Figure modified from [9]; b) Typical losses of an SOFC

(single cell) compared to ideal voltage. Figure taken from [10].

Figure 3-1b shows the cell voltage as a function of the current density for an SOFC (single cell).
The theoretical or ideal voltage, derived from the electromotoric force of the Nernst equation
(Equation 3.1) is independent of the current density, whereas the actual operating voltage is a
function of current density. The overall chemical reaction in a fuel cell can be written as shown

in Reaction 3.1.

RT Ph

EMF = E°— T .1n (ﬁ) (Equation 3.1)
2

2H, + 0, = 2H,0 (Reaction 3.1)

E°... standard potential derived from Reaction 3.1
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The overall loss of an SOFC is composed of several contributions. The effects which
predominate at small current densities, called reaction rate losses or activation polarisation, are
due to kinetic limitations in the reactions occurring at the anode and cathode. Hereby, the losses
stemming from the oxygen incorporation reactions at the SOFC cathode, are usually
predominating. The cell voltage loss in this region could be minimized by an optimisation of
the cathode material itself (faster oxygen exchange kinetics, higher ionic and electronic
conductivity and improved stability against pollutants from the environmental air or from the
stack) and by improving the microstructure of the cathode and the cathode electrolyte interface.
The losses at intermediate current densities are due to ohmic resistances in the cell, with the
contribution of the electrolyte being most pronounced. At high current densities, losses due to

gas transport limitations occur.

In the next chapter, commonly used SOFC cathode materials are discussed in terms of their
crystal structure, oxygen exchange kinetics and stability against sulphur dioxide. Recent studies
from literature showed that two types of material classes (perovskites and Ruddlesden-Popper
phases) show desired properties for SOFC cathodes [3, 11-15]. Those are high ionic and
electronic conductivity, fast oxygen exchange kinetics, as well as thermal stability and chemical
compatibility with commonly used electrolyte ceramics. Kroger-Vink notation is used to

describe the defect chemical reactions as seen in the following reactions [16].

Perovskites are a class of materials with the chemical formula ABX3, where in our case the A-
site is occupied by rare earth ions (La*", Pr*”#, etc.), the B-site is occupied by transition metal

2H/3 A+ (2344
,Co

ions (Fe , etc.) and in the case of oxides, X=0%. Substitution on the A-site with

alkaline earth ions, or reduction of the B-site ion, generates oxygen vacancies V; according to
Reaction 3.2 and Reaction 3.3 in the case of Lao.cSr0.4CoOss (LSC64). This formation of

oxygen vacancies directly corresponds to an increase in the oxygen nonstoichiometry .
=0, + V§' + 2 Cog, = 0 + 2 Cog, (Reaction 3.2)
[06] + [V57] = 3, where [V5T] = 6 (Reaction 3.3)

The crystal structure of LSC64 is shown in Figure 3.2.
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Figure 3.2: Crystal structure of the trigonal (R-3¢) LSC64. Structural data taken from [17] and image generated
with VESTA [18].

Figure 3.2 shows an extended unit cell of LSC64 with Co*”***" (in blue) located in the centre
of the oxygen (in red) octahedra. On the A-site lattice La*" and Sr** (in green) share atomic

positions.

Another interesting material class are Ruddlesden-Popper (RP) phases. Their chemical formula
An+1BnOsn+1 also consists of A- and B-site cations and the parameter n (whole number)
represents the order of the Ruddlesden-Popper phase. ProNiOg+5 (PNO) is an example of a first
order (n=1) RP-phase. In the case of n=1, the resulting crystal structure is also known as
KoNiFs-type structure. The over-stoichiometric oxygen content of the alkaline earth-free
material PNO is due to incorporation of interstitial oxygen O;" (charge-compensated by the
formation of electron holes h'), which provides the basis for oxygen migration via interstitial

transfer [19, 20]. The formation of oxygen interstitials is shown in Reaction 3.4.
%02 +VX 20+ 2R (Reaction 3.4)

The crystal structure of PNO is shown in Figure 3.3.

