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Chapter 1

Introduction

1.1 Anthropogenic Greenhouse Gas Emissions

Ever since the industrial revolution, anthropogenic greenhouse gas emissions into the atmos-
phere keep increasing. While the ongoing climate change is mainly driven by emissions of
CO, (estimated to be 60% of the total due to all anthropogenic greenhouse gases [1]), some
other greenhouse gases also play a part. After CO,, methane is the next most important an-
thropogenic greenhouse gas, accounting for 20% of the total impact as of 2001 [1]. One im-
portant source of methane is the energy sector, but agriculture and domestic waste disposal
contribute more to the global total [2]. Also nitrous oxide contributes directly to climate
change albeit only amounting to 6% of the total impact of all greenhouse gases. The main

source is agriculture but also industrial production of select chemicals.

While some of the anthropogenic CO, stems from industrial processes and some from land
use changes (mainly deforestation), the main contribution comes from the combustion of all
kinds of fossil fuels, with the emissions continuing an upward trend in the early years of the

21% century.

Fossil fuels are the dominant form of energy utilized in the world (86%), therefore accounting
for about 75% of global anthropogenic CO, emissions in 2001 [2]. In 2002, 149 Exajoules
(ET") of oil, 91 EJ of natural gas, and 101 EJ of coal were consumed worldwide [3], with
global primary energy consumption steadily growing at an average rate of 1.6% annually be-
tween 1995 and 2001 [4]. This resulted in an increase of average global CO, emissions by

1.4% per year in the same time period, with the total emissions from fossil fuel consumption

"1EI=10"%7



CHAPTER 1. INTRODUCTION

and flaring of natural gas amounting to 24 Gt of CO; in the year 2001, with industrialized
countries being responsible for 47% of all energy-related CO, emissions [4].

Estimations of the International Energy Agency (IEA) in 2003 as to the CO, emissions from
various sources worldwide show power generation to be the single largest source of emis-
sions. Another sector where emissions arise from a few large point sources is in parts of Man-

ufacturing and Construction [4].

The second largest source of CO; emissions is transport, growing even faster than those emis-
sions from energy and industry in the last few decades [5]. The main difference, however, is
the fact that transport emissions stem mainly from a large amount of small, distributed sourc-
es. This renders the transport emissions not feasible to be a candidate for the possible uses of

CO; capture and storage technology that will be introduced in the next part of this chapter.

1.2 CO, Capture and Storage

1.2.1 Overview

While CO; emissions can be reduced by more efficient use of fossil fuel or different technol-
ogies for the production of energy like nuclear power or from renewable sources (e.g. water
and wind power, solar and geothermal energy, biomass consumption etc.), the fact remains
that in the near and middle future fossil fuel will globally still remain the most used energy
source. Therefore the idea was born to try and separate CO, from industrial and energy-re-
lated sources and transport the purified carbon dioxide to a storage location where a long-

term isolation from the atmosphere would be guaranteed.

In 2005, the Intergovernmental Panel on Climate Change (IPCC) published a special report
on carbon dioxide capture and storage (CCS) [6]. Here, it could be seen that the largest
amounts of CO, emitted through the consumption of fossil fuels stem from relatively few
large point sources, that is approx. 7000 stationary sources world-wide from power genera-
tion, cement production, and oil refining being responsible for a total emission of more than
12 Gt of CO;, per year. These large stationary sources would be the ideal candidates for a pos-

sible capture of COs.

1.2.2 Storage Options

Several storage options can be discussed, the first being the injection of the pure CO; into the

oceans. Carbon dioxide is soluble in water, therefore the oceans steadily take up CO, from
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the atmosphere (approx. 7 Gt per year in the last decade), amounting to 500 Gt of anthropo-
genic emissions during the last 200 years. The naturally absorbed CO, already accounts for a
drop in the pH value of 0.1 in the upper oceans. Possible injections could be done by ship or
pipeline in depths above approx. 3 km — where the CO, would dissolve in the water — or be-
low that depth, where the water pressure would be high enough to liquefy CO,, therefore
forming CO; lakes at the seabed. However, serious impacts on ocean chemistry and marine
life are to be expected, as large-scale injections would decrease the pH significantly at the in-
jection site, with expected immediate mortality of marine life. Furthermore, no ecosystem ex-
periments have yet been conducted in the deep ocean. Also, the long term sequestration of the
carbon dioxide from the atmosphere is not given using this storage option, as even the liquid
CO, will eventually dissolve in the sea water and in the long term equilibrate with the atmos-
phere. Projections show that even with an injection depth of 3 km, after 500 years only 71%
of the injected CO, will still be contained [6].

A probably more feasible option is storage in geological formations. While CO, can be — and al-
ready is — used in enhanced oil and gas recovery (injecting CO, into the reservoir presses out the
fossil fuel) and enhanced coal bed methane recovery (ECBM, where the injected CO, adsorbs
onto coal replacing gases like methane), sequestration can also be achieved by using depleted oil
and gas reservoirs as storage space or even by injecting the carbon dioxide into deep saline aqui-

fers both onshore and offshore. Fig. 1.1 shows an overview of these possible techniques.

Overview of Geological Storage Options
1 Depletedofiandgasreservoirs s

2 Use of CO, in ofl and gas rec Y ESEEESY Stored CO. 2
3 Deep saline formations — (a) offshore (b) onshore s
4 Useof CO, in i coal bed y

Fig. 1.1: Overview of geological storage options for separated carbon dioxide [6].
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In the two cases of using depleted reservoirs and deep saline formations, injection normally
takes place at depths below 800 meters where CO, will be in the liquid state with a density
range from 50 to 80% of the density of water. Buoyant forces necessitate the presence of a
dense cap rock that physically traps the carbon dioxide. However, capillary forces can retain
the CO, in pore spaces and a fraction forms solid carbonates with rock minerals. The carbon
dioxide will also slowly dissolve in the in-situ water over hundreds to thousands of years,
with the CO,-rich water sinking down and further trapping the gas. Industrial scale projects
testing these options are already ongoing, e.g. the In Salah project in Algeria, the Sleipner
project in Norway or the Gorgon project in Australia [6]. Fig. 1.2 shows possible storage lo-
cations in Western Europe, among those oil and gas fields, unminable coal seams suitable for
ECBM, and deep saline formations with potential storage capacities of up to 900 Gt, 200 Gt,
and 10000 Gt carbon dioxide, respectively.

- Sedimentary Basins
e

Fig. 1.2: Sedimentary basins suitable for CO; storage in Western Europe [6].

However, using these possible storage locations remains to be regulated by local govern-
ments, which have to address a multitude of different topics from safety to local environmen-

tal concerns and concerns in the population.

As available storage space is somewhat limited and should be used as efficient as possible, it

is prudent to obtain CO, from a combustion process in the highest possible purity. This is

4
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even more important considering the transport costs to the injection site. Estimates show
them to be approx. 6 US$/t for pipeline transport (offshore/onshore, depending on terrain

conditions) and double that value for ship transport [6].

1.2.3 Obtaining Pure CO, from a Combustion Process

As the importance of cost and storage efficiency dictates, CO, has to be obtained in a very
high purity. The first possibility that comes to mind is post combustion separation of the flue
gases emitted from a power plant. This is an interesting concept, as the plant itself would not
have to be severely changed but could simply be retrofitted with a further process of flue gas
treatment: as soot and SOx are already filtered from the flue gas in modern power plants, just
another step for water vapor condensation and N,/NOx/CO, separation would have to be
added. Also, a chemical absorption process for CO, separation from other gases already ex-
ists and is used on a large scale for separating carbon dioxide from natural gas directly after
extraction. Therefore, using chemical absorption also plays a dominant role in current R&D
activities on CCS [6]. Monoethanolamine (MEA) is used to absorb up to 90% CO, from the
flue gas in an absorber at 40-70 °C, then heated up in a stripper unit to 100-120 °C in order to
release the CO,. After cooling, most of the MEA can be reused, slight losses occur by reac-
tion with present traces of SO,. Thus, several weaknesses present themselves in this method.
The solvent regeneration process presents high energy demands, while degeneration of the
solvent introduces high material and disposal costs. Furthermore, the used solvents create

additional environmental pollution.

Calculations have been made for the MEA process used in a 1100 MW coal fired power
plant, where the flue gas flow of 3 million Nm>/h contains 800 t/h CO,. This would require an
initial fill of MEA of approx. 1800 t with a needed refill rate of at least 1.3 t/h and the addi-
tional energy demand would result in estimated efficiency losses Ay for the overall power
plant efficiency of around 12-14 percentage points [7]. Other simulations for a 600 MW coal
fired power plant yielded efficiency losses of 8.2 percentage points [8].

Alternatively, gas separation membranes can be used for post-combustion CO, separation,
possessing the advantages of end-of-pipe application and reduced environmental impact com-
pared to the chemical absorption method [9;10]. Gas separation membranes for use in post-
combustion capture have been investigated independently by several groups [11-17]. Simula-
tions for a cascade membrane concept in the abovementioned 600 MW reference plant

showed the efficiency loss to be only 6.4 percentage points [8].

There are, however, other possible means to obtain pure CO, from a combustion process.
Fig. 1.3 shows an overview over several techniques. In the pre combustion process, the fuel is

treated by steam reformation and water-gas shift reaction to form a mixture of H, and CO,,
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which would have to be separated in order to obtain pure CO,. The hydrogen is then used for
heat and power generation. Different methods for this type of separation process are possible,
with physical absorption processes yielding efficiency drops of 5-11 percentage points [8],
while other possibilities are under investigation by researchers around the world, e.g. the
development of zeolite membranes for nano-sieving [18-22] or high temperature proton con-
ductors [23-25].

N, o
o, &
Coal
co
Gas Power & Heat i
Biomass Separation
Air CO,
Airlo,
_ Coal Steam £
Biomass ‘ / \ |
Pre combustion Gasification Reformer H, N,O, \ \
l—" +CO, Sep. _/" Power & Heat | ‘ co, 2
Gas, Ol wlppy! Compression
Air & Dehydration
Coal CcoO,
Oxyfuel Gas | Power & Heat
Biomass 1
O,
N,
Air =P |Air Separation
AirO,
Coal
Industrial processes Gas | Process +CO, Sep.
Biomass
Raw material Gas, Ammonia, Steel

Fig. 1.3: Overview of different processes to gather pure CO, from fossil fuel combustion by
gas separation [6].

In the Oxyfuel process, a different concept is used, owing to the fact that the main portion of
the flue gas of a fossil fuel power plant consists of nitrogen and NOx. This whole part could
be avoided by not using air to enable combustion, but burning the fuel in pure oxygen. That
way, the resulting flue gas would mainly contain CO,, soot, water vapor, and SOx, the latter
three of which are either already filtered out by the present flue gas treatment in modern
power plants (soot, SOx) or could easily be done so by condensation (in case of the water

vapor), leaving nearly pure CO; for subsequent transportation and storage.

For this Oxyfuel process, the gas separation challenge comes down to the production of pure
oxygen from air. While cryogenic air separation is a well-established process for this task, the
energy demands for use in a power plant would amount to an efficiency loss of 8-11 percent-
age points [26]. There is, however, the possibility to use oxygen transport membranes (OTM)
for the air separation process in order to obtain the necessary oxygen, reducing the efficiency
loss by 2-5 percentage points [8] in comparison — for example, Stadler et al. report achievable
efficiencies of 40.1% and 40.7% for a power plant using OTMs in comparison to 45.9% for

the reference plant without CO, sequestration [27]. Using the Oxyfuel process will, however,
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require major modifications to the base power plant, i.e. due to generally higher burning tem-

peratures and the integration of high temperature membranes in the latter case.

1.3 Membranes for Oxygen Separation

1.3.1 Mixed Ionic Electronic Conducting (MIEC) Oxides

Most promising materials for oxygen transport membranes are mixed ionic electronic conducting
perovskites ABO; (with A: Sr, Ba, La, ... and B: Fe, Co, ...) which show a remarkable flexibility
and stability with respect to cation substitution (thus enabling custom-tailoring of material prop-
erties for different applications) and are able to excellently conduct oxygen ions via numerous
vacancies in the anionic sub-lattice and compensate for the charge transfer by fast simultaneous
electronic transport, which has been proven long since (e.g., [28]). These transports occur
continuously, as long as a gradient in the chemical oxygen potential (in this case oxygen partial
pressure pO,) across the gas tight material is applied (typical values for the technical application
in a three end module - cf. next section — would be 1bar< pOz(l) <5 bar,
PO, = 107 bar). This is economically feasible only if the oxygen in- and excorporation at the
membrane surface is governed by a sufficiently high chemical oxygen surface exchange coeffi-
cient £°(p0O,,T) and if fast ionic oxygen transport through the lattice is guaranteed by a high
chemical oxygen diffusion coefficient D°(pO,,7). Fig. 1.4 shows a schematic of such a mixed

conducting membrane.

These perovskite-type oxides hold promise for various high-temperature applications, such as
solid oxide fuel cell (SOFC) electrodes (e.g., [29-31]), resistive-type gas sensors, (e.g., [32;33])
as well as oxygen transport membranes, (e.g., [34;35]). In all of these applications the material
should exhibit excellent oxygen transport properties while being stable under the ambient oper-
ating conditions of temperature (typically in the range between 600...900 °C) and gas atmosphere
(mainly low oxygen partial pressure, but sometimes also in various other gases), and being com-
patible with other materials with which it is in direct contact — often a non-trivial task in view of

the relatively high operation temperatures.

Oxygen transport through such a MIEC membrane of the thickness L is usually given by the

Wagner equation:

In pO{?
RT * 0,0,
. - _ el ion dll’l O ]1
JOZ 42 FZL 1 J;“) O-el +o-ion g ’ ( )
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where R is the ideal gas constant, F is the Faraday constant, pO(zl) and pO(ZZ) are the oxygen par-

tial pressures on feed and permeate side of the membrane and o and ., are the electronic and

ionic conductivity, respectively [34].

o0 ($2%)
_— —_—
0O, 0,
N, .'
o® P,
surface/
exchange
k®
bulk pg
diffusion _ '
D? MIEC (metal oxide)
e.g. 1 bar e.g. 50 mbar

Fig. 1.4: Schematic of a mixed ionic-electronic conducting oxygen transport membrane.
Given are examples for the absolute pressures on both sides of the membrane, for
example as used in a four-end module (cf. next section).

The surface exchange at the gas/membrane interface on both sides of the membranes can be de-

scribed using the pO,-dependent surface exchange coefficient £°(pO,,T):
n Janor (0 =k (pO,,T)- (¢ (30 =Cor (¥) (1.2)

where 7 is the unit vector normal to the gas/MIEC interface and ¢, @ the equilibrium oxygen

ion concentration that can be calculated from oxygen nonstoichiometry measurements as de-

scribed in our recent paper [36].

If the electronic conductivity in the MIEC material is high enough so that local electroneutrality
can be assumed, the ionic diffusion in the membrane volume is driven by a concentration gradient

in the volume itself and can be described by Fick’s law using the chemical diffusion coefficient
D°(p0,,T):

}uuﬁ;o2 (;C) =-D"(pO,,T)- Ve (;C) (1.3)
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Therefore, if the material parameters k°( p0,,T) and D’( p0,,T) are known for the relevant

oxygen partial pressures and temperatures and the equilibrium oxygen ion concentration can be
derived, the total oxygen flux through a membrane can then be calculated by integration of the
ionic current density over the surface cross-sectional area 4 — even in case of a porous membrane

by also considering gas diffusion in the pores via, e.g., the dusty gas model as shown in [36]:
. | B .
o, (PO T) == [ - ()l (1.4)
- A

Transport parameters as well as oxygen stoichiometry changes in the MIEC material are therefore
important information to evaluate the performance of a possible oxygen transport membrane.

Parts of this work contribute to this quest.

1.3.2 Membrane Module Concepts

As has been shown, the oxygen transport through the membrane has to be facilitated by applying
a gradient in oxygen partial pressure to the MIEC material. For an OTM integrated into a com-
bustion process, this can be done in two basically different ways [8;27] as shown in Fig. 1.5.
While in both the depicted four-end module and the three-end module the feed side of the mem-
brane is flushed with compressed ambient air and the separated oxygen is then used to enrich the
oxygen concentration in the flue gas and use it again to deliver the oxidant to the firing process
(therefore steadily increasing CO, concentration for subsequent storage), in the first case the
permeate side has to be in contact with the oxygen deprived flue gas from the combustion process
at ambient air pressure. The gradient in oxygen partial pressure is then due to the combination of
absolute pressure difference as well as concentration difference due to the oxygen depleted ex-
haust gas. The membrane does not have to be artificially heated to the intended operating temper-
ature, as the hot flue gas takes care of that necessity. However, direct contact with components of
the exhaust like soot, SOx or even the highly concentrated carbon dioxide may be detrimental to

the membrane material if chemical stability is not guaranteed under these conditions.

The three-end module concept is fundamentally different in that it is basically a stand-alone unit
that produces pure oxygen — that then can but does not have to be used to enrich the oxygen con-
tent in the flue gas. Pure oxygen can also be used to directly burn fuel or for completely different
applications. The partial pressure gradient is achieved by applying a vacuum to the permeate side
of the membrane in using a vacuum pump, in that way avoiding any contact to potentially detri-
mental chemical compounds. This however comes with the cost of requiring artificial heating for

the membrane and feed gas and additional efficiency losses due to the vacuum pump system.
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Fig. 1.5: Pressure driven four-end (left) and three-end (dead-end) module concept (right)
for the possible usage of gas separation membranes [37].

1.3.3 MIEC Material Selection

The cubic modification of the SrCo;.Fe«O;5 was firstly identified as highly promising in 1985
[28] but was found to undergo a phase transition to an orthorhombic Brownmillerite structure due
to oxygen vacancy ordering [38;39]. This reduces the oxygen ion mobility and there have since
been numerous attempts to stabilize the cubic phase by A-site doping. Barium turned out to be a
useful element as it also enhances the ionic oxygen conductivity [40]. Due to its larger ionic ra-
dius, however, the introduced deformation of the perovskite structure favors the formation of
hexagonal barium oxide in the case of too high doping levels. Therefore, a compromise has to be
made between high transport capabilities in the case of high barium concentration and phase sta-

bility with low dopant content.

This led to the state-of-the-art material system of Bag sSrysCogsFep205.5 (BSCF), which pos-
sesses formerly unobtainable oxygen transport capabilities [41] in its cubic phase (e.g. [40-
50]),while being chemically stable even at very low oxygen partial pressures (cf. Chapter 3 and
[517). Other widely used MIEC perovskites are also well known from SOFC research, such as
Lag 53St94Co92Fep 3035 (LSCF) (e.g., [52-57]), ProssSro4Coo2Feos0ss (PSCF) [58:;59], or
Lay ¢Sr94Co05.5 (LSC) (e.g., [31;60-64]), with LSCF being the material of choice for state-of-the-
art cathodes, PSCF having been considered for use as alternative intermediate-temperature cath-
odes, and LSC recently showing the highest performance as a thin-film SOFC cathode with ex-

traordinary electrochemical properties [31].

For use as a material for oxygen transport membranes, however, great interest has accrued to
BSCEF due to its high oxygen permeation properties [41]. In Fig. 1.6 it can be seen that a BSCF

bulk membrane with a thickness of 1 mm already outperforms the oxygen flux obtainable with a

10
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20 um thick thin film made from LSCF. With thinner BSCF bulks and finally supported BSCF
thin films, the figure of merit set during the Helmholtz project MEM-BRAIN (cf. next section) of
an oxygen flux of 10 mly min™ cm™ can finally be obtained. Even higher fluxes are possible by
the application of an additional activation layer as described in [41]. The main focus of this work

has therefore been on the BSCF system.

T/°C
1050 1000 950 900 850 800 750 700
100 y—————— ' ' ' ™3 % BSCF thin film (70 ym)in O,
¥ ] with activation layer (a)
# 1 ® BSCF thin film (70 um) in O, (a)
BSCEF thin film (70 pm) in air (a)
BSCF bulk membrane
104 E (0.3 mm) in air (b)
B g 1 O BSCF thin film (120 um)in
O air (b), gas diffusion limitation
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& B BSCF bulk membrane
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Fig. 1.6: Oxygen fluxes through BSCF bulk and thin film membranes ((a) [41], (b) [65]) in
comparison to an LSCF thin film membrane ((c) [36]). The relatively poor perfor-
mance of the 120 pm thin film (hollow blue squares) was due to gas diffusion
limitation as the 1 mm thick support had a very low porosity of only 26 %.

The fact that Ba-containing perovskites are prone to carbonate formation in atmospheres con-
taining high amounts of CO, [66-69] and in contact with even very low concentrations (cf. Chap-
ter 7, [70]) should be of little consequence if it is used in a three-end module concept. However,
X-ray diffraction on annealed powders as well as long term electrical conductivity measurements
on dense samples revealed a phase transition to a hexagonal phase at temperatures below 840 °C
as well as the formation of another phase with Cdl, structure (cf. Chapter 8) in the cubic BSCF

lattice, thus negatively influencing the electrical performance as well as oxygen permeation.

The reason for this phase transformation seems to be a valence change of the cobalt ions from +2
to +2.7 as measured by Philipp Miiller et al. during our cooperation with the Laboratory for
Electron Microscopy at the Karlsruhe Institute of Technology [71;72], leading to a decreased
ionic radius, in turn destabilizing the cubic lattice. There have been attempts in literature to en-
hance the stability by complete or partial substitution of the Co by Zn or Al [73;74], reporting

enhanced stability, but oxygen permeation was negatively affected. There are, however, indica-

11



CHAPTER 1. INTRODUCTION

tions that relatively small B-site substitutions with Zr [75] or Y show a stabilizing effect and can

even — in the case of substitution with 2.5 at% Y — enhance the oxygen flux [76;77].

In this work, measurements were therefore also included concerning BSCF with B-site substitu-
tions by different amounts of Y, Sc and Zr ((Bag 5Sto.5)((Coo.sF€0.2)1-n/100Xn/100)O03.5, further desig-
nated BSCFnX, where n denotes the dopant concentration in at% and X stands for the dopant

itself) where appropriate.

1.4 Overview

1.4.1 Projects Funding This Work

The measurements and results presented in this work have been performed at the Institut fiir
Werkstoffe der Elektrotechnik (IWE), KIT, in the context of several national and international
projects. BSCF has mainly been investigated in the Helmholtz Alliance MEM-BRAIN project”
and its follow-up, the Helmholtz portfolio project’, while for the MEM-OXYCOAL* project as
well as the EU project DEMOYS? the focus was more towards LSCF. Thin films have been im-
portant for a subproject of the DEG-Center for Functional Nanostructures (CEN)®.

1.4.2 Chapter Overview

As could be seen in the previous parts of this introduction, there are a lot of material properties
important to the understanding and evaluation of a MIEC material. Fig. 1.7 gives a schematic

overview of these different aspects.

Electrical conductivity changes with varying oxygen partial pressures and/or temperatures ad-
vance the understanding of oxygen stoichiometry changes as well as present indications to possi-
ble phase changes in the material during long term measurements. Extraction of transport param-

eters under different conditions gives information about the material’s performance as an oxygen

% Helmholtz Alliance MEM-BRAIN: "Gas separation membranes for zero-emission fossil power plants", joint
project funded by the German Helmholtz Association of German Research Centers, duration: 2007-2011.

3 Helmholtz portfolio project "Gasseparationsmembranen fiir CO,-freie fossile Kraftwerke", joint project funded by

the German Helmholtz Association of German Research Centers, duration: since 2011.

"MEM-OXYCOAL - Sauerstoffpermeable keramische Membranen fiir kohlebefeuerte Kraftwerke", subproject

"Elektrische und elektrochemische Charakterisierungsverfahren", joint project funded by the German Federal

Ministry of Education and Research (BMBF) under grant no. 0327803F, duration 2008-2012.

"Dense membranes for efficient oxygen and hydrogen separation (DEMOYS)", joint project funded by the

European Commission under the European Community’s 7th Framework Programme (Theme 5: Energy), grant

agreement no. 241309, duration: 2010-2014.

"Nanostructured functional layers for advanced oxygen separation membranes", subproject F2.1 of the DFG-Center

for Functional Nanostructures (CFN) at KIT, funded by the German Research Foundation (Deutsche Forschungs-

gemeinschaft, DFG), duration: 2009-2013.

&

w

=N
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ion conductor, while measurements in very low oxygen partial pressures as well as other gases
(e.g. COy) yield important information in respect to limitations in chemical stability. All these
aspects have been the focus of this work, mainly pertaining to BSCF as it has been established as
the material of choice in respect to obtainable oxygen permeation rates — which have been meas-
ured (as well as mechanical stability under operating conditions) by our partners in the different
projects mentioned previously. Results regarding LSCF, PSCF and LSC have been obtained and
will be discussed where they present a contribution to the community’s knowledge.

Electrical
Conductivity as

Thermal Stability
as f{Tt)

Transport
Parameters as

Fig. 1.7: Schematic overview of different aspects important for the understanding of MIEC
materials and their performance for possible applications. Saturated colors indicate
research done in this work.

In the following, there will be a short overview of what to expect in the different chapters of this
work. Starting with Chapter 3, each chapter consists of an introduction to the following meas-
urements, a short experimental section pertaining to the specific chapter, followed by results and

discussion as well as the summarized conclusions and the chapter specific literature references.

In this Chapter 1, there is a short introduction to the concept of carbon dioxide capture and stor-
age, including an overview over expected drops in efficiency if applied to state-of-the-art coal
fired power plants. Different possibilities as to obtain pure CO, at the end of a combustion pro-
cess are shown and the Oxyfuel process, especially with the use of oxygen transport membranes
is explained. After a short explanation of two different membrane module concepts, possible per-
ovskite materials are discussed, leading to the focus on BSCF with additional measurements on
LSCF, PSCF and LSC — where sensible — in this work.

13
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Chapter 2 contains information pertaining to the measurement setups used for characterization of
perovskite powders, bulks and thin films as well as explanations on powder, bulk and thin film
(both epitaxial and polycrystalline) preparation.

In Chapter 3, the MIEC stability limits at low oxygen partial pressures are analyzed by using the
oxygen pump setup. First, the setup is evaluated for the use in coulometric titration measurements
(by means of precise background measurements, the use of model metal oxides etc.). BSCF pow-
der is annealed at different partial pressures and analyzed by X-ray diffraction (XRD) measure-
ments in order to find the stability limit of the material at different temperatures. Relative changes
in its oxygen stoichiometry are calculated from titration measurements and further titration meas-
urements on LSCF, PSCF, and LSC give indications of the respective stability limits as well as

decomposition kinetics of these materials.

Chapter 4 focuses on the conductivity changes in BSCF with changing temperatures. Sintered
bulk samples are measured between room temperature and 900 °C in air and pure oxygen. The
results are compared to identical measurements on epitaxial and polycrystalline BSCF thin films
as well as to measurements on BSCF3X (X =Y, Sc, Zr) bulk samples. Finally, the equilibrium
conductivity values are measured at intermediate temperatures, where long dwell-times are nec-

essary to obtain stable values.

In Chapter 5, the differences in MIEC conductivity at various oxygen partial pressures indicated
in Chapter 4 are examined in greater depth. The oxygen pump setup is used to measure and com-
pare the electrical conductivity of BSCF bulk samples, epitaxial BSCF thin films, sintered LSCF,
PSCF and LSC samples and dense BSCF3X (X =Y, Sc, Zr) samples at partial pressures between
ambient air and 107 bar pO, and temperatures from 700...900 °C. True equilibrium values for
BSCF at 10 bar and 10 bar pO, at 900 °C could be measured after very long dwell-times of
more than 600 hours (due to the vast decrease in oxygen transport parameters at these low partial

pressures).

The oxygen pump is used in Chapter 6 to perform jumps in oxygen partial pressure for electrical
conductivity relaxation (ECR) measurements. After a short excerpt concerning possible error
sources in such measurements, the mathematical description of the oxygen exchange and diffu-
sion is used to extract surface exchange coefficient values for BSCF, LSCF and PSCF between
ambient air pressure and 107 bar pO, at 900 °C, previously not available in literature. A visuali-
zation of the total error squares for a large set of k>-D°-tupels is used to determine the validity of
the fitted values.

Chapter 7 uses ECR in the frequency domain, performed in a kinetic measurement setup on
BSCF thin films (both epitaxial and polycrystalline), to extract surface exchange coefficients at
intermediate temperatures of 400...700 °C and ambient oxygen partial pressure. The data is com-
pared to each other and — at the higher temperatures — to literature values for bulk samples.
Measurements between 400...800 °C on LSCF thin films (sputtered and MOD derived) are used

for k°-value extraction and comparison, at higher temperatures again to literature values. Finally,

14
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the technique is used to investigate the deterioration of an epitaxial BSCF thin film sample during
repeated measurements in synthetic air containing 0.1 % or 1 % CO, at temperatures between
400...600 °C. Post-test analyses by SEM, EDX, and XRD show the destruction of the thin film

by carbonate formation.

Starting with SEM/TEM and EDX analyses revealing structural changes and/or secondary phase
formation in annealed and post-measurement epitaxial BSCF thin films, Chapter 8 analyzes the
phase stability of BSCF at temperatures from 700...900 °C. Starting with visible degradation of
the electrical conductivity of BSCF bulk samples during long term measurements at temperatures
below 900 °C — for which measurements a normalization procedure for conductivity changes
caused by meteorological air pressure changes had to be applied — the phase transition in BSCF
just around the intended operating temperature of 800...850 °C became a concern in respect to
future use. Thermal annealing of BSCF powders for increasing amounts of time at 800 °C is pre-
sented, yielding XRD derived proof for the slow formation of a hexagonal phase even in pure
N»/O, synthetic air. The (reversible) phase transition starts at temperatures below 840 °C with
different phase equilibria at different temperatures. Further long term conductivity measurements
reveal the phase transition to happen predominantly at grain boundaries. SEM/TEM investiga-
tions on annealed and quenched bulk samples — performed by the Laboratory for Electron Mi-
croscopy (LEM), KIT, Karlsruhe — are shown and correlate with these electrical measurements,
revealing another plate-like phase forming in the system. Annealed samples of BSCF3X (X =,
Sc, Zr) indicate a stabilizing effect of Y, confirmed in further long term conductivity measure-
ments on BSCFnY (n=0, 3, and 10) bulk samples, yielding no degradation in conductivity for

the samples containing Y.

Finally, the most important results of this thesis are summarized and conclusions drawn — fol-
lowed by an outlook of ongoing studies pertaining to the BSCF material system for use in OTMs
—in Chapter 9.
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Chapter 2

Experimental

2.1 Structural Characterization

2.1.1 X-Ray Diffractometry

Unless indicated otherwise, all X-ray diffractometrical (XRD) analyses on powders and bulks
were carried out using a Siemens D-5000 spectrometer (Bruker-AXS, Karlsruhe, Germany) with
CuK,, radiation and a scintillation detector. The measurements were performed in a 2®-range
from 20° to 80° with a current and voltage of 40 mA and 40 kV respectively, step size was set to
0.01° with a scan speed of 10 seconds per step in the locked coupled mode and a variable slit
(V20) for both divergence and antiscatter slit as well as a Ni filter with a thickness of 0.2 mm in
front of the detector. For measurements on thin films the XRD setup was operated in the grazing

incidence mode with a tube angle of 1° and a monochromator (Bruker-AXS) on the detector side.

All spectra have been corrected for CuK,,-radiation and the background has been subtracted,
using the program EVA (Bruker AXS) unless indicated otherwise.

2.1.2 Particle Size Analyses

The particle size analysis of powders was performed using a CILAS 1064L particle sizer. By
laser light diffraction pattern analysis, particle size distribution can be measured in the range from
0.04 to 500 pm.
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CHAPTER 2. EXPERIMENTAL

2.1.3 SEM/EDX Analyses

Scanning electron microscopy images have been recorded using a LEO 1530 (Zeiss, Oberkochen,
Germany) scanning electron microscope (SEM). Acceleration voltage (EHT), working distance
(WD) and the selected detector (Signal A) are indicated in the footer of every image together with
displayed magnification (Mag).

Elemental chemical analysis of the BSCF powder was performed by Energy-Dispersive X-ray
Analysis (EDX) performed with an INCAx-SIGHT detector from Oxford Instruments (measure-
ment in Fig. 2.7) and an XFlash Detector 5030 from Bruker AXS (rest).

SEM/EDX and TEM analyses shown in the second part of Chapter 8 have been performed by
P. Miiller at the Laboratory for Electron Microscopy (LEM) of the Karlsruhe Institute of Tech-
nology (KIT), Germany. Specifics are given in that chapter.

2.2 Thermal Treatment

Calcination, sintering, firing of the electrical contacts, and thermal annealing of the MIEC pow-
ders and bulks in ambient air was done using chamber furnaces, while treatment in synthetic air
was performed in a tube furnace with a mixture of 20 % oxygen in N,. Heating and cooling rates
have been fixed to 20 K/min except where indicated otherwise and for the bulk samples exam-
ined by the LEM in Chapter 8, which were directly quenched in water after the intended anneal-

ing time had been reached. For annealing experiments in low-pO, atmospheres cf. section 2.3.2.

