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Abstract

Alkaline-earth and cobalt-based perovskite oxides stand out in the family of mixed oxygen ionic and
electron conducting (MIEC) materials as a result of their extraordinary transport properties. These
cubic perovskites are renowned for their potential applications toward oxygen separating membranes
used in membrane reactors, as well as for cathodes in solid-oxide fuel cells. However, their reliable
use can be hindered by phase decomposition of the cubic perovskite structure at intermediate
temperatures (773-1073 K), as well as poor chemical stability in the presence of CO,. Within the
scope of the presented thesis, both of these major issues were extensively studied. Seven original
research articles were produced during the course of this work, including a discussion of how these
problems can be solved.

In chapter 2, the decomposition process of  (BagsSros)(CopsFep2)0s5  and
(BapgSro.2)(CopgFep2)035 at temperatures below 1173 K was elucidated using powder X-ray
diffraction (XRD) and various transmission electron microscopy (TEM) techniques. Transformation of
the cubic perovskite structure into hexagonal or hexagon-related perovskite phases was observed in
both systems. This process was driven by a combined valence and spin-state transition of cobalt
cations, leading to considerable diminution of their effective ionic radii. Large effective ionic radii are
not tolerated in cubic perovskite structures that contain large barium and strontium cations.

Hence, the cubic perovskite structure of alkaline earth-based perovskite at intermediate
temperatures can be stabilized by the substitution of cobalt with iron in the crystal lattice. This aspect
is discussed in chapter 3 via the introduction of a novel cobalt-free perovskite material
(BagsSros)(FegsCup2)O35. Apart from its excellent phase stability at relevant temperatures, the
(Baps5Sros)(FeosCug2)Os5 membrane exhibits the highest oxygen permeation flux of known cobalt-free
materials so far.

Chapter 4 summarizes the effect of CO, on (BagsSros)(F€0sZNg2)0s.5 and Ba(CosFeyZr,)Os.5
perovskites, which were developed as an alternative to cobaltites because of their enhanced phase
stability at intermediate temperatures and because of their desirable thermo-mechanical properties. It
was found that the oxygen permeation performance of both membrane materials broke down
completely in the presence of CO,. Furthermore, the perovskites were partially decomposed into
carbonates and distorted perovskite phases after contact with CO,, which was accompanied by the
segregation of zinc or cobalt, respectively, as confirmed through (in-situ) XRD and TEM investigation.
It was also discovered that the oxygen permeation and membrane microstructures were fully
recovered under CO,-free conditions.

The assumption that calcium-containing, perovskite-like (LageCag4)(CoggFep2)035 and
(LageCag4)Fe035 may provide CO,-stable membrane materials, owing to the lower thermodynamic
stability of calcium carbonate compared with barium- and strontium-carbonate, is discussed and finally
confirmed in chapter 5. An alternative approach to overcome CO,-intolerance lies in the concept of
alkaline-earth free dual-phase membranes. This concept is also presented in chapter 5. Membranes
containing 40 wt. % NiFe,0,, as the electronic conductor, and 60 wt. % Ce(¢Gdy10,5 as the

electrolyte, can be considered promising materials for applications that require the presence of CO.,.
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Zusammenfassung

Oxide mit Perowskitstruktur, die Erdalkalimetalle sowie Cobalt enthalten, ragen aufgrund ihrer
auBBergewthnlichen Transport-Eigenschaften in der Klasse der gemischt Sauerstoff-lonen und
elektronenleitenden Materialien heraus. Allerdings wird ihre grof3technische Anwendung, z.B. in
Membranreaktoren oder als Kathode in Fest-Oxid Brennstoffzellen, erschwert, da sich die kubischen
Perowskit Strukturen im mittleren Temperaturbereich (773-1073 K) zersetzen. Desweiteren zeigen
Erdalkalimetall-haltige Oxide eine schlechte chemische Stabilitdt gegentuber CO,. Im Rahmen der
vorgelegten Dissertation werden die genannten Problemstellungen sowie mdgliche Lésungsansatze
intensiv diskutiert, woraus sieben Forschungsarbeiten resultierten.

In Kapitel 2 wird der Zersetzungsprozess, der unterhalb von 1173 K eintritt, von
(Bag5Sros)(CopgFep2)0ss und (BaggSro.)(CopsFegs)0ss mit Hilfe der Rontgenpulverdiffraktometrie
(XRD) und der Transmissionselektronenmikroskopie (TEM) untersucht. In beiden Systemen findet
eine Umwandlung in hexagonale oder hexagonal verzerrte Phasen statt. Triebkraft dieser
Umwandlung ist ein gekoppelter Valenz- und Spinlibergang der Cobaltkationen, wodurch der
lonenradius verringert wird, was durch die kubische Perowskitstruktur nicht toleriert wird.

Die kubische Perowskitstruktur kann im mittleren Temperaturbereich stabilisiert werden, indem
Cobalt durch Eisen ersetzt wird. Dies wird in Kapitel 3 anhand des neuen Cobalt-freien
Perowskitmaterials (BagsSros)(FeosCuo2)Oss gezeigt. Neben exzellenter Stabilitdt im relevanten
Temperaturbereich, weist die (BagsSros)(FeqsCup»)0s5 Membran den hdchsten Sauerstofffluss aller
bekannten Cobalt-freien Materialien auf.

Kapitel 4 behandelt den Einfluss von CO, auf die Perowskite (BagsSros)(FeggZng2)Oss und
Ba(CoFe,Zr,)O35. Diese wurden als Alternative zu Cobaltiten entwickelt, da sie erhohte
Phasenstabilitat im  mittleren Temperaturbereich sowie verbesserte thermomechanische
Eigenschaften besitzen. In Anwesenheit von CO, jedoch brach die Sauerstoffionenleitfahigkeit beider
Membranmaterialien komplett ein. (In-situ) XRD sowie TEM Untersuchungen zeigten, dass sich die
Perowskite unter CO,-Einwirkung teilweise in Carbonate und verzerrte Perowskitphasen zersetzten.
Unter CO,-freien Bedingungen wurden die Mikrostruktur und die Sauerstoffionenleitfahigkeit beider
Membranen vollstandig regeneriert.

In Kapitel 5 wird die Annahme bestatigt, dass die Calcium-haltigen Perowskite
(LagsCag4)(CopgFep2)0s5 und (LageCags)FeOszs CO,-stabil sind, was auf die schlechtere
thermodynamische Stabilitait von Calciumcarbonat gegeniiber Barium- und Strontiumcarbonat
zuriickgefuhrt werden kann. In diesem Kapitel wird zusatzlich das Konzept Erdalkali-freier Dual-
Phasen Membranen vorgestellt, um dem Problem der CO,-Intoleranz zu begegnen. Das Material mit
der neuen Zusammensetzung aus 40 Gew.-% NiFe,O, (Elektronenleiter) und 60 Gew.-%
Cep9Gdo 10,5 (Elektrolyt) kann in Anwendungen unter CO,-haltiger Atmosphéare als besonderes

vielversprechend angesehen werden.
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1 Introduction

1.1 Motivation

The global consumption of energy continues to rise steadily, while global energy resources are
becoming more and more restricted. Because of the increasing world population and economic growth
of developing countries, the energy supply problem will become an acute challenge in the near future.
Furthermore, about 80% of the world currently uses energy that is produced from fossil fuels [1]. This
use may lead to incalculable consequences for the environment, like global climate change. Hence, a
challenge of material sciences-oriented chemistry research is to develop materials that transform the
present technical processes into more energy-saving and environmentally friendly methods, as well as
to invent novel and energy-efficient procedures. A class of materials that could meet these
requirements is mixed oxygen ionic and electron conducting (MIEC) ceramics that are based on

complex oxides with perovskite or perovskite-related structures.

air
L o+ 1]
I
N
0,
Oxygen separation Integrated systems
«  Production of pure oxygen or
oxygen enriched air
* CO, sequestration
Membrane reactor Solid oxide fuel

+ Partial oxidation chemistry cell

- Splitting of NO, and H,O » Power generation

Figure 1.1: Application fields of MIEC membrane materials.

Over the last two decades, MIEC ceramics have gained a lot of attention in industry and from
academia as a result of their versatile application potential as membrane materials [2]. Owing to their
ability to separate oxygen from gas mixtures with infinite selectivity, MIEC membrane materials with a
perovskite structure can be applied in many industrial processes where a constant supply or removal
of oxygen is required [8]. Figure 1.1 summarizes exemplary application fields of MIEC materials, when

used as membranes and as crucial components of integrated systems. Recently, MIEC membranes




1 Introduction

have gained additional interest because of their potential application for CO, capture in the oxygen
supply of power stations, according to the pre-combustion and oxyfuel concepts [9]. Both processes
utilize air separation to obtain pure oxygen prior to fuel combustion. In pre-combustion, pure oxygen is
used to perform a CO-CO, shift reaction [10]. On the other hand, in the oxyfuel process, fuel is burned
with nitrogen-free oxygen, which allows ideal capturing of the CO, as a single product after steam
condensation [11,12].

Furthermore, the MIEC perovskites can be used in membrane reactors that are integrated with a
catalyst. This method enables combination of the chemical reaction and product separation steps in
one device unit. This process results in energy and raw materials savings, as well as in reduced costs
[13]. Important catalytic processes, such as partial oxidation and oxidative dehydrogenation of
hydrocarbons, as well as the splitting of nitrogen oxides and water, can be successfully carried out in

MIEC perovskite-based membrane reactors [14-17].

interconnector fuel (H,, CH,, CO)

electrolyte

anode cathode

Figure 1.2: Schematic of a solid oxide fuel cell with the Siemens—Westinghouse tubular design [13].

Solid oxide fuel cells (SOFCs) can be considered one of the most important fields of application for
MIEC materials [13,14]. The main advantage of fuel cells is their ability to convert chemical energy
directly into electricity, resulting in higher efficiency energy production compared with conventional
methods [15]. A fully ceramic SOFC that is operated in the temperature range 773-1273 K can utilize
hydrogen, natural gas, or hydrocarbons without the Carnot limitation [16]. Figure 1.2 schematically
illustrates an SOFC with a tubular design, which consists of MIEC electrodes, a ceramic electrolyte,
and an interconnector. The electrodes are separated by gas-tight electrolytes. The oxygen in the
oxidant is reduced into ions at the cathode side and incorporated in the cathode material, because of
its MIEC properties. The oxygen ions are then transported through the electrolyte, which is an ionic
conductor, to the anode side. At this location, oxygen ions combine with the fuel in a cold combustion
process. The electrons, which form during this oxidation reaction, will be routed via an interconnector
back to the cathode side, where further reduction of oxygen takes place. Thus, electrical power can be
generated using the cell. A key factor for the performance of an SOFC lies in its high catalytic activity

for oxygen reduction and high electrical conductivity of the cathode material [17]. Because some
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perovskite ceramics exhibit good oxygen reduction properties, as well as high oxygen ionic and
electrical conductivities, they can be considered promising SOFC cathode materials.

The pioneering work of Teraoka et al. in the 1980s initiated extensive investigations into MIEC
materials by many research groups around the world up to the present time [18,19]. During this time, a
number of materials were developed that may be applied in the aforementioned industrial processes
[20]. However, some general issues were also revealed that hindered the final breakthrough of MIEC
materials. These problems often related to the high operating temperatures of devices that contain
MIEC components, like SOFC and membrane reactors. Conventionally, SOFCs are usually operated
at temperatures around 1273 K. This high operating temperature is required to improve the electrode
reaction kinetics. However, among other things these temperatures can lead to interfacial reactions
between the electrolyte, electrode, and interconnector, as well as induce crack formation owing to
different degrees of thermal dilatation in the cell components [21]. In MIEC-based membrane reactors,
the high operating temperatures are responsible for interactions during the catalytic partial oxidation of
hydrocarbons by thermal cracking, coking, and dehydrogenation of educts, apart from the poor
thermomechanical stability of the reactor [22]. By reducing the operating temperatures into the so-
called intermediate range, between 773 and 1073 K, some of these issues can be avoided. At lower
temperatures, however, the traditional MIEC materials (e.g., strontium-doped lanthanum manganite)
are unsuitable because of their poor transport properties [23,24]. Thus, alternative materials exhibiting
sufficiently high oxygen-ion and electron conductivities at intermediate temperatures are needed.

In the year 2000, Shao et al. developed a novel perovskite material with compositions of
(BagsSros)(CopgFenr)0s5 (BSCF). These materials exhibited superior oxygen transport behavior
accompanied by excellent short-time phase stability over a wide temperature range under both high
and low oxygen partial pressures [25]. Since that time, BSCF perovskite has been investigated in
detail regarding its application as a material for ceramic oxygen separation membranes and
membrane reactors [26-29]. More recently, Shao and Haile have reported the high power density of a
symmetric single SOFC using BSCF as the electrode and a samaria-doped ceria (SDC) electrolyte,
due to the very low polarization resistance of the cathode at temperatures between 773 and 873 K
[31,32]. Since then, BSCF perovskite has been considered one of the most promising cathode
materials for use in SOFCs that are operated in the intermediate temperature regime (IT-SOFC) [32].

Unfortunately, the wide application of BSCF may be hindered by two major problems. The first
regards the inherent phase instability of BSCF perovskite at temperatures below 1023 K, as discussed
in detail in section 1.5.1 [33]. The second serious issue, which also applies to the majority of barium-
and strontium-containing perovskite materials, is the poisoning effect of CO, on the perovskite, due to
the high potential of A-site cations to form carbonates [34]. The intolerance toward CO, may inhibit the
use of the membrane materials in the CO, capture processes or in the partial oxidation of
hydrocarbons, where some CO, is formed as the by-product of an undesired deeper oxidation.
Moreover, the applications in IT-SOFC can also be threatened by the presence of small amounts of
CO, in the air due to the high thermodynamic stability of corresponding barium and strontium
carbonates at lower temperatures (see also section 1.5.2).

In the presented thesis, issues including the inherent phase instability of cobalt-based perovskite at

intermediate temperatures and the instability against CO, of barium- and strontium-containing
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perovskite are addressed. Chapter 2 presents a detailed study of the phase transition of high-
performance perovskite (BagsSros)(CoggFep2)035 (BSCF) and (BaggSro2)(CoggFep2)035 at relevant
temperatures. Chapter 3 introduces a novel cobalt-free perovskite material (BagsSros)(FeosCuUg 2)O3.5,
which exhibits excellent phase stability that leads to constant and desirable functional properties over
intermediate temperature ranges. In Chapter 4, the stability of (BagsSros)(FegsZng2)Os.s,
Ba(Co,Fe Zr,)O35 (x+y+z = 1) perovskites, developed as an alternative to BSCF, in CO,-containing
atmospheres is discussed. Finally, Chapter 5 discusses MIEC materials that have a high tolerance
toward CO.,.

1.2 Perovskite oxide structure

1.2.1 Ideal cubic perovskite structure

The mineral CaTiO3 is an eponym for perovskite-type oxides. This mineral was discovered during
the expedition of Alexander von Humboldt in the Ural Mountains in the year 1829 and was named in
honor of Count Lev Alexeyevich Perovsky, who at that time was a local politician and sponsor of

mineralogy science [35,36].

Figure 1.3: a) A hexagonal close-packed layer of O anions and A-site cations in the ABOj3 structure. b)
Unit cell of the ABO3; perovskite structure showing the AO;, polyhedron. Alternative representations of
the cubic perovskite structure showing c) octahedral coordination by B-site cations and d) coordination
of O anions by two apical B cations and four coplanar A cations. The radii of ions are not drawn to

scale.




1.2 Perovskite oxide structure

Ideal perovskite oxides have the general formula ABOs, in which A is a large cation (alkaline,
alkaline-earth, or rare earth cation) and B is a small or middle-sized cation (mostly transition metals).
The O anions, with one quarter of these replaced by A cations in an ordered way, form a cubic close-
packed array of hexagonal layers that are perpendicular to the body diagonals of the cubic cell and
have the stacking sequence ABC. Figure 1.3a shows the lay-out of one close-packed hexagonal
layer. The A cations are surrounded by twelve anions as an integral part of the close packing (Figure
1.3b). The small B cations occupy one quarter of the octahedral interstices in the cubic close-packed
arrays (Figure 1.3c). The O% anions are also octahedrally coordinated by two apical B cations and four
coplanar A cations (Figure 1.4 d). The ideal cubic perovskites, having the cell parameter a,, adopt the
space group Pm3m (No.: 221). The B cation is located at the origin of the unit cell with atomic
coordinates 0,0,0 (Wyckoff position 1a). The A cation is situated at coordinates 1/2,1/2,1/2 (Wyckoff
position 1b) and the O anion is located at 1/2,0,0 (Wyckoff position 3d) [37].