12



Figure 3.3: Crystal structure of the orthorhombic (Fmmm) PNO. Structural data taken from [21] and image
generated with VESTA [18].

Figure 3.3 shows an extended unit cell of PNO with Ni** (in grey) located in the centre of the

oxygen (in red) octahedra. Pr** (in yellow) is located on the A-site lattice.
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As explained in detail in chapter 5.2, the possibility of a fast oxygen exchange reaction must be

given for future SOFC cathodes. The following tables show literature data for surface exchange

coefficients and bulk diffusion coefficients of oxygen of various materials (perovskites and first

order Ruddlesden-Popper phases).

Table 3.1: Chemical oxygen surface exchange coefficients (kchem) and chemical diffusion coefficients of oxygen
(Dchem) of state of the art SOFC cathodes with perovskite structure. Data was taken from the literature. Table
modified from the supplementary material of [22].

Compound Kchem / ¢cm s71 Dchem / em?s7! T/K Ref.
Lao.sSro.1FeOs-5 -- 3x10% at 1x107! bar pO 998 [23]
Lao.eSro4Fe03s 3x107 at 1x1072 bar pO: 3x10% at 1x107! bar pO; 998 [23]
LaosSro4FeOss 9x107 at 6.7x10* barpO;  5x107 at 6.7x10% barpO; 973 [24]
Lao.sSro.2C003-5 -- 3x107 at 1x107! bar pO, 973 [25]
LaosSro2Co035 6x107 at 1x1072 bar pO» 5x107 at 1x10™! bar pO. 1023 [26]
La0.6Sr0.4Co035 3x107 at 1x10 bar pO 1x10% at 1x107! bar pO2 973 [27]
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Table 3.2: Tracer oxygen surface exchange coefficients (k") and tracer diffusion coefficients of oxygen (D”) of
state of the art SOFC cathodes with K;NiF, structure. Data was taken from the literature.

Compound k' /ecm st D"/ cm?s! T/K Ref.

LaxNiOa4+5 8x1078 at 2x1078 at 923 [28]
2x107! bar pO> 2x107! bar pO

La2Ni0.9C00.104+5 7x107 at 2x1078 at 923 [28]
2x107! bar pO: 2x107! bar pO;

PraNiO4+s 7x107 at 3x10% at 887 [15]
2x107! bar pO 2x107! bar pO;

Pr1.9Ni0.75Cu0.2504+5 1x107 at 3x107 at 928 [29]
2x107! bar pO 2x107! bar pO;

Pr1.9(Nio.74Cu0.25)0.95G20.0s04+5  3x107 at 2x10° at 928 [29]
2x107! bar pO 2x107! bar pO;

Oxygen exchange parameters from the tables above (Table 3.1 and Table 3.2) were obtained
under ideal laboratory conditions with pure test gases and with short time scales far from
operation times in SOFC technology. However, under operation-relevant working conditions,

there are several critical factors reducing the lifetime of cathode materials.

In the following, the origin of the most critical contaminants (Si, Cr, and SOy), and their

degradation mechanisms (according to literature), are explained in more detail.

Silicon originates from the glass seals which are used to separate the air and fuel gas streams
and combine the single cells with an interconnector in the fuel cell stack. The interconnectors
are fabricated from ferritic steels containing chromium to reduce corrosion effects, or from
chromium based alloys [30, 31]. Studies showed that the presence of Si and Cr sources in dry
atmosphere has no negative impacts on the ceramic cathode materials [32]. Nevertheless, under
operation relevant conditions of fuel cells, the air contains significant amounts of humidity
(which leads to the formation of volatile Cr and Si species), as well as traces of sulphur dioxide.
Several studies showed the negative impact of Cr and Si on perovskites and K,NiFs-type
materials in humid atmosphere [32-35]. The main degradation effect in both cases is the

formation of secondary Cr and Si rich phases, which block the active sites for the oxygen
15



reduction reaction and therefore reduce the performance of the cell. The following reactions

show the formation of volatile Cr and Si species in humid atmospheres [36, 37].