2.3 Electrical, Kinetic and Coulometric
Titration Measurements

2.3.1 Long Term Conductivity Measurements

All long term conductivity measurements conducted on sintered bulk samples have been per-
formed in ambient air in a chamber furnace. This setup allows for five four-wire contacted sam-
ples to be measured at the same time by applying a serial current using a Keithley 224 program-
mable current source while sequentially reading the voltage over each sample’s contacts using a
Keithley 2000 multimeter. The possibility of sample degradation over time due to kinetic ionic
demixing (cation migration) as a result of long term DC loading could be ruled out by a careful

comparison of two different long term measurements on the same set of (new) samples, one with
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2.3. ELECTRICAL, KINETIC AND COULOMETRIC TITRATION MEASUREMENTS

a continuous current, the other with a setting that only applied a measurement current for one
minute every hour to get a set of data points. Both experiments yielded the same rate of degrada-
tion, ruling out kinetic demixing as a possible error source. Given the fairly high conductivity of
the investigated MIEC materials and the resulting small electric fields in the sample, this was to

be expected.

2.3.2 Oxygen Pump Setup

The “oxygen pump” is used extensively in this work. With it, electrical conductivity measure-
ments at very low oxygen partial pressures can be performed as well as low-pO, annealing ex-
periments and electrical conductivity relaxation (ECR) measurements on dense MIEC bulk sam-
ples. Even stability experiments on powders and measurements of stoichiometry changes with
oxygen partial pressure become available by means of coulometric titration. Chapters 3 and 6
contain an in-depth validation of the setup’s capabilities concerning coulometric titration and
ECR, respectively. The setup was introduced by Beetz [1] for pO, control and has been modified
during this work for titration and stability investigations (cf. chapter 3, [2;3]). It consists of a
sealed and gas-tight zirconia (YSZ) tube, containing the sample space (Fig. 2.1). After heating the
zirconia tube to temperatures above approx. 500 °C, the intrinsic oxygen ion conductivity of YSZ
enables oxygen transport into or out of the sample chamber, driven by an applied voltage Upump
between the large-area porous platinum pump-electrodes on the outside and inside of the YSZ-
tube. At temperatures above approx. 700 °C, oxygen transport becomes sufficiently fast for elec-

trical conductivity and titration measurements as described in later chapters.
’pump E

Pt poz.outside ) measu ring

T ( U and
Nemnst control
I_ 5 unit
pOE, id Sl
mSIVI?EC powaer sampl
Zirconia

Fig. 2.1: Schematic of the “oxygen pump” measurement setup with a powder sample.

flange
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While flushing the outside of the tube continuously with pure oxygen or compressed air — and
therefore providing a constant and well known pOa oussige at the outer Pt-electrodes — the applica-
tion of the voltage Upump leads to the transport of oxygen ions through the YSZ lattice into or out
of the sample chamber. Linearly increasing the voltage (at a well-defined rate, typically
1 mV/min) then results in an exponential decrease of the pO, in the sample chamber. By con-
stantly monitoring the Nernst voltage Unemst between the reference electrodes very close to the
sample (cf. Fig. 2.1), the oxygen partial pressure at the sample’s position can be precisely ad-
justed in the range from 107'%...1 bar using eq. (2.1) for the Nernst voltage

O, .
UNcmsl — Elﬂ P 2,outside (2 1)
4r  pO

2.inside

between sample chamber (volume ~38 cm?®) and outer gas compartment, where a constant gas
flow maintains pOs ousise- F 1S Faraday’s constant, R the universal gas constant, 7" the absolute
temperature, and pO; ousige and pOainside are the oxygen partial pressures outside and inside the
sample chamber, respectively. The electronic setup to control pO, and measure the pump current

is custom-made at our institute (IWE).

In order to prevent any influence of atmospheric gases, e.g. N,, CO; and other trace gases in am-
bient air, at the beginning of each measurement the sample chamber is flushed with pure oxygen
(99.95 % purity) and then sealed using water-cooled KF flanges at the low-temperature end of the

zirconia tube.

This “oxygen pump” is used for electrical conductivity measurements on MIEC bulk samples at
constant oxygen partial pressures, ECR measurements on bulk samples by performing step
changes in pO,, annealing of powders at well-defined single pO, values by simply exposing the
powder sample (approximately 0.5 g per measurement) to the preset atmosphere within the tube
and coulometric titration of oxide powder samples (located at the sample position indicated in
Fig. 2.1 inside a Pt crucible) at a set pO, profile over time. Electrical measurements on bulk sam-

ples were carried out using an Agilent Micro Ohm Meter (34420 A) and four-wire contacts.

2.3.3 Kinetic Setup

ECR measurements can also be performed in the frequency domain, where the fast kinetic be-
havior of samples is investigated in a pressure modulation setup first presented by Tragut et al.
[4], as shown in a schematic overview in Fig. 2.2. The total pressure p of compressed synthetic
air — (pO, =x0; - p, xO, =0.21) — or other chosen synthetic gas compositions provided in com-
mercial gas cylinders (Air Liquide) — in the sample space is modulated between ambient air pres-
sure and 1.1...1.3 bar by means of alternately activated magnetic valves, resulting in periodical

pOs changes with a frequency f up to ~30 Hz. By staying close to the electrochemical equilib-
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rium of the system due to the small pressure variations, the behavior can be described by a first-
order model. While monitoring the pressure modulation with a reference sensor, the correspond-
ing changes in electrical conductance G(r) are measured as a function of pO,(7), thereby deter-
mining the amplitude and phase shift of both excitation signal (pO,(#)) and its response (G(?));
after a Fourier transformation, the frequency response can be analyzed. For surface-controlled
samples, easily recognizable by the slope of — 1 in the double-logarithmic Bode plot (cf. Fig. 2.2
bottom right), the surface exchange parameter &° can then be determined according to a model

described in more detail in [4;5]:
d d_ ) i d |
G(iw) = G, sinh [E Q) : [Q : cosh(EQj + ;C—‘f : sinh(zﬁﬂ Q.1

Where d is the sample thickness, i the imaginary unit, @ =271, Q=+/iew/ D’ and G, a constant

without further significance.
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Fig. 2.2: Schematic of conductivity relaxation measurements in the frequency domain (top
left), the derived transfer function (bottom left) and measurements on SrTiO3 sin-
gle crystals with typical diffusion controlled (top right) and surface exchange con-
trolled (bottom right) behavior [5].
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2.4 Sample Preparation

2.4.1 MIEC Powders

In this work, MIEC powders have been used for direct measurements (chemical stability limit
determination in the oxygen pump setup, stoichiometry change examinations by coulometric ti-
tration, thermal stability measurements by annealing) as well as for the preparation of sintered
bulk samples for structural examination and electrical measurements, and the production of tar-
gets for the preparation of epitaxial thin films by pulsed laser deposition (PLD).

For the measurements on powders shown in this work, commercially available (Treibacher, Aus-
tria) Bag sSr5CoosFe0203.5 (BSCF) and ((BagsSr0.5)((Coo.8F€0.2)1:0/100X0/100)03-5, (BSCFnX,
n=3, X=Y, Sc, Zr) have been provided in the context of the MEM-BRAIN project to all re-
search partners — in order to guarantee comparability of the results — by the Fraunhofer Institute
for Ceramic Technologies and Systems (IKTS), Hermsdorf/Germany. Lag sgSro4Coo2Fe) 3035
(LSCF) and Pr 58S104Co002Fep 3035 (PSCF) have been prepared by spray pyrolysis and kindly
provided by Forschungszentrum Jiilich, Institute of Energy and Climate Research (IEK-1), Jiilich,

Germany.

1w 110 " om0 2 muown
Y m ¥ Y ou ¥ Y ¥ ¥ v v

M T iy — P-BSCF3Sc-084

—P-BSCF3Zr-083
—P-BSCF3Y-085

Fig. 2.3: XRD patterns of doped BSCF powders provided by IKTS. Indicated are the posi-
tions of cubic (black triangles) and hexagonal (red triangles) perovskite reflec-
tions. A secondary SrZrOj; phase was detected in P-BSCF3Zr-083.
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Lay ¢Srp4Co0;5-5 (LSC), the BSCF powder used for the preparation of PLD targets, as well as
BSCF10Y have been prepared at IWE by the mixed-oxide route. X-ray diffractometry (XRD)
analyses confirmed all raw powders to be single-phase perovskite compositions after preparation,
except for BSCF3Zr, where SrZrO; was detected (Fig. 2.3). The Dsy value of the powders was
determined by particle-sizer analysis to be around 2...3 pm for BSCF, LSCF, PSCF and LSC and
around 6...7 um for BSCF3X. The XRD analysis of the BSCF powder (Dsp = 2.40 um) revealed
a lattice constant of 3.986 A of the single phase cubic perovskite structure, which corresponds
well to the values determined by other groups, e.g. [6] and [7]. All nine reflections in the 20-
range from 20° to 80° (cf. graph (a) in Fig. 8.10 in Chapter 8) have been fitted using WinINDEX
(Bruker AXS), yielding only one possible result.

Given the fact that the BSCF system is the main focus of this work, as well as the necessity of
powder preparation to achieve different levels of doping with Y, Sc or Zr, powder preparation has
been performed in order to gain insights into calcination times, temperatures and milling proce-
dures. Fig. 2.4 shows a schematic detailing the mixed-oxide route used for the BSCF powder
preparation. Stoichiometric amounts of BaCO3, SrCO3, Co304 and Fe,O3 powders from MERCK
(Darmstadt, Germany) are mixed together for 24 hours on a rolling bench (100 rpm), then cal-
cined for 10 hours at different temperatures, followed by milling with zirconia balls (again on the

rolling bench).

BaCO,
SICO,

Co:0, E

: QT o Z G Z Q:T °
20

Fig. 2.4: Mixed-oxide route for powder preparation from oxides and carbonates (schematic
based on [8]).

For the calcined powders to consist of the single phase cubic BSCF perovskite, the annealing tem-

perature had to be at least 950 °C, as can be seen in the XRD measurements shown in Fig. 2.5.
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Fig. 2.5: XRD-patterns of BSCF powders calcined at different temperatures. Single phase
cubic perovskite is obtained at temperatures above 900 °C.

The powder calcined for 10 hours at 900 °C can still become single phase cubic BSCF after an
additional calcination for 20 more hours at the same temperature. This possibility becomes more
important as milling experiments showed the freshly produced BSCF to be very hard, therefore
representing a challenge in respect to achieving suitably small particle sizes by ball milling. A
powder calcined for 10 hours at 1050 °C needed 72 hours of milling time to be ground down to a
Dsp value of 3.26 um with a still slightly bimodal particle size distribution. However, these long
milling procedures are problematic due to the introduction of zirconia into the powders from the
milling balls.

2
—
2 ]

1
&

density dstibuton in % *2
dutrbution In % (Wnear dise)
3
Gansily Gista00n In % *2
dmtribution i % (fnesr distr )
3

Fig. 2.6: SEM-picture of powder IWE-BSCF-03-0100 after calcination at 950 °C (left,
green length indicator is 100 um) and grain size distribution after 5 hours of mill-
ing (middle, Dso = 5.26 um) and 34 hours of milling (right, Dsp = 3.09 um).
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However, lower calcination temperatures result in powders that are somewhat easier to grind
down, as can be seen in Fig. 2.6. After 34 hours of milling, a nearly monomodal particle size
distribution with a Dsg value of 3.09 um can be achieved. A nearly similar distribution with a
Dso value of 3.22 um can be obtained by milling for 9 hours in a planetary mill, but resulting
in higher contamination with zirconia. Calcination at 900 °C and subsequent milling for
44 hours on the rolling bench resulted in a monomodal particle size distribution and a D5
value of 1.7 pm. This mixed-oxide route can easily be modified by adding oxides of Y, Sc or
Zr in the desired stoichiometric amount during the first step in order to obtain doped BSCFnX

powders.

Fig. 2.7 shows analyses performed on the provided BSCF powder, as it is used throughout

this work for the powder analyses and — sintered to bulk samples — for the electrical and sta-

bility measurements.

2 @
3 S

density distribution in % *2
]

distribution in % (linear distr.)

20

keVY

Fig. 2.7: SEM picture and grain size distribution of BSCF powder provided by IKTS (top,
Dsp=2.40 um) and EDX spectrum of the powder, yielding a stoichiometry of
Bay50S10.51...0.60C00.72...0.73F€0.1903.5 (by normalizing to 50 % Ba on the A site).

29



CHAPTER 2. EXPERIMENTAL

The rugged form of the particles suggests aggressive milling has been applied during the produc-
tion process, which, however, did not pose any problems during bulk preparation. EDX analysis

shows a good stoichiometric fit to the intended values, except for a slightly lower Co-content.

2.4.2 Sintered MIEC Bulk Samples

As there are a variety of different sintered samples used for measurements in this work, a list of
samples provided in the Appendix shows the relevant production conditions in an easily accessi-
ble overview. In general, however, the different powders (cf. Section 2.4.1) were used to produce
dense ceramic bulk samples. Most of the BSCF, LSCF and PSCF bulk samples shown in this
work (cf. list of samples in the Appendix) were prepared and supplied in the context of the MEM-
BRAIN and MEM-OXYCOAL projects (cf. Chapter 1) by Forschungszentrum Jiilich GmbH,
IEK-1, Julich/Germany. Preparation consisted of uniaxial pressing at approx. 10 kN/cm? and sub-
sequent sintering. For these standardized samples the sintering conditions were slightly different
between the different materials: in the case of BSCF, sintering occurred for 12 hours at 1000 °C,
in the case of LSCF for 5 h at 1200 °C, while PSCF was sintered for 5 h at 1250 °C. This resulted
in very dense pellets (SEM cross-sectional analyses showed densities of > 95 %), that were sub-
sequently cut by ultrasonic lapping and mechanically polished (P1200 emery paper). All LSC
bulks were prepared at IWE by isostatic pressing at approx. 20 kN/cm?, subsequent sintering for
12h at 1350 °C and mechanical surface polishing. Heating and cooling rates were kept at

5 K/min if not indicated otherwise.

In order to be able to produce sintered samples from BSCF powders prepared at IWE, the
BSCF3X (X =Y, Sc or Zr) powders supplied by IKTS Hermsdorf (cf. section 2.4.1.) and self-
prepared powders with different contents of Y, it is however prudent to know about the sintering
behavior of the different materials. To this end, several series of sintering experiments have been
conducted. All bulk samples prepared at IWE have been produced by isostatic pressing with

27 kN/cm? and subsequent sintering.

Fig. 2.8 illustrates the influence of powder grain size on the resulting bulk density, by comparing
two SEM micrographs of BSCF bulks sintered for 10 hours at 1000 °C from powders with D5
values of 6.04 um (left) and 3.26 um (right). It can clearly be seen that much higher densities can
be achieved by using powders with smaller grain sizes. This becomes increasingly evident during
the sintering experiments on the provided BSCF3X powders shown later in this section, as their

respective Dsg values range between 6..7 pm.
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Fig. 2.8: SEM pictures of BSCF samples sintered for 10 hours at 1000 °C from powders
with different grain sizes (6.04 pm, left and 3.26 pum, right).
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Fig. 2.9: SEM pictures of BSCF samples sintered from IKTS powder at different tempera-
tures for different times (1000 °C /20 h: top left, 1100 °C/ 10 h: top right,
1100 °C /20 h: bottom left) and a pore with nanoscaled condensed secondary
phases (bottom right).
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For the sintering behavior of the IKTS-supplied BSCF powder, Fig. 2.9 shows a comparison of
cross section SEM micrographs taken from bulk samples produced under different sintering con-
ditions (7, 7). The achievable density is quite comparable between bulks sintered at 1000 °C for
20 hours (top left) and those sintered at 1100 °C for 10 hours (top right). However, sintering at
1100 °C for 20 hours (bottom left) could lead to an ever higher density, but the examination also
suggests the temperature to be dangerously close to the melting temperature of BSCF (approx.
1180 °C, [9]), manifesting this fact in strange spherical pores decorated with nano-scale second-
ary phase precipitations (bottom right), probably early indications of liquid phase sintering.
Therefore, sintering temperatures for BSCF bulks have been generally kept at 1000 °C both at
IEK-1 and IWE.

An exception was made in order to achieve bulk samples with different grain sizes for the long
term measurements shown in Fig. 8.17 in Chapter 8, which have been produced by IEK-1 at the
‘standard’ conditions of 1000 °C/12 h for resulting grain sizes of approx. 25 pm, as well as
higher sintering temperatures and longer times of 1120 °C/50 h and 1150 °C/50 h for mean grain
sizes around 50 um and 90 pm, respectively, as determined by analyses using the software SPIP
(Image Metrology A/S, Denmark).

In the case of producing sintered bulk samples from the provided BSCF3X powders, optimal
sintering conditions had to be determined due to the fact of increased powder grain sizes
(6...7 um) as well as possibly different sintering behavior of the doped BSCF system. Fig. 2.10
shows an overview of cross-section SEM-micrographs taken from BSCF3X (X =Y, Sc or Zr)
bulks pressed isostatically with 27 kN/cm? and sintered for 12 hours at 1050 °C, 1100 °C and
1150 °C. The lowest porosities (albeit much higher than those in standard BSCF samples, due to
the larger powder grain sizes) of 11 %, 15 % and 14 % could be achieved at 1100 °C for the Sc-
and Zr-containing samples and 1150 °C for the Y-containing ones, respectively. These sintering
conditions — marked with the red borders in Fig. 2.10 — were therefore used in the production of
samples for electrical measurements in this work (cf. list of samples in the Appendix for data on

specific samples).

EDX analyses on BSCF3X samples, however, revealed secondary phases mainly consisting of
the used dopant in all cases, as shown in Fig. 2.11 on the example of a BSCF3Y bulk cross-sec-
tion. This effectively lowers the dopant concentration in the main BSCF matrix to a value below
the nominal 3 at% and has to be kept in mind in regard to the findings presented on the samples
made from these powders. These analyses have been confirmed by measurements conducted by
P. Miiller and M. Meffert at the Laboratory for Electron Microscopy (LEM) at KIT. In-depth
structural analyses of these samples, along with those performed on BSCF samples, are shown in

detail in the pertaining sections of Chapter 8.
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Fig. 2.10: SEM pictures of doped BSCF (3% Sc: top row, 3% Zr: middle row, 3% Y: bottom
row) sintered for 12 h at different temperatures (1050 °C: left column, 1100 °C:
middle column, 1150 °C: right column).

Element Seriea unn. O norm, C.Atom. C Error

[wt.%] [wt.%] [at.%] [%]

E-series 6.14 7.22 11.00 0.2
K-seriea 23.52 27.66 39.95 D.&
ntium K-series 20,15 23.69 23.01 0.5
L-serisa 34.2%9 40.32 2450 0.9

Total: 85,03 100.00 100.00

Element Series

ttrium
Barium

Fig. 2.11: SEM picture (left) and EDX mappings (middle) of sintered BSCF3Y and point
analysis of secondary phase vs. bulk matrix (right).
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While for electrical measurements on degradation phenomena in sintered samples simple 4-wire
contacting with Pt wire and frit-free Pt paste fired at 1050 °C for 1 h in ambient air is totally suf-
ficient (as the interest lies in relative changes in conductivity with temperature, time or pO,), ex-
act determination of the material’s conductivity values as well as comparisons between different
compositions require a precise electrical contact geometry. To achieve precisely determined inner
contact distances, bulk samples used for these kinds of measurements have been contacted by
magnetron sputtering (Von Ardenne CS730S) four lines of Pt onto the surface of the samples,
which were subsequently contacted with Pt wire and paste, resulting in sharply defined inner
contacts as shown exemplarily in Fig. 2.12.

Fig. 2.12: Sputtered Pt-contacts on a sintered BSCF sample, contacted with sintered Pt paste
and wires, resulting in a precisely defined inner contact distance.

d/mm

el, Potential

—— contacts on faces
contacts on fop

1 2 3 4 5 6 7 8 8 10
d/ mm

T >
0 5 10 15 1/ mm

Fig. 2.13: Simulated equipotential planes in BSCF samples of different thicknesses. Current
contacts on top are feasible up to d = 2.5 mm.
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In order for this contacting method to be feasible, however, the samples must not exceed a certain
thickness, over which the electrical field gradient in the sample volume becomes too distorted to
accurately measure the intrinsic conductivity using only surface contacts for both the outer cur-
rent contacts as well as the two inner measurement contacts. To this end, some basic simulations
have been conducted in COMSOL Multiphysics, to visualize the deviation between all surface
contacts and current contacts applied to the two faces of the sample (Fig. 2.13). Considering the
conductivity of BSCF, pure surface contacting is feasible at thicknesses not exceeding 2.5 mm
(bottom right in Fig. 2.13).

2.4.3 Epitaxial BSCF Thin Films

The preparation of the epitaxial BSCF thin films measured in this work has been performed by
Monica Burriel — during her stay at IWE — in cooperation with José Santiso at the Centro de In-
vestigacion en Nanociencia y Nanotecnologia, CIN2 (CSIC-ICN), Bellaterra/Spain and detailed
in our paper [10].

Pulsed Laser Deposition (PLD) was used to grow epitaxial thin films of BSCF on NdGaOs; (110)
(NGO) single crystal substrates (dimensions 5 x 5 x 0.5 mm?, Crystal GmbH, Berlin, Germany).
On these substrates, epitaxial growth was possible due to the only small mismatch with the basal
plane of the BSCF perovskite structure, given that the orthorhombic NGO presents pseudo-cubic
in-plane parameters of 3.863 and 3.854 A, as compared to the 3.986 A cubic lattice constant
measured on the BSCF powder samples (cf. section 2.4.1. of this chapter).

Ceramic disc shaped PLD targets were prepared from BSCF powder produced at IWE (calcina-
tion temperature 1050 °C, 10 hours, with a Dsy value after milling of 3.26 um) by isostatic
pressing (400 MPa, 5 min) and sintering at 1100 °C for 10 hours. These targets were single phase
cubic BSCF according to XRD measurements, possessing the desired stoichiometry as verified
by EDX.

A KrF excimer laser (A =248 nm) was used for the ablation, with a pulse rate of 10 Hz and an
energy densitiy of 3 J/em? per pulse. The number of pulses was varied from 4000 to 10000, while
the substrate was kept at a temperature of 700 °C and at an oxygen pressure of 0.4 mbar. Before
the actual film deposition, a pre-ablation was always performed prior to thin film deposition in

order to ensure stoichiometric ablation.

Structural analysis measurements on the deposited layers were conducted at CIN2 using an X'Pert
MRD PANalytical diffractometer. Fig. 2.14 shows the XRD pattern obtained for films of two
different thicknesses d. The reflections from the NGO substrate are clearly visible and indicated
with an asterisk. The only other reflections are 00/ reflections of the BSCF phase, confirming the

highly epitaxial growth of the layers.
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Fig. 2.14: XRD patterns of two BSCF films (d =340 and 136 nm) on NGO. Substrate /740

reflections are indicated with asterisks and BSCF film 00/ reflections are labeled.
From our joint publication [10].

The high degree of orientation in the perpendicular direction and the perfect in-plane alignment
of the film have been confirmed by rocking curve and X-ray reflectometry measurements, as de-
tailed in [10].

Fig. 2.15 shows surface SEM pictures of BSCF thin films with the two different thicknesses
(136 nm (a) and 340 nm (b)). The layers appeared to be homogeneous, dense and without cracks,
while the surface morphology turned out to be reasonably smooth, showing the visible crystal pro-
trusions to be oriented in two main perpendicular directions. There was no delamination or reaction
with the NGO substrate, as can be seen in the TEM images in Figs. 8.4 and 8.5 in Chapter 8.

WE GKA EMT= 200K W3- bamm  Deln-14 hov 2008
SE2 Fdsdame = PLSBSCE-18_1180
Ui KA Tiurn iy = ket B Lk hais he

WE 7™ Mag=10000KX EXT = 200KV
Sigwi A SE2  Fite Narme = PLD-
°Unl KA Fetoronce Aoy ¢ Carvtorg okt L

Mgy e

Fig. 2.15: SEM surface micrographs of a 136 nm (PLD-BSCF-19n2, (a)) and 340 nm thick
(PLD-BSCF-18n1, (b)) BSCF thin film on NGO. From our joint publication [10].
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2.4. SAMPLE PREPARATION

All PLD thin films electrically measured in the following chapters of this work have been depos-
ited with 10000 pulses and possessed a thickness of 340 nm (the PLD process allowed for four
substrates to be coated simultaneously, therefore providing identical samples, resulting in excel-
lent comparability).

These epitaxial thin films provide the opportunity to measure the intrinsic properties of BSCF
without the influence of grain boundaries as well as — due to the very small thickness — purely
surface controlled kinetics, but are somewhat influenced in their behavior due to stress and strain
applied by the substrate, as will be discussed in the appropriate chapters. Additionally, due to the
small sample volume, structural changes become easily visible, as shown in Fig. 2.16, where

morphological changes become already visible after the firing of the electrical contacts.

'Mag = 20000 K%
Signal A = SE2

Chtpun do » 18021 inch &
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Signal A = SE; File Name = PLO-BSCF-18n1-cont900_16.51
Ptireers Mo « Strdard cdy I Lock Mogs = o e

sing o On

Mag= 2000KX EWT= 200KV WO= 24mm
Signal A = SE2 Filg Name = PLD-@SCF-18n1-com900_12 80
Rgtaiecs Wp3 = Sypeied FIE Lock Mags = by Msing = Cn

Fig. 2.16: SEM pictures of epitaxial thin films after contacting and burning contacts for 1 h
at 1050 °C (left) and 950 °C (right).

The high temperature treatment for one hour at 1050 °C caused secondary phases to appear on
the surface, probably similar to the condensed secondary phases inside pores in high-temperature
sintered BSCF bulks (cf. Fig. 2.9 in section 2.4.2.) with enriched Sr-content as indicated by the
EDX measurement shown in Fig. 8.5 in Chapter 8. During the treatment at 950 °C, plate like
structures have formed in the BSCF layer, showing the thermal stability difficulties of the BSCF
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system discussed in Chapter 8. All PLD thin films have been contacted with two parallel wire
contacts — either Au or Pt — using Au or Pt paste and firing for one hour at 950 °C or 1050 °C,

respectively.

2.4.4 Polycrystalline BSCF Thin Films by Metal-Organic Deposition

The preparation of the polycrystalline BSCF thin films measured in this work has been performed
by Koichi Asano from the Central Research Institute of Electric Power Industry (CRIEPI), Na-
gasaka, Yokosuka, Japan during his stay at IWE and is detailed in our paper [11].

A metal-organic deposition method (MOD) — in this case spin-coating — was used to produce
polycrystalline BSCF thin-films on NdGaOs (110) (NGO) single crystal substrates (10 x 10 mm?,
thickness 0.5 mm; Crystec GmbH, Berlin, Germany). The substrate size was chosen four times
larger than for the PLD layer preparation in order to minimize the influence of substrate edges on
the spin coated layer. As for the PLD layers, NGO was chosen due to its chemical compatibility
with BSCF as well as its very high electrical resistance at elevated temperatures, therefore not
influencing any subsequent electrical measurements. The commercially available BSCF coating

solution with the desired nominal composition was obtained from Kojundo Chemical Lab. Inc.,

7

O
- —
- >

MOD solution

Saitama, Japan.

(a) spin-coating
3000 rpm, 10s
4000 rpm, 24s

/epemion

co, H,0

L
LN N

(b) drying (c) annealing
200°C, 10 min 600-1000°C
3 or 15 K/min

Fig. 2.17: Schematic diagram of a metal organic deposition (MOD) method [11].
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Fig. 2.17 shows a schematic of the two-step spin-coating process, consisting of a first step where
the substrate was spin-coated with the solution using a rotation speed of 3000 rpm for 10 s and a
second step at 4000 rpm for 24 s (a). The as-coated films were subsequently dried at 200 °C in air
to evaporate the solvents (b). This procedure can be repeated several times, resulting in either
one-time or multiple-time spin-coated thin films with increasing thickness.

For the following thermal annealing process (c), different annealing temperatures between 600 °C

and 1000 °C as well as different temperature profiles were applied as described in our paper [11].

Fig. 2.18: SEM surface micrographs of MOD-derived Bag 5SrysCogsFep 2035 thin films after
one time spin-coating and annealing in air with a heating rate of 15 K/min (a—d) or
3 K/min (e-h). Cooling rate 15 K/min. Pictures taken by K. Asano [11].

39



CHAPTER 2. EXPERIMENTAL

Fig. 2.18 shows SEM micrographs of the surface morphology variation of BSCF thin films on the
NGO substrate after annealing at temperatures between 700 °C and 1000 °C, using heating rates
of 15 K/min (a—d) and 3 K/min (e-h), and cooling rates of 15 K/min for all depositions. Depend-
ing on the annealing procedure, different surface morphologies could be obtained, e.g., oriented
grain growth with a textured surface (e, f), terraced shapes (g), nano-sized particles (a,b) as well
as relatively smooth, dense layers (c,d), with cubic BSCF forming predominantly at annealing

temperatures of 900 °C and more.

Fig. 2.19 shows grazing-incidence XRD results obtained on a thin film sample after 5-time coat-
ing on a single crystal NGO substrate and subsequent annealing at 950 °C with heating and
cooling rates of 15 K/min (top left). In order to subtract the reflections of the substrate, uncoated
NGO was measured as a reference (top right) and used to correct the data to obtain the spectrum
generated by the BSCF layer. Bottom right in Fig. 2.19 is the result (red curve) in comparison
with the spectrum obtained from cubic BSCF powder (blue curve). No background has been sub-

tracted in all shown curves, except for the BSCF powder reference.

The achievable BSCF film thickness on NGO substrates using this temperature, annealing profile
and 5-times coating was between 50 and 80 nm, while exhibiting the smoothest surface morphol-
ogy of all samples shown in Fig. 2.18 and [11].
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Fig. 2.19: Grazing incidence XRD measurements on a BSCF MOD film on NGO (top left),
the NGO substrate itself (top right), an overlay of both measurements (bottom left)
and the differential (red curve on bottom right).

Fig. 2.20 shows a SEM micrograph of the surface morphology of this sample. It displays a
smooth, slightly terraced surface with some nano-sized particles, presumably representing the

same secondary phase as detected on the PLD thin films (cf. section 2.4.3 and Chapter 8).
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While this investigation of the different obtainable morphologies opens possibilities for detailed
surface tailoring to meet different requirements for several applications (e.g. surface activation
for OTMs), all samples measured in this work have been investigated to obtain information on
the intrinsic properties of the BSCF system and therefore the smoothest samples — all prepared

under the stated conditions — have been used throughout this work.

Fig. 2.20: SEM surface image of BSCF thin film with 5 times spin-coating on NGO single
crystal substrate, RTA annealing at 950 °C with heating/cooling rates of 15 K/min.
Picture taken by K. Asano [11].

41



CHAPTER 2. EXPERIMENTAL

References

(1]
(2]

(3]

(4]
(3]

(6]

(7]
(8]
(9]

[10]

[11]

4

K. Beetz, Die geschlossene Festelektrolyt-Sauerstoffpumpe, Diisseldorf: VDI Verlag GmbH
(1993).

C. Niedrig, W. Menesklou, S. F. Wagner and E. Ivers-Tiffée, "High-Temperature pO,
Stability of Metal Oxides Determined by Amperometric Oxygen Titration", Journal of The
Electrochemical Society 160, pp. F135-F140 (2013).

C. Niedrig, S. F. Wagner, W. Menesklou and E. Ivers-Tiffée, "Characterization of oxygen-
dependent stability of selected mixed-conducting perovskite oxides", Solid State Ionics 273,
pp. 41-45 (2015).

C. Tragut and K. H. Hardtl, "Kinetic Behaviour of Resistive Oxygen Sensors", Sensors and
Actuators B-Chemical 4, pp. 425-429 (1991).

S. F. Wagner, W. Menesklou, T. Schneider and E. Ivers-Tiffée, "Kinetics of oxygen
incorporation into SrTiOs investigated by frequency-domain analysis", Journal of Electro-
ceramics 13, pp. 645-651 (2004).

S. Svarcova, K. Wiik, J. Tolchard, H. J. M. Bouwmeester and T. Grande, "Structural
instability of cubic perovskite Ba,Sr;«Coi,Fe 035", Solid State Ionics 178, pp. 1787-1791
(2008).

H. Koster and F. H. B. Mertins, "Powder diffraction of the cubic perovskite

Bag 5Sr95CogsFe0 055", Powder Diffraction 18, pp. 56-59 (2003).

T. Schneider, Strontiumtitanferrit-Abgassensoren: Stabilitctsgrenzen/Betriebsfelder,
Aachen: Verlag Mainz (2005).

H. Wang, W. Yang, Y. Cong, X. Zhu and Y. S. Lin, "Structure and oxygen permeability of
a dual-phase membrane", Journal of Membrane Science 224, pp. 107-115 (2003).

M. Burriel, C. Niedrig, W. Menesklou, S. F. Wagner, J. Santiso and E. Ivers-Tiffée, "BSCF
epitaxial thin films: Electrical transport and oxygen surface exchange", Solid State lonics
181, pp. 602-608 (2010).