In the year 1926, Goldschmidt considered perovskite to be an ionic compound that consisted to a
first approximation of hard spheres with ionic radii R (A). He also declared that the A-site cations
exactly fit the twelvefold site if the A cations have the same size as the anions. Correspondingly, the
edge of the ideal cubic cell (shown in Figure 2.1b), which can be described as 2Ry + 2R,, is equal to
21/2 times the length of a line joining O-A-O (2R, + 2R,), according to the concept of closest packing
and the Pythagorean theorem. In real structures, the A, B and X cations have different sizes. As a
result, Goldschmidt modified this relationship by a parameter known as the tolerance factor t:

_ Ro+ Ry
"~ 2Y2(Ro+Rp)

@

Thus, for ideal cubic perovskite t, is unity. The tolerance factor should be considered a rough guide
to whether the ABO3; compound will crystallize in the cubic perovskite structure. This crystallization is
due to partly covalent bonding, as well as to the stabilizing effect of a cubic symmetry. Despite this
crystallization, adoption of Pm3m the space group can be expected with t values in the range 0.9-1.05
[38].

1.2.2 Distorted perovskite structure

The majority of ABO; compounds, including the mineral CaTiO3, exhibit lower symmetries than the
ideal cubic perovskite structure. However, Megaw has proposed to include these structures in the term
perovskite-type structure. These compounds maintain a pseudo-cubic cell that is derived from an ideal
structure that has a small deformation of the cell parameters or interaxial angles [39].

The geometrical approach of the Goldschmidt tolerance factor based on ionic radii is considered to
be an approved method to predict whether a given package of ions will arrange in the distorted
perovskite-type structure. In this context, the source for reliable ionic radii is especially significant. For
this purpose, Shannon carried out an extraordinary series of experiments to establish a set of
empirical ionic radii while considering the valence, spin-state and coordination of corresponding ions
[40,41]. Table 1.1 lists the effective radii of relevant cations in perovskite-type oxides, which are based
on an oxygen-ion radius of 140 pm, and includes the effects of partially covalent metal-oxygen

bonding. Obviously, only the Sr** cation provides a close match with the twelvefold A-site. Occupation
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of the A-site with smaller cations (e.qg., ca”" and La3+) or bigger cations (e.g., Ba2+) may lead to

distortion of the cubic perovskite structure.

Table 1.1: Effective ionic radii of some cations based on r(OZ') = 140 pm from [40,41]. The radii of A-
and B-site cations are provided according to twelvefold and sixfold coordinations, respectively. For

cobalt and iron, the spin state is considered by providing values for the low-spin Il high-spin

configuration.

A-site cations lonic radius / pm B-site cations lonic radius / pm
Ba** 161 Co** 65 || 745
Sr** 144 Co** 545 | 61
ca* 135 Co™ 53
La** 136 Fe** 61 | 78

Fe®' 55 || 645
Fe* 58.5
cu® 73
cu® 54

Zn** 74

Ti* 60.5
zr* 72

The most common type of distortion was found to be a tilting and/or rotation of the BO¢ octahedron
[42-45]. In the ideal cubic perovskite, the A-site cation is surrounded by eight regular BOg octahedra,
which share all of their corners with neighboring octahedra, as shown in Figure 1.4a. All A-O bonds in
the twelvefold site are equal. When the A-site cations in real perovskite are undersized, resulting in
t < 1, the lengths of some A-O bonds will be contracted, leading to a tilt of the BOg octahedra.
Consequently, the correlated tilting of surrounding octahedra results in a change of the A-site
coordination, as well as a reduction in symmetry from the Pm3m space group. Glaser suggests a
description of the tilt systems in terms of rotations of BOg octahedra about three orthogonal Cartesian
axes, which are conformable with three axes of the pseudo-cubic unit cell. The type of rotation is
specified as a, b, and ¢ degrees. The sense of the rotation of sequenced octahedra layers
perpendicular to the rotation axis is defined via superscript, whereby a positive superscript means that
neighboring octahedra are tilted in the same direction and a negative superscript indicates the
opposite tilt of octahedra in successive layers [42].

Using crystallographic principles, Glaser identified 23 possible tilt systems arising via the rotation of
octahedra [42]. Howard and Stokes, however, reduced that number to 15 space groups, which can be
observed in the real perovskites according to group theory [46]. Apart from cubic structures, the
orthorhombic and rhombohedral distorted perovskite systems, as described in detail below, are

relevant for this thesis.




1.2 Perovskite oxide structure

Figure 1.4b illustrates the structure of orthorhombic perovskite produced by a a* b~ b~ tilt of the
octahedral and leading to symmetry in the Pnma space group [42]. The unit cell of orthorhombic
perovskite can be transformed from a cubic unit cell with cell edge length a, using a geometrical

relationship [47]:

a~c~2Y%a, b ~2a, )

Figure 1.4: Perspective view of a) an ideal cubic structure and b) an orthorhombic perovskite structure

with a* b~ b~a tilt system of BOg octahedra.

Thereby, the number of formula units per unit cell Z increases from unity for a cubic cell to Z = 4.
The dimension of the orthorhombic strain of this perovskite structure can then be evaluated using the
orthorhombicity parameter, as defined by [48]:

c=2(a—-c)/(a+c) (3

The rhombohedral distortion arises through a a™ a™ a™ tilt, which is equivalent to the rotation of
octahedra about the body diagonal of a pseudo-cubic cell [42,44]. The relationship of the

rhombohedral cell to the cubic cell can be depicted using a hexagonal setting:
ay ~ Zl/zap; Cy =2- 31/2ap; Z=6 (4)

Figure 1.5a,b schematically depicts how the ideal perovskite structure (tilt system a® a® a®
transforms to the rhombohedral configuration due to rotation of the octahedra. Thus, the parameter of
rhombohedral rotation w can be determined directly from c-axis projection of the hexagonal unit cell

(Figure 1.5b) or calculated from the cell parameters using the relationship [47]:
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61/2

CH __
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Figure 1.5: Transformation of cubic perovskite (a) to rhombohedral perovskite by rotation of octahedra

about a triad [1,1,1] cubic axis with the angle w.

Apart from its chemical composition, the degree of octahedral framework tilt in distorted perovskite
is strongly affected by the temperature. In general, increasing temperature leads to a decrease in tilt

angle and leads, as a final consequence, to a transition into a cubic structure [47].

c ¢c hec h ¢cc h c¢c h cc h c¢c h

Figure 1.6: a) Cubic perovskite structure viewed along [1,1,0] axis showing the 3C stacking sequence
of BOg octahedra. b,c) Projections along [0,1,0] axis of hexagonal perovskite polytypes showing b) 2H

and c) 15R stacking sequence of BOg octahedra.

The hexagonal modification of perovskite structures, which typically forms when the A-site cation is

too large and/or B-site cation is too small for an ideal cubic structure (i.e., t > 1) cannot be derived
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from a tilting of the BXg octahedra [47]. The structure of hexagonal perovskites also consists of close-
packed AO; layers, as in a cubic structure; whereas, the layers are arranged in hexagonal close-
packing with the stacking sequence AB [49,50]. In this structure, BOg octahedra share faces and form
chains along the hexagonal axis, resulting in shortened B-O and B-B bond lengths. Figure 1.6a,b
illustrates the structural characteristics of ideal cubic and hexagonal perovskites in terms of cubic-
stacking of AO; layers, which leads to corner-sharing octahedra (3C polytype), and hexagonal-
stacking, which leads to face-sharing octahedra (2H polytype), respectively. Between the two ideal
stacking schemes, a large number of packing structures that contain both corner-sharing (denoted by
¢) and face-sharing octahedra (denoted by h) can be observed in the same perovskites oxides when
the Goldschmidt tolerance factor is greater than unity [49]. The 15R hexagonal polytype, which plays
an important role in Section 2.2, consists of close-packed layers arranged in a (cchch); stacking

sequence, as shown in Figure 1.6c¢ [51].

1.3 Preparation of perovskite oxide membranes

1.3.1 Sol-gel process

Starting materials for the processing of dense MIEC ceramics are usually perovskite oxides that
are in powder form. Diverse methods exist for the synthesis of ceramic powders, which can be
subdivided in solid-state reactions, liquid precursor methods, and vapor phase reactions. The liquid-
phase method, as for the sol-gel process, is thereby the most appropriate for preparation of highly
pure and homogenous perovskite materials with complex compositions [52]. For this reason, most
perovskite materials discussed in this thesis were fabricated using the sol-gel method. Figure 1.7

displays a flow chart of the sol-gel synthetic procedure [53,54].

A(NO,),, B(NO,) EDTA, Citric acid, NHzH,0

pH = 8-9

sol <

aging l T=<423K

gel

drying l, T>423K

row powder

calcination l T=1173- 1273 K

perovskite powder

Figure 1.7: A schematic of sol-gel synthetic route in order to prepare perovskite oxides.
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The first step of a sol-gel process is the preparation of a sol, which contains highly dispersed solid
particles in the size range of 1-100 nm in water or organic solution. In our practical case, the sol was
prepared by adding solutions of metal nitrates in water in stoichiometric amounts, allowing very fine
intermixing of the educts following supplementation of the organic ligands and network formers. Owing
to its high complex formation ability with almost any metal cation, ethylene-diamine-tetraacetic acid
(EDTA) was used as the organic ligand [55]. The citric acid was added to the solution as a network
former to prevent the segregation and precipitation of metal compounds during transformation of the
sol into a gel. A gel is a viscous substance that contains three-dimensional, metal-organic, polymer
networks with a very fine distribution of metal cations. This gel forms after the aging or heat treatment
of the sol. During drying of the gel at temperatures above 423 K, the predominant portion of the
organic component decomposes, leading to the formation of a dispersed mixture that consists of
nano-scale metal oxides and carbonates as precursors for further reactions [53,54]. The amorphous
powder mixture is then transformed into the desired perovskite via calcination at temperatures in the
range of 1123-1223 K. In this process, a solid state reaction between metal oxides and carbonates

leads to the formation of the perovskite [56].

1.3.2 Solid state reactions

The solid state reaction is initialized by formation of a product layer on the contact surface between
the educts, when the free enthalpy of the system is reduced. Consequently, the product layer
separates the educts from each other. Further reaction involves mass transport through the contact
zone and product layer, as promoted by the presence of a chemical potential gradient between the
phase boundaries [57]. The growth of product is controlled by reaction on the contact zone with a
sufficiently low thickness of product layer. In this case, the reaction rate can be described as lineal

low, where x is the product layer thickness and t is the time:
x~t (6)

With an increase in product layer thickness, the mass diffusion becomes a rate-limited step. Thus,

the growth of the product phase follows a parabolic law, to a first approximation [58-60]:
x ~ ti/? @)

Although the solid state reactions are exothermic, owing to low reaction entropy values, high
temperatures are required for the activation of a solid state process. Temperatures in the range of
973-1273 K initiate the contact zone reactions and increase the diffusion coefficients of the
compounds D;:

U;RT

Di =
ZiF

8)

where u; is the ionic mobility and z; is the charge of the corresponding ion. On the other hand, the
concentration of the defects N, in the product layer, through which the mass transport occurs,
increases with increasing temperature according to the following equation, where AH,, is the formation

enthalpy of point defects [61]:

10
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AH,
o7 9)

N, = const - exp —

Despite the presence of high temperatures, the solid state reaction rates are low because of the
long diffusion pathways, which particles must pass through to achieve their appropriate positions in
the product lattice. According to kinetic considerations, it is obvious that preferably small particle sizes
of educts and high concentrations in contact zones are crucial for optimum solid state processes to

occur. To obtain these conditions, the liquid-phase precursors like sol/gel outstand in the last time [52].

1.3.3 Preparation of dense perovskite membranes

To achieve gas-tight membranes, the as-synthesized powder will be consolidated in the desired
shape, following by sintering into a dense ceramic. Sintering refers to processes involving heat
treatment of powder compacts at temperatures near the melting point of the material [62]. Two
competitive processes, densification and coarsening, occur in the sintering process and are driven by
a reduction in free energy of the system, which can be mostly accomplished by reducing the surface
free energy. The grain growth or coarsening is effected by the mass transport trough surface and
lattice diffusion, as well as by evaporation and condensation (vapor transport) of the matter.
Processes like grain boundary diffusion and plastic flow lead to the densification of powder compacts
[62].

During the initial stage of sintering, the powder particles can be relocated and the number of
nearest neighbors can increase. Furthermore, the grain boundaries are formed, and the large
unevenness on the particle surfaces is removed. Up to 65 % of the maximum density is achieved at
this stage. In the intermediate step, combined coarsening and densification processes result in a
reduction in pore cross-section. Isolated pores replace the previously continuous porosity and an
intermediate stage can be considered complete if the density reaches approximately 90% of the
theoretical density. Finally, the grains grow at the cost of smaller grains and isolated pores, leading to
the formation of coarse grains. The density is further increased up to 95-98%. The discrepancy in
maximum density occurs if some pores get trapped inside the grain; these are difficult to remove from
the ceramic [62].

In this thesis, dense perovskite disk-membranes with dimensions of 16 mm diameter and
approximately 1 mm thickness were obtained by uniaxially pressing the powder with 140-150 kN in the
green compacts followed by sintering. The sintering temperature and time for this process were
empirically determined to achieve gas-tight ceramics with the desired compositions and densities

close to the maximum.

1.3.4 Preparation of asymmetric membranes

In MIEC membrane technology, a decrease in membrane thickness often leads to an increase in
oxygen flux, if oxygen permeation is limited by bulk-diffusion (see section 1.4.3). One method to
achieve thin membranes with sufficient mechanical strength is the asymmetric membrane approach.
Asymmetric membranes refer to the composite-structured membranes that consist of a thin dense
layer that is deposited on a porous support, as shown schematically in Figure 1.8. The selection of

materials, which can be applied for porous support and a dense layer, is a key factor for the

11
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successful manufacturing of asymmetric membranes. Apart from good chemical compatibility, the
materials should exhibit similar thermal expansion coefficients, because differences in the expansion
between substrate and thin layer may result in thermal stress, and this stress may lead to cracking of
the membrane at high operating temperatures. The smart solution for this issue is to use self-
supported membranes that consist of a support and dense layers made from the same material

introduced by Teraoka et al., who were the first to fabricate self-supported membranes [63-64].

0,
- M/

+—dense layer

porous support

N

air

Figure 1.8: Schematic of an asymmetric membrane, consisting of a dense layer and porous support.

Diverse methods exist to fabricate self-supported membranes. These methods typically involve
multiple preparation steps for the porous substrate and deposition of a thin dense layer. In our
practical case, the support and dense layers discussed in section 4.1 were fabricated from the same
powders as synthesized by the sol-gel method [63-66]. Porous substrates containing a high amount of
open pores with sizes in the range of 0.5-10 um were prepared using 20 wt.% of organic polymer pore
former Pluronic F 127, which was intermixed with the powder and then removed by heat treatment.
Dense layers with approximately 10 um thicknesses were obtained via spin-coating of a 3 ml slurry

containing 15 wt.% powder in ethanol, drying, and sintering.

1.4 Mixed oxygen ion and electron conductors

1.4.1 Defect chemistry of perovskite oxides.

The mixed oxygen ion and electron-conducting properties of perovskites are strongly affected by
their defect chemistry. The formation of defects not only in perovskite but also in all inorganic materials
is caused by a considerable increase in entropy leading to a minimum in the Gibbs free energy
[67,68]:

AG = AH —TAS (10)

Although many type of defects may occur in inorganic compounds, the perovskite oxides are
usually dominated by oxygen vacancy and electronic defects (electron holes), preserving the overall
electrical neutrality [69,70]. The perovskite oxides relevant for this thesis contain A-site cations with
fixed valence states (Ba*", Sr**, Ca®* and/or La*"). The B-sites are occupied by multivalent transition

metal cations. Even at room temperature and ambient oxygen partial pressure, the average valence of

12



1.4 Mixed oxygen ion and electron conductors

the B-site cation is lower than the highest possible state. This occurrence results in the presence of
oxygen vacancies in the perovskite lattice. Further oxygen vacancies form upon the heating of the
perovskite materials, accompanied by reduction of the B-site cations. The removal of oxygen and

formation of oxygen vacancies can be described using Kroger-Vink defect notation, as follows [71]:
08 +2BF > V3* + 2B + - 03y (11)

In cubic non-stoichiometric perovskite, the oxygen vacancies are statistically introduced in the
lattice. Thus, the disordered vacancies are crystallographic in nature and energetically equivalent to
occupied oxygen sites [72]. Some perovskite materials can exhibit a high degree of disordered oxygen
vacancies. For a current state-of-the-art BSCF material (see page 3), for example, an oxygen
stoichiometry of 2.48 was observed at room temperature. The amount of oxygen in this perovskite
declines at operating temperatures above 1173 K to approximately 2.2, which relates to one quarter of

the oxygen site being vacant, without a collapse of perovskite structure [69].