Cry05 (s) +20, (g) = 2Cr0; (g) (Reaction 3.6)
Cry05 (5) + 2 H,0 (9) +7 05 = 2Cr0,(0H); (9) (Reaction 3.7)
Si0, (s) + 2 H,0 (g) = Si(OH), (9) (Reaction 3.8)

The main degradation mechanisms in terms of SO»-poisoning are the reactions of (acidic)
sulphur dioxide with (basic) layers or particles of secondary phases which are usually present
at the surface of SOFC cathode materials after longer operating times. These layers or particles
may be composed of binary oxides AO, AO> or complex oxides like spinel AB2O4 or
brownmillerite A2B>Os, where A= Ca, Sr, Ba and B= Fe, Co. These reactions result in the
formation of large sulphate crystals (e.g. SrSO4) on the surface and those, similar to silicates or
chromates which form due to Si- and Cr-poisoning, block the active sites on the surface for the
oxygen reduction reaction. There are two ways to reduce the possibility of secondary phase
formation on the surface of the cathode. The first is to reduce the lattice mismatch by choosing
substituent ions with similar ionic radii to the host ions in the crystal lattice (see Table 3.3). The
second is to reduce basicity of the compounds, to reduce the driving force for reaction with

acidic impurities (Table 3.4).
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Table 3.3: Ionic radii of selected ions depending on the coordination environment for perovskites and K,NiF4-
type oxides according to Shannon et al. [38]. “no data for the coordination number XII available.

Ion Coordination number Ionic radius / A
Ca®* X1 1.34
Sr? XII 1.44
La** XII 1.36
Pr* X" 1.18
Fe** (high spin) VI 0.65
Co** (high spin) VI 0.75
Ni* VI 0.69

Table 3.4: Basicity values for binary oxides with standard deviations given in parentheses according to [39].
Oxides with a basicity less than -5 are purely basic, whereas purely acidic oxides only show positive values for

basicity [39].

Oxide Basicity Oxide Basicity
CaO -7.5(0.4) SiO2 0.9 (0.2)
SrO -9.7 (0.4) CrOs 6.6 (0.8)
Fex03 -1.7 SO2 7.1 (0.6)
CoO -3.8 COs 5.5(0.4)
La0O3 -6.1

Pr203 -5.8
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The following chapter describes the strategies developed to improve SO tolerance of the rare
earth calcium ferrites investigated in this thesis, and the motivation to use Co as a dopant to

enhance the surface oxygen exchange kinetics in KoNiF4-type oxides.

4) Contribution of this work to the scientific community

The primary aim of this thesis was to develop novel SOFC cathode materials with fast oxygen
exchange kinetics, high ionic and electronic conductivities, as well as high tolerance against
SO2. As described in the previous chapter, Sr-containing perovskites show fast oxygen
exchange kinetics, but poor performance in SO containing atmospheres. As seen in chapter 3,
acidic impurities often tend to react with basic secondary phases. By making adjustments in
terms of ionic radii (all ionic radii taken from Shannon tables [38]), Sr** (XII) (1.44 A) is
replaced with Ca®* (XII) (1.34 A) to reduce the lattice mismatch compared to La** (XII) (1.36
A), and the thermodynamic stability is improved by replacing Co with Fe (see Table 3.4). The
following table shows selected kinetic parameters of Ca-substituted perovskites investigated in

this thesis.

Table 4.1: Chemical oxygen surface exchange coefficients (kchem) and chemical diffusion coefficients of oxygen

(Dchem) of the promising Ca-containing SOFC cathodes with perovskite structure.

Compound Kchem / ¢cm s71 Dchem / cm? 57! T/K Ref.
Lao.oCao.1FeOs-5 9x10™* at 110! bar pO> 7x10 at 1x107! bar pO 1073 [22]
LaosCao2FeO3s  6x107 at 1x107! bar pO» 2x107 at 1x107! bar pO2 1073 [40]
Lao7sCao2sFeOss  3x107 at 1x107! bar pO; 9x10 at 1x10™! bar pO 1073 [41]
ProsCao2FeOs-s 2x1073 at 1x107! bar pO 5x107% at 1x107! bar pO; 1073 [40]