K. Asano, C. Niedrig, W. Menesklou, S. F. Wagner and E. Ivers-Tiffée, "Modification of
Oxygen / (Bay 5sSty5)(Cog sFe2)0;.s Interfaces Derived By Metal-Organic Deposition",
ECS Transactions 66, pp. 147-155 (2015).



Chapter 3

Coulometric Titration in an
Oxygen Pump Setup

3.1 Introduction

An assessment of basic material properties should also include knowledge of the chemical stabil-
ity of the MIEC oxide as a function of temperature as well as ambient oxygen partial pressure
pO,. However, this stability range is not always easily determined. In the case of BSCF for in-
stance, there have been several studies on its thermal stability, e.g. [5-9], see also Chapter 8. Even
though there have also been several reports on its oxygen non-stoichiometry in the past, e.g. [10-
12], many statements in literature have only given a very rough estimate of its stability limits at
lower pO,, e.g., [13;14], presumably due to experimental limitations. Apart from our previously
published study [4], another investigation on the low-pO, stability limits of BSCF has only been
reported recently [15], followed by parts of the investigations shown in this chapter and published

in our paper [2].

A common method for pO,-dependent stability investigations makes use of setting a defined pO,
value with the help of gas mixtures. However, such a setup suffers from lack of continuous ad-
justability of pO, down to very low values. In this thesis, therefore, a custom-made closed tubular
zirconia “oxygen pump” setup is employed (cf. Fig. 3.1 and Section 2.3.2 in Chapter 2). This
setup was originally devised by Beetz [16] and has since been adapted and improved with respect
to titration experiments. An YSZ (ZrO, doped with Y,03) tube with pasted platinum electrodes
facilitates precise control — via the Nernst equation (cf. eq. 2.1 in Chapter 2) — of the oxygen par-
tial pressure pOa inside 10 its enclosed volume within the whole pO, range between 107'8...1 bar at

temperatures above approximately 700 °C.

Parts of the results shown in this chapter have been published in [1-4].
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By measuring the electric current necessary for pumping oxygen through the solid zirconia elec-
trolyte into or out of the sample chamber in order to obtain the desired pO, set value, the amount
of oxygen transported can be determined with a high resolution. Each oxygen molecule trans-
ported through the tube (as O”~ ions) requires an external counter-transport of four electrons. It is
thus possible to determine the oxygen uptake or release of an oxide sample as a function of the

controlled ambient pO; insige, temperature, and measurement time with high precision.

=

pump
U um
flange i SN |
PO outside measuring
U and
Narmat control
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MIEC powder sample|

Zirconia

Fig. 3.1: Schematic of the “oxygen pump” measurement setup with a powder sample.

Similar titration methods with solid-electrolyte cells have been employed by various research
groups in the past for coulometric or amperometric studies of the oxygen non-stoichiometry and,
ultimately, the chemical stability of high-temperature solid oxide materials as a function of pO,,
cf,, e.g. [17-20]. In most cases, however, an experimentally rather laborious setup is involved, in
some cases not even facilitating non-destructive testing. Sealing at temperatures as high as

900 °C also is a mostly very intricate issue to be dealt with.

The coulometric titration setup presented in this thesis provides several advantages with respect
to experimental simplicity. The setup can be re-used many times, a very convenient exchange of
samples is possible, and the sealing of the apparatus is achieved without any difficulty at room
temperature. This, on the other hand, requires larger dimensions and, hence, a fairly large dead
volume so that each titration measurement of a sample must be corrected with an additional cali-

bration (background) measurement of the empty setup.

However, it has been experienced that several parasitic effects, such as pO,-dependent contribu-
tions of the zirconia tube itself to the overall pump current, possible leakage currents etc., have to
be taken into account, especially under very reducing conditions, in order to avoid measurement
errors. Therefore, the background measurement has to be carried out anyway. These issues are

addressed in Section 3.3, as well as advantages and limitations of the method.
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In order to validate the setup for the coulometric titration method presented in this thesis, a sim-
ple binary “model” oxide (copper oxide) is used, where pO,-dependent transition conditions are
known from phase diagrams in literature, e.g. [21]. To verify the oxygen partial pressure meas-
ured in the setup, an electrical measurement was carried out on an SrTiOj; single crystal. The
defect chemistry of this model perovskite has been extensively studied over the past decades,

which can therefore serve as a reliable oxygen-sensing standard.

After the successful quantitative validation, the method is then applicable to more complex (and
application-oriented) MIEC materials, such as LSCF and BSCF. It is shown that the coulometric
oxygen titration method is able to yield information on oxygen stoichiometry changes during
continuous pO, changes and, finally at low-pO, values, irreversible demixing phenomena. Thus,

the stability limits of the MIEC material can be easily determined.

3.2 Experimental

3.2.1 Powders

Commercially available copper oxide powder (CuO) was obtained from Riedel-de Haén (Ger-
many); XRD and particle-sizer measurements revealed single-phase CuO with a monomodal par-

ticle size distribution (Dsg value of 0.3 um).

Titration and annealing experiments were carried out with the different powders (cf. Chapter 2)

deposited into an open Pt crucible.

Different powder samples annealed at 900 °C for 10 h in reducing atmospheres (cf. XRD spectra
in Fig. 3.9) have been cooled down with the maximum cooling rate possible in the oxygen pump
setup (1 K/min) while maintaining the preset pO, as long as oxygen-ion conduction through the
YSZ tube is still possible.

3.2.2 Electrically Contacted SrTiO; Single Crystal Sample

For conductivity measurements a nominally undoped SrTiO; single crystal (Crystec, Ber-
lin/Germany, 5 - 5 - 0.04 mm?®) was contacted with Pt wires using a frit-free Pt paste fired at
1050 °C in ambient air. Owing to the fairly high electrical resistance, electrical measurements

could be carried out in 2-point technique.
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3.3 Results and Discussion

3.3.1 Intrinsic Properties of the Oxygen-Pump Setup

Assuming that oxygen can only be transported into or out of the sample chamber by oxygen ion
transport through the YSZ, monitoring of the current /,ump yields information about the amount of

transported oxygen: By integrating /,ump Over time ¢, the transported charge and therefore the
number of oxygen molecules No, can be calculated (e being the elementary charge):

1
:L.“pump

No, dr 3.1

The measured current /,ump during a titration experiment has to be corrected for any intrinsic
setup properties. Extensive background measurements have shown that there are multiple influ-
ences on the pump current. First, there is a non-negligible constant offset (between 200...700 pA)
present in all background measurements that is not depending on pO,, but rather on the specifi-
cally used — exchangeable — pump tube (and its age, i.e. its accumulated overall operating time)
as well as electronic properties of the controller itself. It can be shown that the onset of electronic
conductivity in YSZ at low oxygen partial pressures does not by far amount to these currents: At
an oxygen partial pressure of 10 bar (corresponding to an applied Nernst voltage drop of
232.8 mV at 900 °C across the tube wall thickness of 2 mm, if measured against pure oxygen),

this leads to an electronic current of only around 0.2 pA, according to Park and Blumenthal [22].

Nevertheless, Fig. 3.2 shows background measurements displaying increasing currents below
pressures of approx. 10™'" bar. These can also not be explained by the possible presence and sub-
sequent dissociation of H,O molecules, as the characteristics proved to follow no trend with
respect to H>O vapor pressure inside the sample space. Further in-depth analysis (not shown here)
revealed that this additional transported charge can be associated with oxygen being released by
the YSZ tube itself at applied voltages above ~0.8 V in these low-pO, atmospheres in a partially
reversible process, thereby also contributing to the aging of the pump tube. This oxygen release
already at Nernst potentials below 1 V has also been reported by Werner and Schmid-Fetzer [23]
for 8YSZ and 5YSZ as well as by Shah et al. [24] for ceria-zirconia solutions, most notably
Ceo25Z197502x. Yet, this oxygen release is not detrimental to achieving exact and even lower
partial pressures at the sample position, as can be monitored by the Nernst voltage between the

reference electrodes in direct vicinity.
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Fig. 3.2: Background measurements at different water contents. The water content of the
oxygen used for flushing the sample chamber was varied by using a) pure oxygen
(Air Liquide, Germany, 99.95 % purity) in combination with a gas-washing bottle
(providing a humidification of xH,O = 0.025 [16]), b) pure oxygen with a H,O fil-
ter cartridge (Air Liquide Hydrosorb, xH,O <20 ppb), and c) pure oxygen from
the bottle (Air Liquide, Germany, water fraction: xH,O < 10 ppm). The current
characteristics show no significant dependence on H,O vapor pressure inside the
sample space.

However, the process obviously necessitates the observed adjustments in the pump current, which
additionally implies that while at higher pO, a correction of the measured pump current is possi-
ble by simply subtracting the setup-dependent offset, all measurements below 10™° bar pO, have
to be corrected by performing a mandatory previous and/or subsequent background measurement

with the exact same pO,-profile.

3.3.2 Validation of Titration Method

Feasibility of this coulometric titration method can be nicely demonstrated using a simple binary
“model” oxide where chemical stability and pO,-dependent transition conditions are known from
phase diagrams in literature. A comparison of transition conditions for different Oxides with the
relevant temperature and pO, range for the oxygen pump setup is shown in Fig. 3.3. One suitable
material is CuO where according to Neumann et al. [21] reduction to Cu,O should occur (at
7= 850 °C) at pO, ~ 10 bar.
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Fig. 3.3: Decomposition ranges of different metal oxides in comparison to relevant measure-
ment ranges in the oxygen pump setup. From: (a) [21], (b) [25], (¢) [26], (d) [27],
(e) [28], () [29], (g) [30].

In Fig. 3.4, the coulometric titration curve of CuO powder is shown in this pO, range, as com-
pared to the background measurement of the empty pump cell under identical conditions. The
huge increase in pump current at pO, ~4 - 10 bar reflects this reduction process. The large
amount of oxygen set free from the CuO (half its oxygen is released as gaseous O, until only
Cu,0 remains) leads to a buffering effect:

The pO, within the chamber stays at a fairly constant value for several hours until the reduction is
completely finished. This is nicely visible at pO, = 5 - 10~ bar, where the partial pressure in the
sample space stays almost constant over several hours while the pump current increases to the
physical maximum of the pump setup. The well-defined drop in the current and the nearly instan-
taneous adjustment to the preset final pO, value (background measurement, cf. cyan dashed curve

in Fig. 3.4) strongly suggest that CuO has now completely been reduced to Cu,O.

By integrating the measured Z,ump(?) (cf. green dashed boundaries in Fig. 3.4, corrected by Jyump of
the empty setup) a charge of 531 C can be determined. Taking into account that 465 mg CuO
were titrated, complete reduction would result in a theoretical release of 8.8 - 10% oxygen mole-
cules. Their complete removal from the chamber via the zirconia tube would require an electronic
charge transport of 564 C. This is in very good agreement (only 6 % deviation) with the value

obtained experimentally.
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Fig. 3.4:
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Coulometric titration of CuO powder (red and blue curves) at 7= 850 °C between
pO5~0.03 and ~ 3 - 107 bar, in comparison to a background measurement of the
empty setup (no powder sample: light red and cyan dashed lines) with identical pa-
rameters. Green vertical lines indicate integration boundaries.

Additional measurements at 800 °C and 900 °C yielded partial pressure values for the reduction
and subsequent reoxidation of CuO and Cu,O, respectively. These values are in very good agree-

ment with the phase diagram in Fig 3.5.
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Reduction and oxidation conditions measured for copper oxide in comparison to

the phase diagram [21].
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3.3.3 Verification of the Oxygen Partial Pressure in the Setup

Regarding the question concerning the accuracy of the oxygen partial pressure measurement (re-
ference sensor close to the sample position in Fig. 3.1), a control measurement was carried out
using an electrically contacted nominally undoped strontium titanate single crystal. The defect
chemistry of the perovskite oxide SrTiO; has been extensively studied over the past decades, its
defect model is therefore well-known [31]. Using this defect model it was possible to fit the
measured o(pO,) values and, thus, to confirm the accuracy of the preset pO, values at the sample
position within the measurement setup. As Fig. 3.6 shows, the preset pO, values could be con-
firmed between 1077...0.1 bar and 750...900 °C with an excellent accuracy. The fitted curves have

been calculated with an intrinsic acceptor concentration of Ny =1.5- 10" cm™

using the well-
established defect model by Moos and Hérdtl [31]. The excellent agreement between fitted and
measured curves shows that the preset pO, values in the “oxygen pump” setup indeed correspond
to the real pO, values at the sample position throughout the measured pO, range 10"7...0.1 bar
(note that the defect model neglects ionic conductivity contributions; therefore, the measured

conductivity minima deviate slightly from the model).
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Fig. 3.6: Electrical conductivity of a strontium titanate single crystal measured as a function
of oxygen partial pressure pO, in the oxygen pump setup at temperatures in the
range of 750 < 7'/ °C <900.
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3.3.4 Application to a Complex MIEC Oxide

After this successful quantitative proof of concept, the method is now applied to BSCF. Here, in-
formation with regard to exact stoichiometry changes, in particular with respect to low-pO,
chemical stability due to irreversible demixing phenomena, has been published only very recently
by Mueller et al. [15].

Following the line of thought from the last section one can deduce that the pump current neces-
sary to pump the gaseous O, out of the zirconia tube is a very sensitive means of detecting the
stability limits of the oxide: At a certain pO; value, a significant increase in the necessary pump
current clearly indicates the beginning decomposition of the powder sample with its very large

free surface area.

However, in such a complex materials system several oxygen-exchange related processes are to
be expected. For a quantification of the oxygen stoichiometry in the cubic BSCF system it is
paramount to be able to distinguish between these different processes. It is therefore necessary to
take into account both the amount of oxide powder sample and the time-scale of the continuous
PO, change. The amount of substance must be large enough to ensure a good signal-to-noise ratio
(SNR) but small enough that the gaseous oxygen resulting from the decomposition processes can

still be pumped out of the setup within a reasonable time.

The time-scale of the continuous pO, change must correspond to the oxygen-exchange and de-

composition kinetics of the sample. Fig. 3.7 illustrates this issue:

Titration experiments were carried out at 900 °C (in order to avoid formation of the hexagonal
phase, cf. Chapter 8 and [8]) on equal amounts of BSCF powder at different rates of pO, change
(dUpump/d? = 3 mV/min, 1 mV/min, and 0.1 mV/min, respectively). The fastest pO, change (top
curve in Fig. 3.7) results in a very large amount of oxygen quickly set free. This amount cannot
be pumped out of the setup fast enough leading to an increasing discrepancy between set and real
pO, value during the measurement. The run of the measured pO, curve and the very slight bumps
in the pump current curve lead one to suspect that several different pO,-dependent processes oc-
cur which cannot be separated. As a result, a quantification of the pump current in order to assess

the oxygen non-stoichiometry of the sample clearly is not possible.

Decreasing the pO, change rate by a factor of 3 (middle curve in Fig. 3.7) leads to a separation of
the pO,-dependent oxygen-exchange/decomposition processes (clearly visible as separate peaks
in the pump current as well as the observed buffering effect in pO,); however, the run of the

measured and the preset pO; curves still show occasional deviations.

A further decrease of pO, change rate by a factor of 10 (bottom curve in Fig. 3.7) finally facili-
tates a very clear separation of the individual oxygen-exchange/decomposition processes, and the
run of the measured and preset pO, curves shows that the system is very close to equilibrium

throughout the measurement. (One must bear in mind, however, that such a slow measurement
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exceeds a reasonable time-scale, adds to the aging of the zirconia tube, and results in a decrease

in signal quality, visible by the bad signal-to-noise ratio of the current measurement).
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Coulometric titration curves carried out on equal amounts of unused
Bag sSrg5Co0sFep20355 (BSCF) powder at different rates of pO, change
(dUpump/dt = 3 mV/min (top), 1 mV/min (middle), and 0.1 mV/min (bottom), re-
spectively). The red curves show the pump current (right axes), whereas the blue
curves depict the actual pO, at the sample position. The dotted blue curves show
the preset pO, ramps.

Fig. 3.8 shows the coulometric titration curve at 7= 900 °C (dUpump/df = 1 mV/min) for the pO,

range below 107 bar as well as the corresponding background measurement. By monitoring the
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pump current, several processes are observed (in reproducible experiments) where oxygen is set

free from the sample (around 10"2, 10'14, 10’15, and 107! bar).

One can, in principle, clearly distinguish two regimes: At pO, values above ca. 5 - 10" bar the
BSCEF reversibly excorporates oxygen, resulting in increasing o values (in the measurement, the
deviation in pO, within the sample chamber resulting from these oxygen non-stoichiometry
changes becomes clearly visible below ~10" bar). At pO, values of around 5 - 107" bar, the

maximum of the first current peak is reached; this supposedly heralds the lower stability limit.

14 16 18 20 22 24 26 28
: 1 : 1 : 1 : 1 : 1 . 1 , 0.04

- 0.03

/A

3 ——pO,BSCF powder "~ "\ . . 7777777777777777 - 0.02
10™ 4 pO, background - - |

BSCF pOWder ‘: """""""""
104 — — -1 hankaraiind eV
k- . 0.01

pump

pO, / bar

107 e 000
14 16 18 20 22 24 26 28

t/h

Fig. 3.8: Coulometric titration (dUpump/df =1 mV/min) of cubic-phase BSCF powder at
T =900 °C and low partial pressures (red and blue curves), in comparison to a
background measurement of the empty setup (light red and cyan dashed lines) with
identical parameters.

At even lower pressures (shaded pO, range), BSCF is no longer chemically stable, cf. XRD
measurements shown in Fig. 3.9. Several pO,-dependent decomposition processes (a, b, and c)
are visible which lead to peaks in the pump current and determine the overall pO, in the chamber
until each process is finished. The decomposition kinetics appear to be fairly fast, as compared to

various other MIEC perovskites characterized (cf. Section 3.3.6).

This is verified by XRD measurements on powders annealed at 900 °C and various oxygen par-
tial pressures (for an annealing time of Az = 10 h each), where after annealing at 10" bar pO, (or
lower), XRD measurements clearly show that BSCF has decomposed (secondary-phase reflec-

tions, cf. Fig. 3.9).
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Fig. 3.9: Ex-situ X-ray diffraction (XRD) spectra of (originally single-phase cubic) BSCF
powders annealed at 900 °C and various oxygen partial pressures (for Az=10h

each). No background subtraction has been performed in order to guarantee com-
parability of the measurements.

A Hnd  raw powder

By employing this coulometric titration method to BSCF powder samples and in combination
with an XRD analysis, it could be shown in [4] that the chemical stability limits of BSCF at tem-
peratures between 700 °C and 900 °C are considerably lower than previously assumed in liter-
ature. Amongst the decomposition products, CoO and a remaining cubic phase stood out promi-
nently (cf. Section 3.3.5).

Lastly, the oxygen stoichiometry changes could also be estimated using this method. After
equilibrating 501 mg of BSCF powder at 107 bar and subsequent titration, the pump current was
integrated with respect to time, starting from 10 bar until the minimum after the second current
peak in Fig. 3.8 was reached (~ 5 - 10" bar). The first peak corresponds to an actual pO, value of
approx. 5 - 10" bar, marking the stability limits of BSCF.

Fig. 3.10 shows the oxygen non-stoichiometry changes (Ad) for BSCF at 900 °C and partial pres-
sures between ~ 5 - 10"° and 10 bar. A sudden decrease in A8 occurring at partial pressures of
1072 bar and below indicates the end of the stability range for the cubic BSCF phase and con-
firms the decomposition limit previously determined by XRD measurements [4]. Below this
value, the determination of Ad becomes no longer meaningful but is shown for the sake of
visualizing the end of the first and the beginning of the second decomposition process
(cf. Fig 3.8).
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Fig. 3.10: Values for oxygen non-stoichiometry Ad in BSCF as f{(pO,) at 900 °C. Data from
Mueller et al. [15] are shown for comparison.

Non-stoichiometry data of BSCF very recently published by Mueller et al. [15] is shown for com-
parison; as an “initial value A8 = 0” the value for pO, = 10 bar was used (grey circle) because a
quantification of titration experiments at higher pO, is quite difficult due to the disadvantageous
ratio of gaseous oxygen from the dead volume and oxygen released from the sample. However, in
preliminary measurements in the pO, region above 10 bar the slope of the A8 curve appears to
be similar to the data of Mueller et al. [15] as well as of other groups [10-12] — see the lone data
point at 10~ bar in Fig. 3.10.

Below 10™ bar, however, this measurement yields a smaller slope. The first decomposition pro-
cess is determined between 102 bar and 107" bar in both measurements. The measurements in
this paper were carried out on powder samples with small particle sizes and, hence, small oxygen
diffusion lengths, whereas Mueller et al. [15] used densely sintered ceramic bulk samples. As no
detailed kinetic aspects of the measurement have been reported in [15], it is hard to determine

whether the dense sample reached equilibrium for each data point.

Owing to the highly complex nature of such a titration method, several fallacies may easily occur:
The most important aspect is taking the kinetics of the system into account. This requires a suffi-
ciently fast sample equilibration at each set pO, value, and also a reliable determination of the

actual pO,, preferably continuously and in situ. Elsewise, the measured pump current may not
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necessarily reflect the reversible Ad values of the sample as, e.g., pumping oxygen out of a sam-
ple chamber with a very small dead volume may quickly lead to pO, non-equilibria: If oxygen
removal takes place much faster than the oxygen equilibration of a massive sample, then a pO,
value may temporarily occur near the sample surface that is more reducing than assumed (and
measured after the pumping procedure). Hence, this might lead to a decomposition front moving
into the material already at apparently higher pO, values and, thus, the Ad values determined
from the pump current would not stem from reversible oxygen exchange but possibly rather from
the already beginning sample decomposition. Titration measurements performed on powder sam-

ples with a sufficient amount of surrounding gas phase can clearly avoid this pitfall.

3.3.5 Decomposition Products of BSCF

In order to examine the decomposition products present in BSCF after being exposed to very low
oxygen partial pressures, X-ray diffractometric analyses have been conducted after annealing
powder for 10 hours at the low partial pressure of 10™° bar, as well as a powder sample that
underwent the symmetrical titration back up to ambient air pressure, as indicated by the blue

arrows in Fig. 3.11.
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Fig. 3.11: Symmetrical titration curve of BSCF powder at 900 °C. Blue arrows indicate that
XRD measurements were conducted on powder annealed at 107> bar as well as on
a powder batch after the symmetrical titration was finished.
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Fig. 3.12: XRD measurement of powder after coulometric titration at 900 °C down to
107" bar pO, and annealing at that point for 10 hours.

The first XRD measurement of powder after coulometric titration down to 10™° bar pO, and
annealing at that point for 10 hours is shown in Fig. 3.12. Prominently visible is the presence of
cobalt monoxide CoO indicated by the red peak positions. The remaining peaks present in this
measurement can be attributed to a remaining cubic BSCF lattice (green) as well as other cubic
lattices with slightly different lattice parameters that have been indexed by the software as barium
ferrites, but should be barium strontium ferrites not present in the XRD database. The initial BSCF

matrix is destroyed by emanating CoO, leaving different cubic lattices of various compositions.
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Fig. 3.13: XRD measurement of BSCF powder after completed symmetrical coulometric ti-
tration at 900 °C from air to pO, = 107 bar and back (blue) in comparison to un-
treated powder (black).
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After a symmetrical coulometric titration run down to 107'® bar PO, at 900 °C, the different cubic
decomposition products are still present (cf. Fig. 3.13), the only significant change being the
additional presence of Co3;04, which is an expected change, as the phase diagram of cobalt oxide

suggests that composition to form at 0.21 bar at 900 °C.

By annealing fresh BSCF powders in the oxygen pump setup for 10 hours at different tempera-
tures of 700, 800 and 900 °C, a stability matrix for the BSCF system could be obtained as shown
in Table 3.1:

700 °C 800 °C 900 °C
107° bar not stable not stable not stable
107 bar not stable not stable not stable
10" bar stable not stable not stable
10™ bar stable stable not stable
102 bar stable stable stable

Tab. 3.1: Stability matrix for BSCF powder when annealing for 10 hours at the given tempera-
ture (top row), depending on oxygen partial pressure (left column).

3.3.6 Stability Limits of other Perovskites

Similar coulometric titration measurements have been conducted on powders of LSCF, LSC and
PSCEF, partly shown in our paper [1]. Fig. 3.14 shows the coulometric titration curve of an LSCF
powder sample at 7= 900 °C (dUpump/d? = 1 mV/min) for the pO, range below 10°® bar. By moni-
toring the pump current low-pO, decomposition processes are observed (in reproducible experi-
ments) where oxygen is set free from the sample (around 3 - 10" and 2 - 10" bar). One can
clearly distinguish two regimes: At pO, values above ca. 3 - 10" bar LSCF reversibly excorpo-
rates gaseous oxygen. In this plot the deviation in actual pO, within the sample chamber (result-
ing from this oxygen excorporation) from the set value (dashed blue line) becomes clearly visible
below ~1071" bar. At p0O, values of around 3 - 10" bar the maximum of the first peak in Zpymp is
reached (first shaded red arrow); this heralds the low-pO; stability limit; at even lower pressures
the LSCF is no longer chemically stable. The “buffering” effect of this chemical process is also
visible in the interplay between current peak and transient pO, deviation: when the former is

completed, the latter strives at regaining the preset pO, value again.
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Fig. 3.14: Coulometric titration (dUpump/df = 1 mV/min) of an LSCF powder sample at
T=900 °C from 10°® bar down to very low oxygen partial pressures.

This result compares well to the data shown on BSCF and also on LSC (Fig. 3.15) as well as data
measured on PSCF (Fig. 3.16). For the LSC in Fig. 3.15, one can also clearly distinguish two
regimes: At pO, values above ca. 10" bar LSC reversibly excorporates gaseous oxygen.
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Fig. 3.15: Coulometric titration (dUpump/df =1 mV/min) of an LSC powder sample at
T=900 °C from 10°° bar down to very low oxygen partial pressures.
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In this plot the deviation in actual pO, within the sample chamber (resulting from this oxygen
excorporation) from the set value (dashed blue line) becomes clearly visible again below
~10"" bar. At O, values of around 107" bar a first maximum of Ipump 1s reached; this heralds the
low-pO; stability limits. Compared to the case of LSCF (Fig. 3.14) the current peak appears much

more pronounced, indicating a faster decomposition.

For the PSCF powder titration shown in Fig. 3.16, the same two regimes are visible: At pO, val-
ues above ca. 10™'° bar PSCF reversibly excorporates gaseous oxygen. This time, the deviation in
actual pO, within the sample chamber (resulting from this oxygen excorporation) from the set
value (dashed blue line) starts slightly below 107 bar. At pO, values of around 10" bar a maxi-
mum in fump is reached indicating the low-pO, stability limit. Compared to the case of LSCF

(Fig. 3.14) the current peak appears much shallower, indicating a slower decomposition.

pO, / bar

Fig. 3.16: Coulometric titration (dUpump/d? =1 mV/min) of a PSCF powder sample at
T=900 °C from 10 bar down to very low oxygen partial pressures.

Table 3.2 summarizes the results for all four MIEC compositions. While the stability limits deter-
mined by coulometric titration are fairly similar in all four cases, there are notable differences in
the decomposition kinetics (as can be seen in the different time dependencies of the pump cur-
rent), that are correlated with the B-site Co/Fe ratio. Higher iron content appears to slow down

the decomposition kinetics.
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Stability at 900 °C LSCF PSCF BSCF LSC
Stable down to pO, = 3.108 bar |3 -10" bar | 5 -10" bar | ~10 bar
Decomposition kinetics in powders slow slow fast very fast

Tab. 3.2: Summary of results on low-pO, stability (at 900 °C) of the different MIEC composi-
tions investigated by coulometric titration experiments. Decomposition kinetics are de-
termined by an analysis of the first current peak in the coulometric titration curve.

3.4 Conclusions

In this chapter, a refined closed tubular zirconia “oxygen pump” setup with Pt electrodes is
shown that facilitates precise control of the oxygen partial pressure in the enclosed volume within
a pO, range between 107'*...1 bar at temperatures above 700 °C. Oxygen uptake or release of an
oxide powder sample can be determined with high precision as a function of pO,, temperature
and time, yielding information on stoichiometry changes and stability limits of an MIEC oxide,
by:

e measuring the electric pump current,
e correction for intrinsic setup properties through an offset or background subtraction,

e continuous in-situ determination of the oxygen partial pressure at the sample position with

high accuracy (validated on an electrically contacted SrTiOj; single-crystal sample),
e adjusting the pO, change rate to resolve kinetic behavior,

e providing convenient experimental simplicity (re-usability, easy sample exchange, sealing

at room-temperature).

This method is validated with the help of the “model” oxide CuO where pO,-dependent transition
conditions are known from phase diagrams: The reduction of CuO to Cu,O could be observed via
a clearly visible buffering effect at pO, ~ 5 - 10~ bar (at 850 °C, in good agreement with [21]).
The amount of oxygen transported during the reduction reaction could be determined with only a

6 % deviation from the theoretical amount.

In the next step, this coulometric titration method was applied to more complex MIEC materials,
such as BajsSrpsCopsFep203.5 (BSCF), thus yielding information on oxygen stoichiometry

changes and irreversible demixing:

e Several processes become visible by this method: Reversible oxygen exchange with the

ambient atmosphere as well as irreversible demixing at very low pOs.
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e Oxygen non-stoichiometry changes (Ad) can be calculated for a wide pO, range, a signifi-
cant drop between 107! bar and 10™" bar indicates the end of the stability range for BSCF
(at 900 °C).

o These stability limits have been verified by XRD analyses.

By employing the continuous coulometric titration technique the low-pO; stability limits of other

selected application-relevant MIEC powder samples could also conveniently be determined:

e All investigated compositions (LagssSr94Coo2Feo 035 (LSCF), PrgssSro4CopaFensOs.s
(PSCF), Bay sSrgsCopsFep203.5 (BSCF), and Lag ¢Sty 4C00s.5 (LSC)) proved to be stable
down to (at least) pO, ~ 10 bar at 900 °C.

e This pO, stability range is sufficient for most applications (SOFC cathode, oxygen-

transport membrane).

e With increasing perovskite B-site iron-to-cobalt ratio, decomposition kinetics appear to

slow down.
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Chapter 4

Conductivity of BSCF over Temperature

4.1 Introduction

For mixed ionic electronic conducting oxygen permeation membranes, higher fluxes are obtained
when either the electronic or ionic conductivity increases, or both increase simultaneously — as
permeation rate depends on the product of mobility and concentration of both ionic and electronic
charge carriers. Furthermore, for a sufficiently thick membrane, oxygen permeation will be con-
trolled by bulk diffusion, which is why reducing the membrane thickness results in an increased
oxygen flux. To this end, a common proposed solution is to apply a supported membrane: a dense
thin film on a porous substrate [3-6]. However, this applies only until reaching thicknesses of a
certain value (the “characteristic” membrane thickness typical of the material employed [7],
given by the ratio of oxygen diffusion constant and surface exchange coefficient), when the diffu-
sion processes become sufficiently fast, resulting in a change in the kinetic behavior. The surface
reactions will finally become the rate determining step for such very thin membranes [3]. No en-
hancement of the oxygen flux can be achieved by thinning the membrane any further if the sur-

face oxygen exchange cannot be increased simultaneously.

To investigate the BSCF system regarding its electrical conductivity, this chapter discusses con-
ductivity measurements on sintered bulk samples and thin films (epitaxial thin films obtained by
Pulsed Laser Deposition (PLD) and polycrystalline thin films obtained by Metal-Organic Depo-
sition (MOD) through spin coating, both on NGO substrates) in the temperature range from room
temperature up to 900 °C.

Parts of the results shown in this chapter have been published in [1;2].
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CHAPTER 4. CONDUCTIVITY OF BSCF OVER TEMPERATURE

Electrical conductivity properties of BSCF measured on polycrystalline dense bulk samples can
be compared to available data measured in air by Zhou et al. and Wei et al. [8;9], and in air and

oxygen atmosphere by Chen et al. [10].

Thin films become important on one hand due to the increased oxygen permeation through very
thin membranes mentioned earlier. On the other hand, the transport properties of polycrystalline
samples are strongly affected by the sample morphology, such as particle size, grain boundary
shape, connectivity, or porosity, making the intrinsic properties of BSCF difficult to extract. In-
vestigating epitaxial samples avoids these detrimental influences, while MOD thin films are inter-
esting in regard to the much simpler production process. Measurements regarding the oxygen
surface exchange coefficient K are discussed in Chapters 6 and 7 for sintered bulk samples and

thin films, respectively.

4.2 Experimental

4.2.1 Contacting of the Samples

For the conductivity measurements two parallel gold contacts were painted at the surface of the
epitaxial PLD-derived thin-film samples (preparation cf. Chapter 2) and fired for one hour at a
temperature of 950 °C in air. The MOD films were contacted with two parallel gold contacts by
magnetron sputtering and subsequent spot-welding of Au-wires. Owing to the fairly high electri-
cal resistance of the thin films, their planar resistance was measured in two-point-technique in the

oxygen pump setup (cf. Chapters 2, 3).

Bulk samples were measured in four-point-technique in the same setup; contacts were applied by
means of Pt wires and paste for sample FZJ-BSCF-02, and by Pt magnetron sputtering, Pt wires

and paste for all other shown samples, with subsequent firing for one hour at 1050 °C in air.