1.4.2 Electrical conductivity of perovskite oxides

The majority of perovskite oxides containing transition metal cations at the B-site exhibit positive
Seebeck coefficients consistent with p-type conduction. Owing to this, the electron holes (h*) can be
considered charge carriers [73]. The electron holes form by reduction of B-site cations, as caused by

oxygen loss:

BX - By +h® (12)

At low temperatures, the electronic conduction occurs through thermally activated migration of

electron holes along B-O-B bonds. This hopping mechanism involves interactions with small polarons
of the lattice (phonons) and follows the relation [74]:

c
o= ; exp F (13)

where ¢ is electrical conductivity, E, is the activation energy, and k is the Boltzmann constant. The
pre-exponential constant C includes the carrier concentration, as well as other material-dependent
parameters. The electrical conductivity increases with increasing temperature, and a maximum of o
can be observed [70, 73]. Further increases in temperature lead to metal-like conductivity. In other
words, the conductivity decreases with temperature, which cannot be explained by a small-polaron
hopping mechanism. This behavior can result from the transition of localized d-electrons of B-site
cations at atomic lattice site, due to coulombic repulsion at low temperatures, into delocalized d-
electrons. This transition is caused by hybridizations with oxygen p-electrons and/or by spin-state
transitions of the transition metal d-electrons at high temperatures [75-78]. The delocalized charge
carriers dominate the electrical conductivity of perovskite oxides at high temperatures, leading to

metal-like conductivity.
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1.4.3 Oxygen permeation through perovskite membranes

MIECs perovskite membranes can selectively separate oxygen from air or other gas mixtures by
the lattice diffusion of oxygen ions [3]. The driving force of oxygen transport through the perovskite
membranes is the difference in chemical potential of oxygen between the two surfaces of the
membrane owing to sufficiently high temperatures for the diffusion. The chemical potential gradient
forces oxygen to move from the location with the higher oxygen partial pressure toward the side with
lower partial pressure. Figure 1.9 schematically illustrates the basic principle of the oxygen permeation
process. The chemical potential gradient of oxygen across the membrane is subdivided into a central
(bulk) zone and adjoining interfacial zones, emphasizing the combination of both solid state diffusion

and surface exchange reactions in the oxygen permeation process [79].
feed side membrane permeate (sweep) side

r
Do
Mo, = Mg, + RT -In (Tz)

oxygen insertion: oxygen removal:

n

p
1o, = Mo, + RT -In (%)
Po,

0 L
Figure 1.9: The basic principle of oxygen permeation through dense perovskite membranes of
thickness L driven by the gradient between the oxygen chemical potentials of the feed side and the

permeate side.

Oxygen transport trough the bulk zone can occur either via diffusion of oxygen in the perovskite
lattice or across grain boundaries in the polycrystalline membrane [80,81]. Oxygen diffusion in the
lattice of oxygen-deficient perovskite can be described in terms of oxygen-ion hopping from occupied
sites to neighboring empty sites, which are energetically equivalent on the time scale of the oxygen ion
jump. The wandering oxygen-ion must merely negotiate a motional enthalpy AH,, with a value lower
than 1 eV for relevant perovskites. The motional enthalpy can be regarded as the activation energy for
oxygen vacancy diffusion directly associated with the diffusion coefficient [80]:

—AHp,

pr (14)

Dyge~ exp

Thus, the oxygen ionic conductivity can be defined, using the Nernst-Einstein equation, as [79,80]:
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4F?

Oion =
where F is the Faraday constant and Cyge is the concentration of oxygen vacancies.

The oxygen transport in the lattice of MIEC perovskites is accompanied by a counteracting flux of
electrons caused by charge compensation. The Wagner theory is commonly used to describe the
simultaneous flux of ions and electrons [82]. According to Wagner, the single particle flux of the
charge carrier is proportional both to the conductivity of each charge carrier and the chemical potential
gradient:

. OelTion
0,~— —Vuo 16
]02 P U0y (16)

The electrical conductivity of most MIEC perovskite oxides is much higher than the oxygen ion
conductivity [83]. Accordingly, oxygen permeation diffusion through a perovskite lattice in a membrane
with a thickness L depends only on the oxygen ion conductivity. In other words, the concentration of

oxygen vacancies and the chemical potential of oxygen across the membrane:

D "

vy, wu'o
L to

Joa~ — ’ Cyge duo, 17)

Furthermore, the ambipolar transport of oxygen ions and electrons through a polycrystalline
membrane can be directly affected by grain boundaries. Mayer et al. suggest that the grain boundaries
exhibit their own defect chemistry, which can impact the transport properties in a positive way,
because of the presence of fast pathways for the diffusion, or in a negative way, because of the
formation of space charge layers blocking the charge carrier's migration [81].

As long as the membrane thickness is appropriately high, the oxygen permeation process is
dominated by bulk transport. With decreasing membrane thickness, the surface-exchange reaction
would become the limiting step of the oxygen permeation process. Furthermore, the surface exchange
gains importance if oxygen transport resistance in the bulk phase is small because of the high ionic
conductivity [84]. In general, the reversible oxygen surface exchange can be expressed with the

following equation:
0y + 2V5* & 205 + 4h° (18)

This reaction is composed of successive steps that might limit the overall reaction rate. It may
involve the chemisorption of oxygen as a molecule at the surface, a charge transfer reaction between
an adsorbed molecule and the bulk (oxygen reduction), and the incorporation of oxygen in the oxide
lattice [85]:

02 @ « 02 abs (19)
Ozaps + V3* © 04s + 0 + 2h° (20)
Ows+ V3® & 0F + 2h° (21)

The transport parameters used to describe the surface exchange are a surface exchange

coefficient k and the balanced oxygen exchange rate j2.. In the absence of an oxygen chemical
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potential gradient, these parameters correlate directly with the given oxygen partial pressure and,

thus, with the concentration of oxygen anion ¢, on the surface at equilibrium [86]:
.0 _ 1
Jex = 3 keo (22)

Note that oxygen surface-exchange reactions may be affected by factors like surface morphology
or the presence in the gas phase, for example, of CO,, CO, and H,O. These compounds can be

absorbed on the surface, leading to a reduction in rates of oxygen exchange with the solid [87,88].
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Figure 1.10: Set up to measure the oxygen permeability of disc membranes with on-line gas

chromatography [89].

1.4.4 Measurement of oxygen permeation

Oxygen permeation measurements were based on the analysis of oxygen concentrations in the
carrier gas by on-line gas chromatography. A high-temperature permeation cell, as shown in Figure
1.10, was used for the experiments [89]. To expose the perovskite materials to an oxygen chemical
potential gradient, the disk-shaped membranes were sealed with a gold paste onto the ceramic tube
and synthetic air was flushed from the upper side (feed side). A stream of inert carrier gas (He) or CO,
was supplied from the lower membrane side (sweep side) to transport the permeated oxygen away
from the membrane. In the case of asymmetric membranes, the dense layer was fixed onto the
ceramic pipe. Afterward, the porous support (feed side) was purged with synthetic air and the dense
layer (sweep side) was purged with the carrier gas. Gas concentrations in the effluent stream were
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calculated from a gas chromatograph calibration. The relative leakage of O,, which was evaluated by
measuring the amount of N, in the effluent stream, was subtracted in the calculation of the oxygen
permeation flux. The absolute flux rate of the effluents F was determined using neon as an internal
standard. The oxygen permeation flux could then be calculated by the fraction of oxygen in the effluent

gas and by determination of an effective area for the permeation S, as follows:

c F
cmin—1. -2 — _ N2 2
Jo, ml-min~"-cm™ = (o, 205 S (23)

where the factor 4.02 relates to the ratio of leaked oxygen and nitrogen, according to Knudsen

diffusion.

1.5 MIEC perovskite oxides: issues and possible solutions

1.5.1 Inherent phase instability of BSCF perovskite at intermediate

temperatures

In the first report concerning BSCF perovskite, Shao et al. already referred to the slow decline of
oxygen flux through a BSCF membrane after long operation times at 1023 and 1098 K, as caused by
material decomposition [25]. This observation, however, did not prevent BSCF perovskite from
becoming one of the “hottest” materials for intermediate temperature applications. Only a few critical
reports about the degradation of functional properties of BSCF were published [90,91]. To gain a
deeper understanding of these phenomena, Svarcova et al. have investigated the long-term stability of
BSCF in the intermediate temperature range [92]. A slow transition of the single cubic perovskite
phase into a 2H hexagonal polytype was detected in BSCF powders that were annealed below the
crucial temperature of 1123 K in air. The oxidation of B-site cations, which leads to a decrease in the
effective ionic radii and gives the structure a Goldschmidt tolerance factor higher than unity, was
declared as a reason for the BSCF phase transition [92]. Furthermore, Arnold et al. have reported an
increase of cobalt valence in BSCF from 2.2+ at 1223 K to 2.6+ at 298 K. The valence of iron
remained predominantly at a state of 3+ over the whole temperature range [93]. Hence, they assumed
that the oxidation of cobalt cations, combined with their spin-state transition, results in a dramatic
diminution of their ionic radius, as shown in Table 1.1. This diminution is the real driving force of the
BSCF phase transition [93]. The conclusion of Arnold et al. was confirmed by the extensive study of
BSCF decomposition, as detailed in Chapter 2. It was found that cubic BSCF partially transforms into
several hexagonal perovskite-related phases. This transformation is accompanied by the strong
segregation of Co in these phases during annealing at temperatures below 1123 K. Moreover, the
investigation of the phase transition in the cubic (BaggSry.)(CoggFeq2)Os.5 perovskite (Chapter 2),
which contained more barium on the A-site than BSCF, showed a very fast and pronounced cubic to
hexagonal phase transformation, providing a destabilizing effect of high barium content on the phase
stability of cubic cobalt-based perovskite, according to the concept of the Goldschmidt tolerance
factor.

Knowing the reasons for the inherent phase instability of BSCF perovskite, strategies can be

developed to design materials that are stable at intermediate temperatures. For example, doping of
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the B-site of BSCF with zirconium considerably reduces the cubic to hexagonal transformation
kinetics, as reported by Yakovlev et al. [94]. The high 4+ valence state of zirconium cations prevents
the oxidation and spin-state transition of cobalt cations. Further, the zirconium cations stabilize the
cubic structure because they are too large for octahedral coordination in the face-shared octahedra
framework. The efforts to steady cobalt-based perovskite with zirconium led to the development of
materials with the composition BaCo,Fe,Zr,O3.5 (x+y+z = 1), which exhibited improved inherent phase
stability and thermo-mechanical strength apart from good conducting properties [95]. However, cobalt
has several disadvantages, including its high cost, toxicity, and easy evaporation during material
synthesis and operation. Owing to these disadvantages, cobalt-free perovskite with appropriate
oxygen transport properties, like (BagsSros)(FeosZng»)Oss perovskite oxide, which was recently
developed in our group, can be considered real alternatives to cobalt-based perovskites [96]. A novel
perovskite (BagsSros)(FeosCugo)Os5 is presented in chapter 3 as another promising cobalt-free MIEC
membrane material, as it has the highest oxygen permeation performance of known cobalt-free

materials.

1.5.2 Intolerance of alkaline-earth containing perovskite against CO,

The poisoning effect of CO, on the alkaline earth-containing perovskite is based on the high affinity
of A-site cations to form carbonates [34,88,97]. This is in accordance with the high thermodynamic
stability of carbonates at certain temperatures and CO, partial pressures, which can be evaluated by
the Ellingham diagram in Figure 1.11. The dashed lines in the diagram represent the temperature
dependency of CO, chemical potential at different partial pressures. The compact lines with positive
slope relate to chemical potentials of CO, during the decomposition of corresponding carbonates.
These compact lines are calculated with thermodynamic data or determined experimentally. Thus, the
carbonates are thermodynamically stable if the CO, chemical potential of the carbonate decomposition
reaction at the given temperature is lower than at the corresponding partial pressure. It becomes
obvious that barium and strontium carbonates remain stable, even in air (p(CO,) = 30 Pa) up to 1170
K and 1000 K, respectively. The stability of carbonates correlates directly with the ionic radii of the
cations because the binding strength between the polyatomic carbonate anion and the metal cation
increase with decreasing polarization power of the cation, which is inversely proportional to the ionic
size [99]. Hence, it follows that the thermal stability of carbonates containing smaller cations, like ca”,
La®* or transition metal cations, is lower than that of barium and strontium carbonates. This conclusion
is hereby confirmed by the thermodynamic data shown in Figure 1.11.

Applied to perovskite oxides, the Ellingham diagram may give a rough estimation of the possible
tolerance of the materials against CO, at relevant conditions. However, the stabilization energy of

perovskite should be considered, which has been defined by Yokokawa et al. as [100]:
AH(ABO3) = AfHO(ABO3) - AfHO(AOn) - AfHO(BOm) [24]

Further, they postulated that the stabilization energy depends strongly on the chemical composition
of perovskite and correlates well with the Goldschmidt tolerance factor, providing a large stabilization
for materials with a cubic symmetry (t = 1). Thus, if the stabilization energy of the perovskite exhibits

a highly negative value, the stability against carbonate formation is strong. On the basis of
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thermodynamic data, the resistance toward CO, can be predicted for some binary perovskite oxides at
relevant conditions [99]. Because many advanced perovskite oxides have complex chemical
compositions, thermodynamic data is often not available. Therefore, the CO, stability of the materials

should be empirically investigated in each individual case.
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Figure 1.11: Ellingham diagram for the decomposition of carbonates under different partial pressures

calculated with thermodynamic data from [98] or determined experimentally [56].

The BSCF perovskite exhibits high intolerance toward CO,. The perovskite structure of the BSCF
membrane breaks down at a depth of up to approximately 50 um in the presence CO,. This break
down is caused by the formation of a mixed barium/strontium carbonate [34]. Both the functional
properties and microstructures of alternative perovskite materials (BagsSros)(FegsZng,)Oss and
BaCo,Fe,Zr,055 (x+y+z = 1) are also strongly impaired after contact with CO,, as represented in
chapter 4. According to the above-mentioned thermodynamic considerations, the lanthanum- and
calcium-based perovskites can provide CO,-stable MIEC materials. This issue will be discussed in
detail in chapter 5.

Additionally, the problem of CO.-intolerance can be overcome by using alkaline-earth, free dual
phase MIEC membranes. The dual phase concept is based on the presence of an oxygen ionic and
electronic conductor in the membrane. These phases form two interpenetrating percolated networks of

solid oxide electrolyte and an internally short-circuiting electrode, providing MIEC properties of the
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membrane. Chapter 5 presents a novel CO,-stable composite dual phase membrane containing 40

wt.% NiFe,O4 with a spinel structure as the electronic conductor and 60 wt.% Ceq¢Gdg 10,5 with a

fluorite structure as the electrolyte.
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2 Inherent phase instability of BSCF

perovskite at intermediate temperatures

2.1 Summary

Here, we deal with the decomposition of cubic perovskites (BagsSrqs)(CoggFeq2)03.5 (BSCF) and
(BapgSro.2)(CogsFen2)0s5 in the intermediate temperature range (773-1073 K). The compounds differ
only in their Ba/Sr ratio. Section 2.2 presents the results of a detailed TEM study on BSCF annealed
for 180-240 h at temperatures below 1173 K. The slow phase transitions of cubic perovskite into
hexagonal perovskite BagSr4C003.5, a previously unknown Ba;.,SrCo,.,Fe,Os.5 complex oxide and
Bag 4SrosO was observed both in ceramic and powder samples. Already, the presence of small
amounts of non-cubic phases in the BSCF system at intermediate temperatures has a steep negative
effect on oxygen permeation performance. The reason for this behavior is the lamellar-shape of the
Ba;..Sr«Co,.,Fe,Os.5 phase, which is structurally related to the 15R rhombohedral perovskite
polymorph. The several micrometer-long Ba;..Sr«Co,.,Fe,Oss lamellae grew through the cubic
perovskite grains and can be considered as barriers to oxygen transport because of their shape, low
crystal symmetry, and low amount of mobile oxygen vacancies. Furthermore, a change in composition
of the cubic phase due to cobalt enrichment in the lamellae states was an additional factor responsible
for degradation of the BSCF functional properties.