All of the compounds shown in Table 4.1 show faster oxygen exchange kinetics (taking
temperature and oxygen partial pressure into account) than the state of the art materials
mentioned in Table 3.1. Substituting Sr with Ca not only improves the oxygen exchange
kinetics, but also the SO> tolerance as seen in Table 4.2 and Figure 4.1. Tests under conditions

of accelerated aging were performed for LCF82 and PCFS82 [42, 43].
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Table 4.2: Impact of SO, on various SOFC cathode materials. The left column shows scanning electron
microscopy images obtained with the secondary electron detector and the right column shows scanning
transmission electron microscopy overview images of various lamellas. LSC64 and LCF82 images taken from [42,
44]. PCF82 images taken from [43].

Compound SEM STEM

LSC64

LCF82

PCF82

SEM and STEM images from Table 4.2 were recorded after 1000 h in SO2-O»-Ar (2 ppm SO>)
at 700°C. The surface coverage with secondary phases (SrSO4 for Lag.6Sr0.4C003.5, CaSO4 for
Lag.sCao2Fe0s.5, CaSO4 and Pr2(SO4)3 for ProsCao2Fe0s.5) reduces from Lag.6Sr0.4C003-5 (80
%) over LaggCao2FeOs-5 (40 %) to just (25 %) for ProsCao2FeOs.5. The degree of surface
coverage was estimated by using threshold analysis provided by the software ImagelJ [45]. This

trend could also be seen in Kehem shown in Figure 4.1.
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Figure 4.1: Dependence of the chemical surface exchange coefficients (kchem) of various materials on time in

atmospheres without and with SO,.

During the first 1000 h in 10 % O2 in Ar, LCF82 and PCF82 showed a stable behaviour with
small deviations between oxidation and reduction reaction. LSC64 also showed a good match
between oxidation and reduction reaction similar to LCF82 and PCF82, but kchem for LSC64
decreased over time due to minor SO, impurities from the gas phase. Overall, LCF82 shows
the highest values for kchem during the first 1000 h without SO», followed by PCF82, which
shows similar, but more stable values for kchem compared to LSC64. After addition of 2 ppm
SO», the surface exchange coefficient decreases for every material investigated in Figure 4.1,
due to formation of blocking secondary phases on the surface. However, as seen in the SEM
and STEM images of Table 4.2, the surface of LSC64 was almost completely covered and this
explained the poor performance of LSC64 in sulphur containing atmospheres [44].
Approximately the same extent of degradation could be observed for LCF82. The major
difference to LSC64 is the improved kinetics in the fresh state (without SO,) and therefore
higher values for kchem in the degraded state (with additional 2 ppm SO»). Further, the degree
of coverage was less for LCF82 compared to LSC64 (see red square in STEM image for LCF82
in Table 4.2) [42]. The fastest surface oxygen exchange kinetics in SO, containing atmospheres

could be achieved with PCF82 [43]. As seen in the SEM image in Table 4.2, large areas of the
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sample surface were not affected by SO». Especially, areas next to the needle shaped Pr2(SO4)3
crystals remain unaffected, although SO: reacts with the bulk area of PCF82 forming CaSO4
on top of the surface and in the bulk region (see PCF82 STEM image in Table 4.2).

The second part of this thesis focuses on the improvement of oxygen exchange kinetics for
alkaline earth-free SOFC cathode materials by introducing KoNiF4-type structures (first order
Ruddlesden-Popper phases). K:NiFs-type oxides exhibit exceptionally high bulk diffusion
coefficients for oxygen, but the kinetics is frequently limited by the surface oxygen exchange
process, as seen in chapter 3. Table 3.2 shows two important trends. First, surface and bulk
diffusion coefficients for ProNiOg are higher than those of LaxNiO4 and second, the substitution
of 10 % Co on the Ni-site additionally improves the surface exchange kinetics of oxygen. The
improved surface oxygen exchange behaviour of Pr2Nio.9Co00.104 (PNCO) can be seen in Figure

4.2 [46].
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Figure 4.2: Chemical surface exchange coefficients of oxygen for PNO and PNCO [46]. The arrows indicate the

sequence of measurements performed for every material.
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Figure 4.2 indicates an increase in kchem in the measurement cycle from 800 °C towards 600 °C
for both investigated materials. Scanning transmission electron microscopy with energy
dispersive X-ray spectroscopy was performed to investigate the surface near region of PNCO.