4.3 Results and Discussion

4.3.1 Sintered Bulk Samples

The electrical properties of BSCF bulk samples have been measured in pure oxygen atmosphere
and in air in the temperature range from 40 °C to 900 °C while cooling down from the highest

temperature at a rate of 1 K/min.
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Fig. 4.1: Conductivity of BSCF sample FZJ-BSCF-02 during cooling in oxygen (red curve)

and air (black curve) in comparison to data published by Chen et al. [10] and Zhou
et al. [8] as published in [1].

Fig. 4.1 shows the conductivity values obtained from bulk sample measurements both from this
work and from literature data. The conductivity of BSCF increases with temperature, presenting a
semiconductor-type behavior corresponding to a small polaron hopping mechanism, associated
with the behavior of mixed (2+/3+) valence states of cobalt and iron cations. It can be observed
that the behavior of the BSCF bulk sample nicely matches the data published by other authors for
BSCF polycrystalline samples [8;10]. The conductivity increases with temperature up to approxi-
mately 400 °C, then reaching a plateau. At high temperatures the creation of additional oxygen
vacancies, accompanied by a reduction of Fe*' to Fe** or Co®* to Co*", causes a decrease in the
charge carrier concentration and a covalent interaction because of a perturbation of the O—

(Fe,Co)—O periodic potential, which may account for such a transition [8].

The behavior of the bulk sample in pure oxygen and in air have been plotted in an Arrhenius-type
graph in Fig. 4.2, showing p-type conductivity (Goxyeen™0air). The corresponding values of the
activation energy (£,) have been calculated from the representation of ¢7 vs. 1/T by the adiabatic

small polaron hopping model:

G—A“ ex (— Ea) (1)
T P RT
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where ¢ is the electrical conductivity, A, is a material constant containing the carrier concentra-
tion term, 7 is the absolute temperature, E, is the activation energy for small polaron hopping,

and R is the universal gas constant.
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Fig. 4.2: Activation energy of the electrical conductivity of the BSCF sample FZJ-BSCF-02
in oxygen (red curve) and air (black curve) as published in [1].

In both atmospheres (pure oxygen and air), activation energies are quite similar, calculated as
0.361 eV and 0.358 eV respectively.

Generally, the conductivity is higher in pure oxygen atmospheres than it is in air, owing to the
fact that in pure oxygen, more oxygen ions are introduced into the BSCF lattice, reducing the
inherent oxygen nonstoichiometry and by requiring two electrons each creating more holes as
charge carriers in the p-type conductor. As these measurements are done while slowly cooling
down from the highest temperature, the different stoichiometries are frozen at low temperatures
below 300 °C to 400 °C where oxygen exchange no longer takes place. The conductivity curves
stay parallel to each other even at these temperatures, resulting in different conductivity values at
room temperature. Heating curves of identical bulks with similar thermal history would yield
identical conductivity values up to these temperatures and then the measurement in pure oxygen
would start deviating to the depicted higher conductivity values starting in this temperature range

with the onset of oxygen exchange in the sample.
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4.3.2 Epitaxial Thin Films

Under real operating conditions, during the heating and cooling processes a membrane experi-
ences, the membrane material will not be able to expand freely, but will be restricted by a thicker
porous substrate, in the case of a supported membrane, and by the thermal expansion coefficient
of the module construction materials (e.g. steel). For BSCF epitaxial thin films on single crystal
perovskite substrates, similar restrictions apply. Due to the differences in cell parameters of
BSCF and substrate and resulting stress, the oxygen stoichiometry, vacancy concentration and/or
the valance state of the B-site metal ions of the BSCF perovskite could be different to those of a
polycrystalline material (subjected to less expansion limitations), and could affect the electronic

conductivity of the film.

For comparison, the electrical properties of a 340 nm-thick BSCF epitaxial film on NGO sub-
strates have also been measured under the same atmospheric conditions in the same temperature
range. It should be noted that the conductivity of the substrate (onGo, 700 °c = 10°S cm’l) is sev-
eral orders of magnitude smaller than that of the layers (csscr, 700 °c = 10° S cm'l). So, even though
the substrate (d = 0.5 mm) is more than a thousand times thicker than the BSCF thin films, its
conductance is still negligible, ensuring that the layer conductivity is measured without influence
from the substrate. In Figure 4.3 the total conductivity of the thin film sample measured in air has
been plotted vs. temperature in comparison to the bulk sample conductivities (left), while data in

both atmospheres is shown in an Arrhenius graph on the right.
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Fig. 4.3: Left: comparison of the electronic conductivity in air of the BSCF bulk sample FZJ-
BSCF-02 (black curve) and epitaxial thin film PLD-BSCF-17n2 (red curve) and right:
the Arrhenius graph for both samples in air (dashed curves) and oxygen (solid
curves), where bulk conductivity is shown in black, thin film conductivity in red [1].

Although the conductivity of the thin film also increases with temperature and presents a typical
semiconductor-type behavior it performs slightly differently. Firstly, the overall conductivity of

the epitaxial thin film in air is between two and five times higher in the whole temperature range
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measured. Furthermore, while for the thin film a similar behavior is found at low temperatures
below approx. 400 °C, at higher temperatures the conductivity does not reach a maximum, but
continues to increase slightly in the whole temperature range. This could be due to differences in
the oxygen vacancies content and defects equilibration stoichiometry. Considering that the con-
ductivity curve deviation at higher temperatures is only related to the loss of oxygen by surface
exchange, the oxidation enthalpy seems to be considerably reduced in thin films compared to that
in bulks, which could be related to the stress induced by the substrate and/or to the crystallo-
graphic orientation of the surface planes. The conductivity of the thin film exhibits a similar be-
havior in oxygen atmosphere and in air, increasing from the value of 0.68 S cm™ for oxygen
(0.14 S cm™ for air) at 40 °C to 110.5 S cm™ for oxygen (98.5 S cm™ for air) at 900 °C, and con-
sisting of two different temperature ranges with different activation energies. In both ranges the
conductivity shows an Arrhenius-type dependence with temperature with a change in slope at a
transition temperature of about 300 °C. In the case of bulk samples the activation energies at low
temperatures are higher than in the thin films and the transition temperature between the two
ranges occurs at a higher temperature of about 400 °C. This difference may be attributed to the
absence of grain boundaries and the stress introduced into the thin film by the substrate. The acti-
vation energy values of the bulk calculated for both gas atmospheres are summarized in Table 4.1

and compared to the thin film’s activation energy values in both regions.

Gas atmosphere E, (eV)
Bulks Thin films
40-400 °C 40-300 °C 300-900 °C
Pure oxygen 0.361 0.243 0.168
Air 0.358 0.254 0.182

Tab. 4.1: Activation energies of the conductivity (¢7) for the BSCF bulks and thin films [1].

4.3.3 Polycrystalline MOD Thin Films

Due to their much simpler — and on a large scale cheaper — production process, MOD derived
polycrystalline thin films are also a matter of interest. An 80 nm thick BSCF film on NGO pre-
pared by K. Asano (cf. Chapter 2) has been measured in air with the same cooling rate as the pre-
vious samples. Fig. 4.4 shows the conductivity vs. temperature of that film in comparison to both

the discussed bulk sample data and the results for the epitaxial thin film produced by PLD.
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Fig. 4.4: Comparison of the electrical conductivity of BSCF bulk samples (FZJ-BSCF-02,
black curve), epitaxial thin films (PLD-BSCF-17n2, blue curve) and MOD-derived
thin films (MOD-BSCF-066, red curve) [2].

In this measurement, three different regimes become visible. Starting at high temperatures above
400 °C, the MOD film’s conductivity values range between those for the bulk — which is lowest
due to the unrestrained ability to emit oxygen into the surrounding atmosphere — and epitaxial
film — with the highest value due to the absence of grain boundaries and the stress introduced by
the substrate. Between approx. 350 °C and 250 °C, the activation energy of the MOD film is
quite similar to that of the bulk sample, while that of the PLD film is lower, suggesting that in
this temperature range, thermal and chemical behavior is comparable for the first two mentioned
samples due to the presence of grain boundaries, with which slight shifts in lattice constants are
easier to handle for the system. Finally below 250 °C, where oxygen stoichiometry is frozen due
to the low temperatures, the MOD film’s conductivity decreases with the flattest slope to finally
reach the same conductivity value as the epitaxial film at room temperature, suggesting that this
higher value — compared to the unrestrained bulk sample — is proof for the fact that the substrate
induced stress on the material retains the BSCF thin films from emitting as much oxygen towards
a higher vacancy concentration as the bulk sample is able to do. This is due to the smaller
pseudo-cubic lattice constant of the NGO substrate.
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4.3.4 Doped BSCF Bulk Samples

In order to stabilize the cubic phase in BSCF at the intended operating temperatures of approx.
800 °C, several monovalent substituents on the B-site have been proposed as mentioned in Chap-
ters 1, 2 and given an in-depth examination in Chapter 8. To examine their individual perfor-
mance, measuring the electrical conductivity is one of the methods of choice. Fig. 4.5 shows con-
ductivity values during cooling down measurements as shown in the earlier parts of this chapter
for several pure BSCF bulk samples in comparison to samples that have been doped with 3 at%
of Zr, Y, and Sc on the B-site, respectively.
T/°C
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Fig. 4.5:  Electrical conductivity of doped BSCF samples during cooling in air for BSCF3Zr
(red curves), BSCF3Y (green curves) and BSCF3Sc (blue curves) in comparison to
BSCF (black curves).

As there are three measurements on different samples of undoped BSCF and in the case of each
dopant two measurements of different bulk samples, a slight deviation for the measurements of
each composition can be seen. This is on one hand due to the contacting of the samples with sput-
tered Pt contacts, Pt paste and Pt wires (cf. Chapter 2) that introduces some inherent error into the
conductivity calculation as well as different achieved densities of the samples. While the first can
be handled by statistical mean value calculation, the second can be corrected for if the porosity of
the samples is known. This second point is also the reason that, from the graphs in Fig. 4.5, no

conclusive statement can be made on the influence of different dopants in comparison to undoped
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samples other than the fact that the dopants seem to have basically no influence on the overall
dependence of conductivity on temperature, yielding practically similar activation energies and

stagnation of the conductivity increase at temperatures above 500 °C.

For comparison, using the porosity values (cf. Chapter 2, App. A) for these samples, the meas-
ured conductivity can be corrected mathematically to represent completely dense samples by

means of eq. 4.1 [11]

oy =—7"—, (4.1)
I-=-¢
2

where oy denotes the conductivity of a completely dense sample and o the conductivity of a po-

rous sample with the porosity &.

Fig. 4.6 shows the mean conductivity values for all compositions at the three temperatures of
700 °C, 800 °C and slightly below 900 °C (symbols with error bars) as well as the calculated
theoretical conductivities for completely dense samples.
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Fig. 4.6: Mean values of the conductivity of doped BSCF samples during cooling in air for
three BSCF samples (black), and two samples each for BSCF3Y (green), BSCF3Zr
(red) and BSCF3Sc (blue) as well as the calculated corrected values for 100 % dense
samples (solid symbols).
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It can be seen that generally, doping the BSCF system with another cation reduces the electrical
conductivity in comparison to the pure BSCF material. This is the case for the dopants Sc, where
conductivity decreases by more than 15% as well as for Y, where the decrease amounts to nearly
10 %. Only the sample containing Zr yields basically comparable conductivity values to the pure
system, solidifying the assumption of Chapter 2 that this dopant was not introduced in sizable

amounts into the BSCF lattice but rather formed secondary phases.

However, the shown decrease in conductivity for the Sc and especially the Y doped samples does
not necessarily lead to a significant drop in oxygen permeation but — in the latter case — yields a

significant stabilization of the cubic BSCF phase, as shown in Chapter 8.

4.3.5 Equilibrium Conductivity Values at Intermediate
and Low Temperatures

In the earlier parts of this chapter, conductivity curves have always been derived from cool-down
measurements. As conductivity changes stem from thermodynamically changing oxygen stoichi-
ometries, the equilibrium values are reached in the order of seconds or minutes at high tempera-
tures above 600 °C, where oxygen exchange is reasonably fast. At lower temperatures, however,
the mechanisms of oxygen in- or excorporation slow down significantly, leading to quite long
equilibration times of up to several tens of hours. This means that in temperature sweep measure-
ments, the conductivity will show hysteresis and the true equilibrium values below 600 °C can
only be determined by suitable dwelling times at chosen temperatures. Fig. 4.7 shows subsequent
heating and cooling sweeps for a 3 at% Zr doped BSCF sample including different dwelling
times during heating (3 and 4™ measurements — blue and black curves) as well as during cooling

(5™ and 6™ measurements — red and gold curves).

It can be seen that while above temperatures of 650 °C both heating and cooling curves yield the
same and therefore the equilibrium conductivity values, at lower temperatures down to 500 °C
the true equilibrium values can be reached only by holding the sample at these temperatures for
10 to 20 hours. The fact that the values from dwelling while heating the sample up and those de-
rived from dwelling while cooling down are identical — marked by red squares in Fig. 4.7 — and
range between the high- and low-end values derived from the sweeping measurements while
heating and cooling without dwell times at chosen temperatures, serves as indicator that equilib-

rium has indeed been reached.

At even lower temperatures below 500 °C, dwell times of 20 to 50 hours turned out to still be

insufficient in order to reach the equilibrium values, marked in Fig. 4.7 by the red shaded ellipsis.
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Fig. 4.7: Heating and cooling conductivity curves for a BSCF3Zr sample with different dwell-
ing times at intermediate temperatures, resulting in true equilibrium values above
500 °C (red symbols) in comparison with equally derived equilibrium values for pure
BSCF (black symbols).

4.4 Conclusions

The electrical properties of BSCF bulk samples and epitaxial PLD thin films have been measured
in pure oxygen and in air atmosphere in the temperature range from 40 to 900 °C. Additionally,
MOD-derived polycrystalline thin films have been measured in air for comparison. Dense sam-
ples of BSCF doped with 3 at-% Zr, Y, or Sc have been compared to the pure BSCF system. The
real equilibrium conductivity values at intermediate temperatures could be determined by long

dwell-times.

e BSCEF bulk conductivity in pure oxygen and air atmospheres exhibits quite similar activa-

tion energies of 0.361 eV and 0.358 eV, respectively.

75



CHAPTER 4. CONDUCTIVITY OF BSCF OVER TEMPERATURE

76

PLD thin film conductivity in air is two to five times higher in the whole temperature

range due to the absence of grain boundaries and substrate induced stress.

Similar behavior for the PLD thin films in comparison to bulk samples is found at low
temperatures below approx. 400 °C, while at higher temperatures conductivity continues
increasing, possibly related to the stress induced by the substrate and/or to the crystallo-

graphic orientation of the surface planes.

PLD thin films in pure oxygen and air atmospheres show similar conductivity behavior
with two temperature ranges showing different activation energies of 0.243 eV from
40-300 °C and 0.168 eV from 300-900 °C in pure oxygen and 0.254 ¢V and 0.182 eV in

air in the respective temperature ranges.

For polycrystalline MOD thin films, three different regimes become visible in the conduc-
tivity measurements for temperatures above 400 °C, between 350 °C and 250 °C as well
as below 250 °C. This could be explained by the presence of grain boundaries while still

being subject to substrate induced stress.

Dopants have basically no influence on the overall dependence of conductivity on temper-
ature, yielding practically similar activation energies and stagnation of the conductivity
increase at temperatures over 500 °C, while generally reducing the conductivity in com-

parison to pure BSCF.

At temperatures below 600 °C, equilibrium conductivity values can only be determined
by relatively long dwelling times of several tens of hours and have been calculated for
pure BSCF as well as BSCF3Zr.
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Chapter 5

Conductivity of MIEC at different pO,

5.1 Introduction

In Chapter 4, the electrical conductivity behavior of dense BSCF samples, dense samples of
doped BSCEF, epitaxial BSCF thin films produced by PLD and polycrystalline MOD derived
BSCEF thin films was examined and discussed depending on temperature. The measurements
shown in that chapter also give a glimpse at different conductivity values in different atmos-
pheres, meaning different ambient pO, values. In this chapter the electrical conductivity de-
pendence on oxygen partial pressure is examined, providing information about the variation
of the electronic transport behavior from the feed side to the permeation side of an oxygen

separation membrane.

5.2 Experimental

Contacting of the samples shown in this chapter has been done similar to the ones shown in Chap-
ter 4: for the conductivity measurements two parallel gold contacts were painted at the surfaces of
the epitaxial thin-film samples and fired for one hour at a temperature of 950 °C in air. The MOD
films were contacted with two parallel gold contacts by magnetron sputtering. Owing to the fairly
high electrical resistance of the thin films, their planar resistance was measured in two-point-tech-

nique in the oxygen pump setup (cf. Chapters 2, 3) where the inner oxygen partial pressure can be

Parts of the results shown in this chapter have been published in [1;2]
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adjusted between 107" bar and 1 bar within a temperature range of approx. 700-1000 °C by applica-
tion of a Nernst voltage [3]. The dense bulk samples were measured in four-point-technique in the
same setup, electrical contacts were applied by means of Pt wires and paste fired for one hour at
1050 °C in air for the samples shown in 5.3.1 and 5.3.2. All samples shown in 5.3.3 have been con-

tacted the same way after first applying Pt contacts by magnetron sputtering.

5.3 Results and Discussion

5.3.1 Dense BSCF Samples and Epitaxial BSCF Thin Films

In Fig. 5.1 the oxygen partial pressure and related total conductivity changes of a dense BSCF
bulk sample are shown as a function of time for five different temperatures as an example of a

typical measurement in the oxygen pump setup.

pO, / bar
=
|

o 1(Scm’)

10

—— 1~ T *~ T *~ T ‘*~ T *~ T "~ T " T '
20 30 40 50 60 70 80 90 100 110

t/h
Fig. 5.1: Typical conductivity measurement in the oxygen pump setup for a BSCF sample

(FZJ-BSCF-02). The electrical conductivity (black curve) is measured while
changing pO; in steps (blue curve) at different temperatures.

Every oxygen partial pressure change is followed by a 1-hour dwelling period, allowing for the
oxygen exchange to take place until equilibrium is reached. Subsequently, the next partial pres-
sure change is performed. The measurements were taken in steps by first decreasing the oxygen

partial pressure from pure oxygen to a pO, of approx. 3-10 bar followed by reversely increasing
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the oxygen partial pressure to the atmospheric pressure of 0.21 bar again — using the same oxygen
partial pressure values for temperatures of 700 °C, 800 °C and 900 °C, while just jumping back to

ambient pressure at the intermediate temperatures of 750 °C and 850 °C.

At 700 °C, there is a longer dwelling time at two pO, steps around ~107 bar, revealing the con-
ductivity response of the sample to consist of two different involved processes, the second one
being due to an ongoing phase transition in the BSCF material, discussed in detail in Chapter 8.
This phase change, however, does not greatly affect the results shown in the following, as the
measurement times of the shown experiments only amount to ~80 hours at temperatures below
850 °C. This time frame is a lot shorter than the needed equilibration time for the happening
phase changes — that amount to more than 800 hours in these bulk samples (cf. Chapter 8). Possi-
ble deviations caused by the beginning phase changes will amount to less than 1 % as can be seen
in Fig. 8.8 in Chapter 8.

For oxygen partial pressures below 10 bar, the conductivity value did not reach equilibrium af-
ter 1 hour and continued decreasing with time. This seems to be due to the rapidly decreasing
oxygen exchange parameters — namely the chemical diffusion coefficient D° and the surface ex-
change coefficient k® — at these low oxygen partial pressures, as is discussed in detail in Chapter 6.
Equilibrium conductivity values for lower oxygen partial pressures can thus only be obtained
through much longer dwelling times, as shown later in this chapter (Figs. 5.6, 5.8). Additionally,
at temperatures below 850 °C, the conductivity response to the oxygen partial pressure change al-
ways seems to consist of two different processes — as revealed by the longer dwelling times in the
700 °C measurement — first a fast oxygen exchange, followed by a second non-reversible process

(cf. Fig. 8.1, Ch. 8), representing a phase transition in the BSCF matrix as discussed in Chapter 8.

A similar measurement was performed on an epitaxial BSCF thin film on NGO with a thickness
of 340 nm. In Fig. 5.2 the conductivity values of both the bulk sample and the thin film which
had been reached after 1 hour equilibration are plotted versus the oxygen partial pressure in a
double logarithmic plot. Values below 10™ bar are not equilibrium values, as the dwelling time

was too short to reach oxygen equilibration in both samples.

Conductivity values of the thin film are several times higher than those of the dense bulk sample,
due to the intrinsic properties of the thin film/substrate system (cf. Chapter 4). At 900 °C the var-

iation of the conductivity with pO; is similar for both the thin film sample and the dense bulk

sample, exhibiting a slope of dlog( (S/em) =0.10. It seems the high temperature enables the
dlog(pO, /bar)

thin film to emit a corresponding amount of oxygen in comparison to the bulk sample due to par-
tially being able to overcome the stress introduced by the NGO substrate with its smaller lattice

constant and therefore showing a conductivity change similar to the behavior of the dense bulk.

At 700 °C however, the thin film’s conductivity proves much less dependent on the ambient pO,,
showing a slope of only 0.06, probably due to the restrictions on BSCF lattice expansion — coin-

ciding with oxygen loss in the lattice — applied by the substrate.
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For the bulk sample, at this lower temperature the case is reversed, its conductivity shows a
stronger dependency on oxygen partial pressure than at 900 °C, expressed in a steeper slope of
0.15. In comparison to the thin film, this is understandable as the bulk is relatively unconstrained
in respect to lattice parameter growth and therefore able to release more oxygen than the con-

strained thin film.

m  700°C, epitaxial thin film
B 900°C, epitaxial thin film -thin film
® 700°C, bulk sample
1004 @ 900°C, bulk sample
slope = 0.10
. ()
g - slope = 0.06
2
© bulk sample
* .
[ J
10 slope = 0.15
LR | rorrrTT T LR | rorrrTT o
10° 10° 10" 10° 107 10 10°

pO, / bar

Fig. 5.2: Comparison of the equilibrium conductivity values (above 10 bar pO,) of a dense
BSCF sample (FZJ-BSCF-02, circles) and an epitaxial BSCF thin film sample (PLD-
BSCF-17n2, squares) at 900 °C (red symbols) and 700 °C (black symbols).

In comparison to the bulk’s behavior at 900 °C however, the explanation must be found in the
conductivity behavior corresponding to temperature shown in Chapter 4. The BSCF bulk sam-
ple’s conductivity at both temperatures lies in the range of nearly constant conductivity values
above approx. 500 °C (cf. Fig. 4.3 in Chapter 4), meaning the loss of positive holes as charge
carriers while emitting oxygen is approximately compensated by increased charge carrier mobil-
ity when the temperature is increased. At 900 °C, at the lowest oxygen concentration in the lattice,
especially at lower oxygen partial pressures of 107 to 10 bar, this charge carrier mobility in-
crease seems to be visible in the overall higher conductivity and therefore overshadowing the

effect of oxygen loss, further discussed in the following section.
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5.3.2 Comparison with PSCF, LSCF and LSC

Similar measurements have been conducted on dense bulk samples of PSCF, LSCF and LSC.
Due to the low values of its oxygen exchange parameters (cf. Fig. 6.5, Chapter 6), PSCF only
yields equilibrium values for temperatures of 900 °C and above, while for the other compositions
stable values could be extracted at 700, 800 and 900 °C. Figs. 5.3 and 5.4 show the results for all
compositions, the marked data points at low pO, values are non-equilibrium values, as the dwell-
ing time was too short (see previous part of this chapter). Linear fits of the stable equilibrium

values are used to evaluate the grade of conductivity dependency for the different compositions.

103 4— FEETITH BT B TITT BT | AT T B
i m 900°C FZJ-PSCF-02
1 ® 950°C .
10% 4 . 3
— 022
§
® non equ. 02,\
©
10" 5 3
100 LELRALLL | LR | UELELRRLLL | LR | LR | LR | LELRRLLL
107 10° 10° 10" 10° 10” 10" 10°
pO, / bar

Fig. 5.3: Equilibrium conductivity values at 900 °C (red symbols) and 950 °C (blue sym-
bols) — where obtainable — for a dense PSCF sample (FZJ-PSCF-02).

PSCF (Fig. 5.3) exhibits nearly the same slope of 0.22 and 0.21 at temperatures of 900 °C and
950 °C, respectively. This was to be expected due to the little difference in temperatures. This
slope is in good agreement with that of other p-type conductors, e.g., SrTiOs, under oxidizing
conditions [4]. The absolute values of conductivity in air match those reported by Kostogloudis

and Ftikos [5] very well, pO,-dependent data are not available in literature.

LSCF also performs with a slope of 0.21 at 900 °C, similar to PSCF, while at lower temperatures
of 800 °C and 700 °C the slope decreases to 0.18 and 0.12, respectively (cf. Fig. 5.4, top). At
700 °C, LSCF therefore behaves nearly similar to BSCF with its slope of 0.15. The absolute val-
ues of conductivity (in air) are in good agreement with data reported by Kostogloudis and Ftikos

[6], while slightly lower than those reported by Bouwmeester et al. [7] who also state a concave
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o(p0O,) behavior, attributed to a similar behavior of both £°(pO,) and D°(p0,), tentatively due to
an ordering of oxygen vacancies at lower pO,. A slightly concave behavior can also be suggested

for the data points shown in Fig. 5.4 (top), contrary to all other three compositions. For the sake

of comparison, however, a pseudolinear fit has been performed.
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Equilibrium conductivity values at different temperatures between 700 °C and
900 °C — where obtainable — for dense samples of LSCF (B-LSCF-014, top) and

LSC (B-LSC-056, bottom).

Fig. 5.4:
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In the case of LSC (Fig. 5.4, bottom), the slope only differs from 0.05 for 700 °C to 0.07 for both
800 and 900 °C. The latter value is in exact agreement with Segaard et al. [8].

A comparison between all compositions is also shown in Fig. 5.5. Contrary to the BSCF sample,
for all other compositions lower temperature leads to a decreased dependency of the conductivity
on pO,, coinciding with the steady increase of conductivity with temperature in the case of BSCF
as opposed to PSCF, LSCF, and LSC which exhibit decreasing conductivity at temperatures
above ~ 500 °C. This conductivity behavior could be explained by highly different magnitudes of
nonstoichiometry changes in the two different material groups (BSCF vs. PSCF, LSCF, and LSC)
as listed from literature data for a temperature of 800 °C and oxygen partial pressures of 1 bar and
107 bar in Table 5.1.

1 1 1
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wn A [ 3
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10" 4 s 8 8 3
= LSc700°C f
I LSC800°C [
® BSCF700°C B LSC900°C |
® BSCF900°C A LSCF700°CT
* PSCF 900 °C A LSCF 800 °C
0 % PSCF 950 °C A [ SCF 900 °C
107 10° 10° 10" 10° 107 10 10°
pO, / bar

Fig. 5.5: Equilibrium conductivity values at different temperatures between 700 °C and
950 °C (where obtainable) for dense samples of LSC (B-LSC-056, black symbols)
LSCF (B-LSCF-014, blue symbols) and PSCF (FZJ-PSCF-02, green symbols) in
comparison with BSCF (FZJ-BSCF-02, red symbols).

As nonstoichiometry changes directly affect charge carrier concentration — every oxygen vacancy
created is accompanied by an annihilation of two positive charge carriers (holes) — the small rela-
tive change Ad in BSCF (~ 8 % between 1 bar and 107 bar pO, at 800 °C) is overcompensated by
an increased charge carrier mobility at high temperatures, resulting in the steady increase of con-
ductivity. For the other compositions, however, charge catrier concentration is approximately
halved in the mentioned pO, range (LSCF: Ad > 150 %, LSC: Ao > 80 %), resulting in a decrease
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in conductivity after the maximum at intermediate temperatures — at which notable oxygen ex-
change with the ambient atmosphere sets in. For, e.g., LSCF this can be seen by the general con-

ductivity values for normal air at the three different temperatures in the shown graph (rightmost

data points at 0.21 bar pO,) and also reported, e.g., by [6].

composition 0 at pO, = 1 bar 5 at pO, = 10 bar relative change
BSCF [9] 0.72 0.78 8%
PSCF n.a. n.a n.a
LSCF [7] 0.03 0.08 167 %
LSC [8] 0.07 0.13 86 %

Tab. 5.1: Nonstoichiometry values 6 at 800 °C at 1 bar and 107 bar pO.,.

The small relative stoichiometry change for BSCF is also an indication that BSCF is situated near
the edge of the stability range for cubic perovskites, meaning that at steadily increasing tempera-

dlogo

ture the conductivity changes with pO, become /ess pronounced (slopes changing

2
from 0.15 at 700 °C to 0.10 at 900 °C), while in the other materials — where very high relative
changes in oxygen nonstoichiometry can safely be achieved — increasing temperature leads to
more pronounced conductivity changes with pO; (slopes for LSCF change from 0.12 at 700 °C to
0.21 at 900 °C, slopes for LSC change from 0.05 at 700 °C to 0.07 at 900 °C).

5.3.3 Comparison of BSCF with Zr-, Y-, and Sc-doped BSCF

As the doping of BSCF with different cations can enhance the stability of the cubic matrix at tem-
peratures of interest (cf. Chapter 8), the same measurements have been conducted on dense sam-
ples of BSCF3Zr, BSCF3Y, and BSCF3Sc. Fig. 5.6 shows a comparison of the equilibrium con-
ductivity values at different oxygen partial pressures between the three different compositions
and undoped BSCF at 900 °C. All conductivity values have been corrected for the different sam-
ple porosities as described in Chapter 4.

The highest conductivity at all oxygen partial pressures belongs to the undoped BSCF, followed
by the Zr-,Y- and finally Sc-doped material. This is consistent with the findings at ambient air
pressure in Chapter 4. Unsurprisingly, the dependency on pO; is nearly similar for all composi-
tions, as this small amount of B-site cation substitution does not affect oxygen transport proper-

ties on a large scale.
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Fig. 5.6: Equilibrium conductivity values at 900 °C for BSCF3Zr (red symbols), BSCF3Y
(green) and BSCF3Sc (blue) in comparison to undoped BSCF (black symbols,
long term measurements (hollow symbols) conducted on an identical BSCF bulk
sample: B-BSCF-146). Conductivity has been corrected for sample porosity.
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Fig. 5.7: Equilibrium conductivity values at 700 °C (left) and 800 °C (right) for BSCF3Zr (red
symbols), BSCF3Y (green symbols) and BSCF3Sc (blue symbols) in comparison to
undoped BSCF (black symbols).
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Equivalent results at lower temperatures are shown in Fig. 5.7 for 700 °C (left) and 800 °C (right).

The two marked data points in Fig. 5.6 are equilibrium values for an identical BSCF bulk sample
derived from two long term measurements at these low oxygen partial pressures of approx. 10
and 10 bar. As indicated by the dashed line, they fit very well to the linear fit (solid black line)

for all data points above 10 bar.

Fig. 5.8 shows the long term measurement for the equilibrium conductivity value at a pO, near
10 bar. Reaching a stable value required more than 600 hours. The red squares indicate the start-
ing and end values of the conductivity. The starting value was measured when the oxygen partial
pressure in the sample space reached 0.21 bar after flushing with pure oxygen and starting the
electrochemical pumping, while the end value was taken when a stable conductivity was reached
after pumping back from the low pressure to 0.21 bar. They amount to 33.0 S em” and
32.99 S cm™ respectively, indicating that the long equilibration is not due to some kind of deteri-
oration in the sample — i.e. phase transformations or decomposition — but in fact an indicator of

the strongly decreasing values for the transport parameters at low pO,.

The similar measurement to obtain the equilibrium value at approx. 10® bar pO, shown in
Fig. 5.6 took an even longer equilibration time of 800 hours, while also showing reversibility.

10" 3
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Fig. 5.8: Long term conductivity measurement at 900 °C and 10 bar pO, for a BSCF sam-
ple (B-BSCF-146). Equilibration takes more than 600 hours, while the practically
identical starting and end values at 0.21 bar pO, — red squares — show the reversi-
bility of the process.
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5.4 Conclusions

In this chapter, the “oxygen pump” setup was used to measure the dependency of the electrical
conductivity of bulk samples of different MIEC materials as well as an epitaxial BSCF thin film
on oxygen partial pressure at temperatures from 700 °C to 900 °C

e Equilibrium values at oxygen partial pressures below 10™* bar (10 bar in the case of LSC)
cannot be reached within the dwelling time of 1 hour even at the highest temperature, due
to the rapidly decreasing oxygen exchange parameters D° and &° at these low oxygen par-

tial pressures.
For the pure BSCF system, bulk samples have been compared to epitaxial thin films:

e For a BSCF bulk sample, equilibration at 10 and 10™ bar pO, can be achieved at 900 °C
after a dwelling time of several hundred hours, fitting in well with the values obtained at

higher pO,. Reversibility has been shown.

e Conductivity dependency on pO, behaves similar for BSCF bulk samples and epitaxial
thin films at 900 °C, exhibiting a slope of 0.10 both, while the thin films’ dependency
lessens at lower temperatures of 700 °C — with a slope of 0.06 in relation to 0.15 for the

bulk sample.
Dense bulk samples of PSCF, LSCF, and LSC have also been measured for comparison:

e PSCEF only yields equilibrium values for temperatures of 900 °C and above due to the low
values of its oxygen exchange parameters. It shows nearly the same slope of 0.22 and 0.21

at temperatures of 900 °C and 950 °C, respectively.

e LSCF also performs with a slope of 0.21 at 900 °C, similar to PSCF, while at lower tem-
peratures of 800 °C and 700 °C the slope decreases to 0.18 and 0.12, respectively. The lat-
ter value is nearly similar to the 0.15 for BSCF.

e For LSC, the slope only differs from 0.05 for 700 °C to 0.07 for both 800 and 900 °C due

to the much smaller range for the oxygen nonstoichiometry in the lattice.