The decomposition process of the (BaggSrg.)(CopsFep»)0s.5 system was found to be more
pronounced. The metastable cubic structure, which can be obtained upon quenching from 1223 K to
room temperature, transforms into about 70% hexagonal and lamella-shaped rhombohedral phases
upon furnace cooling at a rate of 3 K/min. Using differential thermal analysis and thermal gravimetry,
abrupt changes in the oxygen stoichiometry of 1 wt.%, corresponding to a A® = 0.14, were observed in
the sample between 1073 and 1173 K. The massive phase conversion in the
(Bap gSro.2)(CopgFen.2)035 system additionally resulted in mechanical stresses exceeding the strength
of the material, as well as the formation of cracks in the ceramic.

The driving force of decomposition in both cubic perovskites BSCF and (Bag gSro.,)(C0ggF€0.2)O35
at intermediate temperatures can be declared as a coupled valence and spin-state transition of cobalt-
cations induced by oxygen insertion, which leads to a considerable decrease of their ionic radii. The
oxidized cobalt-cations, which are smaller in size, are not tolerated in a cubic perovskite structure,
especially when large barium cations occupy the A-sites in the perovskite lattice, according to the

concept of the Goldschmidt tolerance factor.
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The cubic perovskite Bag sSry sCog sFeg 203— (denoted BSCF) is the state-of-the-art ceramic membrane
material used for oxygen separation technologies above 1150 K. BSCF is a mixed oxygen-ion and
electron conductor (MIEC) and exhibits one of the highest oxygen permeabilities reported so far for
dense oxides. Additionally, it has excellent phase stability above 1150 K. In the intermediate temperature
range (750—1100 K), however, BSCF suffers from a slow decomposition of the cubic perovskite into
variants with hexagonal stacking that are barriers to oxygen transport. To elucidate details of the
decomposition process, both sintered BSCF ceramic and powder were annealed for 180—240 h in
ambient air at temperatures below 1123 K and analyzed by different transmission electron microscopy
techniques. Aside from hexagonal perovskite Bag ¢St 4CoO;_s, the formation of lamellar noncubic
phases was observed in the quenched samples. The structure of the lamellae with the previously unknown
composition Ba,; _,Sr,Co,_Fe,Os_ s was found to be related to the 15R hexagonal perovskite polytype.
The valence and spin-state transition of cobalt leading to a considerable diminution of its ionic radius can

MATERIALS

be considered a reason for BSCF’s inherent phase instability at intermediate temperatures.

Introduction

Cubic perovskite Bag 5Sry sCoggFep»03-5 (BSCF) is
prominent in the family of mixed ionic and electronic
conducting materials.'> Owing to an exceptionally large
amount of mobile oxygen defects in the highly symmetric
perovskite lattice, BSCF exhibits very high oxygen-ionic
transport rates over a wide temperature range.>* Its extraor-
dinary conducting properties combined with excellent
phase stability at high temperatures make BSCF very
promising for potential applications as semipermeable
membranes in major processes like the separation of
oxygen from air and the catalytic conversion of hydro-
carbons.’”® Furthermore, the employment of BSCF as a
cathode material in solid-oxide fuel cells (SOFCs) has
also attracted a lot of attention.” In 2004, Shao and Haile
reported the high power density of a symmetric single
SOFC using BSCF as electrodes and a samaria-doped ceria

*Corresponding author. E-mail: konstantin.efimov(@ pci.uni-hannover.de.
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(SDC) electrolyte at 773 and 873 K." Since then, BSCF has
been considered to be one of the most auspicious cathode
materials for use in SOFCs operated in an intermediate
temperature regime (IT-SOFC, 7 = 773—1073 K)."
Nevertheless, the wide applications of BSCF may be
inhibited because of two major problems. First, the poor
thermomechanical stability of the BSCF, namely low creep
resistance and large coefficient of thermal expansion
(CTE), can lead to the failure of the operation process
in the worst case. >*!! Second, the desired cubic structure
of BSCF collapses at temperatures below 1123 K under
long-term condition. In 2000, Shao et al. observed a slow
decline of oxygen flux through a BSCF membrane after a
long operation time at 1023 and 1098 K that was caused
by an inherent phase transition.* A similar degradation of
the oxygen permeation performance at 973 and 1023 K
was also observed by van Veen et al. in 2003."% In order to
elucidate this issue, Rebeilleau-Dassonneville et al. carried
out an in situ X-ray diffraction (XRD) experiment and
found the formation of noncubic phases in BSCF if
the temperature was kept below 1073 K.” Moreover,
Svarcovi et al. investigated the long-term stability of
BSCF at and below the crucial temperature of 1123 K
by XRD.!? Slow decomposition of the single cubic

(10) Zhou, W.; Ran, R.; Shao, Z. J. Power Sources 2009, 192, 231.
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perovskite phase into a 2H hexagonal polytype was de-
tected in a BSCF powder that had been annealed for 24 h at
1023 K in ambient air. The phase transition process was
observed to be much more pronounced after annealing of
the BSCF samples for 240 h in flowing oxygen between
1073 and 1123 K. In this study, the hexagonal phase ratio
expanded with decreasing temperature. The oxidation of
the B-site cations (B = transitions metals), which leads to
a change of effective ionic radii and gives the structure
the Goldschmidt tolerance factor higher than one, was
declared the reason for the inherent BSCF phase instability
at intermediate temperatures.'>'* In 2009, Arnold et al.
reported the valence transition of cobalt in cubic BSCF
from the predominantly 2+ state at 1223 K to the mixed
2+4/3+ state at 298 K according to in situ electron energy
loss spectroscopy (EELS).'> Hence, they concluded that
the oxidation of cobalt cations combined with their
spin-state transition resulting in dramatic diminution of
their ionic radius is the real driving force of the BSCF
decomposition. '

Recently, Mueller et al. investigated the phase transi-
tion of cubic BSCF perovskite by combining XRD with
transmission electron microscopy (TEM).'® Their TEM
micrograph of a BSCF ceramic that had been annealed
for 8 days at 1073 K showed a grain boundary phase and
lamellae that ran through the grains. The grain boundary
phase was described as 2H—Ba 5. Srg 5—xC0O;3_; based
on energy dispersive X-ray spectroscopy (EDXS) and
selected area electron diffraction (SAED) along the c-axis.
The latter is not sensitive to different stacking sequences,
especially if they occur only at the very interface of the
cubic phase, which can be expected accordingly to Arnold
et al.'” These lamellae were not addressed further. On the
basis of their analysis, Mueller et al. proposed a simplistic
phase diagram that put BSCF in a miscibility gap between
the cubic and hexagonal phases, which were the only
phases considered.'®

Svarcovd has suggested that the decomposition of
BSCF might be reversible because annealed BSCF sam-
ples contain some of the same phases as the raw powder
obtained after annealing for 240 h at 1023 K."* The rela-
tionship between the formation and decomposition pro-
cesses of BSCF was also discussed by Arnold et al., who
investigated the sol—gel synthesis of BSCF in detail.!”
XRD and high-resolution transmission electron micro-
scopy (HRTEM) were applied to characterize crystalline
intermediate phases in raw BSCF powder. A phase attri-
bution of a sample quenched at 1023 K was provided in
that report. Aside from the cubic (3C) and 2H hexagonal
phases, the sample consisted of an additional phase of
lower symmetry, which was described as a disordered
hexagonal perovskite polymorph.

(14) Goldschmidt, V. M. Naturwissenschaften 1926, 14, 477.
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The findings of Arnold et al. offered inspiration to
conduct a transmission electron microscopy (TEM) study
of BSCF’s decomposition process. For this reason, both
sintered BSCF ceramic and powder were annealed for
180—240 h in ambient air at temperatures below 1123 K
and extensively analyzed by several TEM techniques.
Additionally, the functional properties of BSCF ceramic
were tested by time-dependent oxygen permeation experi-
ments under the aforementioned conditions.

Experimental Section

The BSCF powder was synthesized by a sol—gel route
using ethylenediaminetetraacetic acid (EDTA) and citric acid
as the organic ligand and network former, respectively. Given
amounts of Ba(NO3),, Sr(NO3),, Co(NO3),, and Fe(NOs); were
dissolved in water, followed by the addition of EDTA and citric
acid. The pH value of the solution was adjusted to the range of
7—9 with NH;3-H,O. The transparent reaction solution was
then heated at 423 K under constant stirring for several hours
until a purple-colored gel was obtained. The gel was then pre-
calcined in the temperature range of 573—673 K. Following, the
precalcined powders were ground and fired at 1223 K for 10 h.
To obtain the BSCF ceramic, the powder was uniaxially pressed
under 140—150 kN for 20 min into green bodies. The pellets
were then calcined for 10 h at 1423 K with a heating and cooling
rate of 3 K/min.

An oxygen permeation measurement was performed on a
dense membrane disk with a diameter of 16 mm and a thickness
of 1.1 mm in a high-temperature permeation cell according to
the method described elsewhere.'®!” The reactor temperature
was kept constant at 1023 K for more than 240 h. Air was fed at
a rate of 150 mL min~' to the feed side; He (29.0 mL min~',
99.995%) and Ne (1.0 mL min™", 99.995%), which were used to
determine the absolute flux rate of the effluents, were fed to the
sweep side. The effluents were analyzed by gas chromatography
on an Agilent 6890 instrument equipped with a Carboxen 1000
column. Gas concentrations in the effluent stream were calcu-
lated from a gas chromatograph calibration.

A powder XRD sample was obtained from the BSCF ceramic
after annealing at 1023 K for 240 h and subsequent grinding. The
XRD data were collected in a /20 geometry on a Philips X’pert-
MPD instrument with monochromated Cu Ko radiation at
40 kV and 40 mA and a receiving slit of 0.05 mm using a step—
scan mode in the 20O range of 15°—90° with intervals of 0.02°.

In order to obtain a TEM sample, the annealed BSCF ceramic
was cut into rectangular pieces of 1 mm x 1.5 mm x 3 mm. The
BSCF powder sample was epoxy glued between two pieces
of silicon wafer before cutting. Subsequently, the pieces were
polished on polymer-embedded diamond lapping films to approxi-
mately 0.01 mm x 1 x 2.5 mm (Allied High Tech, Multiprep).
Finally, Ar" ion sputtering was employed at 3 kV (Gatan, model
691 PIPS, precision ion polishing system) under shallow incident
angles in the range of 4—8° until electron transparency was
achieved.

Scanning TEM (STEM) and TEM, as well as SAED, were con-
ducted at 200 kV on a JEOL JEM-2100F-UHR field-emission
instrument equipped with an ultrahigh-resolution pole piece
that provided a point-resolution better than 0.19 nm (spherical

(18) Wang, H.: Tablet, C.: Feldhoff, A.; Caro, J. J. Membr. Sci. 2005,
262, 20.

(19) Martynczuk, J.; Arnold, M.; Feldhoff, A. J. Membr. Sci. 2008, 322,
375.
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Figure 1. Oxygen permeation flux through BSCF membrane as a func-
tion of time at 1023 K.

aberration constant Cs = 0.5 mm; chromatic aberration con-
stant Cc=1.2mm) and allowed high-resolution TEM (HRTEM)
acquisition. A light element EDX spectrometer, Oxford Instru-
ments INCA-200 TEM, was used for elemental analysis. An
energy filter of the type Gatan GIF 2001 was employed to
acquire electron energy-loss spectra (EELS). HR-STEM high
angle annular dark field (HAADF) experiments were conducted
with an FEI Titan electron microscope equipped with an aber-
ration image corrector at 300 kV

Results and Discussion

The oxygen permeation performance of the BSCF cera-
mic was tested at 1023 K. As demonstrated in Figure 1,
the oxygen flux through the BSCF membrane decayed
continuously to about 50% after 240 h. This result was in
good agreement with the results reported by Shao et al.*
and van Veen et al.'> The degradation of the BSCF func-
tional properties at intermediate temperatures can be due
to several reasons. First, the concentration of mobile oxy-
gen vacancies in the perovskite lattice can be decreased
due to a change in oxidation state of the B-cations, as
recently reported.'>?° Second, the continuously decreasing
oxygen permeation performance of BSCF under long-term
conditions can be explained by the growth of noncubic
phases during operation, which might act as barriers, and
by a change of stoichiometry of the cubic phase.

Figure 2a,b shows the XRD data taken from the BSCF
powder as well as from ground BSCF ceramic after anneal-
ingat 1073 K for 180 hand at 1023 K for 240 h, respectively.
Obviously, the cubic perovskite remained as the major
phase in both samples. However, the presence of noncubic
phases was evident on the basis of the weak additional
intensities between 25° and 28° and 42.5° 20, which are
marked with an asterisk. Rebeilleau-Dassonneville et al.
observed additional reflections at the same positions in the
BSCF diffraction pattern during in situ XRD experiments
at temperatures below 1023 K.” Thus, it may be con-
cluded that the noncubic phases arose before quenching
of the sample. Due to the restricted number of reflections
from the noncubic phases and those weak intensities, the

(20) Kriegel, R; Kircheisen, R; Topfer, J. Solid State Ionics 2010,
181, 64.
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Figure 2. (a) XRD pattern of the BSCF powder after annealingat 1073 K
for 180 h. (b) XRD pattern of the BSCF ceramic after annealingat 1023 K
for 240 h. The intensities corresponding to noncubic phases are marked
with asterisks. (¢) The Bragg positions correspond to cubic perovskite
with a = 0.398 nm.

noncubic phases could not be identified by XRD in this
work either.

Nevertheless, with help of several TEM methods, it was
possible to detect and analyze the noncubic phases in
the annealed BSCF powder and ceramic samples. A TEM
dark-field micrograph in Figure 3a shows an area of the
powder sample. An interface between two grains is clear
in this image. A HRTEM (Figure 3b) micrograph of the
marked grain showed a hexagonal symmetry of the grain
structure. Furthermore, the fast Fourier transform (FFT)
in Figure 3c can be explained by the reciprocal lattice of
hexagonal perovskite being viewed along the [0,1,0]pex
orientation due to a spacing of 0.49 nm between the (100)y,
planes and (010);, planes. The chemical composition of
the hexagonal phase was determined by EDX spectros-
copy to be Bag 6Sr9 4C005_s. Hexagonal perovskites with
similar composition have been previously reported by
Gushee et al.>! and Taguchi et al.**> Accordingly, the tran-
sition of cubic BSCF into a hexagonal perovskite phase
after annealing at intermediate temperatures, as reported
by Svarcovi et al.'* and Mueller et al.,'® was confirmed
during the current TEM study.

Furthermore, the partial transformation of cubic BSCF
to noncubic phases, which had the shape of lamellae, was
observed in the treated powder sample. Similar lamellae
could be seen in the TEM micrograph of Mueller et al., but
they were not addressed further there.'® A HRTEM micro-
graph in Figure 4a shows one lamella and the parent phases.
The structure of the lamella, which was approximately
50 nm wide, consisted mainly of periodically ordered seg-
ments with a distance of 1.19 nm between them. As can be
observed in the SAED pattern of the corresponding
sample area in Figure 4b, which was acquired from the

(21) Gushee, B. E.;: Katz, L.; Ward, R. J. Am. Ceram. Soc. 1957, 79,
5601.

(22) Taguchi, H.; Takeda, Y.; Kanamaru, F.; Shimada, M.; Koizumi,
M. Acta Crystallogr., Sect. B1977, 33, 1299.
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Figure 3. (a) STEM annular dark-field micrograph showing an interface between two grains in the BSCF powder sample annealed at 1073 K for 180 h.

(b) HRTEM micrograph of the marked grain. (c) Power spectrum of (b).
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Figure 4. (a) HRTEM micrograph showing a lamella in the BSCF powder sample after annealing at 1073 K for 180 h. (b) SAED pattern from the
corresponding area. (¢) SAED pattern from the lamella achieved by tilting of the sample. (d) 15R structural model viewed along the [0,1,0] direction using

(ccheh); stacking sequences of BOg octahedra.

selected sample area with a size of approximately 260 nm,
the lamella grew in the cubic perovskite grain oriented
along the [0,1,1].ypic direction. The segments of the lamella
were arranged parallel to the (111)qupic plane. The spacing
between the lamella segments was approximately equal to a
5-fold (111) spacing of cubic perovskite (d;;1) = 0.23 nm),
which corresponds to the spacing between cubic-close
packed AOj; layers. Hence, it can be concluded that one
segment of the lamella consisted of five close-packed
layers. Note that these five close-packed layers were not
necessarily all cubic-close stacked. Some of them may
have been hexagonal-close stacked, making the whole
structure a noncubic phase. Similar structures containing
five-layered segments were once described for hexagonal
perovskite polytypes of SH BaCoO;_ s by Miranda et al.,
as well as 15R SrMn,_,Fe,0;_s by Cussen et al.>>** The

(23) Miranda, L.; Feteira, A.; Sinclair, D. C.; Hernandez, M. G.;
Boulahya, K.; Hernando, M.; Varela, A.; Gonzdlez-Calbet,
J. M.; Parras, M. Chem. Mater. 2008, 20, 2818.