Results of this experiment are shown in Figure 4.3 [46].
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Figure 4.3: STEM-HAADF image of a PNCO lamella with EDX spectra. Spectrum 1 was
recorded on the darker surface near spot pointing out the exsolution of PrsO11 (EDX gives Pr:O
ratio of 35.7:64.3 at%). EDX measurements from the bulk area (spectrum 2) indicate the
nominal composition of PNCO (Pr:Ni:Co:O ratio equals 27:14:2:57 at%) and spectrum 3 shows

a small amount of additional Co signal next to the Pr enriched area. Figure was taken from [46].

Several studies confirmed that the exsolution of PrsO11 nanoparticles could have a positive

impact on the surface oxygen exchange activity [47-50].
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5) Characterisation techniques

The following chapters briefly the most important characterisation and measurement techniques

used to achieve relevant data for the publications in this thesis.

5.1) X-ray powder diffraction (XRD)

This first section of the methodical part of the thesis focuses on the formation of X-rays, their
interaction with crystalline samples and the resulting powder diffraction patterns, as well as

information derived thereof by Rietveld refinement.

5.1.1) Formation and characteristics of X-rays

More than 120 years ago, Wilhelm Conrad Rontgen discovered a novel type of electromagnetic
radiation called X-rays. Those X-rays fit between the area of ultra violet and y-type radiation

on the electromagnetic spectrum shown in Table 5.1-1 [51-53].

Table 5.1: Position of X-rays in the electromagnetic spectrum, modified from [52].

wavelength / nm | designation
770-400 visible light
400-200 near ultra violet
200-10 far ultra violet
10-0.002 X-rays

<0.002 y-rays

X-rays form due to the impact of accelerated electrons on a metal substrate (anode in an X-ray
tube). A fast-accelerated electron follows Einstein’s equation (Equation 5.1-1) and concluding
from this, the minimal wavelength (Amin) of an X-ray quant is limited to the change in maximum

energy (AEmax), which is a function of the accelerating voltage (V) [52].
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AEmax=e-V=h-vmaxzﬁ

)Lmin

(Equation 5.1-1)

e... elementary charge of an electron (1.60217662x107 / A)
Vmax- .. maximum frequency

c... speed of light (299792458 / m s™!)

h... Planck’s constant (6.62607004x10* / m®> kg s™)

According to Equation 5.1-1 for a given high voltage of 40 kV, the smallest possible wavelength
is 0.309 A. Also according to Equation 5.1-1 there is a probability, that the whole energy is
transformed from the electron to the electromagnetic field of the core near region in the atom
by just a single step. However, the most common case is that the energy is transferred in
multiple parts, until the electron loses its motion. This is the main reason why there are many
different wavelengths that all correspond to a certain energy called “Bremsstrahlung” [54]. To
receive characteristic X-ray spectra of an X-ray tube, one has to improve the energy to excite a
core near electron to obtain a line spectrum which overlaps with the continuous
“Bremsstrahlung” [55]. All of the above-mentioned phenomena can clearly be seen in Figure

5.1-1.
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Figure 5.1-1: left) Smallest possible wavelength for a given accelerating voltage; right) Characteristic X-ray

spectrum given by a Mo-Ka tube. Figures modified from [52].
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5.1.2) Fundamentals of X-ray diffraction

The incident wave front build from the characteristic X-ray spectra interacts with the sample in
various ways. The mathematical description of these interference phenomena was formulated
by W.H. Bragg and W.L. Bragg [56]. This equation, called Bragg’s law (Equation 5.1-2),
combines the information on diffraction angle (®) and wavelength (1) to the interplanar spacing
distance (duk1). One important requirement for this is the presence of constructive interference

in the lattice plane. The parameter n (has to be an integer) describes the order of reflection.
n-A=2-dp sin(@) (Equation 5.1-2)

The geometric relation of the above mentioned parameters und therefore the derivation of

(Equation 5.1-2) is visualized in Figure 5.1-2.