Bulk samples of the proposed doped materials BSCF3Zr, BSCF3Y and BSCF3Sc have been

compared to the performance of pure BSCF:

e BSCF shows the highest conductivity values at all partial pressures, followed by the Zr-,
Y-, and finally Sc-doped material. This is consistent with the previous findings at ambient

air pressure.

e pO,-dependency is nearly similar for all compositions, as this small amount of B-site cat-

ion substitution presumably does not affect oxygen transport properties on a large scale.
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Chapter 6

Conductivity Relaxation Measurements
in the Oxygen Pump

6.1 Introduction

For the different applications, oxygen partial pressures at the surfaces of the mixed ionic electron-
ic conducting (MIEC) material may typically range between, e.g., pure oxygen atmospheres and
values as low as pO, = 10™ bar: oxygen transport membranes (OTMs) operated in four-end mode,
i.e. with pressurized air on the feed side and flue gas recirculation on the permeate side, may
encounter low-end values of pO, = 50 mbar, in three-end mode the vacuum pump on the perme-
ate side may even lead to slightly lower pO, values of around 1 mbar. In SOFC application, a
cathode overpotential of up to 200 mV can result in partial pressures as low as 10™ bar (at
750 °C) at the MIEC surface.

Therefore, an investigation of the oxygen transport kinetics — namely the chemical diffusion
coefficient D° and the surface exchange coefficient k® — is of interest not only at the oxygen par-
tial pressure of ambient air as discussed on thin films in the next chapter, but for a much broader

pOs range as these values determine the performance of the materials.

The kinetics of oxygen transport can be studied using electrical conductivity relaxation (ECR) in
the time domain — as opposed to the frequency domain approach presented in the next chapter.
This method involves monitoring of the transient conductivity exhibited by the MIEC, at fixed
temperature, after an instantaneous change of the ambient pO,. The chemical diffusion coefficient

D° and the surface exchange coefficient &° can then be obtained from a single experiment by fit-

Parts of the results shown in this chapter have been published in [1-6].
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ting the transient conductivity to the appropriate solution of Fick’s second law [7] for given

boundary conditions (determined by the sample dimensions and the setup characteristics).

Commonly, the instantaneous pO, change in such an experiment is achieved by switching be-
tween two different gas streams with a different pO,. In this chapter, the oxygen transport
parameters of BSCF, LSCF and PSCEF are studied by means of ECR as a function of temperature
and pO, in the respective ranges 700 < 7/ °C < 900 and 10 < pO, / bar < 0.21. Rather than using
different gas streams with known pO,, the oxygen coulometric titration setup shown earlier (cf.
Chapters 2, 3) is used to control the pO, at the sample position and to perform step changes in the
p0O,. For BSCF, LSCF, and PSCF, k° values could be determined for the first time at 900 °C as a
function of pO,.

6.2 Experimental

6.2.1 Contacting of the Samples

For conductivity measurements all bulk samples were contacted with Pt wires using a frit-free Pt
paste fired at 1050 °C for 1 h in ambient air. Owing to the fairly low electrical resistance of the
MIEC bulk samples, electrical measurements were all carried out in 4-point technique. The bar-
shaped dense bulk samples had the following geometries: 10 - 6 - 1.2 mm?® (inner contact dis-
tance: 3.8 mm) for the BSCF sample, 10 - 6 - 1.1 mm? (inner contact distance: 6.6 mm) for the

LSCF sample, and 10 - 6 - 1.1 mm? (inner contact distance: 4.4 mm) for the PSCF sample.

6.2.2 Measurements

Conductivity relaxation measurements were performed on the dense MIEC bulk samples at pO,
values in the range between 10 and 0.21 bar in not-too-large pO, steps (thus remaining close to
chemical equilibrium) at temperatures between 700 °C and 900 °C in order to determine D° and

K° values as a function of temperature and pO,.

One limitation of the setup is given by the speed of the oxygen pumping through the zirconia at
around 10™" bar pO, and above. Under such highly oxidizing conditions one-decade step changes
in pO, may take up to several minutes, as the maximum amount of oxygen transported through
the YSZ tube is limited by the inherent pumping capabilities of the setup (cf. [1], Chapters 2, 3).
Regarding sample oxygen exchange kinetics, these pumping times might be too long for parame-
ter extraction. Despite this limitation, however, the setup provides the possibility of precise

measurements at oxygen partial pressure ranges not easily accessible using gas mixtures.
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6.3 Results and Discussion

6.3.1 Possible Error Sources of ECR Measurements

In the time domain measurements, where an MIEC sample’s conductivity response is measured
after the ambient oxygen partial pressure pO, is abruptly changed using different gas mixtures
flowing around the sample or by chemically pumping oxygen into or out of a static atmosphere
surrounding the sample, both transport parameters D° and &° are obtained from a single experi-
ment by fitting the transient conductivity to the appropriate solution of Fick’s second law for

given boundary conditions (determined by the sample dimensions and the setup characteristics).

In principle, this method is prone to two different potential sources of error, one being the condi-
tions of the sample itself, the other introduced by the method of changing the atmosphere around

the sample.

For the sample itself, this amounts to the knowledge of exact sample geometry (for appropriate
application of the mathematical solution), surface conditions that influence oxygen surface ex-
change rates (different morphologies after polishing, presence of potential secondary phases by
prolonged contact to trace gases or simply phase transitions in the material itself induced by the
measurement conditions) and grain size of the sample (determined by the production process),
which influences the relation of grains to grain boundaries at the surface — thus potentially
influencing the surface exchange processes — as well as in the whole sample volume — with

potential influences on oxygen bulk diffusion.

All these sample specific conditions are also potentially depending on the thermal history of the
sample prior to the measurement itself — i.e. the production process of the sample as well as even-
tual preceding unrelated treatments or measurements. Furthermore, they are prone to change dur-
ing the measurement itself if the experiment is running for prolonged periods of time and/or at

different temperatures.

Invoking conductivity changes in the sample by changing the ambient atmosphere introduces two
more problems: by changing the chemical conditions, the sample is per definition out of equilib-
rium — how much so depends on the step size of the chemical potential change. Therefore, the
extracted transport parameters can only be attributed to either the starting conditions prior to the
change or the conditions after the step-change (typically, this definition is used). But as at least
the surface exchange reaction is influenced by the whole process of the atmospheric change,
transport parameters for one specific pO, derived from reducing steps usually differ from those
derived from an oxidizing change in atmosphere — the amount of discrepancy between both val-

ues again depending on the size of the applied steps.
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Also, surface exchange values are prone to be different in resting gas atmospheres (pO, changes
realized by chemically pumping) and in flowing gas (sample space flushed with different gas

compositions), as an existing gas flow may influence oxygen adsorption at the sample surface.

Furthermore, changes in gas atmospheres can never be instantaneous, therefore necessitating a

mathematical correction for the needed reactor flush time, introducing potential systematic errors.

6.3.2 Conductivity Measurements as f(pO,,T)

For the perovskite-oxide compositions investigated in this work, oxygen exchange with the ambi-

ent gas phase at high temperatures occurs according to:
10,4+ VS 05+ 207, (6.1)

where Og and V' denote oxygen ions on the regular oxygen lattice sites and oxygen vacancies,

respectively (in Kroger-Vink notation), and h* holes. Due to the highly changeable oxygen non-
stoichiometry, the dominating (p-type) electronic conductivity is a function of ambient oxygen
partial pressure pO, (cf. Chapter 5, [2]), as can be seen from Fig. 6.1 for the case of a dense ce-
ramic LSCF sample at three different temperatures (700, 800, and 900 °C). After each oxygen
partial pressure change, a period of 4 h was allowed for the equilibration of the sample; after this
period of time the next partial pressure change was performed. The measurements were taken in
steps of approx. one decade by first decreasing the oxygen partial pressure from a pO, of 0.21 bar
(after initially flushing the whole system with pure oxygen) down to 10 bar followed by sym-

metrical steps increasing the oxygen partial pressure again.

The dashed vertical lines in Fig. 6.1 indicate the times when a temperature increase (from 700 to
800 °C and 800 to 900 °C, respectively) has been performed (with a rate of 1 K min™). The sub-

sequent changes in conductivity are clearly visible during the 100 min heating time.

In the first run at a temperature of 700 °C there are visible oscillations in the achieved pO, at a partial
pressure of 10 bar and below. This demonstrates one difficulty inherent to this measurement setup:
Depending on the sample properties and the pO, and temperature ranges, the whole system behavior
with regard to oxygen pumping is constantly changing and has to be taken into account by adjusting

the PID parameters of the controller accordingly for each experimental condition.

It can, however, be seen for all three temperatures that the low-pO, (below 10™ bar) oxygen-
transport properties of the material are slowed down to such a degree that no equilibrium is
reached even after four hours. A similar behavior was observed for the other MIEC materials
investigated in this chapter, and even considering dwell times of more than ten hours (not shown
here) proved to be insufficient for samples of this geometry. In Chapter 5 it was shown that in the
case of BSCF ceramic bulk samples, equilibration at 10 and 10 bar pO, takes several hundreds

of hours.
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Fig. 6.1: Oxygen partial pressure (blue) and related total conductivity changes (black) of an
LSCF bulk sample (B-LSCF-014) shown as a function of time for three different
temperatures (700 °C, 800 °C, and 900 °C).

Therefore, transport parameters could not be extracted from conductivity measurements at oxy-
gen partial pressures lower than 107 bar and the aforementioned oscillations in the low-pO, re-
gime could be neglected. Determination of k° values at even lower pO, would require samples
with a suitable geometry, e.g. dense thin films, cf. [3]. One should, however, bear in mind that a
study of such a purely surface-controlled system cannot yield D?® values; moreover, thin films are
much more sensitive to structural changes and stability issues, e.g., formation of the hexagonal
phase in the BSCF system (cf. [4;8;9], Chapter 8).

6.3.3 Evaluation of Response Behavior

Fig. 6.2 shows an exemplary oxygen-exchange equilibration process (reduction run) for the LSCF
bulk at 800 °C. After changing the pO, from 10~ bar down to 10™ bar, thus removing 90 % of the
oxygen within the sample chamber — a process that can be seen to take place within a few tens of
seconds under such reducing conditions — the relaxation behavior of the sample conductance
(shown here as a normalized material conductivity) is nicely visible over a timespan of more than

150 minutes.

95



CHAPTER 6. CONDUCTIVITY RELAXATION MEASUREMENTS IN THE OXYGEN PUMP

T T T T T '
1.0 4 ~
0.2
0.8
0.4
¢ 064 - @
5 LSCF at 800 °C £
© Reduction run from 10™ to 10 bar -
04 ° o e}
— measured
. Q
Gﬂt
cymeasured - o-ﬁt
0.2 5 0.8
— p02
0.0 L 1.0
T v T v T v T v T v
0 2000 4000 6000 8000 10000
t/s

Fig. 6.2: Exemplary reduction run for the LSCF bulk from 10~ bar down to 10™ bar at
800 °C: The measurement data (black open symbols) and the fit function (red
curve) show an excellent agreement (the residuals are very close to zero, grey
curve). The pO, change (blue symbols) takes place within a few tens of seconds,
whereas conductivity relaxation occurs over nearly three hours.

Chemical diffusion (DS) and surface exchange (ks) coefficients can then be obtained from nonlin-
ear least-squares fits of the solution of the two-dimensional diffusion equation to the experi-
mental relaxation data of the dimensionless transient conductivity as described by den Otter et al.
[10;11]:

O =200 1 exp- 1) -33 4, %{exp(— ) - exp(- f)] (62

O-oo - O-O Tf n=1 m=1 nm

n,m

where o, and o, are the conductivities at time ¢ = 0 and ¢ = oo, respectively, 7; is the so-called

flushing time of the reactor (the time after which ~63 % of the pO, step change is completed
[11]), and 25; is the sample dimension along coordinate i. The time constants are given by

1

= (6.3)
D (8o +(Bnfb) |
and the parameters f,,; are evaluated from
bk’
B,tanp,, =L = IDg (6.4)
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Using Eq. (6.2) it is possible to obtain both D° and k° from the experimental relaxation data pro-
vided that 0.03 < L; < 30. As indicated by den Otter et al. [11], D® cannot be obtained from the
relaxation data if L; < 0.03. In that case, the equilibration kinetics is entirely governed by the sur-
face reactions. On the other hand, if L; > 30, the transient is not affected by the surface reactions
and only D® can be obtained from the fitting procedure. Detailed descriptions of the electrical

conductivity relaxation technique and the model used for data fitting are given elsewhere [10;11].

The relaxation data shown in Fig. 6.2 demonstrate the good feasibility of this method as long as
equilibration takes place within the timescale of the measurement and the relaxation process is
solely determined by Eq. (6.2) which may not be the case, e.g., if there is an ongoing phase trans-
formation as in BSCF at temperatures below 840 °C (cf. [4], Chapter 8).

Furthermore, D° and £° can only be extracted if conductivity equilibration does not occur faster
than the achievable pO, step change. For instance, estimated equilibration times 7; for the LSCF
sample at 800 °C calculated according to [11] using D® and &° values in air from literature [12]
amount to ~15 s (if purely surface-exchange controlled behavior is assumed) or ~100 s (solely
diffusion-controlled), which is similar to the pumping times of the setup in this pO, region: at
800 °C typical ty9 values — after which 90 % of the pO, change is achieved — range from 40 sec-
onds (performing a jump from 10™ bar to 107 bar) to less than 10 seconds (for a jump from 107
bar to 10 bar).

6.3.4 k° Values Determined for Selected MIEC Compositions

Fig. 6.3 shows the k° values determined for LSCF at 800 °C in relation to literature data [12-14].
For the fitting, the final values of each reducing or oxidizing pO, jump were taken to plot the data.
As can be seen, the values are in very good agreement to data reported for similar LSCF compo-
sitions by other research groups which consider LSCF in the given composition as a standard

SOFC cathode material with very good oxygen-transport properties.

In Fig. 6.3, the values for the surface exchange coefficient of LSCF at 800 °C derived from the
reducing pO, steps are shown in comparison with values derived from the oxidizing steps. It is
apparent that there are slight differences between the surface exchange coefficients determined
for oxidation and reduction runs, respectively. These deviations appear logical as the abrupt
changes in oxygen concentration (by one order of magnitude) at the beginning of a pO, step are
liable to strongly affect the oxygen surface exchange reaction. Given the different experimental
conditions during (for instance) a reductive jump from an initial pO, of 10~ bar to a final value of
10~ bar, as compared with an oxidative jump from an initial pO, of 10 bar to the same final
value of 10 bar (where, at the beginning of the jump, only one-hundredth of the gaseous oxygen

available in the former reductive jump is present in the gas phase), the temporal redistribution of
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point defects within the solid is prone to take on a slightly different course, resulting in a different

kinetic behavior, depending on the nature of the rate-determining steps for oxygen exchange.

Although a smaller step size would lessen the impact of this effect, this argument holds for most
conductivity relaxation techniques. By applying near-equilibrium techniques such as electro-
chemical impedance spectroscopy (e.g., [5;14;15]) or an electrical conductivity relaxation (ECR)
technique in the frequency domain (e.g., [16;17], Chapter 7), this difficulty can be overcome by
staying close to chemical equilibrium and thus yielding only one single value for each pO,. How-
ever, these methods are experimentally much more demanding and/or require well-adapted sam-

ple geometries in order to achieve similar results as f(pO,,7).
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Fig. 6.3: K values determined for LSCF at 800 °C in relation to literature data, (a) [12], (b) [13],
and (c) [14]. Very good agreement is achieved for the values derived from oxidation
and reduction runs of the measurement. Differences between values from oxidation
runs to those from reduction runs are owed to the different kinetic behavior of the LSCF
system at different oxygen partial pressures.

Under very oxidizing conditions (pO, > 0.1 bar) the process of oxygen pumping into or out of the
sample chamber may take several minutes due to the vast amount of oxygen that must be trans-
ported through the YSZ tube (cf. Section 6.3.3). Compared to the oxygen exchange between sam-
ple and ambient gas phase, this is a very slow process. Therefore, the conductivity response fol-
lows the partial pressure change instantaneously, and neither D° nor &° values can be extracted (cf.
Fig. 6.4).
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Fig. 6.4: Oxygen partial pressure (pO,) change (blue symbols) for an oxidation run from 80
to 200 mbar at 900 °C in comparison to the conductivity (open symbols) deter-
mined for a BSCF sample (FZJ-BSCF-02). Sample equilibration kinetics is so fast
that the conductivity signal exactly follows the pO, change achievable in the sam-
ple chamber under these highly oxidizing conditions. Therefore, neither D° nor k°
values can be extracted.

The “oxygen pump” setup used here (cf. Chapters 2, 3) hence not only facilitates coulometric
titration measurements on powder samples, thus providing knowledge on the stability limits of
MIEC compositions as f(pO,) down to 107" bar, but, as shown here, allows for electrical conduc-
tivity measurements which in principle facilitate determination of D° and &° values within a cer-
tain pO, range. The lower limit of this range (at around 10~ bar) is determined by the specific
material properties — D° and &° values decrease, thus leading to long response times. The upper
limit (at around 10" bar) is given by the speed limitations of the setup (oxygen pumping through
the zirconia). In-between these two limiting pO, values, however, the determination of k° values

is easily possible.

Fig. 6.5 shows k° values for all three MIEC compositions (BSCF, LSCF and PSCF) at 900 °C in
the pO, range from 10™ to 10 bar derived from the reducing steps. Due to the sluggish behavior
of the compositions at partial pressures below approx. 10™ bar, the reducing steps provided more
data points in comparison to the oxidizing part of the measurement. Missing are data points for

reducing steps where the fit process did not yield reliable results.
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The data point represented by the blue star indicates the &°value for a porous LSCF solid oxide
fuel cell (SOFC) cathode extracted from electrical impedance spectroscopy measurements as re-
ported in our paper [5]. This value fits very well to the data extracted by ECR in this chapter,
considering the concave run of k°(p0,) for LSCF as reported in [12]. For BSCF, LSCF, and

PSCF no pO,-dependent kinetic parameters at this high temperature are available from literature

so far.
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Fig. 6.5: Chemical oxygen surface exchange coefficients determined from measurements on
ceramic bulk samples of BSCF, LSCF, and PSCF as a function of pO, at 900 °C

from reductive pO, steps. The blue star indicates the value of 1.55-10° ms™ for
LSCF at ambient pressure at 900 °C derived from electrical impedance spectros-
copy on anode supported solid oxide fuel cells as reported in our paper [5].

At the lower temperature of 800 °C no D® or k° values were obtained in the case of BSCF due to
its phase instability below 840 °C [4] and the resulting influence on conductivity; the PSCF sam-
ple — due to its apparent low D® and &° values even at 900 °C — behaved too sluggish at these
lower temperatures, while the measurements on LSCF as shown in Fig. 6.3 demonstrated the via-

bility of this measurement method by its very good agreement with literature data.

As expected, BSCF performs best, with K values as high as 10° m s (at an oxygen partial pres-
sure of approx. 107 bar), followed by LSCF and PSCF in decreasing order. There is an indication
that under highly oxidizing conditions the &° values of BSCF are much higher than those of LSCF,
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corresponding well with the published lower oxygen flow rates through LSCF OTMs that, how-
ever, also seem to be due to lower kinetic parameter values of LSCF under the reducing condi-

tions on the low-pO, permeate side.

The strong decrease of the surface exchange parameter values at low oxygen partial pressures
found for all examined MIEC materials leads to the conclusion that for thin high performance
OTMs, the permeate side oxygen excorporation forms the bottleneck of the oxygen transport pro-
cess. This has also been simulated by A. Héffelin for an LSCF membrane in our paper [6]. As we
show there, further improvement in OTM performance can be achieved by greatly enhancing the
surface area on the permeate side of the membrane by applying a nanoporous functional layer of
the same or a different MIEC material. For BSCF, the conductivity measurements at even lower
oxygen partial pressures discussed in Chapter 5 with the discovered equilibration times of several

hundred hours suggest that transport parameters decrease even further with decreasing pOs.

In the shown measurements, it was regrettably impossible to extract reliable values for the bulk
diffusion coefficient D° for any of the examined material compositions. To visualize the reason
for this, Fig. 6.6 shows the sum of error squares for all measurement points in comparison to cal-
culated values derived from varying the parameter values around the fit results in a range of +3
decades for both D° and &°.
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Fig. 6.6: Visualization of the error squares over all data points in comparison with mathe-
matical calculations for a +3 decade range in the D° and £° values around the ini-
tial fit result. The curved trench indicates possible combinations of +3 decades for
both D° and £° also resulting in relatively low error sums.
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The initial fit result consisting of one pair of values for D° and &° possesses the smallest error and
is represented by the ‘deepest’ ditch in the shown diagram surface, situated in the exact middle of
the base k°-D°-plane. Easily visible is the fact that there exist other possible combinations of both
parameters also resulting in relatively low errors, visualized as the trench in the plotted surface,
one leg of which is marked with the red ellipse in Fig. 6.6.

To get a better visual impression of this predicament, the graph shown above has been reworked
into a 2-dimensional k°-DP-plot, were for every combination of D° and &° the color of the corre-
sponding data point is indicative of the amount of error resulting from the fit. The initially re-
ceived fit values are again represented by the data point exactly in the middle of the A°-D°-plane.
The error sum for this parameter tuple is then used to calculate ranges of 3, 10, 30 and 100 times
this amount of error and every possible parameter variation’s resulting error is colored accord-

ingly in Fig. 6.7.
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Fig. 6.7: Visualization of the error squares over all data points in comparison with mathe-
matical calculations for a £3 decade rage in the D® and &° values around the initial
fit result. The colors indicate the individually calculated error sums in comparison
to the error sum of the initial fit result.
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Parameter tuples resulting in less than three times the lowest achievable error sum are displayed
in red. It is easily visible that the value for k® can be determined with great accuracy, as a rela-
tively small deviation from the optimal value immediately increases the error sum by a large
amount, indicated by the blue, green and black colors. The value for the bulk diffusion coefficient
D®, however, can be varied by several orders of magnitude while never resulting in a significant
increase in error — all values higher than 10 m?s™' still yield results that stay in the range of three
times the lowest possible error sum. In good conscience, this has to result in not extracting any

value for D°. At the most, a lower limit of the parameter’s expected value might be extracted.

This is an interesting find, as the criteria for the extraction of stable parameter values given by
den Otter et al. in [12] are satisfied for the best fit result — both criteria are satisfied within the
green colored area in Fig. 6.7 — so for this measurement, both D° and £° values should be obtaina-
ble. In this case, however, D® cannot be determined with accurate precision. It was found that this
problem exists for all measurements, allowing only for the extraction of surface exchange values
for all three MIEC materials at 900 °C.

In order to be able to also measure values for the bulk diffusion coefficient, it is necessary to ad-
just the sample dimensions — i.e. increase the thickness of the samples according to the newly
acquired knowledge about the lower end of the possible value range. As thicker samples increase
the amount of oxygen emitted during a reducing step in the oxygen pump, the pump parameters
have to be adjusted to individually match the samples expected properties. Length of the sample
can also be reduced in these cases, to decrease sample volume. In this case however, precautions
have to be taken in order not to introduce too large an error into the conductivity measurement.
Finally, smaller step sizes can be used to counteract the fact of a larger amount of released oxy-
gen due to bigger sample volume — again necessitating individual PID-parameter adjustment.

This work is currently ongoing.

6.4 Conclusions

By using the oxygen pump setup introduced in Chapters 2 and 3, reasonably fast pO, changes
enable an application of the electrical conductivity relaxation (ECR) technique on MIEC oxides

at temperatures above 700 °C, thus theoretically yielding D® and &° values as fipOa, T).
e For BSCF, LSCF and PSCF bulk samples &° values between 10™ and 0.1 bar pO, could be

determined.

e The k° values determined for LSCF at 800 °C are in very good agreement with literature
data, demonstrating the feasibility of this method.
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k° values for BSCF, LSCF, and PSCF could be determined for the first time for the high
temperature of 900 °C.

Owing to the pO, dependence of the transport parameters the conductivity changes of all
examined MIEC samples become too sluggish at pO, values lower than 10~ bar. This
necessitates a change in sample geometry, e.g. measurements on dense thin films, in order
to gain values under these reducing conditions where bulk samples take far too long to
equilibrate.

A visualization of the error sums for different parameter tuples enables a more refined

determination of the validity of the fit results than previously suggested in literature.

Determination of D° was not possible due to the samples being mainly surface controlled
at the measuring conditions. Ongoing work looking into adaptation of sample size, step
change magnitude and in every case specific required controller parameter adaptation will

result in trustworthy bulk diffusion values.



REFERENCES

References

[1]

(2]

(3]

[4]

[3]

[6]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

C. Niedrig, W. Menesklou, S. F. Wagner and E. Ivers-Tiffée, "High-Temperature pO,
Stability of Metal Oxides Determined by Amperometric Oxygen Titration", Journal of
The Electrochemical Society 160, pp. F135-F140 (2013).

C. Niedrig, L. Unger, S. F. Wagner, W. Menesklou and E. Ivers-Tiffée, "Electrical
Conductivity Dependence on Oxygen Partial Pressure in Selected MIEC Materials for
Oxygen Transport Membranes", manuscript in preparation (2015).

M. Burriel, C. Niedrig, W. Menesklou, S. F. Wagner, J. Santiso and E. Ivers-Tiffée,
"BSCF epitaxial thin films: Electrical transport and oxygen surface exchange", Solid
State lonics 181, pp. 602-608 (2010).

C. Niedrig, S. Taufall, M. Burriel, W. Menesklou, S. F. Wagner, S. Baumann and

E. Ivers-Tiffée, "Thermal stability of the cubic phase in Bay sSrysCogsFep 2035
(BSCF)", Solid State Ionics 197, pp. 25-31 (2011).

C. Endler-Schuck, J. Joos, C. Niedrig, A. Weber and E. Ivers-Tiffée, "The chemical
oxygen surface exchange and bulk diffusion coefficient determined by impedance
spectroscopy of porous Lag ssStp4Co¢2Fe) 3035 (LSCF) cathodes", Solid State Ionics
269, pp. 67-79 (2015).

A. Hiffelin, C. Niedrig, S. F. Wagner, S. Baumann, W. A. Meulenberg and

E. Ivers-Tiffée, "Three-Dimensional Performance Model for Oxygen Transport
Membranes", Journal of The Electrochemical Society 161, pp. F1409-F1415 (2014).
J. Crank, The mathematics of diffusion, 2. ed., Oxford: Clarendon Press (1975).

S. Svarcova, K. Wiik, J. Tolchard, H. J. M. Bouwmeester and T. Grande, "Structural
instability of cubic perovskite Ba,Sr;.«Coi.yFe 035", Solid State lonics 178, pp. 1787-
1791 (2008).

D. N. Miiller, R. A. De Souza, T. E. Weirich, D. Roehrens, J. Mayer and M. Martin,
"A kinetic study of the decomposition of the cubic perovskite-type oxide
Ba,Sr; xCop sFep20;.5 (BSCF) (x=0.1 and 0.5)", Physical Chemistry Chemical Physics
12, pp. 10320-10328 (2010).

M. W. den Otter, 4 study of oxygen transport in mixed conducting oxides using isotopic
exchange and conductivity relaxation, Ph.D. Thesis, Enschede: University of Twente
(2000).

M. W. den Otter, H. J. M. Bouwmeester, B. A. Boukamp and H. Verweij, "Reactor
Flush Time Correction in Relaxation Experiments", Journal of The Electrochemical
Society 148, pp. J1-J6 (2001).

H.J. M. Bouwmeester, M. W. den Otter and B. A. Boukamp, "Oxygen transport in
Lag ¢Sro.4Co1.yFe,03.5", Journal of Solid State Electrochemistry 8, pp. 599-605 (2004).
P. Ried, E. Bucher, W. Preis, W. Sitte and P. Holtappels, "Characterisation of
LagSr9.4Co02Feq 3055 and Bag 5Srg sCog sFep,03.5 as Cathode Materials for the
Application in Intermediate Temperature Fuel Cells", ECS Transactions 7, pp. 1217-
1224 (2007).

A. Leonide, SOFC Modelling and Parameter Identification by means of Impedance
Spectroscopy, Karlsruhe: KIT Scientific Publishing (2010).

A. Leonide, B. Ruger, A. Weber, W. A. Meulenberg and E. Ivers-Tiffée, "Impedance
Study of Alternative (La,Sr)FeO;_5 and (La,Sr)(Co,Fe)O;.5s MIEC Cathode
Compositions", Journal of The Electrochemical Society 157, pp. B234-B239 (2010).

105



CHAPTER 6. CONDUCTIVITY RELAXATION MEASUREMENTS IN THE OXYGEN PUMP

[16] C. Tragut and K. H. Hardtl, "Kinetic Behaviour of Resistive Oxygen Sensors", Sensors
and Actuators B-Chemical 4, pp. 425-429 (1991).

[17] S. F. Wagner, W. Menesklou, T. Schneider and E. Ivers-Tiffée, "Kinetics of oxygen
incorporation into SrTiOj investigated by frequency-domain analysis", Journal of
Electroceramics 13, pp. 645-651 (2004).

106



Chapter 7

Kinetic Measurements on Thin Films

7.1 Introduction

In the previous chapter, the kinetics of oxygen transport have been studied in the oxygen pump
setup on dense polycrystalline MIEC samples using electrical conductivity relaxation (ECR) in
the time domain. While surface exchange parameters k° for the BSCF and LSCF samples could
be extracted at partial pressures below 107 bar, the pump setup is too slow to accurately deter-

mine values around atmospheric pressure.

However, ECR measurements can also be performed in the frequency domain, where the fast
kinetic behavior of samples is investigated in the pressure modulation setup first presented by
Tragut et al. [4] and described in Chapter 2. For surface-controlled samples, the surface exchange

parameter k° can then be determined according to the model described in more detail in [5].

Given the frequency range of the pressure modulations in the setup, fast samples — namely NGO
supported thin films as already shown and discussed in chapters 4 and 5 — can be analyzed at in-
termediate temperatures between 400 °C and 700 °C. For these thin films, the oxygen permeation
rate will purely be controlled by the surface exchange coefficient k° of the material. The use of
dense epitaxial BSCF thin films will in theory permit extraction of the &° values undisturbed by
grain boundary influences present in bulk samples. However, the strain and stress on the thin film
due to the differences in cell parameters between BSCF and NGO may influence oxygen stoichi-
ometry and conductivity behavior (cf. Chapters 4 and 5). Therefore it is of interest to compare the
measurements with data extracted for the polycrystalline thin films also already discussed in the

previous chapters.

Parts of the results shown in this chapter have been published in [1-3].
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CHAPTER 7. KINETIC MEASUREMENTS ON THIN FILMS

Furthermore, using this method on BSCF thin films, changes in the material’s surface perfor-

mance due to the presence of carbon dioxide will be easily visible.

7.2 Experimental

For the conductivity measurements two parallel gold contacts were painted at the surface of the
epitaxial thin film samples (preparation cf. Chapter 2) and fired for one hour at a temperature of
900 °C in air. The MOD films were contacted with two parallel gold contacts by magnetron sput-
tering and subsequent spot-welding of Au-wires. Owing to the fairly high electrical resistance of

the thin films, their planar resistance response was measured in two-point-technique.

ECR measurements in the frequency domain were performed in the kinetics measurement setup
as described in Chapter 2 from 400 °C to 700 °C. Dwelling times after a change in temperature
could be rather short — typically in the range of minutes — as sample equilibrium with the ambient
air pressure is reached nearly instantaneously due to the very high surface exchange coefficient K
at the high oxygen partial pressure of 0.21 bar as well as the very small sample volume of the thin
film material.

7.3 Results and Discussion

7.3.1 Surface Exchange Values for BSCF Thin Films

Fig. 7.1 shows the Bode plot of the frequency response function (normalized amplitude of the
electrical conductance as a result of a pO, modulation) of a 340 nm thick epitaxial BSCF thin
film on NGO in compressed synthetic air (CO,-free) at six different temperatures from 450 °C to
700 °C (left) as well as a comparison of the data to the calculated transfer function for the meas-
urement at 650 °C (right).

d|G|

The descending slope of d_f ~—1 for all measurements as well as the very good correspond-

ence to the calculated transfer function both show the purely surface controlled behavior of the

sample as well as the viability of surface exchange parameter extraction.
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Fig. 7.1: Measured transfer functions for conductivity relaxation measurements on an epi-
taxial BSCF thin film (PLD-BSCF-17nl) at temperatures from 450 °C to 700 °C
(left) and in comparison to the calculated transfer function for 650 °C (right).