(24) Cussen, E.J.;Sloan, J.; Vente, J. F.; Battle, P. D.; Gibb, T. C. Inorg.
Chem. 1998, 37, 6071.

SAED pattern from the lamella shown in Figure 4¢c was
obtained by tilting of the sample. The intensity distribu-
tion of the diffraction data revealed the rhombohedral
symmetry of the lamella, which can be explained using a
hexagonal unit cell. The rhombohedral symmetry of the
lamella structure appeared if the close-packed layers were
arranged in a (cchch); stacking sequence along the c¢pex
axis, as shown in the Figure 4d. Moreover, the lamella’s
diffraction pattern exhibited a distinct correlation with
the diffraction pattern of 15R SrMn,_,Fe,O;_s with the
(cchch)s stacking sequence viewed along the [0,1,0]hex
direction.* Consequently, the lamella can be considered
a ISR related phase with a hexagonal unit cell. The lattice
parameter ¢pex ~ 3.57 nm of the unit cell was estimated from
the HRTEM and SAED. The parameter ay,ex ~ 0.56 nm was
estimated using the formula apex = deunic((2)').2> The
relationship between cubic perovskite and hexagonal
perovskite polytypes in terms of the cubic-closed and

(25) Mitchell, R. H. Perovskites: Modern and Ancient; Almaz Press Inc.:
Ontario, Canada, 2002.
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Figure 5. (a) STEM annular dark-field micrograph with labeling of scanned areas for elemental analysis. (b) EDX spectrum of the lamella. (c) EDX
spectrum of the parent cubic phase. C and Cu lines appear due to a narrow TEM pole piece.

.ﬂ‘

" (10-2)c

Rl ¢ (01,01 s
'.-'5 o 'b '\ e
¥ O oongs 0015),
; 05 '-_- ; ,-"'. (0-03)h,
ROCh.. R

Figure 6. (a) HRTEM micrograph showing the lamella in the BSCF ceramic sample annealed at 1023 K for 240 h. (b) SAED pattern from the lamella and
the matrix. (c) SAED pattern from the lamella achieved by tilting of the sample as compared to (b).

hexagonal-closed stacking of AO3; was described by Katz
etal. in detail.?® A possible pathway of the transition from
cubic perovskite to hexagonal polymorphs via a shear of
the AO; layers has been reported by Arnold et al.'>* In
terms of the cubic cell, the AO; layers oriented perpendi-
cular to the [1,1,1] cubic zone axis form cubic-close pack-
ing. B-cations occupy the octahedral holes, and octa-
hedra generate a three-dimensional corner-sharing array.
The shear of some AO; layers leads to the formation of
hexagonal-close packing and face-shared octahedral col-
umns along the [1,1,1] cubic orientation. The arrange-
ment of the five-layered sequences of the lamella par-
allel to the (111) cubic plane can be explained with this
pathway.

By STEM high angle annular dark-field (HAADF) and
EDXS experiments, anomalies of the lamellar chemical
composition could be observed. The STEM HAADF
micrograph in Figure Sa shows inhomogeneous elemental
distribution inside of the lamella in spots with a bright
Z-contrast. Figure 5b shows an EDX spectrum acquired
from a wide area of lamella labeled in Figure 5a. Using
Cliff-Lorimer quantification, a considerable accumula-
tion of cobalt of up to 63 atom % of the total value of
cations was detected in the lamella. A moderate enrich-
ment of barium of up to 30 atom % as well as a strong

(26) Katz, L.; Ward, R. Inorg. Chem. 1964, 3, 205.
(27) Arnold, M.; Wang, H.; Martynczuk, J.; Feldhoff, A. J. Am. Ceram.
Soc. 2007, 90, 3651.

depletion of strontium and iron was also observed. On
average, the amount of the B-cations exceeded the con-
tent of A-cations in the lamella by 2-fold. Thus, the EDX
spectroscopy delivered surprising results, because hexa-
gonal perovskite-related phases with such stoichiometry
are not known. In contrast, the spectrum of the matrix
phase (Figure Sc) showed the expected intensity distribu-
tion of element lines for the cubic BSCF perovskite.
Lamellar phases were also found in the BSCF ceramic
sample annealed at 1023 K for 240 h. One of them is dis-
played in the HRTEM micrograph in Figure 6a. The
lamella were mainly organized in periodically stacked
segments. Furthermore, in the middle of the lamella, a
thin area with a nonperiodic arrangement of the segments
was observed. The SAED pattern from the lamella and
the matrix acquired from the selected sample area with a
size of approximately 260 nm (Figure 6b) revealed that
the lamellae grew in the cubic perovskite grain oriented
along the [2,1,1]cubic zone axis. The segments of the
lamella were arranged parallel to the (011) cubic plane.
The spacing between periodic segments was 1.19 nm,
which is the same distance between segments of the lamella
found in the powder sample. By tilting of the sample, the
lamella were oriented along the [0,1,0],ex direction. The
intensity distribution in the SAED pattern in Figure 6¢
shows rhombohedral symmetry of the lamellar structure.
The comparison of the diffraction data from the lamella
in the ceramic sample with the SAED pattern from the
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lamella in the powder sample (Figure 4c) lead to the
conclusion that the lamellae were isostructural with each
other. However, the lamella formed in the annealed cera-
mic did not grow parallel to the close-packed layer of the
cubic matrix; the regular part of the lamella can instead
be explained by a 15R-related structure. Diffraction spots
that cannot be attributed to the 15R setting are likely
related to the stacking faults in the middle area of the
lamella in Figure 6a.

EDX spectroscopy investigations of the chemical com-
position indicated the presence of twice the amount of
B-cations compared to A-cations in the lamella in the
ceramic sample. In order to elucidate structural informa-
tion in accordance with the chemical composition of the
lamellae, which is unusual for hexagonal perovskite-
related compounds, high resolution (HR) STEM HAADF
experiments were carried out that determine the positions
of atoms by mass-density contrast distribution. The HR-
STEM HAADF micrograph in Figure 7a and Fourier
averaged HRSTEM micrograph in Figure 7b show
further lamella in the annealed ceramic sample. The lamella
is viewed along the [T,1,0],.ex direction. In this projection,
itis clearly evident that the regular segments of the lamella
structure contain five layers: three layers consisting of
bright dots and two dark rows separated by chains
with lower contrast in between. The dots with a bright
Z-contrast relate to the positions of A-cations due to their
atomic weight, and the two dark rows indicate missing
A-cation positions. The Z-contrast intensity distribution
of the layers achieved from the marked area in the Fourier
averaged STEM micrograph is plotted in Figure 7c. The
average contrast ratio between the chain with medium
contrast and three layers with bright contrast was 0.67.
According to the relationship of the lamella structure to
the 15R setting and the results of EDX spectroscopy, the
three layers with bright contrast in Figure 7a,b relate
to columns containing A-cations (mostly barium) and
oxygen. The chain with medium contrast corresponds to
double B-cation (mostly cobalt) columns. The contrast
ratio between the columns was calculated as follows:
ratio = Z(Co + Co)*/Z(Ba + 0)*>=0.71, which is consis-
tent with the measured contrast ratio. As suggested by the
Z-contrast pattern and intensity distribution, a structural
model of the five-layered segment of the regular part
of the lamella viewed along the [T,10] orientation, as
shown in Figure 7d, was proposed. The lamella structure
is assembled from three AO; layers and two Os layers,
which are in a quasi-close-packed arrangement along the
Chex axis. B-cations occupy a quarter of the octahedral
sites between the layers, as in the perovskite structure.
Additionally, a quarter of the disordered octahedral sites
between the two O; layers is occupied by extra B-cations.
In the structural model, the circles point to columns
with A-cation vacancies and the arrows mark the double
B-cation columns. The chemical composition of the lamella
can be described with the general formula of (A3;B¢O,5)s,
corresponding to the 15R setting. According to results of
EDX spectroscopy and HRSTEM, as well as the expected
presence of oxygen vacancies, an empirical formula of

Chem. Mater., Vol. 22, No. 21, 2010 5871

Figure 7. (a) HR-STEM annular dark-field micrograph of the lamella
viewed along the [T,1,0], direction. (b) Fourier averaged HR-STEM
micrograph from the area labeled in (a). (c) Z-contrast intensity distribu-
tion taken from the area labeled in (b). (d) Schematic representation of the
five-layered segment of the Ba,; —SrCo,—,Fe,Os_ structure as suggested
by the Z-contrast pattern. Circles mark A-cation vacancies, and arrows
point to double B-cations columns.

Ba;—SryCo,-Fe,Os_ of the lamella phase is proposed.
The report from Sun et al. concerning new barium cobaltite
Ba;Co,¢0,7 gives a further insight into the development of a
Ba,_,Sr,Co,,Fe,Os_ structure model, because Ba3Co,¢0,7
exhibits the 15R related structure containing close-packed
BaOs; and an oxygen layer array with completely occupied
octahedral sites with cobalt cations in the oxygen layer.”®

(28) Sun,J.; Yang, M.; Li, G.; Yang, T.; Liao, F.; Wang, Y.; Xiong, M.;
Lin, J. Inorg. Chem. 2006, 45, 9151.
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Figure 8. (a) HRTEM micrograph with labeling of area for EELS. (b) Electron energy-loss spectra showing cobalt-L, ; and barium-M, s ionization edges

of lamella and the cubic phase.

Furthermore, with the help of the HR-STEM HAADF
micrograph in the Figure 7a, the above-mentioned in-
homogeneous elemental distribution in the lamellae can
be explained. Obviously, in some areas of the lamella, all
barium sites in the close-packed layer remained occupied.

The significant difference between phases with hexa-
gonal stacking of close-packed layers from the cubic perov-
skites is the up to 10 pm closer B-site cation—oxygen
distances in the octahedral sites. Accordingly, smaller
cations favor occupation at the octahedral sites in the hexa-
gonal stacking. The ionic radius of multivalent B-cations
is strongly connected with their valence and spin state.”’
Because the structure of the lamellae contains hexagonal-
close packed layers, an average higher valence of B-cations,
especially cobalt, compared to cubic perovskite is ex-
pected. In order to verify this assumption, EEL spectra
were acquired from the cubic phase and Ba;_SryCos—y-
FeyOs_s lamella of the ceramic sample annealed at 1023 K
for 240 h corresponding to the marked areas in a Figure 8a.
The cobalt L, 3 and barium M, s-edges from the cubic
phase and lamella are plotted in the Figure 8b. The EEL
spectrum of the lamella showed a significant increase in
the cobalt-Ls/barium-Mjs and cobalt-L,/barium-My inten-
sity ratios as compared to the spectra from the cubic phase.
This fact confirms the accumulation of cobalt in the lamella.
An additional feature of the EEL spectra from the lamella
was the shift of the cobalt L3-edge position at approximately
0.7 eV to a higher energy loss, which was determined using
the barium Ms-edge (788 eV at maximum) as an internal
standard.'® A reason for the Ls-edge shift is the increase in
the average cobalt valence in the lamellae.>® Arnold et al.

(29) Shannon, R. D. Acta Crystallogr., Sect. A 1976, 32, 751.
(30) Yoon, W.S.; Kim, K. B.;: Kim, M. G.; Lee, M. K.; Shin, H. J.; Lee,
J.M.; Lee, J. S. J. Phys. Chem. B 2002, 106, 2526.

determined the mixed 2+/3+ valence state of cobalt with
absolute value of 2.6+ in the cubic BSCF perovskite at
room temperature by comparing the cobalt L;-edge of
cubic BSCF with those of well-known materials.?® How-
ever, the measured value of cobalt valence may be slightly
higher due to the long-term annealing at intermediate
temperatures, as reported by Kriegel et al.'® In compar-
ison, the valence state of cobalt in the Ba;_SryCos_y-
Fe, Os_;lamella was close to +3 and was measured in the
same way that the shift of the cobalt Ls-edge was mon-
itored. Then, the predominantly valence state of cobalt of
3+ in the lamella phase can be estimated. The presence of
a certain amount of Co*" in the lamella phase is expected
also.’" As a consequence of the rising valence of cobalt,
the amount of oxygen vacancies (0) in the lamella should
be considerably lower than that in the cubic matrix.
Combined with the low crystal symmetry, the presence
of lamellae in BSCF can be considered to be unfavorable
for its oxygen conducting properties. Because lamellae
are several micrometers long, they can be considered
as barriers to ionic oxygen transport through a BSCF
membrane.

The findings of the EELS experiments confirmed the
driving force of the BSCF decomposition postulated by
Arnold et al.,'® who suggested that it was a temperature-
dependent change of cobalt valence coupled with a partial
spin-state transition of cobalt ions.>'-** The oxidation of
cobalt leads to a diminution of its ionic radius from Co**-
(high spin) = 74.5 pm to Co**(high spin) = 61 pm, Co**-
(low spin) = 54.5 pm, and Co**(high spin) = 53 pm.? The

(31) Harvey, A. S.; Ydng, Z.: Infortuna, A.; Beckel, D.; Purton, J. A.;
Gauckler, L. J. J. Phys.: Condens. Matter 2009, 21, 015801.

(32) Harvey, A. S.; Litterst, F. J.; Ydng, Z.; Rupp, J. L. M.; Infortuna,
A.; Gauckler, L. J. Phys. Chem. Chem. Phys. 2009, 11, 3090.
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small cobalt cations are not tolerated in the cubic perov-
skite structure because they favor occupying the face-
shared octahedral sites in the hexagonal stacking with a
closer B—O distance. The observation of Nagai et al.
suggests a labile cobalt valence and spin state as being
responsible for BSCF decomposition, because many
cobalt-based cubic perovskites break down via the
formation of hexagonal/cubic phase mixtures at tem-
peratures below 1173 K.** Furthermore, the cobalt-free
iron-based cubic perovskites of the compositions (Bag sSry 5)-
(Feo.8Cug2)O3-4 and (Bay 58t 5)(Feg.sZng2)O3-5, which
are related to BSCF, show good stability under long-term
conditions at temperatures below 1173 K, owing to the less
flexible redox behavior of iron.>*~3¢

We observed about 20 sample areas in both the BSCF
powder annealed at 1073 K for 180 h and the sintered
ceramic annealed at 1023 K for 240 h. We observed that
the growth of lamellae often occurred in various direc-
tions in the cubic perovskite grain. Such a situation is
obvious in the TEM bright field micrograph in Figure 9a,
which shows several micrometer-long lamellae arranged
in three different directions in the ceramic sample. The
matrix phase was characterized by the HRTEM micro-
graph in Figure 9b combined with the two-dimensional
fast Fourier transformation (FFT) from the correspond-
ing area (Figure 9¢) to be a cubic perovskite grain, viewed
along the [0,1,1].upic zone axis. Note that the lamellae grew
through the BSCF grain bulk and not along the grain
boundaries. The lamellac marked in Figure 9a with a
dashed line are also shown in Figure 9b under high resolu-
tion magnification. The FFT from the related area in
Figure 9d exhibited a reciprocal lattice of the Ba;_,Sry-
Co,-yFeyOs_g structure viewed along the [T, 1,0]pex Orien-
tation. The segments of the lamella formed parallel to the
(100) cubic plane. The lamella marked in Figure 9a with the
dotted line were located at an angle of approximately 25°.
Because the angle between the (100) and (3T1) cubic planes
amounted to 25.24°, the growth direction of the lamella
was indicated to be parallel to the (3T1) cubic plane. The
growth direction of the lamella marked with the dashed-
dotted line parallel to the (2,1,1) cubic direction was
determined analogously to the angle between the lamellae
of approximately 35° and the angle between the (100) and
(2,1,1) cubic directions of 35.26°. The formation of lamellae
along the (100), (211), and (3T1) cubic directions cannot be
explained by the shear of close-packed layers of the cubic
parent phase. A geometrical approach considering tilting
of the coordination polyhedrons does not provide a solu-
tion either. It appears that complex reconstructive trans-
formations influenced by the change of chemical compo-
sition occurred during the BSCF decomposition process.
Recently, Yiet al. attested high creep rates of BSCF at the

(33) Nagai, T.; Ito, W.; Sakon, T. Solid State Ionics 2007, 177, 3433.

(34) Efimov, K.; Halfer, T.; Kuhn, A_; Heitjans, P.; Caro, J.; Feldhoff,
A. Chem. Mater. 2010, 22, 1540.

(35) Martynczuk, J.; Efimov, K.; Robben, L.; Feldhoff, A. J. Membr.
Sci. 2009, 344, 62.