Figure 5.1-2: Geometrical derivation of Bragg’s law. Modified from [57].

The triplets (hk/) are called Miller indices and each combination of these describes a specific
plane, where each plane in a set of (hk/)-values may act as a separate scattering object. A very
useful tool to explain the phenomena of diffraction was set up by P.P. Ewald [58]. The so-called
Ewald sphere combines scattering vector (depends on the geometry of the experiment) and the
reciprocal lattice (depends on orientation and the lattice parameters of a crystalline sample) to
a simple geometrical concept [59]. For a geometrical construction of the Ewald sphere one has
to draw the incident wave vector (so) in direction of the incident beam, which has a wavelength
of A'!. Next, the sphere with the centre at the beginning point of so and a radius of A is
constructed. After that the scattered wave vector (s), which has also a radius of A"! is drawn. In
the last construction part, the reciprocal lattice with the origin lying in so has to be drawn. As

shown in Figure 5.1-3 the reciprocal lattice points locate on the circle of the Ewald sphere [57].
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Figure 5.1-3: Geometrical construction of one circle of the Ewald sphere. The number “0” marks the origin of

the reciprocal space. The figure was taken from [59].

5.1.3) Powder diffraction pattern

As described in the previous chapter, the monochromatic beam is scattered in a particular
direction and this could be predicted by using Ewald sphere construction. However, when
dealing with powder samples, there are a large number of randomly oriented grains and
reciprocal lattices. For the case of randomly oriented grains, the lattice vectors dnk arrange on
the surface of Ewald’s sphere and the corresponding scattered vector is aligned with a cone
angle of 40, to the parallel cone axis of so. Assuming that there are infinite numbers of
crystallites, the scattered vectors form constant cones with different intensities and diameters
[60]. Those are called Debye rings [61] as seen in Figure 5.1-4 and Figure 5.1-5.

Ewald’s Diffraction

sphere cone Debye

ring

Incident
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—

Figure 5.1-4: Schematic on the origin of the powder diffraction cone and formation of Debye rings. Modified

from [57].
26



intensity / arb. units

N L L

7
0 20 30 40 50 60 70 80 90 100
20 / degree

Figure 5.1-5: left) X-ray diffraction pattern of LagsCag,FeO;.5 obtained by using Cu Ka radiation. The black
box indicates the integrated area of the scattered intensity as a function of the resulting 2@ angle shown on the

right. Modified from data of Hudspeth et al. [62].

Wave aberrations cause the Ewald sphere to have finite thickness, and as a result the Bragg
Peaks always have a nonzero width as a function of 20 [63]. As seen in the right part of Figure
5.1-5, a typical powder diffraction pattern consists of a relative intensity as a function of 20.
However, to get this angle dependence from the Debye rings, one has to integrate over the black

box shown in Figure 5.1-5, because the detector works on radial coordinates (tan 20) [59].
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5.1.4) Rietveld refinement

In the previous chapters, the formation of X-rays and their interaction with polycrystalline
samples, leading to powder patterns, was explained. This chapter mainly focusses on the data

evaluation of powder diffractograms by using Rietveld refinement [52].

This is a mathematical tool to refine parameters necessary for structural investigations, but also
additional parameters like sample and instruments effects, which have an impact on the
diffraction pattern, can be taken into account. The algorithm used for this method is a least
squares process, with the aim of finding the closest possible match between the measured data
and the structural model including instrument and sample effects. A crucial requirement for this
technique is the presence of a suitable structural model, wherein the data of similar (already
described structures) could be used as a starting point for the refinement. Nowadays,
computational ab initio methods could also generate useful starting conditions for the

refinement of unknown structures from powder diffraction data [52, 64-68].

The following equation (Equation 5.1-3) shows the calculated intensity (y.i) at a certain point
1.