In Fig. 7.2, the Arrhenius plot of the surface exchange coefficients &° extracted by fitting the fre-
quency response function to the solution of Fick’s law in the frequency domain with the given
boundary conditions for surface-controlled behavior is shown for epitaxial BSCF thin films and
polycrystalline MOD-derived thin films in comparison to measurements on bulk samples from

literature.

The data for the epitaxial thin films was extracted from measurements on two 340 nm thick films
on NGO. In order to achieve statistically sound values, every sample was measured from two to
four times during a thermal cycle of first heating up in steps of 50 K from 450 °C to 700 °C and
subsequently cooling down in identical steps, with short dwell times of 5 minutes after each tem-
perature change for sample oxygen equilibration. The linear fit to all data points yields an activa-

tion energy of the surface exchange process of 0.96 eV.

For a 50 nm thick polycrystalline MOD thin film the same cycled measurement was performed
four times from 400 °C up to 600 °C (colored symbols in Fig. 7.2). For this sample the transfer
function also exhibited the same slope of approx. -1 as shown for the epitaxial sample in Fig. 7.1.

The activation energy of the surface exchange process is calculated to be 1.35 eV.

A comparison to literature values for the activation energies measured by ECR in the time do-
main for polycrystalline bulk samples between 550 °C and 700 °C is inconclusive. Girdauskaite
et al. [6] found an activation energy of 1.66 eV, whereas Bucher et al. determined a value of
0.66 eV [7]. This rather large discrepancy can on one hand originate from the various difficulties
with the ECR technique described in Chapter 6 (i.e. thermal sample history, different surface
treatment etc.), on the other hand the extraction of accurate surface exchange values for bulk
samples at these — comparatively low — temperatures is very difficult. Combined with measure-
ment temperatures up to 750 °C, where phase changes are occurring in the material (cf. Chap-
ter 8), this could explain said discrepancy as well as the comparatively extensive scattering in the
data from Bucher et al. [7].
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CHAPTER 7. KINETIC MEASUREMENTS ON THIN FILMS

Between epitaxial and polycrystalline films measured similarly, however, a comparison is viable.
The higher activation energy is exhibited by the polycrystalline BSCF film, suggesting that the
influence of the substrate is, in this case, lessened in comparison to the epitaxial film and oxygen
exchange can occur more easily, resulting in higher ° values with increasing temperature. This is
in accordance with the findings on the different conductivity behavior with temperature as de-

scribed in Chapter 4.
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Fig. 7.2: Measured values for the surface exchange coefficient £° of a MOD BSCF thin film
(MOD-BSCF-068, colored symbols) and epitaxial BSCF thin films (PLD-BSCF-
17n1 and PLD-BSCF-18nl, black symbols) at different temperatures in compari-
son to literature data for bulk samples from Girdauskaite et al. [6] and Bucher et
al. [7] (grey symbols).

While for epitaxial thin films — as can be seen in Fig. 7.1 (left) — the slope in the Bode plot is very
close to the ideal slope of -1 that could be expected for purely surface controlled kinetic behavior
(cf. Chapter 2), the polycrystalline MOD-derived thin films behave slightly different, exhibiting
an oxygen exchange behavior that results in a marginally less steep decline of the transfer func-
tion (black squares in Figs. 7.3 and 7.4). As discussed in a previous paper [5] and mentioned in
Chapter 2, the analysis of electrical conductivity relaxation data in the frequency domain conven-
iently facilitates distinction between surface or diffusion controlled kinetics (slopes of -1 or -2 in

the Bode plot, respectively) for the case of an ideal homogeneous sample morphology (cuboid
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single crystal). In the case of a polycrystalline thin film, completely ideal behavior is not to be
expected. Therefore, due to polycrystallinity and (possibly) surface morphology, this model rep-
resents a first-order approximation. Hence, even predominant surface control may not exhibit the

ideal -1 slope.

Nonetheless, the model still yields valid results as is discussed in the following: The influence of
bulk diffusion (D°) can be neglected as is shown in Fig. 7.3. For the fixed &> value of
1.4-10°° cm/s a variation of D° by several decades around the expected value of ~107 cm?/s (ob-
tained by extrapolating data from [6] down to lower temperatures) only start to show any influ-
ence on the fit function at values of well below 10 cm?/s (only at lower values diffusion control
would become observable, visible by a significant change in the slope, ultimately converging

towards a value of -1/2).
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—— D =10%cm?/s
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Fig. 7.3: Measured (normalized) transfer function for sample MOD-BSCF-068 at 450 °C in
comparison to mathematical fits for &° = 1.4-10~ cm/s and variations of several
orders of magnitude around the extrapolated bulk diffusion coefficient D°.

On the other hand, as is shown in Fig. 7.4, even slight changes in the &° value (by a factor of 2)

can immediately be discerned in the given case of surface control.
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Fig. 7.4: Measured (normalized) transfer function for sample MOD-BSCF-068 at 450 °C in
comparison to mathematical fits for D°= 107 cm?s and only small variations
around the extracted value for the surface exchange coefficient £°.

7.3.2 Surface Exchange Values for LSCF Thin Films

Similar measurements have been conducted on LSCF thin films on NGO. Fig. 7.5 shows a com-
parison of the surface exchange values for 1 pm thick sputtered thin films and an MOD derived
thin film (thickness 125 nm) with data for bulk samples (derived from ECR measurements in the
time domain) and an SOFC cathode (derived by electrical impedance spectroscopy, EIS) from

literature.

For the 1 um thick sputtered films, no reliable values could be extracted above 600 °C, as the
samples response became too fast for the 30 Hz limitation of the measurement setup. Higher tem-
peratures could be measured for the MOD derived film, as its absolute surface exchange values
were approx. one order of magnitude lower by comparison. This is due to the sample morphology
of the differently produced thin films (see SEM micrographs below). The activation energies for
all three thin film samples, however, are pretty similar between the thin films themselves (at
1.01 eV for the MOD thin film and 0.88 eV as well as 1.05 eV for both sputtered thin films) and
in comparison to literature values extracted from impedance spectroscopy measurements on
porous LSCF cathodes by A. Leonide (1.05 eV) [8]. This suggests that the influence of the NGO
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substrate on the polycrystalline films is negligible for the LSCF/NGO system, as stoichiometry
changes in the LSCF material are much less pronounced than for BSCF (cf. Chapter 5).

The very good agreement of the values measured for the MOD thin film with literature data in
Fig. 7.5 suggests that the comparably high values derived for the sputtered samples stem from

different sample properties.
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Fig. 7.5: Measured values for the surface exchange coefficient k° of sputtered LSCF thin
films (D-LSCF-037 and D-LSCF-036, green and red squares) and a MOD LSCF
thin film (D-LSCF-028, black squares) at different temperatures in comparison to
literature data (colored hollow symbols) from Leonide [8] and Bouwmeester et al.
[9]. The four data points labeled “excluded” have been omitted for the pseudo-lin-
ear fit due to the fast sample response reaching the kinetic limitations of the meas-

urement setup.

Fig. 7.6 shows a comparison between the surfaces of the MOD derived thin film (left) and one of
the nearly identical sputtered samples (right). While the MOD process yielded a somewhat
smooth, dense surface, the sputtering produced a layer consisting of single LSCF grains, account-
ing for an enlargement of the active surface area. The latter sample should therefore produce
larger values for the effective surface exchange coefficient. However, this fact alone cannot ac-

count for the differences of nearly one order of magnitude between the measured K values for

both systems.
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Fig. 7.6: Surface morphology depicted by SEM for the MOD LSCF thin film (left) and a
sputtered thin film (right). The very grainy surface of the latter accounts for a larg-
er active surface area.

While a post-test cross-section of the MOD sample showed the LSCF layer to be completely
dense, the sputtered layer turned out to be porous in nature, with a high probability for open po-
rosity (Fig. 7.7).

200 nm Mag =20000KX EHT= 3.00kV WD = 65mm Date :4 Nov 2011
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Fig. 7.7: Cross section of one sputtered LSCF layer on NGO. The substrate is to the left of
the image. Porosity is clearly visible. The slight curving of the layer is an artifact
due to sample charging by the scanning electron beam.
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Surface morphology together with porosity can easily account for the difference in calculated
values for &° and the lower values derived from the dense MOD thin film should more accurately
represent the true LSCF performance as also indicated by the good agreement with literature data
for higher temperatures.

7.3.3 Degradation of the BSCF Surface by Elevated CO, Levels

While high CO, contents of the flue gas in a possible 4-end module installation may not be detri-
mental to the performance of an LSCF membrane [10], BSCF is prone to form carbonates at high
concentrations of carbon dioxide [10-13], and even at very low concentrations of 0.04 % CO,,
Bucher et al. report carbonate formation at the surface [14]. With the shown ECR technique,
measurements on thin films should readily detect changes in the membrane surface by degrading

surface exchange coefficients.

To this end, a measurement series was performed on an epitaxial BSCF thin film between 400 °C
and 600 °C in three different gas mixtures, namely synthetic air containing no CO, at all (as in all
the measurements shown above), the same gas mixture containing 0.1 % CO, and a third one
containing 1 % CO,.
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Fig. 7.8: Degradation of the surface exchange coefficient &> normalized to the initial (CO,

free) surface exchange coefficient kﬁ(o) in synthetic air containing 0 %, 0.1 % and
1 % CO, at temperatures between 400 °C and 600 °C.
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The measurement was performed in 50 K steps with first increasing and then decreasing tempera-
ture for each measurement series. The first series was a ‘baseline’ measurement in CO,-free syn-
thetic air, followed by three consecutive series in 0.1 % CO, then three series in pure synthetic
air again (to test for eventual reversibility), then one more series in 0.1 % CO,, followed by two
measurement series in 1 % CO, containing synthetic air.

Fig. 7.8 shows the degradation of the extracted surface exchange coefficient &° relative to the
very first measurement series’ results kﬁ(o). The clearly visible initial degradation during the 2"
measurement series (0.1 % CO,) intensifies in the following two series (3™ and 4™) while the
latter two nearly yield the same performance with only a slight difference in the extracted &° val-
ues (green symbols). During the next three series (5th to 7™) in CO, free atmospheres, a small
increase is visible in the surface exchange coefficient, most pronounced at the highest measured
temperatures, probably due to decreasing carbonate content at the sample surface. Returning to
0.1 % CO, in the measurement gas for the 8" measurement series does not reduce the perfor-
mance significantly more than already seen in the third exposure to that gas composition in series
4. During the next two series in 1 % CO,, however, at temperatures above 450 °C, an even more
pronounced decrease in surface exchange rates is found (red symbols), amounting to a total de-
crease of approx. two orders of magnitude in comparison to the initial values.

W
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Fig. 7.9: Changes in surface morphology of the formerly epitaxial BSCF thin film (PLD-
BSCF-23n2) due to repeated measurements in synthetic air containing firstly
0.1 % CO; (top row), followed by 1 % CO; (bottom row).
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Post-test analyses of the sample surface by SEM and EDX are shown in Figs. 7.9 and 7.10.
Clearly visible are the morphological changes like coarsening and polycrystalline grain growth in
the formerly epitaxial thin film due to the CO, treatment.
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Fig. 7.10: Energy dispersive X-ray analysis in the SEM: EDX linescan over a surface area of
the sample after the 10 measurement series shown in Fig. 7.8. Element content
analysis (top) clearly shows the presence of carbon (light blue curve) in the visible
large grains. The path over the sample surface is shown in the bottom image.

The element specific analysis by EDX (Fig. 7.10) shows the formation of polycrystalline car-
bonate grains after measurements in atmospheres with a low CO; content. This has been verified
by a subsequent transmission electron microscopic (TEM) analysis of the sample shown in Fig.
7.11, performed by S. Roitsch from the Ernst-Ruska-Centre (ER-C) at the Forschungszentrum
Jilich, Jilich, Germany. Even low concentrations of CO, — thrice and thirty times the amount
present in ambient air — are seemingly sufficient to severely damage the surface of the BSCF thin

film by carbonate formation.
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Fig. 7.11: TEM micrograph of a FIB lamella prepared from the sample after the 10 measure-
ment series shown in Fig. 7.8. The epitaxial BSCF layer has been completely de-
stroyed (picture taken by S. Roitsch, ER-C, Forschungszentrum Jilich, Jiilich,
Germany).

In order to further verify this degradation in atmospheres with a CO, content of only 1 %, BSCF
powder has been annealed at 800 °C for six days in a constant flow of pure oxygen containing
this small amount of CO,. The longer treatment and higher temperature — compared to the meas-
urement conditions for the thin film sample — are owed to the comparably large grain size
(Dsp = 2.40 um) of the powder, where small surface reactions only become visible in the XRD
analysis if they account for a certain fraction of the sample volume. A comparison of the results
to untreated BSCF powder is shown in Fig. 7.12.

118



7.4. CONCLUSIONS

BSCF
—— BSCF, 800 °C, 1% CO, 100ml/min, 6d

l

' /“\ f
_,,\-.-J{%"‘ )
20 25 30 35 40 45 50 55 60 65 70 75 80
20 /°

Fig. 7.12: XRD comparison of purely cubic BSCF powder (black curve) with BSCF contain-
ing secondary phases after annealing in 1% CO; (blue curve). No background sub-
traction has been performed in order to avoid unintended smoothing of low inten-
sity secondary peaks. Newly formed reflections — representing hexagonal phase
(cf. Chapter 8) and decomposition products — are marked in red.

While the three most pronounced secondary phase peaks (at 26.5°, 42.5° and 54.5°) in the treated
powder represent the formation of the hexagonal phase in BSCF (as discussed in Chapter 8), all
other newly formed reflections are due to decomposition of BSCF because of ongoing reactions

with carbon dioxide.

7.4 Conclusions

In this chapter PLD-derived epitaxial BSCF thin films and polycrystalline thin films from both
BSCF (MOD) and LSCF (MOD and sputtering) with their intrinsic properties as purely surface-
controlled MIEC systems have been investigated by ECR in the frequency domain using the ki-
netic setup described in Chapter 2 and the surface exchange parameters k® have been determined
in synthetic air between 400...700 °C.

e The model formerly developed for single-crystalline MIEC systems [15] is applicable for
parameter extraction on these samples, hence enabling near-equilibrium surface exchange
parameter extraction as opposed to (by design) non-equilibrium measurements described

in Chapter 6.
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Despite the mathematical model being developed with the premise of measuring single-
crystalline samples — which is expectedly ideally met by epitaxial thin films as indicated
by the perfect slope of -1 in the Bode plot — applicability could also be shown for the
polycrystalline samples exhibiting only a slight deviation from the ideal slope.

For epitaxial BSCF thin films the activation energy for the surface exchange process cal-
culated to 0.96 eV.

Polycrystalline MOD BSCEF thin films exhibited an activation energy of the surface ex-
change process of 1.35 eV.

The higher activation energy exhibited by the polycrystalline film gives further evidence
to the assumption (previously formulated in Chapter 4) of lessened substrate influence —
and therefore better oxygen exchange at higher temperatures — in comparison to the epi-

taxial system.

For polycrystalline MOD LSCEF thin films the activation energy for the surface exchange
process calculated to 1.01 eV, very similar to 1.05 eV found for LSCF SOFC cathodes [8].
This suggests negligible substrate influence for the LSCF/NGO system.

Sputtered LSCF thin films yielded activation energies of 0.88 and 1.05 eV while the re-
sulting K values proved to be unexpectedly high (one order of magnitude higher than all
other data reported), suggesting possible open porosity present in the samples, as also in-

dicated by an SEM analysis.

Furthermore, by using ECR in the frequency domain in this kinetic setup, changes in the thin

film’s surface performance due to the presence of selectable gaseous contaminants can be moni-

tored in situ. This was done for BSCF epitaxial thin films concerning low concentrations of car-

bon dioxide in synthetic air:
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BSCF thin films degrade in atmospheres containing even small amounts of CO, (thrice
the concentration of ambient air). Carbonate formation proved to be partly reversible,

however, at higher amounts (already at 1 % CO,) the thin film was irreversibly destroyed.
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Chapter 8

Thermal Stability of BSCF

8.1 Introduction

In the past, there has been surprisingly little knowledge about the long-term structural and elec-
trochemical stability of BSCF under application-relevant temperatures. Even though it is well-
known that BSCF is not stable when operated in atmospheres containing carbon dioxide due to
the formation of carbonates (cf. Chapter 7 and [6-9]) — a fact putting a question mark on the ap-
plicability of BSCF cathodes for SOFC operation in ambient air —, little has been reported on the
structural stability of the cubic perovskite phase in BSCF, notably on the temperature-phase

relationship, until recently.

A slow exponential decrease of the oxygen permeation rate with time (over ~ 400 h), caused by a
phase transition, was already reported by Shao et al. [10] when BSCF membranes were operated
at temperatures below 825...850 °C, and more recently, e.g., by Efimov et al. [11] at 750 °C. It
has been observed that the cubic perovskite phase is not stable in air below these temperatures; a
reversible phase change from a cubic into a two-phase mixture of hexagonal and cubic perov-
skites occurs [12]. According to Arnold et al. [13], this change would take place via a new mono-

clinic perovskite.

Indications for this phase change can for example be found in conductivity measurements as
shown in Chapter 5. Fig. 8.1 shows a two-step increase in the electrical conductivity of a BSCF
bulk sample after an oxidizing step in pO,. While the fast response indicated by (1) is due to the
oxygen uptake of the sample, a much slower second conductivity increase becomes visible (2).

This can be attributed to a slow phase change in the BSCF lattice.

Parts of the results shown in this chapter have been published in [1-5].
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Fig. 8.1: Conductivity measurement on a BSCF bulk sample at different temperatures and oxy-
gen partial pressures (left, from Fig. 5.1 in Chapter 5). During the longer dwell time at
107 bar oxygen partial pressure at 700 °C (circled area, enlarged on the right) a sec-
ond, slow conductivity change becomes visible (2) after the initial sample response to
the partial pressure change (1).

A much more visible representation of occurring structural changes is provided by scanning elec-
tron microscopy images of epitaxial BSCF thin films on NGO (cf. Chapters 2, 4, 5, 7) after treat-
ment in different conditions concerning temperature and/or oxygen partial pressure. In Fig. 8.2,
morphology changes become evident: while after the initial annealing treatment for 10 hours at
700 °C the thin film consists of an epitaxial layer riddled with plate-like structures (left), these
distinctive structures completely vanish after burning the Pt contacts for 1 hour at 1050 °C (mid-
dle). The morphology changes further (right) during the measurements performed at different

temperatures and pO; (cf. Chapter 5).

Fig. 8.2: Structural changes visible on an epitaxial thin film (PLD-BSCF-11a) after different
temperature and/or oxygen partial pressure treatments (left: after annealing for 10 h at
700 °C, middle: after subsequent Pt-contacting and burning at 1050 °C, right: after
conductivity measurements at different 7 and pO,).
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8.1. INTRODUCTION

Fig. 8.3 provides a closer look at a similarly treated thin film sample. During the conductivity
measurements at temperatures between 700 °C and 900 °C, the same plate-like structures have

been formed.
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Fig. 8.3: SEM pictures of an epitaxial BSCF thin film after conductivity measurements at tem-
peratures between 700 ° C < T'< 900 °C and 10 bar < pO, < 1 bar (cf. Chapter 5).
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In order to have a closer look at the formed structures, a pristine epitaxial thin film has been an-
nealed for 10 hours at 900 °C in ambient air. Fig. 8.4 again shows the formation of plate-like sec-
ondary phases (left) reaching all the way down to the NGO substrate, visible in a FIB-lamella

(right) prepared” from the section marked in red.

Fig. 8.4: SEM picture of an epitaxial BSCF thin film (PLD-BSCF-19n1) annealed for 10 hours
at 900 °C in ambient air (left) and FIB lamella prepared from the section marked in
red (right). FIB preparation and TEM image recorded by S. Roitsch, ER-C, For-
schungszentrum Jiilich, Jiilich, Germany.

Subsequent EDX analysis could shed some light on the chemical composition of the different
visible structures (cf. Fig. 8.5). While the layer has been confirmed to be stoichiometrically cor-
rect BSCF5582, the plate-like structures appear strontium-deficient. Small precipitations at the

? Kindly provided by S. Roitsch, ER-C, Forschungszentrum Jiilich, Jilich, Germany
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surface contain less barium, probably compensating for the formation of the Ba-rich plate struc-
tures. A more detailed structural analysis of secondary phase formation in BSCF bulk samples
will be shown in the second part of this Chapter.

element | atom% element | atom%
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Fe 5 Fe 5
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Fig. 8.5: EDX analysis of different structures visible in the lamella from Fig. 8.4 (by S.
Roitsch, ER-C, Forschungszentrum Jiilich, Jiilich, Germany).

Recently, there have been several further accounts in literature reporting on the phase composi-
tion of BSCF in the intermediate temperature range (around 800 °C). D. Miiller et al. [14] were
able to analyze the formation kinetics of the hexagonal BSCF phase at 800 °C by a combined
XRD/electron microscopy study, resulting in a detected phase equilibrium between hexagonal
and cubic perovskite phase at temperatures of 800 °C. By means of TEM analysis performed by
P. Miiller, we reported on a yet not unambiguously identified phase present in BSCF at inter-
mediate temperatures, beside the expected cubic and hexagonal polymorphs [15]. Efimov et al.
[16] very recently presented a detailed TEM study, identifying a decomposition of cubic BSCF
into not only the hexagonal phase but also further phases in the intermediate temperature range
below ~850 °C.

As the oxygen-transport properties, especially on a long-term time scale, are very sensitive to
changes in material and/or phase composition, investigations concerning the phase stability of
BSCEF and the corresponding transport properties are highly anticipated, thus addressing issues of
further performance optimization in the operating temperature range (700...900 °C).

Parts of the investigations shown in this chapter have been published recently [1-5].
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8.2 Experimental

8.2.1 Powders

All BSCF powder experiments shown in this chapter were done using the Bag 5Sr5Cog sFeo203.5
powder provided by the Fraunhofer Institute for Ceramic Technologies and Systems (IKTS),
Hermsdorf/Germany (cf. Chapter 2). The Dsy value of the powder was around 2.40 um, XRD
analysis (cf. Chapter 2 and graph (a) in Fig. 8.10) showed the powder to be of the single phase

cubic perovskite structure with a lattice constant of 3.986 A.

Annealing of the BSCF powders in ambient air was done using chamber furnaces, while treat-
ment in synthetic air was performed in a tube furnace with a mixture of 20 % oxygen in nitrogen.

Heating and cooling rates have been fixed to 20 K/min.

8.2.2 Electrically Contacted Bulk Samples with Different Grain Sizes

The bulk samples shown in this chapter were prepared from the single-phase cubic BSCF raw
powders at the Institut fiir Energie- und Klimaforschung (IEK-1), Forschungszentrum Jiilich,
Jiillich, Germany, by uniaxial pressing at approx. 10 kN/cm? and sintering for 12 hours at 1000 °C,
for 50 h at 1120 °C and 50 h at 1150 °C (heating and cooling rates 5 K/min), resulting in mean
grain sizes around 25 pm, 50 pm and 90 um, respectively (Fig. 8.6, left to right), as determined
by analyses using the software SPIP (Image Metrology A/S, Denmark). These bulks were subse-
quently cut by ultrasonic lapping and mechanically polished (P1200 emery paper), yielding bulk

samples with a geometry of 10 x 5 x 1 mm”.

Fig. 8.6: SPIP analyses of bulks consisting of different grain sizes. Image width in each case
represents 740 um.

For conductivity measurements the bulks were contacted with Pt wires using a frit-free Pt paste
fired at 1050 °C for 1 h in ambient air. Owing to the fairly low electrical resistance of the BSCF
bulks, electrical measurements were carried out in 4-point technique (cf. Section 8.2.3).

127



CHAPTER 8. THERMAL STABILITY OF BSCF

8.2.3 Conductivity Measurements

Long-term conductivity measurements in ambient air have been conducted on the BSCF bulks in
a chamber furnace. In this setup, five four-wire contacted samples can be measured at the same
time by applying a serial current using a Keithley 224 programmable current source while se-
quentially reading the voltage over each sample’s contacts using a Keithley 2000 multimeter. As
described in Chapter 2, a possible sample degradation over time due to ionic demixing as a result
of long-term DC loading could be ruled out by a careful comparison of long-term measurements
on the same set of samples, one with a continuous current, the other with a setup that only applied
a measurement current for one minute every hour to get a set of data points. Both experiments

yielded the same rate of degradation.

8.2.4 SEM, TEM and EDX Analyses

All SEM, TEM and EDX analyses shown in Sections 8.4 and 8.5 were conducted by P. Miiller
and M. Meffert at the Laboratory for Electron Microscopy (LEM), Karlsruhe Institute of Tech-
nology (KIT), Karlsruhe, Germany and have been published in our joint paper [2].

BSCF bulk samples (5 - 5 - 2 mm®) were prepared from the single-phase cubic BSCF raw pow-
ders by isostatic pressing at 100 MPa, followed by a sintering step at 1000 °C for 12 h. In a sec-
ond step the samples were homogenized at 1000 °C for 10 or 24 h to ensure that the samples con-
tain only the cubic BSCF phase and subsequently annealed at the desired temperature for 100 h in

ambient air and then quenched in water (Fig. 8.7).

Subsequently, the annealed samples were sent to P. Miiller at the Laboratory for Electron Micros-
copy (LEM, KIT), cut in half and — as preparation for the detailed microstructure characterization
by scanning electron microscopy (SEM) — polished and chemically etched using a colloidal sili-
con dioxide solution (Oxid Polier Suspension, Oberflichentechnologien Dieter Ziesmer, Ger-
many). The SEM images at the LEM were taken with a Zeiss 1530 Gemini microscope using the
in-lens detector. For transmission electron microscopy (TEM), the samples were prepared by con-
ventional preparation methods involving grinding, dimpling, polishing and Ar-ion etching. TEM
and STEM analyses were conducted using a Philips CM200FEG/ST and an FEI Titan 80-300
microscope operated at 200 and 300 keV respectively. Additionally, in [2], high-angle annular
dark-field (HAADF) STEM images directly visualize different phase regions using the atomic-

number contrast [17-19] of this imaging mode.

The EDX analyses at LEM, KIT were performed by P. Miiller, using a 30 mm? EDAX Si(Li)
detector system of the institute’s FEI Titan 80-300 microscope with an energy resolution of

136 eV in order to determine the chemical composition of different phases. Composition quanti-
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fication of the spectra was done with the FEI “TEM imaging and analysis” (TIA) software (Ver-
sion: 4.3 build 904), as described in detail in our paper [2].
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Fig. 8.7: Temperature treatment of BSCF bulk samples at IWE for subsequent SEM/TEM anal-
yses at LEM.

8.3 Long Term Performance Degradation
and Powder Analyses

8.3.1 Long Term Conductivity Measurements

The black curve in Fig. 8.8 shows the conductivity of a BSCF bulk sample measured in ambient
air over several hundred hours each at temperatures varying from initial 900 °C, over 800 °C to
finally 700 °C. The different behavior of the conductivity as a function of time at these three tem-

peratures will be discussed below. First, however, the conductivity data have to be normalized.

Due to the highly changeable oxygen nonstoichiometry of the BSCF lattice at these high tempera-
tures, resulting in substantial oxygen exchange with the ambient gas phase:

10, g + VS &=205 +21° 9.1)
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where OF denotes oxygen ions on the regular oxygen lattice sites (in Kroger-Vink notation), the
concentration of holes h* and, thus, (p-type) electrical conductivity ¢ is changed with changing
oxygen vacancy concentration. Therefore, variations in the oxygen partial pressure pO, as a result
of ambient total air pressure variations during long-term measurements lead to corresponding

variations in electrical conductivity.

Taking this into account, the slight fluctuations in the recorded conductivity data (Fig. 8.8) on a
timescale of mere days can be related to meteorological changes in total ambient air pressure, dis-
played as the red curve. The corresponding behavior is clearly visible during steep meteorological

changes, e.g. at values around approx. 1050 hours and 2200 hours into the measurement.
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Fig. 8.8: Long term conductivity measurement of a BSCF bulk ceramic (FZJ-BSCF-05). At
800 °C and 700 °C, very pronounced changes in the conductivity can be observed.
Original data (black) have been normalized to an ambient air pressure of 1000 mbar
(blue) using meteorological data® (red curve).

In an attempt to normalize the conductivity to a certain ‘constant’ atmospheric pressure, the de-
pendency of the electrical conductivity on oxygen partial pressure measured and discussed in
Chapter 5 and our paper [20] can be used.

? Meteorological data were kindly provided by the Institute for Meteorology and Climate Research (IMK), KIT,
Karlsruhe/Germany.

130



8.3. LONG TERM PERFORMANCE DEGRADATION AND POWDER ANALYSES

Fig. 8.9 shows a double logarithmic graph of the conductivity of BSCF at various oxygen partial
pressures at 700 °C. As there are only small meteorological changes around 1000 mbar, these
data can be fitted pseudo-linear in the range from 6 mbar < pO, <200 mbar in order to calculate

the conductivity at a certain air pressure using

(=102 )| 9.2)

where oy, is the theoretical conductivity at a given total air pressure p. The theoretical difference
Aoy, of the conductivity at a given p to the calculated conductivity at a fixed air pressure, e.g.
1000 mbar is

Ao, (p) =0, (p)—0c,(1000 mbar) 9.3)

By scaling this difference to the measured conductivity of the long term experiments sample, the

difference in the measurement to the normalized pressure of 1000 mbar calculates to

Agreal = Ao-th : Umeas (p’ Z) > (94)
0,(1000 mbar)

and therefore the corrected conductivity becomes

Oreal = Oppeas (D5 1) — AT . 9.5)
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Fig. 8.9: Conductivity of BSCF at various oxygen partial pressures at 7 = 700 °C, fitted in the
range from 6 mbar < pO, < 200 mbar (from measurements on FZJ-BSCF-02).

The thus obtained normalized conductivity is shown as the blue curve in Fig. 8.8. During the first
650 hours at 900 °C there is no decrease in conductivity (a change of -0.1 % is most likely at-

tributed to the not quite perfect correction to ambient pressure changes). As electrical measure-
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ments on polycrystalline samples are very sensitive to phase composition and demixing due to
cation diffusion, this indicates that the BSCF system remains as stable cubic perovskite at this

temperature.

After cooling to 800 °C, a constant decrease of the electrical conductivity is clearly visible,
amounting to 3.0 % of the initial value after holding the temperature for 860 hours, indicating
occurring changes in the system, probably related to the formation of a hexagonal phase as re-

ported e.g. by [12].

Interestingly, after further cooling to 700 °C, conductivity increases again, gaining 2.4 % com-
pared to the new base value over 840 hours. If these changes in conductivity are indications for
transition to the hexagonal phase, either the process occurring at 800 °C reverses at the lower
temperature of 700 °C, or at least the phase equilibrium that will finally be present in the BSCF

system at both temperatures is different.

8.3.2 Phase Changes in BSCF Powders

8.3.2.1 Growth of Hexagonal Phase at 800 °C

In order to analyze the occurring changes to the single phase cubic structure in the BSCF system,
a batch of cubic BSCF powder was annealed in ambient air at 800 °C, rapidly (20 K/min) cooling
down after periods of 72 h, 120 h, 240 h, 600 h and 1680 h, respectively, taking a sample for sub-
sequent XRD analysis and heating up to 800 °C again. Fig. 8.10 shows the ongoing formation of
the hexagonal phase from the initially purely cubic powder (a) to a mixture of both phases after
1680 hours (f), while all hexagonal reflections — corresponding to the (101), (201) and (112)
planes — are already clearly detectable after 72 hours and continue to gain in intensity with

amounting annealing time.

A WinINDEX fit (Bruker AXS) to the hexagonal peaks in the 2@-range from 20° to 80° yielded
the hexagonal lattice constants to be a,b = 5.629 A, ¢ =4.361 A, in good agreement with the val-
ues determined by e.g. [12].

In an attempt to determine the kinetics of this occurring phase change, the intensities reflected by
the two different lattice structures were used. Under the premises that a growing volume fraction
of the hexagonal phase will coincide with an increase in reflected intensity represented by the

corresponding peaks in the XRD spectra, an analysis of XRD peak area changes was undertaken.