(36) Feldhoff, A.; Martynczuk, J.; Arnold, M.; Myndyk, M.; Bergmann,
I.; Sepelak, V.; Gruner, W.; Vogt, U.; Hihnel, A.; Woltersdorf, J.
J. Solid State Chem. 2009, 182, 2961.
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Figure 9. (a) TEM bright-field micrograph of the annealed BSCF ceramic
sample showing lamellae grown along different directions. (b) HRTEM
micrograph of the marked area in (a). (¢, d) Two-dimensional fast Fourier
transformed related to the marked areas in (b).

Figure 10. (a) STEM annular dark-field micrograph showing platelike
phases adjacent to lamellae. Arrow marks the lamella shown in Figure 11.
Rectangle marks the area of the Bag 4Sry 4C0oOs. s composition. (b) Cobalt
distribution by EDX spectroscopy using the Co Ka, line.

relevant temperatures. The creep was found to be con-
trolled by cation diffusion.!" Hence, the high cation mobi-
lity in the BSCF delivers a possible explanation for the
BSCF phase transition into compounds with unusual
compositions via complex pathways.

Due to the fact that the lamellae are cobalt enriched, the
presence of phases with low cobalt concentrations were
expected in the annealed BSCF samples. Indeed, cobalt-
depleted phases were detected by EDXS. Figure 10a
shows the STEM HAADF micrograph that was acquired
from the detail of the sample area presented in Figure 9a
showing platelike phases adjacent to the lamellae. In the
elemental distribution by EDXS in Figure 10b, a strong
depletion of cobalt in the platelike phases is clearly
evident. Furthermore, the Cliff-Lorimer quantification
of the EDXS data indicated a slight accumulation of
strontium of up to 60 atom % of the total value of cations,
as well as an absence of iron in these phases. According to
the EDXS results, the platelike phases are related to a
mixed barium strontium oxide with the stoichiometry
Bag 4Srp 0. With help of EDX spectroscopy, a phase was
detected (marked by a rectangle in the STEM HAADF

36



2.2 TEM study of BSCF perovskite decomposition at intermediate temperatures

5874 Chem. Mater., Vol. 22, No. 21, 2010

Figure 11. HRTEM micrograph showing the presence of cubic phase
inside the lamella.

micrograph in Figure 10a) that contained barium, stron-
tium, and cobalt in proportions similar to the hexagonal
perovskite Bag 6Srg 4CoO;_s. Further, a lower amount of
cobalt in one lamella marked by an arrow in Figure 10a
compared to other lamellae was found by quantification
of the EDXS data. This lamella is shown in the HRTEM
micrograph in Figure 11. Obviously, the lamella con-
tained areas with different structures. The areas “I”” on the
edges of the lamella exhibited the 15R-related Ba;_(Sry-
Co,-yFe Os_; structure viewed along the [T,1,0]pex oFi-
entation. The areas “II” in the middle of the lamella had a
cubic structure and are viewed along the [1,0,0].upic ZOne
axis, different from the parent cubic phase oriented along
the [0,1,1]cubic zone axis. The presence of cubic phase in-
side the lamella explains its lower cobalt content and
emphasizes the complex transformation process of cubic
perovskite into the Ba; —SryCo,_Fe,Os_s structure. Itis
clearly seen that the diffusion of metal ions play a decisive
role in the decomposition process of BSCF. Hence, under
the present conditions, BSCF does not exhibit a rigid
cationic lattice in that only the oxygen is mobile. This ob-
servation supports the interpretation of high creep rates
in the intermediate temperature range by Yi et al.!!

On the basis of the annealing times of the BSCF sam-
ples, we assume that the phases reached equilibrium at the
conditions under consideration. Figure 12 summarizes
the decomposition process of BSCF. The products of
BSCF phase transition, cobalt-enriched hexagonal perov-
skite Bag ¢Sro4Co03-s, 15R-related Ba,_SryCos—y-
FeyOs_s complex oxide, and barium, strontium mixed
oxide were detected in the TEM study. Because no phases
strongly enriched in strontium and iron were found in the
annealed BSCF samples, the remaining of strontium and
iron in the cubic perovskite may be proposed. Recently,
Yang et al. developed a phase map of a quasi-quaternary
Ba—Sr—Co—Fe oxide system at 1273 K, which we adapted
in Figure 13.37 According to this phase map, the end
members of the quasi-quaternary system reject to form

Efimov et al.
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Figure 12. Schematic representation of the BSCF decomposition process.
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Figure 13. Schematic phase diagram of the quasi-quaternary Ba—Sr—
Co—Fe oxide system. Adapted with permission from ref 37. Copyright
2009 International Union of Crystallography. The cubic phases are
marked with square symbols; triangle symbols relate to the multiphase
compounds. The borderlines each of which is associated with miscibility
gap are drawn tentatively as solid lines at 1273 K and as dashed lines at
temperatures below 1073 K.

the pure cubic phase. However, the cubic phase prevailed
after the mixing of Ba/Sr at the A-site and Co/Fe at the
B-site apart from barium- and cobalt-rich compositions.
Furthermore, the cubic perovskite can be considered as
more stable in the strontium- and iron-rich composition.
However, then, it might exhibit poorer transport proper-
ties as compared to the initial BSCF composition. Each of
the borderlines between the cubic phase field and multi-
phase compounds in Figure 13 is associated with a
miscibility gap, which occurs between phases of dissimi-
lar crystal structures according to the Hume—Rothery
rules.® The results of the TEM study of BSCF decom-
position point out, that the multiphase compound’s area
to the right of BSCF expands in the direction of stron-
tium- and iron-rich composition in the intermediate tem-
perature range as marked by a dashed line in Figure 13;
i.e., the cubic phase field becomes narrowed as temperature
decreases from, e.g., 1273 to 1073 K or lower. At tempera-
tures below 1073 K, the parent BSCF phase is located in a
miscibility gap between cubic phase and multiphase com-
pounds, which is in good agreement with the report of
Mueller et al.'® Looking again at the Hume—Rothery rules,

(37) Yéng, Z.; Harvey, A. S.; Infortuna, A.; Gauckler, L. J. J. Appl.
Crystallogr. 2009, 42, 153.

(38) Hume-Rothery, W.; Smallman, R. W.: Haworth, C. W. The
Structure of Metals and Alloys; The Institute of Metals: London, 1969.
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we may conclude that effective ionic radii influence the
location of the miscibility gap (i.e., the borderlines in
Figure 13). In this context, we emphasize that the multi-
phase formation is initialized by the coupled oxida-
tion and spin-state transition of cobalt cations dimi-
nishing their effective ionic radii, which are not tolerated
in the cubic perovskite structure. This view is supported
by the postulations given by Svarcovi et al. and Arnold
et al."*!>7 In consequence, the cubic BSCF breaks down
into the above-mentioned phases involving diffusion of
the metal cations.

Conclusions

The current research attests the inherent phase instabil-
ity of BSCF during heating at intermediate temperatures.
We observed that cubic perovskite decomposed into
hexagonal perovskite Bag Sty 4Co0;_s, lamellar-shaped
Ba,_Sr,Co,—yFe,Os_s complex oxide, and Bag 4Sr( ¢O.
The structure of the previously unknown Ba; _SryCo,_ -
FeyOs—s phase was found to be related to the structure of

Chem. Mater., Vol. 22, No. 21, 2010 5875

the 15R hexagonal perovskite polymorph. The several
micrometer-long Ba,_,Sr,Co,_Fe Os_s lamellae grew
along different directions through the parent cubic phase
and can be considered as barriers to oxygen transport due
to their shape, low crystal symmetry, and low amount
of mobile oxygen vacancies. A change in stoichiometry of
the cubic phase is another reason for the degradation of
the functional properties. The results of the TEM study
support the postulated reason for BSCF decomposition
at intermediate temperatures, which has been suggested
to be coupled to the valence and spin-state transitions of
cobalt ions.
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Abstract

Bag gSro,CoggFep.035 exists as a single cubic phase at 1000 °C in air. Upon slow cooling it
transforms, between 900 and 700 °C, to a mixture of cubic, hexagonal, and rhombohedral phases, as
evidenced by X-ray diffraction and transmission electron microscopy. The reversible phase change is
accompanied by a large change of the oxygen content (AS = 0.14) of BaggSrg,C0ggFeq203.5 and a
volume change of 1.2 vol.% at 700-900 °C. The multiphase material shows lamellar shaped structures
in the HRTEM micrographs due to the partial transformation of the material from the cubic to the
hexagonal and rhombohedral symmetry. The electrical conductivity changes from p-type
semiconductivity between room temperature and 700 °C to metal-like conductivity at higher
temperatures up to 1000 °C. The electrical conductivity of ceramic components is irreversibly changed
upon thermal cycling due to the formation of microcracks caused by the phase change.

Keywords: BSCF; Phase transition; X-ray diffraction; Transmission electron microscopy; Electrical
conductivity; Thermal expansion coefficient; Mixed ionic-electronic conductor; Perovskite.

1. Introduction

Perovskite-type materials have been widely
studied in the recent several decades because
of their multiple functional properties in
electrical, optical, and magnetic applications.™?
Some of the perovskite-type materials have
been studied for their good oxygen catalytic
activity, high electrical conductivity and
required oxygen ionic conductivity, especially
as cathodes in the field of the solid oxide fuel
cell (SOFC) and oxygen permeation
membranes.*®> One perovskite-type com-
position BagsSry5C0pgFep.03.s5 Of the family of
the more general system Ba,Sr,..CojFe; O35
(BSCF) was reported for the first time in 2000
as an oxygen permeation ceramic membrane
material ® and in 2004 as a high performance
cathode material for SOFCs with low
polarization resistance in the intermediate
temperature range 500-700 °C.” An isothermal

phase study for 1000 °C showed cubic phase,
hexagonal phase, and other symmetries
existing in the BSCF system depending on
different Ba/Sr and ColFe ratios.®
Bag 5SrosC0ogsFeg 035 exhibits a pure cubic
phase at 1000 °C.° The temperature-
dependent electrical conductivity of
Bag5SrpsCopsFep 2055 exhibits a transition
from semiconductivity to metal-like conductivity
at 400-500 °C.**™® This transition is not due to
any structural phase change.'® However, only
the long-term electrical conductivity of
BagsSrosCoggFeg,035 at 800 °C slowly
degrades and a slow phase transformation
from the cubic to mixed cubic, hexagonal, and
hexagonal related phases at temperatures
below 850 °C was reported in several studies
of the long-term phase stability. *"*® Aside from
the hexagonal phase the formation of lamellar
non-cubic cobalt-rich phases was observed
due to oxygen vacancy ordering, but the
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structure of these phases was not completely
resolved so far. Such, in some cases several
micrometer-long lamellae are considered as
barriers to oxygen transport due to their
layered shape, low crystalline symmetry, and
tiny amount of mobile oxygen vacancies.™ %
The electrical conductivity of Ba,Sry.
xC0pgFep-035 (X = 0.3-0.7) decreases with
increasing barium content.”® Ba-rich BSCF
compositions do not exhibit pure cubic phase
at room temperature, for example,
Bag gSro,C0oggFeg 035 is composed of mixed
phases, one being cubic and others being
hexagonal  symmetry.® Early research
predicted that Ba-rich BSCF compositions
might undergo a phase transition from highly
symmetric cubic to less symmetric hexagonal
below 825-875 °C.”> BSCF materials with the
cubic phase exhibit good electrical conductivity
at high temperatures, but degrade when being
held at lower temperatures, i.e., below 800 °C
and a slowly transformation from cubic to a
hexagonal symmetry.” The phase relations in
this system lower than 1000 °C is still unclear.
In this work, we present the phase infor-
mation of Bag gSry,C0ggFep.035 UsSing crystal-
line phase and microstructure analyses by X-
ray diffraction (XRD) and transmission electron
microscopy (TEM). The electrical conductivity
and the thermal expansion of bulk materials
show abrupt changes corresponding to the
phase transition of Bag gSrg,C0g gF€g 2035

2. Experimental

Bag gSro,C0ogsFeq.035 powder specimens
were synthesized by the solid-state reaction
method as described in detail in previous
work.® The finely ground green powder was
calcined at 1000 °C for 10 hours in air. The
crystalline phase of the calcined powder was
identified by means of XRD. XRD data from
the furnace-cooled and quenched-powder
specimens were recorded on a Siemens
Bruker D8 Advance X-ray Diffractometer using
Cu Kajy ; radiation in the 26° range of 20°-80°
with step sizes of 0.04° and of 0.02°
respectively. The phase analysis of furnace-
cooled specimen was carried out by combined
Rietveld and Pawley methods using the
TOPAS 4.0 (Bruker AXS) software. Because
all observed phases exhibit related chemical
compositions, we assume that the phases
have similar X-ray mass absorption

coefficients. Thus, the amounts of the phases
can be estimated by calculating the areas of
the corresponding phases in the XRD patterns
using the Pawley method. The ratio of the
areas of the integrated intensities delivers an
approximate amount of the phase under
consideration. The reliability of the method was
controlled by XRD experiments on furnace
cooled powders using known amounts of
BaZrO; as internal standard. Calcined furnace-
cooled powders were uni-axially pressed to
shape the bulk specimen bars of
55x5%2.5 mm.® These green bars were cold
iso-statically pressed for 3 minutes at a
pressure of 280 MPa and then sintered at 1100
°C for 6 hours in air. A four-probe dc method
was used to measure the electrical conductivity
of the sintered specimen bars. Platinum wires
(0.25 mm in diameter) were used as four
electrodes glued to the sample with platinum
paste for a better contact. Keithley 2000 and
2001 multimeters together with a self-
programmed Labview software and a K-type
thermocouple were used to record the
experimental parameters of the specimen
temperature and resistance. The sample was
heated in a tube furnace with a ramp rate of 1
°C/min from room temperature up to 1060 °C
with three heating and cooling cycles in air.
Differential thermal analysis and thermal
gravimetry (DAT/TG) on powder and bulk
specimens were performed as a function of
temperature in synthetic air by mixing pure
argon and pure oxygen (PanGas, 99.999%
purity) gases in a DTA/TG (Netzsch STA 449
C). The heating and cooling rates were 1
°C/min. The thermal expansion of the same
sintered bulk specimen bars after the electrical
conductivity measurement was measured in air
in a differential dilatometer (Baehr DIL 802) at
a rate of 1 °C/min during heating and cooling
cycles. TEM was used to characterize the
furnace cooled powder specimens that were
heated at 1000 °C for 10 hours. The
microscope was a FEI Tecnai F30 operated at
300 kV with a post-column Gatan image filter
(GIF) and an EDAX SUTW Si (Li) detector and
Phoenix EDAM Ill controller. The energy
resolution was 134 eV. Some of the powder
was mixed into 2 mL of ethanol and sonicated
for 10 minutes to make a suspension. Drops of
the suspension were applied from a pipette to
a Cu TEM grid with perforated 100 holey
carbon films. Images were collected in
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standard TEM mode and high-resolution
(HRTEM). Energy-dispersive X-ray
spectroscopy (EDXS) and mappings were
taken in the scanning (STEM) mode with an
electron-probe of about 2.5 nm in diameter.

3. Results and discussions

The powder specimen calcined at 1000 °C
for 100 hours in air exhibited different phases
at room temperature. Quenched samples
showed pure cubic phase (Figure 1a), whereas
the furnace cooled specimen (3 °C/min)
exhibited a mixed phase (Figure 1b) at room
temperature.

The phase analysis by combining Rietveld
and Pawley methods (Figure 1b) shows that at
least two additional phases besides the cubic
phase (a = 4.044 A) are present in the sample.
Thus, a hexagonal phase (space group
P63/mmc) with lattice parameters a = 5.657 A
and ¢ = 28.434 A as well as a rhombohedral
phase (space group R-3m; a = 5.825 A, ¢ =
37.157 A) were deducted and included in the
refinement by the Pawley fit. The mentioned
phase symmetries are typical for the
hexagonal perovskite polymorph as well as for
hexagonal perovskite related barium cobalt
oxides as described elsewhere.?*** Structure
data for the known cubic perovskite phase
were taken from the ICSD-database PDF
109462. The amounts of cubic phase of about
30%, hexagonal phase of about 40%, and
rhombohedral phase of approximately 30%
were estimated by considering the integrated
scattering intensities of the respective phases.
This mixed phase composition exists from
room temperature up to 960 °C as evidenced
by in-situ high-temperature XRD where the
amount of cubic phase was found to increase
with increasing temperature.”® The results
show that a pure cubic phase of this material is
preferred at temperatures above 960 °C.
However, the cubic phase is not stable at
temperatures below 960 °C for this
composition. The facts that the fast cooling
prevents the phase transition from cubic to
hexagonal and upon slow cooling this phase
transition occurs indicate that it is diffusion
controlled. High temperature in situ XRD
analysis showed these non-cubic phases
continue to develop at the expense of the cubic
phase at lower temperatures.25
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Figure 1. (a) XRD-pattern of the quenched
powder specimen. The calculated Bragg-
positions of the cubic perovskite phase are
given at the bottom. (b) XRD-patterns of the
furnace cooled powder specimen: observed
(full line), calculated (points), and difference.
The calculated Bragg-positions are given at the
bottom of the figure for (i) cubic phase, (ii)
hexagonal phase, and (i) rhombohedral
phase.