Yei =S Ykt Lt * |Frpal? - @(20; — 20p0) - Py - A - Sr- - E + Y (Equation 5.1-3)
hkl... Miller’s indices

S... scaling factor (important for quantitative phase analysis)

Lju. .. Lorentz-, polarisation- and multiplicity-factor

Fiu. .. structure factor for a specific (hk/) Bragg reflex

®... function for the reflex profile

Piu. .. factor for preferential orientation

A... absorption factor

S:... factor for the surface roughness

E... extinction coefficient

Ybi... intensity of the background at a certain positon i
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The algorithm behind this method is to align the calculated values y.i to the measured data-
points yoi by obtaining a best fit (minimization of the parameter Sy) for the least squares

refinement (Equation 5.1-4) [69, 70].
Sy = Ziwi(Voi = Yei)® (Equation 5.1-4)
w... weighting factor defined as w = y_;!

Besides the position of a Bragg reflex (given by the lattice constants and the space group), the
intensity of each reflex is very important. Those intensities (Ix«) are proportional to the square

of the structure factor (| Fy;|?) which is defined in Equation 5.1-5 [71].
Fu = 0o N; - f; - e~ - el2mi(hjrieyjriz))] (Equation 5.1-5)

N;j.... position multiplier for the atomic position j, defined as occupation number divided by

multiplicity of the position j
M,;... temperature factor (caused by thermal motion parallel to the scattering vector)
fi... atomic scattering factor

The next important parameter for a structural refinement of powder diffraction data is the
background yui. To avoid high background signals in crystalline samples, it is important to
prevent radiation of the sample holder and to exclude fluorescence effects of the sample by
using a secondary monochromatic. After taking all these issues into account, the following
equation with an 8M-order polynomial should describe the background by refining the parameter

B, (origin of the background function) quite well [52, 57].

m
Vi = X8 _ B, [(231) — 1] (Equation 5.1-6)

14
Bu... the m refined polynomials

Another major contribution to the refinement of a powder diffraction pattern is given by the
mathematical description of the peak shape. The variation of the peak shape (e.g. broadening)
could be caused by either the instrumental profile (depended on the hardware and the
measurement method), or the so-called intrinsic diffraction profile, which is mainly controlled
by the sample specifications (e.g. crystallite size, degree of crystallinity and microstrain). To
cover every measurement point of a Bragg reflex, it is important to model the function @
(described in Equation 5.1-3) with a set of analytical functions depending on the geometrical

form of the peak. There are a few different functions available so far and three of these are
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described in the following section. The first one, a GauB3-function G (Equation 5.1-7), could be
used to describe peak shapes with nearly ideal normal distribution, as it’s common in neutron
diffraction data or low angle X-ray scattering [52, 72].

—4-1n(2)-(20i—20hkl)2

P(26; — 20p,,) = 2@ ., Higl =G (Equation 5.1-7)

Hpgki

Hiki. .. full width at half maximum of the reflex hk/

The second one, a Lorentz-function L (Equation 5.1-8), could be used to describe very broad

peak shapes, which tend to occur at high diffraction angles [52, 72].

2 1
Hpjqm 1+4'(29i-229hk1)2
Hpp

P(26; — 26py) =

=L (Equation 5.1-8)

The third one, a modified Thompson-Cox-Hastings-pseudo-Voigt-function TCHZ (Equation
5.1-9a-d), could be used to combine the advantages of the Equations 5.1-7 and Equation 5.1-8

to fit peaks with Gaussian and Lorentzian contribution [52, 73].
P20, —20p) = n L+ (1—n) G wheren=Y3_,C; (%)i (Equation 5.1-9a)
Ci... numerical constant

I'... total full width at half maximum, the indices L (Lorentz) and G (Gauss) indicate the

contribution of the corresponding function to the full width at half maximum.

r="gs - (Equation 5.1-9b)

I; = Ju ~tan?(@) + v-tan(@) + w +

(Equation 5.1-9c¢)

z
cos?(0)

— . y . ]
I, = x-tan(O) + 205(8) (Equation 5.1-9d)

The parameters u, v, w, X, y and z are adjusted during refinement.
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A graphical comparison of the previously mentioned profile functions is given in Figure 5.1-6.
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Figure 5.1-6: Single peak from a XRD powder diffraction pattern (dots) with the corresponding profile functions
(lines). The TCHZ approach results in the best matching peak shape. Modified data from [40].