The intensity of the radiation reflected by all the cubic planes decreased to 78.9 % of the initial
value over the complete 1680 hours, while that obtained from only the main (110) reflection (cal-
culated in a 2@-range from 31.2° to 32.5°) decreased to 79.6 %. As this is in good agreement
considering the intrinsic accuracy of XRD measurements, for the analysis of all annealed pow-

ders only the main reflections — by far the most pronounced and therefore with the best signal-to-
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noise ratio — have been used, i.e. the cubic (110) reflection for analysis of cubic phase change and
the hexagonal (101) reflection for analysis of hexagonal phase growth, respectively. The changes
in reflected intensity by both planes are shown in Fig. 8.11.
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Fig. 8.10: XRD spectra of new BSCF powder (a) and after annealing at 800 °C in ambient air
for 72 h (b), 120 h (c), 240 h (d), 600 h (e) and 1680 h (f), showing a continuous in-
crease of the reflections from the hexagonal (101), (201) and (112) planes.
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Fig. 8.11: Exponential fit to the area under the hexagonal (101) reflection (left), yielding a #, of
45.5 days, and to the area under the cubic (110) reflection (right), yielding a #y of
35.7 days. The corresponding fit parameters amounted to opeye, =20.614 £2.158,
k=(0.407£0.051)d™, and n=0.454+0.091 for the hexagonal reflection and
Qcupeg = 70.342 + 1.329, k= (0.100 £ 0.034) d™, and n=0.877 = 0.201 for the cubic
reflection. In the latter case, the data point at 7 = 25 d was weighted with 1/25.
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Phase growth or diminution is fitted by an equation of the Johnson-Mehl-Avrami-Kolmogorow

type [21], i.e.
o (1) = Wy (1= ). (9.6)

for the growth of the hexagonal phase, where oy is the area of the hexagonal (101) peak and

OiHEX ¢q 18 the area after reaching phase equilibrium for # — oo, and

Aeyp (t ) =ypeg T azlg/’eikt > (97)

for the diminution of the cubic phase, where acus, ¢, is the area of the cubic (110) peak for £ — o
and o, = aq;(0)— 2y, - All peak areas are given in arbitrary units.

The obtained fit parameters amounted to Qgxeq =20.614 +£2.158, k= (0.407 £0.051) d” and
n=0.454%0.091, and acuge, =70.342 £1.329, k=(0.100 £ 0.034) d” and n=0.877 £ 0.201,
respectively. These fits yielded t9 values (the time after which 90 % of the mathematical limit of
the exponential function is reached), of 45.5 days for the growth of the hexagonal phase and 35.7
days for the diminution of the cubic phase, thus showing this transition process to be as slow as
previously reported by [14].
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Fig. 8.12: XRD spectra of BSCF powder: annealing for 10 days at 800 °C in synthetic air (a)
yields the same hexagonal phase growth as in ambient air (b), proving that it is not de-
pending on other ambient gases.
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The fairly large discrepancy between the fit parameters of the hexagonal and cubic phase changes
may be attributed to the low amount and scatter of data points. However, it is obvious that there is
a coexistence of both cubic and hexagonal phase at 800 °C, but this equilibrium will only be

reached after many days.

To determine that this phase transition is not triggered by reactions with trace gases in the atmos-
phere, as for example the formation of carbonates with ambient CO, for which BSCF is known to
be prone [6-9], Fig. 8.12 shows a comparison of the XRD spectra from powders annealed for 240
hours in synthetic air consisting of 20 % oxygen in nitrogen (a) and ambient air (b). Within the

measurement accuracy of XRD, no difference between the spectra can be observed.

8.3.2.2 Temperature Limit for the Formation of the Hexagonal Phase

In order to further refine the reported temperature limit under which the cubic BSCF system will
transform to the hexagonal structure [12], Fig. 8.13 shows the XRD spectra of several single
phase cubic powders (a) after annealing for 72 hours in ambient air at 800 °C (b), 825 °C (c),
840 °C (d) and 850 °C (e). The formation of the hexagonal phase is determined to occur at tem-
peratures below 840 °C.
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Fig. 8.13: XRD spectra of new BSCF powder (a) and after annealing for 72 hours in ambient air
at 800 °C (b), 825 °C (c), 840 °C (d) and 850 °C (e). The hexagonal phase starts to
form at temperatures below 840 °C.
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8.3.2.3 Hexagonal Phase at 700 °C

To clarify the measured increase of the electrical conductivity after cooling to 700 °C from
800 °C in the long term measurement shown in Fig. 8.8, fresh BSCF powder was annealed for 72
hours at 800 °C and then for further 72 hours at 700 °C. As can be seen in Fig. 8.14, the initially
cubic perovskite (a) transforms partially to the hexagonal phase after the first treatment (b), the

amount of which decreases again after treatment at the lower temperature (c).
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Fig. 8.14: XRD spectra of BSCF powder: the reflection of the hexagonal phase in powder an-
nealed for 3 days at 800 °C (b) weakens after a subsequent annealing at 700 °C (c),
indicating a different equilibrium of cubic and hexagonal phase at the lower tempera-
ture. For comparison, (a) shows again the spectrum of new powder.

Whether this indicates just a different phase equilibrium between cubic and hexagonal phase at
these two different temperatures or the hexagonal phase would completely reform back to the
cubic structure at 700 °C given time, has been examined by annealing pure BSCF cubic phase
powder for 240 hours at that temperature. The comparison of the obtained XRD spectrum (a) to
the one from after the 800 °C treatment (b) is shown in Fig. 8.15 and clearly proves the formation
and stability of the hexagonal phase from the purely cubic configuration also at temperatures of
700 °C, meaning the coexisting of both phases also at this lower temperature with a different

equilibrium shifted back more in favor of the cubic structure.
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Fig. 8.15: XRD spectra of new single phase cubic BSCF powder after annealing for 10 days at

700 °C (a) and 800 °C (b), respectively. The formation of the hexagonal phase at
700 °C can be confirmed.

Analysis of Figure 8.14

100 101 110 111 201 200 210 112 211 220 300 310 | Sum cub/hex
(b) cubic 22.02 549.93 | 80.19 192.24 | 29.17 278.54 | 138.59 | 13.83 | 86.92 | 1391.42 10.06
(b) hex 54.74 54.40 29.24 138.37
(¢) cubic 14.37 2690.72 | 62.26 143.08 | 21.34 204.21 [ 100.56 | 16.16 | 67.09 | 3319.78 45.95
(c) hex 30.74 27.15 14.36 72.24

Tab. 8.1: Integrated reflected X-ray intensities of the measurements shown in Fig. 8.14.

Table 8.1 lists the integrated intensities of the cubic and hexagonal reflections in Fig. 8.14, table
8.2 lists the corresponding data extracted from the measurement shown in Fig. 8.15. In those ta-
bles, the fractions of cubic and hexagonal peak areas are calculated to further illustrate this be-
havior. The fraction shifts from 10.06 back to 45.95 — therefore indicating a shift in the phase
equilibrium towards the cubic lattice — after the subsequent 72 hours annealing at 700 °C shown
in Fig 8.14. For the 240 hours annealing of fresh powder, the fraction calculates to 6.15 and 5.80
after treatment at 700 °C and 800 °C, respectively.
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Analysis of Figure 8.15

100 101 110 111 201 200 210 112 211 220 300 310 | Sum cub/hex
(b) cubic 17.90 527.12 | 65.78 167.96 | 24.41 261.06 | 148.44 | 12.61 | 83.70 | 1308.98 5.80
(b) hex 100.90 83.07 41.53 225.50
(a) cubic 10.87 352.67 | 43.61 116.16 | 12.08 168.66 | 85.56 0.00 | 42.34| 831.93 6.15
(a) hex 54.78 56.03 24.40 135.20

Tab. 8.2: Integrated reflected X-ray intensities of the measurements shown in Fig. 8.15.

8.3.2.4 Reversibility of the Phase Transition

In the powder that has been annealed for 1680 hours at 800 °C, it is to be assumed that the phase

transition nearly reached the specific equilibrium for that temperature.

m  Cubic Phase
® Hexagonal Phase
1 1 111 2 11 220 300 310
-00 101 ¢ m 201 .OO 2-101‘122. ™ 1 ]
i . I

Sl Abedel g i)

26 / deg

Fig. 8.16: XRD spectra of BSCF powder: After annealing for 72 hours at 900 °C (c), the hexag-
onal phase that formed during 1680 hours at 800 °C (b) reverts back to the cubic
structure as in the fresh powder (a).
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As earlier calcination experiments had shown that a stoichiometrically correct mixture of car-
bonates and oxides will form purely cubic BSCF after 30 hours at 900 °C (cf. Chapter 2), it could
be argued that the hexagonal phase will reform to the cubic structure at this temperature. To this
end, a further annealing of the dual phase powder at 900 °C was performed. Fig. 8.16 shows a
comparison of the purely cubic fresh powder (a) with the dual phase BSCF containing a signifi-
cant amount of the hexagonal configuration after 1680 hours at 800 °C (b) and the powder after
subsequent treatment for 72 hours at 900 °C (c) which has reverted to consisting of only the cubic
lattice again. Therefore, for BSCF powder it has been shown that the very slow phase transition at

800 °C is fully reversible in a short amount of time by temperature treatment at 900 °C.

8.4 Occurrence of Hexagonal Phase in BSCF Bulks

8.4.1 Long Term Conductivity Measurements

As the long term measurement discussed in section 8.3.1 suggests, the phase transition in dense
ceramics can be observed by electrical conductivity measurements. The question remains if the
change happens predominantly at the grain boundaries or through nucleation inside the matrix
structure of the grains. The conductivities of three dense BSCF bulk ceramics with different aver-
age grain sizes have been measured at the same time for more than 1300 hours at 800 °C in ambi-
ent air. Fig. 8.17 shows the normalized conductivities for the bulks with grain sizes of 25 um (a),
50 um (b) and 90 um (c). Normalization to the time # =4 h, after the furnace completed heating
up, has been done for better comparison between the degradation behavior. Beforehand, all three

. . 4 . . .
measurements have been corrected for ambient air pressure changes™ as described in section 8.3.1.

The best correction could be achieved for the bulk with the smallest grain size of 25 pm, as can
be seen by the smaller impact the pressure drops around 450 hours and 600 hours into the meas-
urement have on the conductivity for this sample (a) in comparison to the other ones (b, c). This
can be attributed to the fact that the o(pO,) dependency this correction bases upon has been deter-
mined through measurements on an identical bulk with a similar average grain size of 25 pym —
also hinting at slightly different dependency of & on pO, for different sized grains in the exam-

ined sample.

* Meteorological data were kindly provided by the Institute for Meteorology and Climate Research (IMK), KIT,
Karlsruhe/Germany.
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Fig. 8.17: Long term conductivity measurements at 800 °C on BSCF bulk ceramics (thickness
d=1 mm) with different medium grain sizes of 25 um (B-BSCF-001-A, (a)), 50 pm
(B-BSCF-004-A, (b)) and 90 um (B-BSCF-003-A, (c)) show the highest degradation
of the electrical conductivity for the bulk with the smallest grains, indicating that the
formation of the hexagonal phase is occurring predominantly at the grain boundaries.

As the degradation in electrical conductivity is more pronounced the smaller the average grain
size was, it is reasonable to assume that the formation of the hexagonal phase in bulk ceramics
happens predominantly at the grain boundaries, which will have a greater impact on the electrical
conductivity in samples with smaller grains. This is in agreement with the findings of Miiller et al.
[14] and the results shown in [2] and in Sections 8.4.2 and 8.5 of this Chapter.

Interestingly, the degradation behavior exhibited by these bulks after heating from room tempera-
ture directly to 800 °C seems to be different than that shown after cooling down from 900 °C
shown in Fig. 8.8. While that decrease in conductivity appears to be nearly linear — on a longer
timescale exponential behavior should be visible — in the measurement at hand there could be two
different degradation processes involved, one occurring mainly throughout the first 100 hours,

best visible in curve (a), followed by the slow degradation over the remaining measurement time.

SEM/TEM analyses performed by P. Miiller — and published in our joint paper [2] — suggest that
the formation of the plate-like phase discussed in the following part of this chapter occurs very
fast (even after only 10 hours of annealing), while the powder diffractograms have shown a much

slower formation of the hexagonal phase. This can explain the observed two-step degradation.
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8.4.2 SEM/TEM Investigations on Bulk Samples

In the first part of this chapter it has been shown that the formation of a hexagonal phase at tem-
peratures below 840 °C [1;3;12-16] is responsible for degradation of the electronic conductivity
and inherent membrane performance. However, the timescales of the hexagonal phase formation
in BSCF powders differ from those of the changes in sintered bulk sample conductivity — phase
equilibration in powders is nearly achieved after approx. 40 days, while conductivity values still
are subject to change after a similar time. It was to be expected that sintered samples will show
slightly different behavior and therefore a detailed structural investigation on sintered samples
becomes prudent, especially because any deviation from the cubic perovskite phase of BSCF
causes a significant reduction of oxygen-ion conductivity [22]. Understanding the decomposition
processes and a subsequent stabilization of the cubic system is of high importance for further
membrane developments, especially in regard to producing dense BSCF thin films, considering

their outstanding oxygen permeation reported in [23].

Limited success in stabilizing the cubic BSCF phase has been reported. The stability could be
improved to some extent by doping with single-valent cations like Zr and Y [24-26]. Also, new
promising materials were found in the search for cobalt-free high-performing membranes by ex-
changing Co with Zn [27-30], Al [31] or Cu [32]. However, further improvement of the mate-
rial’s thermodynamic stability necessitates a detailed understanding of the degradation processes

on a microscopic scale.

In the first part of this chapter, an understanding of the phase changes in BSCF has been derived
from correlating XRD measurements on powders and conductivity measurements on dense sin-
tered samples. However, XRD only yields information on the phases without further details on
microstructure, and phase changes in powders don’t necessarily have to be identical to those oc-
curring in sintered samples. So far, only few electron microscopic investigations of the micro-
structural changes and any correlation with the degradation processes have been published. The
formation of the hexagonal phase has been investigated by Arnold et al. [13] and Mueller et al.
[14]. However, it was found in our collaboration with the Laboratory for Electron Microscopy as
well as by other groups [3;16;33] that at least one further phase with a plate-like morphology is
involved in the degradation process. A new ordered lamellar phase with a 15R structure was
found by Efimov et al. [16] and the similarity to Ba;C0,09(CogOg) reported by Sun et al. [34]
was described. During this cooperation it could also be shown that the formation kinetics of the
plate-like regions is fast compared to the formation of the hexagonal phase [3]. It therefore seems
to suggest that these plate-like regions are at least partially responsible for the degradation of the
electronic — as shown in Sections 8.3.1 and 8.4.1 — and oxygen permeation flux which was also
reported to be faster at the beginning of long-term measurements [10]. This influence on material

performance motivates further investigation of the plate-like regions.
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In this section, results of detailed phase analyses of plate-like regions in BSCF by combining
high-resolution (scanning) transmission electron microscopy (TEM, STEM) and chemical anal-
yses by energy dispersive X-ray spectroscopy (EDX) performed at LEM by P. Miiller and
M. Meffert are shown. By analyzing the crystal structure and composition, considerable varia-
tions in structure and composition could be determined in plate-like regions. On the basis of the
phase analyses, a detailed understanding of the formation mechanism of the plate-like regions and

their influence on the degradation of BSCF has been achieved and published in [2].

8.4.2.1 Results

800 °C "@\ , 700-°C

plate-like /

cubic BSCF cubic BSCF

Fig. 8.18: Overview of detected phases present in BSCF samples after annealing in air for 100 h
at 1000 °C, 900 °C, 800 °C and 700 °C, respectively (from left to right, B-BSCF-
026A, B-BSCF-028A, B-BSCF-028B, and B-BSCF-029A). Images by P. Miiller,
LEM, KIT, from our joint publication [2].

In Fig. 8.18, images (a-d) show typical SEM micrographs of BSCF after annealing at tempera-
tures between 700 °C and 1000 °C for 100 h and subsequent quenching in water as described in
Section 8.2.4. Different phases can be distinguished by the different image intensities (different
grey-scale values). As described in our joint paper [2], this can be achieved by a topographic
phase contrast due to chemically etching the polished sample using colloidal silicon. In [3] it was
established via TEM crystallography, that the intermediate intensity represents the cubic phase
and dark areas depict the hexagonal phase, while plate-like regions appear with bright contrast

and in their elongated shape.

As the depicted SEM images cannot show all microstructural features over a larger sample area,
Figs. 8.18(e-h) schematically illustrate the summarized findings of numerous SEM images and

TEM investigations of the grain boundaries.
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The sample after annealing at 1000 °C, shown in Figs. 8.18(a,e), does not contain any hexagonal
phase, only cubic BSCF is present, together with large particles (several pm in diameter) with
bright SEM contrast that depict CoO precipitates.

After annealing at 900 °C (Figs. 8.18(b,f)), the presence of large plate-like regions (several um in
length) along the grain boundaries can be detected. Annealing at 800 °C (Figs. 8.18(c,g)) results
in formation of the hexagonal phase, in agreement with the findings within the powder samples
(cf. Section 8.3.2.2 and [1]), in addition to the plate-like regions. Precipitation of the hexagonal
phase typically occurs at triple points of grain boundaries like the hexagonal region marked in
Fig. 8.18(c). Also, at this temperature, smaller plate-like regions grow around CoO particles in
addition to the formation along grain boundaries. At 700 °C (Figs. 8.18(d,h)), even more plate-
like regions can be found, arranged in fishbone-like structures, and the hexagonal phase decorates
nearly all grain boundaries and forms around present CoO particles as well as around the plate

like regions.

In [2], we showed that TEM pictures of typical plate-like regions after annealing at 700 °C reveal
a lamellar substructure of these plates (Fig. 8.19(a)), while generally being surrounded by the
hexagonal phase as shown in Figs. 8.18(d,h). HRTEM imaging of the interface between two la-
mellae (Fig. 8.19(b)) show them to consist of either the cubic phase or the hexagonal one, with
the (111)cubic and (0001 )hexagonal planes oriented in parallel and — measured in a diffractogram —
their elementary cells rotated by 34° when viewed in the direction of the cubic [101] and hexago-
nal [2110].

Fig. 8.19: (a) scheme of the microstructure of plate-like regions, (b) high-resolution TEM image
of an interface in a plate-like region of sample B-BSCF-029A, containing a cubic and
a hexagonal lamella with corresponding diffractograms (insets). Images by P. Miiller,
LEM, KIT, from our joint publication [2].
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In the perovskite structure, the oxygen ion octahedrons are aligned corner-sharing in the cubic
phase and face-sharing in the hexagonal phase. In the lattice direction mentioned above and ob-
served in [2], the cubic (010)-planes and hexagonal (01 10 )-planes form an angle of 35.26° at the
interface. This matches well with the measured rotation of 34°.

During detailed investigations, another phase with a different structure and composition was
identified. It could be compared to structure models derived from a phase described by Sun et al.
[34] and David et al. [35] and is also similar to the R15 phase described by Efimov et al. [16].
Sun et al. give its composition to be Ba3Co,00,7, therefore this phase has been denoted as BCO-
type phase and described in detail in [2]. It has also been found as lamella beside cubic and hex-

agonal lamellae in plate-like regions.

The composition of the secondary phases in BSCF — that is plate-like regions with a random ar-
rangement of cubic, hexagonal and BCO-type lamellae after annealing temperatures <900 °C as
well as the hexagonal phase below 840 °C [3;15] — has been studied via extensive chemical anal-
yses by standard-based EDX. Line-scans with one full EDX spectrum per pixel over regions with
different phases were carried out in the FEI Titan operated in STEM mode. All spectra were then
quantified with the Cliff-Lorimer factors as described in [2]. Table 8.2 contains the different
chemical compositions with standard deviations in at%, obtained by averaging up to 200 spectra.
Due to additional systematic errors resulting from imprecise background subtraction, peak-fitting
and absorption effects as well as potential artifacts introduced by the Ar'-ion milling, the overall

systematic error is estimated to be + 3 at%.

Phase Ba [at%)] Sr [at%] Co [at%] Fe [at%)]
Bay 5819 5C00.sFe0 2055 25 25 40 10
Cubic phase 26+ 1 255+1.5 40+ 1.5 85+1
Hexagonal phase 301 27+ 1.5 42+1 1£0.5
BCO-type phase 21.5+3 3+1 67.5+2.5 8+1

Tab. 8.2: Concentrations of Ba, Sr, Co and Fe in at% for the different observed BSCF phases
determined by EDX compared to the nominal (intended) composition of cubic BSCF
(first line). Measurements performed by P. Miiller, LEM, KIT, from our joint publi-
cation [2].

All phases can easily be distinguished by their chemical composition. The cubic phase only
shows small deviations from the nominal composition of Bag sSrgsCo¢sFep20s.5. The hexagonal
phase exhibits the absence of Fe while the chemical composition is still close to the ABO;
stoichiometry of the perovskite structure. The BCO-type phases’ composition strongly deviates
from the other two phases with respect to the A/B-ratio due to a strongly enriched Co-content and

the absence of Sr. In plate-like regions consisting of lamellae of all three phases (cubic, hexago-
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nal, and BCO-type) the average chemical composition depends on the volume fraction of the dif-

ferent phases and therefore significant variations in average stoichiometry are detected.

As the hexagonal phase only forms at temperatures below 840 °C, the BCO-type phase seems to
form the main portion of the plate-like regions at 900 °C. This also explains the strong Sr-deple-
tion in the plate-like regions found in samples annealed above 840 °C [3] as well as their different
microstructure at 900 °C (few large plate-like regions) and below 840 °C (many small plate-like
regions). At temperatures below the formation threshold of the hexagonal phase all three phases
are observed in plate-like regions. The influence of the plate-like regions on the degradation of
the ionic conductivity may differ significantly from the hexagonal bulk phase which is discussed

in the following.

While the hexagonal phases’ influence on the degradation has already been discussed in earlier
studies [12-14;16;36], its different chemical composition in comparison with the cubic phase has
not been of particular interest. The B-sites in the face-sharing octahedrons of the hexagonal phase
are more densely packed compared to the cubic BSCF phase. Therefore the B-site cations need to
be smaller in order to fit into the structure. Cobalt remains in the hexagonal phase due to its abil-
ity to decrease its size by changing its valence state from 2+ to 3+ [16], whereas iron does not
form smaller ions in BSCF [37], and therefore has to be expelled from the hexagonal phase. In
[2] we confirm this by detecting Fe-cation excess and Co-cation depletion in the vicinity of the

hexagonal phase via EDX linescans.

Due to this required cation demixing, the formation of the hexagonal phase in BSCF occurs with
the slow kinetics observed in Section 8.3 and by Mueller et al. [14]. A reduction in oxygen ion
conductivity is caused by the reduction in oxygen nonstoichiometry because of the increased B-

site valence state.

Plate-like regions form at a fast rate compared to bulk hexagonal phase [3] which accounts for the
faster degradation during the early stages of long term measurements as shown in Section 8.4.1
and reported in literature [6;10]. Due to their composition of lamellae with hexagonal stacking
and correspondingly reduced oxygen conductivity, the plate-like regions act as barriers for oxy-
gen conduction. They also have been found to form predominantly at grain boundaries which are

believed to contribute significantly to oxygen diffusion [33].

The BCO-type phase is expected to also contribute to the degradation of the ionic conductivity in

BSCF due to its lower concentration of oxygen vacancies which constitutes a diffusion barrier.
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8.5 Stabilization of the Cubic Perovskite Phase
by B-site Doping

As the stability of the cubic phase could be improved to some extent by doping with single-valent
cations like Zr and Y [24-26], sintered samples with various dopant concentrations of Zr, Y and
Sc have been prepared and analyzed similar to the pure BSCF samples discussed in the above
part of this chapter. Samples are designated as BSCFnX, where n denotes the dopant concentra-

tion in at% and X stands for the dopant itself.

Fig. 8.20 shows SEM micrographs of chemically etched samples of BSCF doped with 3 at% of
Zr, Y or Sc in comparison to undoped BSCF after annealing for 100 hours at 700 °C. While the
Zr proves not to prevent the formation of plate-like and hexagonal phase (Fig. 8.20(a)), the intro-
duction of 3 at% of Y on the B-site in the BSCF matrix hinders the formation of plate-like re-
gions and only the percolating hexagonal phase at the grain boundaries remains (Fig. 8.20(b))
The Sc-doped sample exhibits both secondary phases (Fig. 8.20(c)) that also occur in undoped
BSCEF (Fig. 8.20(d)).

p hexagonal

cubic

Fig. 8.20: SEM pictures of different phases in (a) BSCF3Zr (B-BSCF3Zr-151A), (b) BSCF3Y
(B-BSCF3Y-163A), (¢c) BSCF3Sc (B-BSCF3Sc-157A), and (d) undoped BSCF (B-
BSCF-029A) after annealing for 100 h at 700 °C and subsequent quenching. Images
by M. Meffert, LEM, KIT, from our joint publication [38].

More examinations have been performed on similar bulks after annealing at temperatures of
800 °C and 900 °C and are schematically summarized in a similar fashion to Section 8.4.2.1 in
Fig. 8.21.

In all analyzed samples it could be confirmed that the addition of 3 at% of Zr (a-c) as well as Sc
(g-f) does neither prevent the formation of the plate-like phase even at the high temperature of
900 °C nor the development of the hexagonal phase at the lower temperatures of 800 °C and
700 °C. Secondary phase formation in bulks of these stoichiometries is quite similar to that in
undoped BSCF as shown in Fig. 8.18.
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Doping with 3 at% of Y however not only prevents the occurrence of CoO precipitates at all tem-
peratures, it also proves to completely suppress any formation of the plate-like phase (d-f). Even
though the hexagonal phase is still present, the absence of plate-like regions suggests a stabilized

performance of this material in comparison to undoped BSCF.

plate

cubic BSCF cubic BSCF cubic BSCF

cubic BSCF

cubic BSCF cubic BSCF

cubic BSCF

Fig. 8.21: Overview of detected phases present in BSCF3X samples after annealing in air for
100 hours at 900 °C, 800 °C, 700 °C, respectively (from left to right) for BSCF doped
with 3 at% Zr, Y and Sc (top to bottom, respectively). Samples:
top row left to right: B-BSCF3Zr-205B, B-BSCF3Zr-207A, B-BSCF3Zr-151A; mid-
dle row left to right: B-BSCF3Y-161B, B-BSCF3Y-162A, B-BSCF3Y-163A; bottom
row left to right: B-BSCF3Sc-155B, B-BSCF3Sc-156A, B-BSCF3Sc-157A. Images
by P. Miiller, LEM, KIT [39].

Therefore, a long term conductivity measurement has been carried out (Fig. 8.22), where sintered
samples of undoped BSCF (black curve), BSCF3Y (red curve) and BSCF10Y (blue curve) were
simultaneously measured for several hundreds of hours at 900 °C and 800 °C. The electrical con-
ductivity of the samples decreases with increasing dopant content, which was to be expected (cf.
Chapter 4), leaving the 10% Y-doped BSCF at approx. 21 S/cm at 900 °C, which is only half of
the value for undoped BSCF. However, while the degradation is clearly visible for BSCF and, to
a lesser extent, also for BSCF3Y, the BSCF10Y sample shows no degradation at all at both tem-
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peratures. In this case, no correction for the meteorological changes in ambient air pressure (cf.
Section 8.3.1) has been performed in order to provide optimal comparability between the differ-

ent materials.
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Fig. 8.22: Long term conductivity measurements for several hundreds of hours at 900 °C and
800 °C for BSCF, BSCF3Y and BSCF10Y bulk samples. The BSCF10Y sample
shows stable conductivity values over the whole measurement.

The increasing content of Y prevents the formation of the plate like phase, due to the large ionic
radius of the yttrium in comparison to iron, while both monovalent cations (for Fe in BSCF cf.
[37]) would need to diffuse out of the oxygen octahedrons to enable their face sharing positions
in the hexagonal structure. This hindered cation diffusion seems to stabilize the material system
at the application-relevant temperature of 800 °C. The achievable oxygen flux through a mem-
brane consisting of Y-doped BSCF has been measured for low dopant concentrations of 2.5 at%
(as nominal substitution of the iron content in this case) by Haworth et al. [25] and found to be
comparable to undoped BSCF within the uncertainties of the measurement concerning the abso-
lute oxygen flux. For 10 at% Y content preliminary measurements by S. Baumann at the For-
schungszentrum Jilich (Jilich, Germany) suggest a resulting overall drop in oxygen permeation
of approx. 20 %. A long term oxygen flux measurement on our samples will be performed by S.

Baumann in the near future.

By introducing small amounts of monovalent yttrium into the BSCF matrix, phase degradation —
and subsequent degradation in electrical performance — could be prevented in the temperature
range between 900 °C and 800 °C. This promises long term stable membrane performance at

these highly relevant temperatures.
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8.6

Conclusions

8.6.1 Powder X-ray Diffraction and Conductivity Measurements

The thermal stability of the cubic phase in BagsSrgsCogsFep20s3.5 (BSCF) in the targeted tem-

perature range for oxygen-transport membrane (OTM) applications (700...900 °C) has been in-

vestigated by means of an XRD analysis of powders, but for the first time in combination with

electrical measurements performed on bulk samples of the same material. The XRD measure-

ments on BSCF powders after annealing at different temperatures for various durations yielded

the following results:

In the single phase cubic BSCF system, a slow formation of the hexagonal phase occurs at
T=2800 °C, leading to a phase equilibrium between cubic and hexagonal phase with a 99

of approx. 40 days.
For annealing times of 72 h, phase transition is observable at 7' < 840 °C.

The hexagonal phase also forms at 7= 700 °C, albeit resulting in an equilibrium shifted
more to the cubic phase than that at 7= 800 °C.

The phase transition is independent of any trace gases in the atmosphere, e.g. CO,.

The hexagonal phase transforms back to purely cubic after annealing at 7= 900 °C.

The results of electrical measurements on BSCF bulk samples led to the following conclusions:

In long term conductivity measurements on BSCF, the influence of ambient air pressure is

clearly visible in the conductivity and can mostly be corrected by explicit knowledge of
G(pOz, T)

While obtaining stable values over several hundred hours at 7= 900 °C, a pronounced de-
crease in conductivity occurs over time at 7= 800 °C, followed by an equally slow in-

crease after a subsequent temperature reduction to 700 °C.

This is in agreement with the formation of the hexagonal phase observed in BSCF powder
at the temperatures in question, taking into account that the phase transition in dense ce-

ramics is prone to be slower than in powder with a Dsy of 2.40 pm.

By heating new bulks directly to 800 °C, omitting the first step at 900 °C, a second, faster
degradation process seems to be present in the conductivity measurement, pointing to an-
other phase transformation occurring in the BSCF system, revealed to be the formation of
plate-like regions consisting of a lamellar substructure as detected by SEM/TEM inves-

tigations by P. Miller at LEM, KIT (cf. second part of conclusions in Section 8.6.2.
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The degradation in conductivity is more pronounced in samples with smaller average
grain size, suggesting the growth of the hexagonal phase to occur predominantly at the

grain boundaries.

8.6.2 SEM/TEM Analyses

Bag 5SrosCogsFep20;.5 bulk samples have been annealed at temperatures between 700 °C and

1000 °C (100 °C steps) for 100 hours each and subsequently quenched in water. Electron micro-

scopic techniques and EDX were performed by P. Miiller (LEM, KIT) in order to gain an over-

view of the formation of secondary phases from the cubic BSCF phase, which are correlated with

the degradation in electrochemical performance summarized in Section 8.6.1.
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Treatment at 1000 °C yields only the cubic BSCF phase and CoO precipitates. For the
900 °C samples, large plate-like regions have been found at the grain boundaries. In the
sample annealed at 800 °C, however, the hexagonal phase has been detected, typically at
triple points of the grain boundaries, as well as smaller (in comparison to the 900 °C sam-
ple) plate-like regions at grain boundaries and CoO precipitates in larger amounts than in
the 900 °C sample. Finally, at 700 °C, the growth of plate-like regions proved to be even
more pronounced. The hexagonal phase often completely decorates grain boundaries and

often surrounds plate-like regions.

The plate-like regions exhibit a lamellar substructure: Lamellae of cubic and hexagonal
phase alternate with an additional Ba,;C0,03,+3(CogOg) (BCO)-type (n>2) barium co-
balt oxide phase.

As the radius of iron cations is too large for them to occupy the B-sites, the hexagonal
phase is strongly iron-depleted. The rate at which the hexagonal phase is formed is there-

fore limited by the interdiffusion of iron and cobalt.

The oxygen transport in BSCF is detrimentally affected by the occurrence of these sec-
ondary phases. It is safe to assume that, in particular, the influence of the fast developing
plate-like regions has so far not been sufficiently considered as being the main reason for
pronounced performance degradation during the first several hundred hours of operation.
This may be due to the impossibility of distinguishing this phase in a sample consisting of
cubic and hexagonal phase by XRD measurements. These SEM/TEM analyses, however,
can shed new light on the two-step degradation in electrical long-term conductivity meas-
urements at 800 °C shown in Fig. 8.17, where a fast decrease was observed during the
first 100 h, now attributed to the formation of the plate-like regions. At 700 °C and
800 °C, the plate-like phase — as well as the hexagonal phase — predominantly forms at
grain boundaries, representing hindrances in respect to oxygen transport through the
BSCF membrane.



8.6. CONCLUSIONS

Yttrium doped BSCF shows no formation of the plate-like regions at all four temperatures
(Fig. 8.21) and therefore no decrease in electrical conductivity occurs (Fig. 8.22). By this
substitution, the BSCF system can be stabilized to operate at temperatures lower than
900 °C; therefore increasing the efficiency in an oxygen transport membrane module for
air separation.
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Chapter 9

Summary and Outlook

The pressing problem of growing anthropogenic CO,-emissions into the atmosphere requires new
methods in order to avoid a global climate catastrophe. Carbon Capture and Sequestration (CCS)
technology is in active development, aiming to separate CO, from the exhaust gases of a com-
bustion process with the intention of storing the greenhouse gas securely (for example in depleted
natural gas reservoirs) before it can be introduced into the atmosphere. Prime candidates for the
implementation of this concept are highly localized point sources of vast amounts of CO,, mainly

fossil fueled power plants around the world.