=

From HRTEM images of the powder specimen
calcined at 1000 °C for 10 hours in air and
furnace cooled, a clear cubic phase (space
group Pm-3m; a = 4.044 A), image viewed
along [0,1,1] direction, d(100) = a = 4 A and
d(0-11) = 2.9 A, angle (100):(0-11) = 90° (Fig-
ure 2a) and a lamellar structure rhombohedral
phase (space group R-3m; a = 5.825 A, ¢ =
37.157 A), image viewed along [-1,1,0]
direction, d(003) = 1/3 ¢ = 12 A and d(110) =
2.8 A, angle (003):(110) = 90° (Figure 2b) were
observed. Those lamellar shaped structures
occur due to the partial transformation of the
cubic BSCF phase to non-cubic phases like
the hexagonal and rhombohedral phases
already found in the XRD patterns. Similar
lamellar structures were found in the studies of
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Efimov et al. and Mueller et al. for the
BapsSrosC0psFe02035 composition.”?° Here
we have an insight into a non-equilibrium
reaction sequence since the current sample
was furnace cooled and not held in the
intermediate temperature range for several
hours like in the above mentioned studies.

®[01.1]

(0-11)'- P \.(100)

Figure 2: High-resolution transmission electron
microscopy (HRTEM) images and diffraction
patterns  (insets) after Fast  Fourier
Transformation (FFT) calculations of the
Bag gSrg 2C0og sFe205.5 calcined at 1000 °C for
10 hours in air and then furnace cooled. (a)
cubic phase and (b) lamellar structure
rhombohedral phase coexisting in one grain
with areas of cubic symmetry.

Figure 3 and Table 1 present chemical
elemental information of three sites of one
particle of the specimen giving the chemical
stoichiometry of the metal ions by EDXS
results. The BaggSrg,CoggFeg2035 nominal
composition is found on site ¢ (Figure 3a, 3c,

and Table 1) and with small deviation on side d
(Figure 3a and Table 1). However, the site b in
Figure 3a shows a cobalt-rich composition
(Figure 3a, 3b, and Table 1), which
presumably is part of the more complex oxide
phases leading to the multiple phase
composition of the specimen.
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Figure 3: (a) TEM bright field image on three
sites (b, ¢, and d) of one particle of the
BaggSro,CogsFeq.03s powder calcined at
1000 °C for 10 hours in air and furnace cooled,
(b) and (c) present the chemical elemental
information by EDXS of site b and site c,
respectively.
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Table 1: Local chemical compositions of each
site (b, ¢, and d) of Figure 3a by showing metal
ions in atomic percentage, on one particle of
the Bag gSrq.C0oggFeq.03.5 powder calcined at
1000 °C for 10 hours in air and furnace cooled.

Ba Sr Co Fe

(atm%) (atm%) (atm%) (atm%)

nominal 40 10 40 10
b 14 4 78 4
c 39 11 39 11
d 36 12 41 11

In a detailed STEM high angle annular dark
field (HAADF) micrograph in Figure 4, this
cobalt-rich and Ba-/Sr-/Fe-depleted area is
more pronounced. It becomes evident that the
chemical constituents are not homogeneously
distributed across the grain. The alkali earth
deficient site b of the grain shows a higher Co
concentration than the nominal composition.
Combining the XRD data, we confirm that the
crystalline phase of this composition after slow
cooling to room temperature is not pure, but
multiple phases exist in this specific
composition, even locally in one grain. We can
conclude that the Ba-rich composition
Bag gSrg ,C0gsFep 2035 of the Ba,Sr;.
«Co,Fe; O35 system undergoes a phase
transformation at intermediate temperatures
with local demixing of the cations and ordering
of the oxygen vacancies. With the ordering and
disordering states of oxygen vacancies, many
oxides show  different phases from
brownmillerite (ordering) to cubic (disordering)
perovskite phase, e.g., Ca,AlFeOs, Bi,O3,
La,M0,0,, and Ba,In,0s.2°?° Here, an oxygen
vacancy related phase transition was also
found in the Bag gSry,CoggFep 2035
composition, in similar  cobalt-containing
perovskites, and in SrCog gFeg 203.5.20"

A possible pathway of the transition from
cubic perovskite to hexagonal has been
reported already earlier.®*° The cubic ABO,
perovskite consists of AO; layers arranged in
cubic-close packing perpendicular to the [1,1,1]
cubic zone axis. B-cations occupy the
octahedral holes and octahedra generate a
three dimensional corner-sharing array. The
shear of some AQO; layers inducted by the

change of valence and spin-state of cobalt
leads to the formation of hexagonal-close
packing. Furthermore, the complex
reconstructive transformations influenced by
cation demixing occurred during the slow
cooling of BSCF. Recently, Yi et al. reported
high creep rates of BagsSrosCopgFeq20s3.5
controlled by cation diffusion.* Hence, the high
cation mobility delivers a possible explanation
for the phase transition into compounds with
non-perovskite compositions via complex
pathways. However, we want to point out that
the phase transformation is reversible in a
rather short time of ca. 1 hour as evidenced by
the dilatometer measurements. As oxygen
vacancy mobility is rather fast in this material,
the latter points towards a phase
transformation due to the fast rearrangement
of oxygen vacancies.

Figure 4: Scanning transmission electron
microscopy (STEM) high angle annular dark
field (HAADF) image (a) and the elemental
distributions by EDX mapping (b-f) on the
same particle of the BaggSry,C0ggFeq-03.5
powder calcined at 1000 °C for 10 hours in air
and furnace cooled as shown in Figure 3.

The change in oxygen content of the
sintered bulk specimen (furnace cooled) during
two heating and cooling cycles from room
temperature to 1000 °C is shown in wt.% in
Figure 5. The initial oxygen content at room
temperature was taken as 3-6 = 2.48
referenced from the similar composition
Bag 5Srp 5C0g sFe 2035 in the literature.>®

45



2 Inherent phase instability of BSCF perovskite
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Figure 5: (a) Oxygen stoichiometry and (b)
DTA signal of BaggSrg,CopgFep-0s:5 as a
function of temperature in synthetic air.

In the first heating cycle, the oxygen
content of the sample continuously decreases
with increasing temperature. An abrupt oxygen
loss of 1 wt.% was observed in a rather small
temperature interval of 20 °C between 880 and
900 °C upon heating. During further heating
the sample further loses oxygen. Upon cooling
from 1000 °C, the sample re-oxidizes with
decreasing temperature down to 800 °C when
an abrupt oxygen gain occurs. With further
cooling more oxygen is incorporated into the
material. The second thermal cycle shows
similar behavior as the first thermal cycle
including the hysteresis behavior in the
temperature regime from 800-900 °C. The
abrupt oxygen changes are accompanied by
endo- and exothermic signals as shown in
Figure 5b. Upon heating the onset temperature
is 855 °C and an onset temperature is 820 °C
for the exothermal event during cooling. Such
a reversible phase transformation was reported
for a similar cobalt-containing  oxide
BaSrCo,Os already earlier.®* The Fe-free
BaSrCo,05 transforms from a cubic symmetry
below 900 °C into a rhombohedral phase upon
cooling. The temperatures of endothermic and

Mass¥

exothermic reactions are very similar for both
Bagy gSrg,C0oq sFeg203.5 and BaSrCo,0s.
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Figure 6: The electrical conductivity of the bulk
specimen BaggSry,CopgFeg,03.5 in air at a
rate of 1 °C/min. Note the discontinuity of the
conductivity at 895 °C upon heating and at 790
°C upon cooling.

The electrical conductivity of a sintered bulk
specimen bar (furnace cooled) as a function of
temperature in air is shown in Figure 6 during
three heating and cooling cycles. The electrical
conductivity  increases  with  increasing
temperature, and reaches a maximum at 670—
710 °C and then decreases upon further
heating to 895 °C where a sharp discontinuity
of the conductivity can be observed. The
electrical conductivity does not change much
with further heating up to 1060 °C. The
discontinuity in electrical conductivity starts at
895 °C upon heating and at 790 °C during
cooling. The maximum electrical conductivity
occurs at 660 °C in the cooling cycles, and
increases with the number of cycles. During
the cooling cycles identical conductivities were
observed. In the temperature range between
room temperature and 660 °C the material
exhibits p-type semiconductivity, which can be
described as a small polaron hopping
mechanism at elevated temperatures.™ > |t
then undergoes a transition above 660 °C to
metal-like conductivity. The latter can be
understood when considering the increasing
overlap of the transition metal d orbitals and
oxygen p orbitals as already reported earlier.”

The sharp discontinuity in the conductivity
upon heating at 895 °C correlates with the
phase transitions from mixed hexagonal and
rhombohedral phases to the cubic symmetry
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2.3 Oxygen-vacancy related structural phase transition of Bag gSry>C0ggF€0203.5

and is correlated with the abrupt oxygen loss at
the same temperature shown in Figure 5a. The
corresponding DTA signal (see Figure 5b) is
endothermic. Obviously oxygen vacancies are
formed and the transition metal cations (mainly
Co) become reduced changing their radii.*
This leads to the phase change from mixed
hexagonal and rhombohedral phases to the
cubic symmetry. The state of oxygen
vacancies, being ordered (rhombohedral and
hexagonal phases) or disordered (cubic phase)
in the lattice, obviously plays a crucial role on
the electrical conductivity and presumably on
the oxygen ion conduction. However, the
transition from ordered to disordered vacancy
states cannot explain the discontinuity in the
conductivity alone, e.g., at 895 °C upon
heating as it is shown in Figure 6.

25

20F

Relative length change %

-0.5

Temperature [*C]

Figure 7: Relative length change of the bulk
ceramic specimen of BaggSrg,C0ggFeg203.5 as
a function of temperature in air with two
thermal cycles at a rate of 1 °C/min.

In order to elucidate this point further, we
will now consider the relative length change of
the ceramic specimen during heating and
cooling cycles. Figure 7 shows the relative
length change of the specimen during two
subsequent heating and cooling cycles.
Besides the wusual length increase upon
heating due to thermal and chemical
expansion of 15.6x10° (1/°C), the material
expands abruptly between 790-890 °C, with an
onset at 850 °C during heating and contracts
upon cooling with an onset at 790 °C. The
onset temperature becomes slightly shifted to
higher temperatures during the second cycle.
The abrupt length change is + 0.4% linear
corresponding to 1.2 vol.%. After thermal

0 100 200 300 400 500 600 700 800 900 1000 1100

cycling the specimen was still mechanically
intact but exhibited many microcracks in the
microstructure as it is shown in the optical
micrograph in Figure 8.

Figure 8: Microcracks in the
Bag gSro,CoggFep.03.5 ceramic specimen bar
predominantly running parallel to the long side
of the specimen after 10 thermal cycles
between room temperature and 1000 °C in air.
(Optical micrograph, scale bar = 1 mm).

The redox-reaction of the transition metals
between 700 and 900 °C causing the phase
change leads to mechanical stresses
exceeding the strength of the material and
therefore  cause  microcracks in  the
microstructure of the ceramic which were
observed on the surface of
Lag 5SrosC0ogs5Feq 5035 as well reported by Lein
et al. ¥ They attributed this mechanical
fracture to the considerable stress gradients
developing in the materials due to gradient in
oxygen concentration or valance of Co.*
Therefore, the crack formation reported here
does not necessarily come due to the phase
transition, but might be caused by the
considerable chemical expansion (oxidation of
Co/Fe) during cooling. The hysteresis and the
discontinuity of the electrical conductivity are a
direct consequence of the disintegration of a
coherent microstructure in this material.

4. Conclusions

The BaggSry»,CoggFe 055 composition of
the Ba,Sr;«CoyFe;.,O5.5 system shows a cubic
symmetry (a = 4.044 A) at 1000 °C when
synthesized in air that can be retained in a
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2 Inherent phase instability of BSCF perovskite

metastable state at room temperature upon
quenching. During slow cooling, the material
transforms at 790 °C into a mixed phase state
characterized by cubic, hexagonal, and
rhombohedral symmetries. The latter exhibits a
lamellar structure, sometimes coexisting with
areas of cubic symmetry in the same grain.
The phase change is reversible and associated
with the oxidation and reduction of the
transition metal cations (mainly Co). The phase
change is associated with a rather abrupt mass
change of 1 wt.% corresponding to a A = 0.14
in the formula unit. The redox-reaction of the
transition metal cations cause a reversible
volume change of ~1.2 vol.% of the ceramic
specimen leading to microcracks in the
microstructure during thermal cycling. From
room temperatures to ~670 °C the material
shows small polaron hopping p-type
semiconductivity up to 180 S/cm changing then
to a metal-like conductivity. The conductivity is
abruptly reduced by the microcracks forming
when the material transforms into the cubic
symmetry at temperatures above 900 °C.
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3 Novel cobalt-free perovskite for

Intermediate temperatures applications

3.1 Summary

This chapter introduces a cobalt-free oxygen-permeable perovskite-type oxide with the novel
composition (BagsSros)(FepsCug»)Os.5 (denoted BSFCu). This material was designed to be an
alternative to Co-based perovskites (e.g., BSCF), which suffer from inherent phase instabilities in the
intermediate temperature range (773-1073 K; see Chapter 2).

The sol-gel route was applied to synthesize the BSFCu material. XRD and TEM investigations
revealed that this system crystallizes in the cubic perovskite structure. Furthermore, in-situ XRD
experiments, carried out between room temperature and 1227 K, proved that the BSFCu perovskite
remained in a cubic structure over the whole temperature range. The coefficient of thermal expansion
(CTE) of the BSFCu was estimated by high resolution in-situ XRD to be ca. 16x10° K™ between room
temperature and 773 K and ca. 23x10° K between 773 K and 1173 K, providing a lower dilatation in
the intermediate temperature range compared with the CTE values of cobaltites and BSCF. The
transport properties of the BSFCu membrane material were studied by measurements of electrical
conductivity using the four-probe method and oxygen permeation. A maximum in BSFCu electrical
conductivity of 45 S cm™ was observed at 890 K, which is just as good as the electrical conductivity of
the BSCF material. With regard to the oxygen ionic conductivity, the BSFCu material exhibited the
highest permeation flux of all known cobalt-free materials. The permeation flux of BSCF perovskite,
however, remains unrivalled.

Long-term stability of the BSFCu membrane was proven using time-dependent oxygen permeation
experiments at 1023 K and compared with the performance of state-of-the-art BSCF material at the
same conditions. It was clearly shown that BSFCu perovskite is preferable for intermediate

temperature applications, as compared with BSCF, because of its improved inherent phase stability.
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3.2 A novel cobalt-free oxygen-permeable perovskite-type
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Cobalt-free perovskite with the novel composition (BagsSrys)(FegsCug,)Os.5 (BSFCu) was
synthesized via a sol—gel method and studied with respect to the crystallographic structure as well
as the oxygen ionic and the electronic conductivity. In situ X-ray diffraction (XRD) was applied to
investigate the thermal dilatation and the phase stability of the BSFCu at high and intermediate
temperatures. Additionally, time-dependent oxygen permeation performance measurements were
carried out for BSFCu and Co-based (Bag sSry.5)(Cog sFe»)03.s membranes at 1023 K for 200 h.
The BSFCu phase was found to be a cubic perovskite by XRD and transmission electron microscopy.
The BSFCu membrane exhibits a very high oxygen permeation and electrical conductivity as
compared to known perovskite membranes. The oxygen permeation of the BSFCu membrane
maintains its value for 200 h at 1023 K unlike (Bag sSrg.5)(Cog sFep»)O5.5, whose oxygen flux was

reduced by one-half during the same interval.