As previously described in this chapter, the main goal of the Rietveld refinement is to minimize
the function Sy (Equation 5.1-4) in order to achieve a small discrepancy between calculated and

measured profile. To obtain comparable results, several quality factors are introduced in Table
5.1-2 [52, 69].

Table 5.1-2: Quality parameters for Rietveld refinement

_ YnkilInki(0bs) — Iy (calc)|

1
Yiwi* Woi — ¥ei)*|?
I b =
Ykt Inii (0bs) Rup [ Xiwit (Yoi)?

Rg

1 1
Rexp = [(—)2 S — GOF — wp — Zl L (:VOL)
Xiwi (Yoi) Reyy |(N—-P+0)

N... number of measurement points
P... refined parameters

C... applied constraints

wi... weighting factor for the measurement point j, defined as w; = y,;! similar to (Equation
5.1-4)
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The Bragg value Rg does not rely on actual Bragg-intensities. Although they are very similar
to intensities obtained from single crystal diffraction, they only refer to calculated data from the
structural model. For simple mathematical reasons, the weighted quality factor Ry, is the most
significant one, because it takes all kinds of sample characteristics into account. These could,
for example, be the presence of contaminations on the sample (additional reflexes), or changes
in signal to background intensities (fluorescence effects). The Rexp value in combination with
the Ry, value represents an important quality factor, the so-called GOF (goodness of fit)
parameter. As the theoretical value equals unity, a good quality value is a GOF close to 1.3

[52].
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5.2) Electronic conductivity and dc-conductivity relaxation measurements (EC/CR)

This chapter primarily focusses on the determination of the electronic conductivity and the

oxygen exchange kinetics of dense sintered ceramic compounds.

5.2.1) Sample geometry and electronic conductivity

A common way to determine the electronic conductivity is to measure the resistivity on a
rectangular shaped sample with four contact points as seen in Figure 5.2-1a [74]. To perform
such measurements, one has to apply a current between point A and B, simultaneously
measuring the voltage between the points C and D. It is very important that the points C and D
are in sufficient distance to A and B, to avoid irregularities in the current flow. The voltage drop
between the contacts C and D, and the applied current, lead to the measured value for resistivity.
A big disadvantage of this technique is the dependence of the specific resistivity on the sample
geometry. To overcome the problem of an unknown current distribution, a different geometry,
called van der Pauw geometry, is used as shown in Figure 5.2-1b [75, 76]. This technique is
applicable for arbitrarily shaped samples, with the limitation of a uniform thickness and small
contact areas. The first resistive value Rap,cp is obtained by applying a current between A and
B and measuring the voltage drop between C and D, while the second resistive value Racpa is
obtained by applying a current between B and C and measuring the voltage drop between D
and A. The resulting specific electronic conductivity can be calculated by using Equation 5.2-

1[76].

D C

Figure 5.2-1: a) conventional resistivity measurement. b) van der Pauw geometry taken from [76].

T 1
e APCPh 4o B, = (Equation 5.2-1)
L... thickness of the sample

p... specific resistivity (the specific electronic conductivity is defined as o = ;)
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5.2.2) Dc-conductivity relaxation measurements

Besides high ionic and electronic conductivities, fast oxygen exchange kinetics (fast oxygen
reduction on the surface and fast diffusion of O ions in the bulk of the material) are the key
factors for potential SOFC cathodes. This part of the chapter focuses on the determination of

the kinetic parameters by using the dc-conductivity relaxation technique (Figure 5.2-2).
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Figure 5.2-2: a) ideal pO; change in the conductivity relaxation setup. b) glass reactor with sample in van der
Pauw geometry. c) normalised conductivity relaxation curve of LCF82 at 700°C and pO; = 0.15 bar. Figure b)
taken from [77].

For the experimental setup, a dense (above 95 % relative density) and finely polished sample
(with four contacts applied in van der Pauw geometry similar to Figure 5.2-1b) is ne