Amongst other concepts, the Oxyfuel process can provide nearly pure CO, after a combustion
process by avoiding the introduction of nitrogen into the process. In principle, this means burning
the fuel in a pure oxygen atmosphere instead of using ambient air, consequently receiving pure
CO; in the exhaust gas after filtering soot, SOy, and condensing the present water vapor.

Providing pure oxygen in the vast amounts needed in a power plant is an energy demanding task,
resulting in severe reduction of power plant efficiency. The most effective way could be the im-
plementation of ceramic oxygen transport membranes (OTMs). Mixed ionic-electronic conduct-
ing (MIEC) ceramics can — at elevated temperatures above 700 °C — provide the necessary
amount of oxygen while needing only half of the energy that would be consumed by cryogenic

air separation techniques.

As very promising candidates for membrane materials, perovskites ABO;3 (with A: Sr, Ba, La, ...
and B: Fe, Co, ...) have been under special investigation by the scientific community due to their
relatively good stability, flexibility concerning cation substitutions, and high achievable oxygen
fluxes. Four most interesting materials already known as cathode materials from solid oxide fuel
cell (SOFC) research are LagssSro4Co2Feos0s.5 (LSCF), PrgssSrosCop2FeosOss (PSCF),
Lag ¢Sr94C00s.5 (LSC), and BagsSrgsCogsFep203.5 (BSCF), which all feature relatively good
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thermal and chemical stability while providing high oxygen permeation rates. These four mate-
rials are investigated in this thesis, with the main focus predominantly on BSCF, which is the sole
candidate so far able to exceed an oxygen permeation rate of 10 mly cm™ min™', which has been
formulated during the MEM-BRAIN project1 as minimum rate in order to guarantee feasibility of

the use of a membrane air separation unit in fossil fueled power plants.

The defining parameters of an OTM are the oxygen transport parameters that describe the oxygen
surface exchange (£°) and the bulk diffusion of oxygen ions through the crystal lattice (D°) and
give information about the performance of a candidate material. Aside from the sole capability of
providing high oxygen fluxes, ceramic membranes also have to be able to cope with the harsh op-
erating conditions: stability at high temperatures, chemical stability issues in contact with the pre-
sent gas atmospheres at both sides of the membrane, low oxygen partial pressures pO,, as well as

the necessary long term stability under these operating conditions.

This thesis features investigations into these issues pertaining mainly to the BSCF system, but
branching out towards similar measurements on LSCF, PSCF and LSC where a new contribution

to the community’s knowledge could be made.

The materials were investigated in the form of powders, dense sintered bulk samples as well as
thin films, each giving different opportunities to investigate the perovskite systems. Powders have
been used to produce sintered samples and discern the sintering behavior of the material, as well
as (in combination with pre- and post-test X-ray diffraction measurements) for thermal stability
investigations (phase stability) and determining the stability limits at low oxygen partial pres-
sures. Sintered bulk samples yielded insights into electrical behavior in dependence on tempera-
ture and oxygen partial pressure and provided the possibility for oxygen exchange parameter ex-
traction by means of electrical conductivity relaxation (ECR) measurements as well as for electri-
cal long term measurements presenting the chance to monitor slow phase changes in the material.
Also, thin films deposited on NdGaOs; (in the case of BSCF epitaxial as well as polycrystalline)
presented the possibility of investigating surface related processes, i.e. surface morphology
changes with temperature or low oxygen partial pressures, exchange parameter extraction at in-
termediate temperature by means of ECR in the frequency domain or in-situ degradation meas-
urements in low-concentration CO, atmospheres. The epitaxial thin films additionally facilitated
investigations of the BSCF system in the absence of grain boundaries. However, stress and strain

introduced by the substrate influence the measurement results and have to be taken into account.

One central measurement setup in this thesis has been the closed tubular zirconia “oxygen
pump”, formerly used at IWE for partial pressure dependent conductivity measurements on, e.g.,
SrTiO;-based materials, that has been upgraded in order to be used for measurements on the high-
ly conductive MIEC oxides. The setup has further been extensively enhanced and validated (with

the help of well-known metal oxides) in order to perform both coulometric titration investigations

! Helmholtz Alliance MEM-BRAIN: "Gas separation membranes for zero-emission fossil power plants", joint
project funded by the German Helmholtz Association of German Research Centers, duration: 2007-2011.
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with respect to pO,-dependent stability and oxygen stoichiometry changes as well as electrical

conductivity relaxation (ECR) measurements on different MIEC compositions.

Once established, oxygen stoichiometry changes in BSCF could be quantified in dependence on
oxygen partial pressure down to its decomposition limit. For all investigated compositions
(LSCF, PSCF, BSCF, LSC) the pO, stability range at 700...900 °C is easily sufficient for most

applications (SOFC cathodes, oxygen-transport membranes).

Measurements in this setup also presented an inherent problem pertaining to conductivity values
of BSCF determined and published in literature at mid-range temperatures (400 °C...600 °C) and
low oxygen partial pressures (pO, < 10 bar): in both cases, true equilibrium conductivity values
can only be extracted after — sometimes extensively — long dwelling times. Conductivity meas-
urements over temperature reveal extensive hysteresis while heating up and cooling down, requir-
ing dwelling times of several tens of hours to get the true equilibrium conductivity at a given
mid-range temperature between 400 °C and 600 °C. The same problem occurs at low oxygen par-
tial pressures, requiring — even though the temperature is as high as 900 °C — dwelling times of
several hundreds of hours before equilibrium is reached. Reversibility has been shown, so this is
not a phase change or decomposition phenomenon, but rather owed to rapidly decreasing oxygen
exchange parameters D° and &° at these low oxygen partial pressures. These facts have to be con-
sidered when comparing literature values for MIEC materials in cases where no detailed informa-

tion is given to the exact method and conditions of the measurement.

With the performed enhancements, the oxygen pump setup could be used to extract k° values for
LSCF, PSCF and BSCF at 900 °C between 10~ bar and 0.1 bar pO, not previously available in
literature, and perfectly supplemented by the value for LSCF extracted at ambient air pressure by
means of electrical impedance spectroscopy (EIS) measurements on an SOFC cathode. Parameter
extraction on LSCF at 800 °C proved the setup and method to be accurate as shown by means of
comparison with literature data. A visualization method comparing the mathematical fit to the
measured sample response allows easy evaluation of the data quality. Ongoing work looking into
adaptation of sample size, step change magnitude and in every case specific required controller
parameter adaptation will enable measurements in an even larger pO, and temperature range as
well as give results in closer proximity to the true equilibrium at a given partial pressure (one of

the inherent problems with ECR techniques in the time domain).

Near-equilibrium values can be extracted by using ECR in the frequency domain. This was done
on BSCF epitaxial and polycrystalline thin films as well as LSCF polycrystalline thin films in
synthetic air at intermediate temperatures from 400 °C to 700 °C, further broadening the available
field of information for these materials. The used mathematical model had formerly been devel-
oped for single-crystalline MIEC systems but has nonetheless been shown to be applicable for pa-
rameter extraction on these thin film samples, hence enabling near-equilibrium surface exchange
parameter determination as opposed to the (by design) non-equilibrium measurements using ECR

in the oxygen pump setup. Measurements on BSCF thin films revealed a higher activation energy
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exhibited by the polycrystalline film in comparison to the epitaxial ones, giving further evidence
to the previous assumption of lessened substrate influence — and therefore better oxygen ex-

change at higher temperatures — on the polycrystalline system.

Furthermore, by performing ECR measurements in the frequency domain in the used kinetic set-
up, changes in the thin film’s surface performance due to the presence of selectable gaseous con-
taminants can be monitored in situ. For an epitaxial BSCF thin film, this was done concerning
low concentrations of carbon dioxide in synthetic air: BSCF thin films degrade in atmospheres
containing even small amounts of CO; (thrice the concentration of ambient air). Carbonate for-
mation proved to be partly reversible; however, at higher amounts (already at 1 % CO;) the thin

film was irreversibly destroyed as revealed by combined SEM/EDX as well as TEM analyses.

Long term conductivity measurements on BSCF bulk samples (approx. 800 hours dwelling time
at each temperature) revealed near-constant performance at 900 °C, while showing slow changes
(degradation) in the BSCF system at 800 °C and a subsequent increase in conductivity after cool-
ing to 700 °C. Significant changes in conductivity on the timescale of mere days during these
long term measurements could be attributed to meteorological changes in ambient air pressure
and somewhat corrected by application of knowledge pertaining to o(pO,,7) gained through

measurements in low oxygen partial pressures in the oxygen pump setup.

The detected decrease in electrical conductivity in these bulk samples triggered investigations
into thermal phase stability by annealing BSCF powders in ambient air at different temperatures
with subsequent XRD analyses. This revealed the occurrence of a hexagonal phase in the cubic
BSCF system at 800 °C, leading to a phase equilibrium between cubic and hexagonal phase with
a fo9 of around 40 days. Annealing times of 72 hours revealed observable phase transition at tem-
peratures below 840 °C that proved to be independent of any trace gases in the atmosphere. The
hexagonal phase transforms back to purely cubic after subsequent annealing at 900 °C. Transition
to the hexagonal phase also occurs at 700 °C, albeit with a different phase equilibrium, shifted
more in favor of the cubic configuration in comparison to the equilibrium at 800 °C, explaining
the detected increase in bulk conductivity measured in the long term experiment. Conductivity
degradation is more pronounced in samples with smaller average grain size, indicating that phase
transformation predominantly occurs at grain boundaries. This assumption has been verified by
SEM/TEM analyses done at the Laboratory for Electron Microscopy (LEM), KIT, on annealed

and quenched bulk samples.

In additional long term measurements, the degradation process at 800 °C could be seen to consist
of two steps, the first being a faster degradation during the first 100 hours of the measurement,

followed by the slow long term formation of the hexagonal phase.

SEM/TEM analyses at LEM showed this first, faster process to be the formation of plate-like
regions, consisting of a lamellar substructure of cubic, hexagonal and layered barium cobalt oxide
phases. Also revealed was the strong iron-depletion in the hexagonal phase, explaining the slow

formation by the necessity of large-scale cation migration.
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As all these secondary phases have detrimental influence on the possible oxygen permeation rate,
efforts have been made to avoid phase transitions at temperatures ~800 °C. To this end, doping
the B-site of the BSCF perovskite with small amounts of Y, Sc or Zr was used to stabilize the cu-

bic matrix by introducing single-valent cations.

Annealing experiments and subsequent SEM/TEM analyses at LEM proved the BSCF3Y sample
(3 at% Y-doping on the perovskite’s B-site) to show no formation of the plate-like regions at all
four temperatures (700, 800, 900 and 1000 °C) and therefore no decrease in electrical conductivi-
ty occurs during long term measurements in this temperature range. Stability improves even more
by increasing the amount of doping to 10 at%. Literature data and preliminary permeation meas-
urements suggest no negative impact on achievable oxygen flux through BSCFnY membranes for
low dopant concentrations of up to 3 at%. Using this phase stabilization, membranes made from
this material can be operated at temperatures lower than 900 °C; therefore increasing the efficien-

cy in a membrane air separation reactor.

Yttrium dopant concentrations of 10 at%, however, result in a drop in oxygen permeation of ap-
prox. 20 %. This could be rectified by enhancing the effective surface exchange parameter &° of a
membrane made from BSCF10Y, currently under investigation in the context of a DFG project’:
investigations look into enhancing oxygen surface exchange rates of membranes by geometrically
enlarging the active surface (enhancing the oxygen transfer through the surface by a decade)
and/or introducing catalytically active surface modifications like hetero-interfaces of

(La,Sr)Co0s.5 / (La,Sr),Co04.5, capable of enhancing the oxygen transfer by a factor of 50°.

Using this technique, the requested flux of 10 mly cm™ min™ (benchmark value formulated in the
MEM-BRALIN project) should easily be possible and the introduction of high performance mem-
brane modules for the Oxyfuel process in order to avoid further large-scale anthropogenic CO,

emissions could become reality.

? Project “Leistungsfihige mischleitende Membranen mit nanoskaligen Funktionsschichten® funded by the German
Research Foundation (Deutsche Forschungsgemeinschaft, DFG) under grant no. IV 14/21-1.

3. Hayd, H. Yokokawa, E. Ivers-Tiffée, "Hetero-Interfaces at Nanoscaled (La,Sr)CoO;; Thin-Film Cathodes
Enhancing Oxygen Surface-Exchange Properties", J. Electrochem. Soc. 160, pp. F351-F359 (2013).
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Appendix A

List of Samples

A.1 Powder Samples

Powder Composition Preparation | Prepared/ | Particle Size
Route Supplied by Dsy / pm
BSCF Ba0'5Sr0'5COO.8FeO>QO3_5 Mixed Oxide IKTS 2.40
Hermsdorf
LSCF Lao_5gSr0_4C00_2Feo_gO3_5 Spray IEK-I, 2...3
Pyrolysis FZ Jilich
LSC Lag 6Sr94C00;3.5 Mixed Oxide IWE 2...3
PSCF Pro.58510.4C002Fe0 8035 Spray [EK-1, 2.3
Pyrolysis FZ Jiilich
BSCF3Y (Bao‘sSI‘OAs)(C00'3F60A2)0A97Y0,0303_5 Mixed Oxide IKTS 7.1
Hermsdorf
BSCF3Sc (Ba()'sSI'o,s)(COo,gFeo‘z)o‘97SCO,o303_5 Mixed Oxide IKTS 6.3
Hermsdorf
BSCF3Zr (BaojSI‘O‘5)(C00A3F60,2)0,97ZI‘0.03O3_5 Mixed Oxide IKTS 5.8
Hermsdorf

A.2 Sintered Bulk Samples

Sintered bulk samples presented in this thesis are listed on the following pages. Please note that

the tables are presented on a double-page spread.
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APPENDIX A. LIST OF SAMPLES

Sample ID Composition Prepared / Pressing Conditions
Supplied by
FZJ-BSCF-02 Bag 5Srg sCogsFep 2035 IEK1- FZJ (IKTS | uniaxial with 10 kN/cm?
powder)
FZJ-PSCF-02 Pro58S1r94Cog2Fen 055 IEK1- FZJ uniaxial with 10 kN/cm?
(FZJ powder)
FZJ-BSCF-05 Bao<5SI‘0'5C00'gFeo'203_5 IEK1- FZJ (IKTS uniaxial with 10 kN/cm?
powder)
B-BSCF-001-A Bag 5Srg sCogsFep 2035 IEK1- FZJ (IKTS | uniaxial with 10 kN/cm?
powder)
B-BSCF-001-B Bag 5Srg sCogsFep 2035 IEK1- FZJ (IKTS | uniaxial with 10 kN/cm?
powder)
B-BSCF-003-A Bay 5Srg sCop.3Fep 2035 IEK1- FZJ (IKTS | uniaxial with 10 kN/cm?
powder)
B-BSCF-003-B Bao<5SI‘0'5C00'gFeo'203_5 IEK1- FZJ (IKTS uniaxial with 10 kN/cm?
powder)
B-BSCF-004-A Bag 5Srg sCogsFep 2035 IEK1- FZJ (IKTS | uniaxial with 10 kN/cm?
powder)
B-BSCF-004-B Bag 5Srg sCogsFep 2035 IEK1- FZJ (IKTS | uniaxial with 10 kN/cm?
powder)
B-LSCF-014 Lag 53Srg4Co0g2Fe 303.5 IEK1- FZJ uniaxial with 10 kN/cm?
(FZJ powder)
B-BSCF-026A Bag 5Srg sCop.3Fep 2035 IEK1- FZJ (IKTS | uniaxial with 10 kN/cm?
powder)
B-BSCF-028A BaoA5SI'0‘5CO()'gFeoA203_3 IEK1- FZJ (IKTS uniaxial with 10 kN/cm?
powder)
B-BSCF-028B BaoA5Sr0‘5C00‘gFeoA203_5 IEK1- FZJ (IKTS uniaxial with 10 kN/cm?
powder)
B-BSCF-029A Bag 5Srg sCop.sFep 2035 IEK1- FZJ (IKTS | uniaxial with 10 kN/cm?
powder)
B-LSC-056 Lag ¢Srp4Co005.5 IWE isostatic with 20 kN/cm?
(IWE powder)
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A.2. SINTERED BULK SAMPLES

Sintering Density | Grain Sample Comments
Conditions Size / | Dimensions /
(in Air) nm mm?
12hat 1000 °C | >95% ~25 | ~10x6x 1.2 | cutby ultrasonic lapping, mechanically
polished with P1200 emery paper,
contacting: Pt wire & paste (1050 °C, 1 h)
Shat1250°C | >95% nfa | ~10x6x 1.1 | contacted with Pt wire & paste (1050 °C,
1 h)
12hat 1000 °C | >95% ~25 | ~10x6x 1.2 | cutby ultrasonic lapping, mechanically
polished with P1200 emery paper,
contacting: Pt wire & paste (1050 °C, 1 h)

12hat 1000 °C | >95% ~25 | ~10x5x 1 |contacting: Pt wire & paste (1050 °C, 1 h)

12hat 1000 °C | >95% ~25 ~10x5x1 for structural analysis

50hat1150°C| >95% | ~90 | ~10x5x 1 |contacting: Pt wire & paste (1050 °C, 1 h)

50hat1150°C| >95% | ~90 | ~10x5x1 for structural analysis

50hat1120°C | >95% ~50 | ~10x5x 1 |contacting: Pt wire & paste (1050 °C, 1 h)

50hat1120°C | >95% ~50 | ~10x5x1 for structural analysis

S5hat1200°C | >95% nfa | ~10x6x 1.1 | contacted with Pt wire & paste (1050 °C,

1 h)

12hat 1000°C | >95% ~25 ~5x5x1 quenched after 24 h at 1000 °C in air

12hat 1000 °C | >95% ~25 ~5x5x1 quenched after 24 h at 1000 °C and 100
h at 900 °C in air

12hat 1000 °C | >95% ~25 ~5x5x1 quenched after 24 h at 1000 °C and 100
h at 800 °C in air

12hat 1000°C | >95% ~25 ~5x5x1 quenched after 24 h at 1000 °C and 100
h at 700 °C in air

12hat1350°C | >95% n/a 14.1x54x contacted with Pt wire & paste

1.1

(1050 °C, 1 h)
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APPENDIX A. LIST OF SAMPLES

Sample ID Composition Prepared / Pressing Conditions
Supplied by
B-BSCF3Zr-059 (Bap 5Sro5)(CopsFeo2)097 [IWE (IWE powder)| isostatic with 27 kN/cm?
Zr9,0303.5
B-BSCF-3Y-119 (Bay.5Sr.5)(Cog.sFeo2)0.97 IWE (IKTS isostatic with 27 kN/cm?
Y0.0303:5 powder)
B-BSCF-3Sc-121 (Bay.5Sr.5)(Cog.sFe2)0.97 IWE (IKTS isostatic with 27 kN/cm?
S¢0.0303-5 powder)
B-BSCF-3Zr-128 (Ba()jSI'()<5)(C00'3F60<2)()‘97 IWE (IKTS isostatic with 27 kN/cm?
71003035 powder)
B-BSCF-3Y-132 (Bay5Sr.5)(Cog.sFeo2)0.97 IWE (IKTS isostatic with 27 kN/cm?
Y0.0303-5 powder)
B-BSCF3Sc-133 (Bay 5Sro.5)(CogsFe2)0.97 IWE (IKTS isostatic with 27 kN/cm?
S¢0.030s.5 powder)
B-BSCF3Sc-134 (Bay 5Sro.5)(Coo.sFen2)0.07 IWE (IKTS isostatic with 27 kN/cm?
Sc0.030s.5 powder)
B-BSCF3Zr-135 (Bag5Sro.5)(Cog.sFeo2)0.97 IWE (IKTS isostatic with 27 kN/cm?
Zr0_0303_5 powder)
B-BSCF3Zr-136 (Bag 5Sro.5)(Cog.sFe2)0.97 IWE (IKTS isostatic with 27 kN/cm?
Z10.0303.5 powder)
B-BSCF3Y-139 (Ba()_5SI'()A5)(C00A3FCOA2)0A97 IWE (IKTS isostatic with 27 kN/cm?
Y0.03035 powder)
B-BSCF3Y-140 (Ba()_sSI'()'5)(C00'8FC()'2)0.97 IWE (IKTS isostatic with 27 kN/cm?
Yo0.03035 powder)
B-BSCF3Sc-141 (Bay.sS19.5)(Cog.sFen2)0.97 IWE (IKTS isostatic with 27 kN/cm?
S¢0.0303-5 powder)
B-BSCF3Sc-142 (Bay5St0.5)(Cop.sFen2)0.97 IWE (IKTS isostatic with 27 kN/cm?
SCo,o303_5 powder)
B-BSCF3Zr-143 (Bao.5SI'()'5)(C00<8F60.2)0'97 IWE (IKTS isostatic with 27 kN/cm?
710030325 powder)
B-BSCF3Zr-144 (Bay.5S10.5)(Cog.8Fe0.2)0.97 IWE (IKTS isostatic with 27 kN/cm?
71003035 powder)

B-BSCF-145

Bay 5sSr95Cop.sFen 20325

[EK1- FZJ (IKTS
powder)

uniaxial with 10 kN/cm?
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A.2. SINTERED BULK SAMPLES

Sintering Density | Grain Sample Comments
Conditions Size / | Dimensions /
(in Air) nm mm?

12 h at 1050 °C n/a n/a | ~15x6x 1.6 |contacted by DC sputtering with Pt and Pt
wire & paste (1050 °C, 1 h)

12 h at 1050 °C n/a n/a n/a for structural analysis

12 h at 1050 °C n/a n/a n/a for structural analysis

12 h at 1050 °C n/a n/a n/a for structural analysis

12 hat 1100 °C n/a n/a n/a for structural analysis

12 hat 1100 °C 89 % n/a | ~15x6x 1.6 |contacted by DC sputtering with Pt and Pt
wire & paste (1050 °C, 1 h)

12 hat 1100 °C 89 % n/a | ~15x6x 1.6 |contacted by DC sputtering with Pt and Pt
wire & paste (1050 °C, 1 h)

12hat 1100 °C 85 % n/a | ~15x6x 1.6 |contacted by DC sputtering with Pt and Pt
wire & paste (1050 °C, 1 h)

12 hat 1100 °C 85 % n/a n/a for structural analysis

12hat 1150 °C 86 % n/a | ~15x6x 1.7 |contacted by DC sputtering with Pt and Pt
wire & paste (1050 °C, 1 h)

12hat 1150 °C 86 % n/a | ~15x6x 1.3 |contacted by DC sputtering with Pt and Pt
wire & paste (1050 °C, 1 h)

12hat 1150 °C n/a nfa |~15x6x1.8 for structural analysis

12hat 1150 °C n/a nfa |~15x6x0.6 for structural analysis

12hat 1150 °C n/a na |~15x6x1.6 for structural analysis

12hat 1150 °C n/a na |[~15x6x0.9 for structural analysis

12hat 1000 °C | >95% ~25 ~12x6x2 | contacted by DC sputtering with Pt and

Pt wire & paste (1050 °C, 1 h)
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Sample ID Composition Prepared / Pressing Conditions
Supplied by

B-BSCF-146 Bag 5SrpsCoggFep 2035 IEK1- FZJ (IKTS | uniaxial with 10 kN/cm?
powder)

B-BSCF-147 Ba 5Srg sCop.sFep 2035 IEK1- FZJ (IKTS | uniaxial with 10 kN/cm?
powder)

B-BSCF-148 Bao_5SI'0‘5CO()_gFC()A203_5 IEK1- FZJ (IKTS uniaxial with 10 kN/cm?
powder)

B-BSCF3Zr-151A (Ba()jSI'()<5)(C00'3F60<2)()‘97 IWE (IKTS isostatic with 27 kN/cm?
710030325 powder)

B-BSCF3Sc-155B | (BagsSro.5)(CopsFeo2)o.or IWE (IKTS isostatic with 27 kN/cm?
SC()'()303_5 powder)

B-BSCF3Sc-156A | (BagsSro.5)(CogsFeo)oo7 IWE (IKTS isostatic with 27 kN/cm?
S¢0.030s.5 powder)

B-BSCF3Sc-157A | (BagsSr5)(CogsFeo2)0.97 IWE (IKTS isostatic with 27 kN/cm?
Sc0.030s.5 powder)

B-BSCF-3Y-161B (Ba()_sSI'()'5)(C00'8FC()'2)0.97 IWE (IKTS isostatic with 27 kN/cm?
Y0.0303-5 powder)

B-BSCF-3Y-162A (Ba()jSI’0'5)(C00'3F60<2)0‘97 IWE (IKTS isostatic with 27 kN/cm?
Y0.0303-5 powder)

B-BSCF3Y-163A (Ba()_5SI'()A5)(C00A3FCOA2)0A97 IWE (IKTS isostatic with 27 kN/cm?
Y0.030325 powder)

B-BSCF-3Zr-205 | (BaysSro5)(CoosFeo2)0.97 IWE (IKTS isostatic with 27 kN/cm?
B ZI‘().()303_5 powder)

B-BSCF-3Zr-207 | (BaysSro5)(CopsFeo2)o.97 IWE (IKTS isostatic with 27 kN/cm?
A 710030325 powder)

B-BSCF-225 Bag 5Srg sCog sFep 2035 IWE (IWE isostatic with 27 kN/cm?
powder)

B-BSCF-3Y-242 (Bao‘5Sro's)(CO()‘gFe()'z)o'w IWE (IWE isostatic with 27 kN/cm?
Y0.030s25 powder)

B-BSCF-10Y-246 (Ba().5SI‘0'5)(C00‘8F60'2)0'9 IWE (IWE isostatic with 27 kN/cm?
Y0103 powder)

B-BSCF-249 Bay 5S195C00 sFep 2035 IWE (IWE isostatic with 27 kN/cm?
powder)
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A.2. SINTERED BULK SAMPLES

Sintering Density | Grain Sample Comments
Conditions Size / | Dimensions /
(in Air) pm mm?®
12hat 1000 °C | >95% ~25 | ~12x6x2 |contacted by DC sputtering with Pt and Pt
wire & paste (1050 °C, 1 h)
12hat 1000 °C | >95% ~25 ~12x6x2 |contacted by DC sputtering with Pt and Pt
wire & paste (1050 °C, 1 h)
12hat 1000 °C | >95% ~25 | ~12x6x2 |contacted by DC sputtering with Pt and Pt
wire & paste (1050 °C, 1 h)
12 hat 1100 °C n/a n/a ~5x5x1 [quenched after 10 h at 1000 °C and 100 h
at 700 °C in air
12 hat 1100 °C n/a n/a ~5x5x1 |quenched after 10 h at 1000 °C and 100 h
at 900 °C in air
12 hat 1100 °C n/a n/a ~5x5x1 |[quenched after 10 h at 1000 °C and 100 h
at 800 °C in air
12 hat 1100 °C n/a n/a ~5x5x1 [quenched after 10 h at 1000 °C and 100 h
at 700 °C in air
12hat 1100 °C n/a n/a ~5x5x1 |quenched after 10 h at 1000 °C and 100 h
at 900 °C in air
12 hat 1100 °C n/a n/a ~5x5x1 |quenched after 10 h at 1000 °C and 100 h
at 800 °C in air
12 hat 1100 °C n/a n/a ~5x5x1 |quenched after 10 h at 1000 °C and 100 h
at 700 °C in air
12 hat 1100 °C n/a n/a ~5x5x1 quenched after 24 h at 1000 °C and 100
h at 900 °C in air
12 hat 1100 °C n/a n/a ~5x5x1 quenched after 24 h at 1000 °C and 100
h at 800 °C in air
12 hat 1050 °C n/a n/a ~15x6x2 contacted with Pt wire & paste
(1050 °C, 1 h) for long term meas.
12 hat 1150 °C n/a n/a ~15x6x2 contacted with Pt wire & paste
(1050 °C, 1 h) for long term meas.
12hat 1150 °C n/a n/a ~15x6x2 contacted with Pt wire & paste
(1050 °C, 1 h) for long term meas.
12 hat 1050 °C n/a n/a ~15x6x2 contacted with Pt wire & paste

(1050 °C, 1 h) for long term meas.
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A.3 Thin Films on NGO (110) Single-Crystalline Substrates

Sintered thin film samples presented in this thesis are listed on the following pages. Please note
that the table is presented on a double-page spread.

Sample ID

Composition

Target Preparation

PLD-BSCF-11a

Bay 5Sr9.5Cog sFe0 20325

IWE (sintered at 1100 °C, 10 h, from
IWE-BSCF-01-3100h powder)

PLD-BSCF-17n1

Bay 5Sr9.5Cog.sFeo 20325

IWE (sintered at 1100 °C, 10 h, from
IWE-BSCF-01-3100h powder)

PLD-BSCF-17n2

Bay 5Sr9.5Cog sFe0 20325

IWE (sintered at 1100 °C, 10 h, from
IWE-BSCF-01-3100h powder)

PLD-BSCF-18nl

Bay 5Sr9.5Cog sFe0 20325

IWE (sintered at 1100 °C, 10 h, from
IWE-BSCF-01-3100h powder)

PLD-BSCF-18n2

Bay 5sSrpsCop sFeo 20325

IWE (sintered at 1100 °C, 10 h, from
IWE-BSCF-01-3100h powder)

PLD-BSCF-19n1

Bay 5Sr9.5Coo sFe0 2035

IWE (sintered at 1100 °C, 10 h, from
IWE-BSCF-01-3100h powder)

PLD-BSCF-19n2

Bay 5Sr9.5Cop sFe) 20325

IWE (sintered at 1100 °C, 10 h, from
IWE-BSCF-01-3100h powder)

PLD-BSCF-23n2

Bay 5SrpsCop sFeo 20325

IWE (sintered at 1100 °C, 10 h, from
IWE-BSCF-01-3100h powder)

MOD-BSCF-066

Bay 5Sr9.5Cog.sFeo 20325

from MOD solution (Kojundo, Japan)

MOD-BSCF-068

Bay 5Sr95Cog.sFep 20325

from MOD solution (Kojundo, Japan)

D-LSCF-028 Lag 53Sro.4Cog2Fep 5035 from MOD solution (ISC, Wiirzburg)
D-LSCF-036 Lag 53Srg4Cog2Fe 303.5 powder target (IEK-1, FZJ)
D-LSCF-037 Lag 58S1r94Co02Fep 3055 powder target (IEK-1, FZJ)
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A.3. THIN FILMS ON NGO (110) SINGLE-CRYSTALLINE SUBSTRATES

Preparation Film Thickness / Comments
(ISC, IEK-1, CINC2, IWE) nm
CINC2, at 700 °C in 0.4 mbar O, 340 Pt-contacted (2-wire) (1050 °C, 1 h)
10000 laser pulses
CINC2, at 700 °C in 0.4 mbar O,, 340 Pt-contacted (2-wire) (1050 °C, 1 h)
10000 laser pulses
CINC2, at 700 °C in 0.4 mbar O, 340 Pt-contacted (2-wire) (1050 °C, 1 h)
10000 laser pulses
CINC2, at 700 °C in 0.4 mbar O, 340 Au-contacted (2-wire) (900 °C, 1 h)
10000 laser pulses
CINC2, at 700 °C in 0.4 mbar O,, 340 Au-contacted (2-wire) (900 °C, 1 h)
10000 laser pulses
CINC2, at 700 °C in 0.4 mbar O, 136 not contacted
4000 laser pulses
CINC?2, at 700 °C in 0.4 mbar O,, 136 not contacted
4000 laser pulses
CINC2, at 700 °C in 0.4 mbar O,, 340 Au-contacted (2-wire) (900 °C, 1 h)
10000 laser pulses
IWE (Dr. Asano), 5-time ~50 Au-contacted by DC sputtering
spin-coated, annealed at 950 °C
IWE (Dr. Asano), 5-time ~50 Au-contacted by DC sputtering
spin-coated, annealed at 950 °C
ISC, spin-coated, 125 Pt-contacted (2-wire) (1050 °C, 1 h)
annealed 1 h at 1000 °C in air
IEK-1, Sputtering ~ 1000 Pt-contacted (2-wire) (1050 °C, 1 h)
IEK-1, Sputtering ~ 1000 Pt-contacted (2-wire) (1050 °C, 1 h)
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Publications

The results obtained in this thesis have been presented to representatives from science and industry

by publications in international journals and presentations at national and international confer-

ences. This section contains a list of those publications and conference presentations.
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900 °C”, Solid State Ionics, in press (2015).
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fore, its properties are the main focus of this work. Powders, dense sintered bulk
samples, and thin films (epitaxial/polycrystalline) in conjunction with XRD, SEM/
TEM and EDX techniques have been used for stability investigations (thermal and
at low oxygen partial pressures), measuring the electrical behavior in depend-

ence on temperature and oxygen partial pressure and also for oxygen exchange
parameter extraction by means of electrical conductivity relaxation. These inves-
tigations yielded a deeper understanding of the BSCF system (and similar materi-
als of interest) and resulted in a doping strategy, where yttrium doping proved to
stabilize BSCF for OTM use at the convenient operating temperature of 800 °C.
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