Introduction

For many fields of application as cathode in solid-oxide
fuel cells (SOFCs), in the production of oxygen-enriched
air, and in the conversion of hydrocarbons to synthesis
gas,' 3 mixed ionic—electronic conductors (MIECs) are
on the verge of a breakthrough. Nevertheless, membrane
materials with improved qualities for industrial processes
are needed. Cobalt-based perovskite oxides like (La,Sry_y)-
(Co,Fe;y)O5.5 or (Ba,Sri4)(Co,Fe;. )05 are often
thought to be the most promising materials because they
show very good oxygen permeability due to the extremely
high amount of disordered oxygen vacancies and their
excellent phase stability above 1173 K.*° The flexible
redox behavior of cobalt, however, leads to two con-
siderable disadvantages. First, the large coefficient of
thermal expansion (CTE) of cobaltites, with values be-
tween 20 and 24 x 107° K™! over a wide temperature
range,*’ is responsible for huge thermal stresses and
can result in cracking of the ceramic products during
operation in the worst case. Second, the cubic structure
of Co-based perovskites at intermediate temperatures

*Corresponding author. E-mail: konstantin.efimov(@ pci.uni-hannover.
de.
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(IT, approximately 7= 773—1073 K) breaks down under
long-term conditions.>*'® The driving force for this
conversion is a temperature-dependent coupled valence
and spin-state transition of cobalt (between high spin
Co*" and low spin Co®"). The small ionic radius of
trivalent cobalt in low-spin configuration favors the for-
mation of the hexagonal perovskite phase.'''? This fact
excludes cobaltites from use as membrane materials in the
IT range. Thus, the development of Co-free perovskite
systems is of large and persistent interest.

Due to the less flexible redox behavior of iron, Fe-based
perovskite oxides attracted much attention as possible
alternatives to cobaltites in the past few years. Teraoka
et al.'> and Zhen et al.'* reported that Ba,Sr; FeOs.s
systems reveal a high oxygen permeation flux accompa-
nied with an exceedingly high phase stability. Further-
more, Wang et al.'®> and Martynczuk et al.'® established
an increase of the oxygen permeation rate by substituting
(Ba,Sr;_)FeO;.s with lower valence cations like Zn>"
and AI*" for the B-site of the perovskite. Continuing
the research on Co-free perovskite systems, we have
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developed a Cu-doped perovskite with the novel compo-
sition (Bao_5Sr0A5)(Fe0_gCu0,2)03_,; (BSFCU), which is
the focus of this paper. The Fe ion normally takes a
mixed oxidation state between 3+ and 4+ in perovskite
oxides.'®!” Replacing of Fe ions with divalent and triva-
lent Cu ions'® in a perovskite lattice can lead to an
increase of oxygen vacancies, from which one would
expect to observe improved oxygen-conducting behavior.
Already in 1988 and 1991, Teraoka et al. have shown the
positive effect of Cu-doping on the (La,Sr;)CoOs.
oxygen permeability.”! Similarly, Cu-containing Sr-
(Fe,Cu;4)O;5.s perovskites with a high oxygen conduc-
tivity are reported in the literature.”>' Because SrFeOx_-
based perovskite oxides tend to form a brownmillerite
phase like SryFe,Os, their large-scale application would
be inhibited.”**

Experimental Section

A sol—gel route using metal nitrates, citrate, and ethylene-
diaminetetraacetic acid (EDTA) as described in detail else-
where™® %> was applied to prepare the BSFCu material.
A powder obtained after heat treatment for 10 h at 1223 K
was uniaxially pressed under 140—150 kN for 20 min into green
bodies. The pellets were calcined for 10 h at 1323 K with a
heating and cooling rate of 3 K/min to form dense membrane
disks with a diameter of 16 mm and a thickness of 1.1 mm.

The XRD was carried out in a ©/20 geometry on a Philips
X’pert-MPD instrument using Cu Ka radiation at 40 kV and 40
mA, with a receiving slit of 0.05 mm. For Pawley refinement, the
data were collected in a 20 range of 15°-90° in a step-scan mode
with a step width of 0.04° and count time of 25 s per step. The
Pawley refinement was performed by using Topas V4.1 software
(Coehlo Software). During in situ high-temperature XRD mea-
surements, data were collected in 2O ranges of 30°-33° and 20°-
60° with intervals of 0.02° and count times of 33 s/step and 5 s/
step, respectively. The tests were conducted in a high tempera-
ture cell (HDK 2.4 with REP 2000) with Pt—Rh holder in the
temperature range of 308—1173 K in steps of 100 K with a
heating and cooling rate of 3 K/min in air. Before each data
acquisition, an equilibration time of 30 min was used.

Scanning electron microscopy (SEM) imaging was performed
on a JEOL JSM-6700F field-emission instrument at a low
excitation voltage of 2 kV. An energy-dispersive X-ray spectro-
meter (EDXS), Oxford Instruments INCA-300, with an ultra-
thin window was used for the elemental analysis at an excitation
voltage of 15 kV.
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Transmission electron microscopy (TEM) investigations
were made at 200 kV on a JEOL JEM-2100F-UHR field-
emission instrument (Cg = 0.5 mm, Cc = 1.2 mm). The micro-
scope was operated as a high-resolution TEM (HRTEM) as well
as a scanning TEM (STEM) in bright-field mode. The prepara-
tion method of the TEM specimen is described in detail else-
where.?® Additionally, HRTEM micrographs were simulated
by using the electron microscopy software JEMS (Java version
V3-3526U2008 s, P. Stadelmann, CIME-EPFL).

Conductivity measurements by impedance spectroscopy were
performed using a four terminal configuration in the tempera-
ture range from room temperature to 1173 K with a heating rate
of about 10 K/min in air. Pellets of about 1 mm thickness were
prepared by room temperature pressing and subsequent sinter-
ing. Long sticks were cut from the pellet to enable low impe-
dance measurements. Silver conductive paste was used as
electrode material. The frequency dependence of the conductiv-
ity was negligible in the frequency range from 10 Hz to 100 kHz.
Data shown here were recorded at a frequency of 50 Hz using a
HP 4192 A impedance analyzer. The setup including the sample
holder is described in detail elsewhere.?’

Oxygen permeation was measured in a high-temperature
permeation cell®® according to the method described else-
where.? Air was fed at a rate of 150 mL min ™" to the feed side;
He (29.0mL min~",99.995%) and Ne (1.0 mL min~", 99.995%)
gases were fed to the sweep side. The effluents were analyzed by
gas chromatography on an Agilent 6890 instrument equipped
with a Carboxen 1000 column. The gas concentrations in the
effluent stream were calculated from a gas chromatograph
calibration. The absolute flux rate of the effluents was deter-
mined by using neon as an internal standard. The relative
leakage of O,, which was evaluated by measuring the amount
of N, in the effluent stream, was subtracted in the calculation of
the oxygen permeation flux.

Results and Discussion

The stoichiometric (Bag sSrg 5)(FeosCug2)O3.5 perov-
skite oxide was synthesized via a sol—gel method, which
affords a fine intermixing of the cations during all proces-
sing steps, thus leading to a pure product phase at
comparably low synthesis temperatures and dwell times.
Figure 1 displays an XRD pattern of the BSFCu powder.
The desired product was found to be a pure perovskite
phase. The cubic symmetry in the Pm37i space group (Nr.
221) with @ = 3.9434(4) A (lattice parameter) was deter-
mined by Pawley-analysis.*® The refinement converged to
reliability factors of Rywp = 11.162, Rgp = 8.91 and
to a goodness of the fit of 1.253. Obviously, Cu ions
(H(Cu?*) = 0.73 A, (Cu**) = 0.54 A)*' can be incorpo-
rated at the B-position of the ABO;s perovskite (A:
r(Ba®>") = 1.61 A, 1(Sr>") = 1.44 A, B: (Fe**, high spin) =
0.645 A, r(Fe**, high spin) = 0.585 A, (O*) = 1.40 A)!
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Figure 1. XRD pattern of BSFCu: observed, calculated by the Pawley
method, and difference (bottom line). The calculated Bragg positions are
marked with ticks at the bottom of the figure.
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Figure 2. Lattice parameter of BSFCu as a function of the temperature
during heating and cooling.

without distorting the cubic structure. This is in agree-
ment with Goldschmidt’s tolerance factor of BSFCu
calculated to be in the range of r = 1.003—1.046 for
various ratios of Fe*"/Fe*" ions and Cu®*/Cu®" ions.
Therefore, the cubic space group Pm3m was expected for
BSFCu because the tolerance factor lies close to unity,
which is a benchmark for cubic symmetry.*

In order to examine the behavior of the BSFCu powder
at high temperatures, in situ XRD experiments were
carried out in the temperature range of 308—1173 K with
steps of 100 K under ambient air. Confirmed by measure-
ments in the angle interval 20°-60° 20, the cubic perov-
skite was found to be stable in the entire temperature
range, since no reflexes of other phases appeared. The
shift of the lattice parameters with temperature was
derived in particular from the (110) reflex of the cubic
structure in the 30°-33° 20 range. Figure 2 shows the
change of the lattice parameter, determined from the 2@
angular position of the peak under consideration, during
heating and cooling. From these measurements, the CTE
of BSFCu could be estimated to be approximately 16 x
107°K ™! between room temperature and 773 K as well as
approximately 23 x 107 K™! between 773 and 1173 K.
Thus, the CTE of BSFCu gives a lower dilatation in the IT
range and a similar dilatation at high temperatures
compared to the CTE values of cobaltites reported by
Mclntosh et al.,® Vente et al.,” and Wei et al.>*

(32) Goldschmidt, V. M. Naturwissenschaften 1926, 14, 477.
(33) Wei, B.; Lu, Z.: Huang, X.; Miao, J.: Sha, X.; Xin, X.; Su, W. J.
Eur. Ceram. Soc. 2006, 26, 2827.
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Figure 3. a) SEM of the BSFCu membrane surface. b) STEM and c¢)
HRTEM showing an interface of two BSFCu perovskite grains. Insets
show images calculated with —32 nm defocus for [2,2,3] and [0,0,1] zone
axis for BSFCu, respectively. d) Selected area diffraction of the grain on
the left in Figure 3c. e) Two-dimensional fast Fourier transformed from
the grain on the right in Figure 3c.

After sintering, the BSFCu ceramic was investigated by
electron microscopy. The SEM micrograph in Figure 3a
shows the surface of the membrane. No cracks and only a
few pores are visible on the membrane surface. The pores
are not running throughout the membrane as evidenced
by SEM of the cross-section. To verify the chemical
composition of the membrane, EDX spectra were
acquired from the surface and the cross-section. A
Cliff-Lorimer quantification of the EDX spectra con-
firmed the desired (Bag 5Srg 5)(Feg gCug2)O;.s stoichiom-
etry. Furthermore, the BSFCu ceramic strikes by large
grains with an average size of about 100 um. The grain
size distribution and the nature of the grain boundaries
might be key factors in the oxygen permeation perfor-
mance. The bright-field STEM micrograph and HRTEM
micrograph in Figure 3b and Figure 3c, respectively,
present the grain boundary between two perovskite grains
revealed by selected area electron diffraction (SAED)
(Figure 3d) or due to two-dimensional fast Fourier
transformation (FFT) (Figure 3e). Both perovskite grains
are in close contact. No amorphous phase, or any other
substance, was observed at the interface. The grain on the
left-hand side is oriented along the zone axis [2,2,3], and
the grain on the right-hand side is oriented along the
zone axis [0,0,1]. Additionally, the HRTEM micrograph
in Figure 3¢ was extended by contrast simulations
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Table 1. Comparison of Oxygen Permeation Flux Through Several
Related Perovskite Membranes

oxygen permeation flux/mL

cm 2 min~!
perovskite membranes 1023 K 1223K  Ea/kJ mol™!
(Bag sSrg s)(Feg sZng 2)05.s 0.36 0.98 55
(Bag.sSro.s)(FegoAly )05 0.41¢ 1.19 44
(Bag 5Srg.5)(Fep sCup 2)03.5 0.53 1.60 47
(Bag 5Srg 5)(Cog sFeg 2)0s.5 1.31 2.66 46

“Value is extrapolated with the assumption of a linear progress of the
oxygen permeation flux depending on the temperature.
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Figure 4. Oxygen permeation flux through (Bag sSry s)(FegsCup2)O5.5
(BSFCu) and (Bag 5Srg 5)(Cog gFe 2)03.5 (BSCF) membranes as a func-
tion of time at 1023 K.

performed via JEMS software for each grain according to
its orientation, which show good correlation with experi-
mental results.

In order to be a candidate for a promising membrane
material, a novel perovskite system must show a good
oxygen permeation performance. Because the value of
oxygen flux through a membrane strongly depends on the
experimental conditions, such as the membrane thickness
and oxygen partial pressures on the permeate and the feed
side, it is problematic to compare the detected oxygen
permeation flux with data given in the literature. Table |
summarizes the results of oxygen permeation measure-
ments of several related perovskite membranes of equal
thickness (1.1 mm) conducted under the same conditions.
Thus, it appears that the oxygen flux through the BSFCu
membrane, both at intermediate (1023 K) and at high
temperatures (1223 K), is significantly higher than the
flux through (Bay sSrg 5)(Feo.sZng.2)O03.5 and (Bag 5Srg 5)-
(FegoAly1)O3.s membranes. The permeation flux of
(Bag 5Srg 5)(Cog gsFeq2)O05.s, however, remains unrivalled.
The activation energies were calculated from the tem-
perature dependence of the oxygen permeation as given in
Table 1.

For perspective application in the IT range, the most
important factor for perovskite materials is a constant
oxygen permeation performance owing to phase stability
in addition to good mixed oxygen-ionic and electronic
conductivity. For this reason, time-dependent oxygen
permeation experiments were carried out for BSFCu
and the prominent (Bag sSrg 5)(Cog sFe»)O5.s perovskite
in the IT range. Figure 4 shows the oxygen permeation
flux through both membranes at 1023 K. The oxygen
permeation of the BSFCu membrane maintains a value of
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Figure 5. Electrical conductivity of BSFCu pellet: a) o as a function of
temperature and b) o7 in Arrhenius representation.

0.53 mL cm ™2 min~! for more than 200 h. The flux
through the (Bag 5Srg.5)(CoggFep»)O;.s membrane con-
tinuously decreases with time. The flux was reduced by
one-halfafter 200 h, from 1.31 mL em ™ >min~ ' to 0.66 mL
ecm® min~', which was caused by the intrinsic phase
instability of the (Bag sSry 5)(CoggFeg2)O05.5 perovskite
at intermediate temperatures>® 2. After the measure-
ment, the microstructure of the BSFCu material was
analyzed by SEM, EDXS, and XRD. SEM investigations
combined with EDXS of the feed side, the permeate side,
and the cross-section of the membrane exhibit the absence
of cracks and coats in the ceramic. With the help of XRD,
the BSFCu material was proved to maintain its cubic
perovskite structure as a single pure phase during the
performance test at 1023 K for 200 h. Thus, these results
show the advantage of the BSFCu perovskite over
(Bag.5Srg.5)(Cog sFep2)03.s materials for operation in
the IT range.

The total electrical conductivity of the BSFCu ceramic
was studied via the four-point probe method at ambient air.
As demonstrated in Figure 5a, the conductivity increases
with increasing temperature and reaches a maximum value
of 45 S em™! at around 890 K. This semiconducting
behavior can be explained by a thermally activated p-type
small polaron-hopping mechanism.** An activation energy
of 23.2 kJ mol ™" was determined from the linear part of the
Arrhenius plot (Figure Sb) in the temperature range of
300—500 K. The changeover from semiconduction to
metallic conduction of the BSFCu above 890 K may be
related to a spin-state transition of the Fe jons.!”¥¢ The

(34) Stevenson,J. W.; Armstrong, T. R.; Carneim, R. D.; Pederson, L.
R.; Weber, W. J. J. Electrochem. Soc. 1996, 143, 2722.

56



3.2 Novel cobalt-free oxygen permeable perovskite-type membrane

1544 Chem. Mater., Vol. 22, No. 4, 2010

total conductivity of BSFCu is comparable with that of
(Bag sSrg 5)(Cog gsFep»)Os.5, which shows a maximum
value of approximately 45—50 S cm™" at about 820 K.*’
The established Co-free material, such as (BagsSrg.s)-
(FepgZng»)05.s, shows a lower conductivity with a max-
imum of 9.4 S em ™' at about 860 K.

(35) Raccah, P. M.; Goodenough, J. B. Phys. Rev. 1967, 155, 932.

(36) Bhide, V.G.;Rao,G. R.;Rao, C. N. R.; Rajoria, D.S. Phys. Rev. B
1972, 6, 1021.

(37) Zhao, H.; Shen, W.; Zhu, Z.; Li, X.; Wang, Z. J. Power Sources
2008, /82, 503.

(38) Wei, B.; Lu, Z.;: Huang, X.; Miao, J.; Sha, X.; Xin, X.; Su, W. J.
Power Sources 2008, 176, 1.

Efimov et al.
Conclusions

The novel cubic perovskite BSFCu was designed to be
an alternative to Co-based perovskites. This material
exhibits a good phase stability at high and intermediate
temperatures and a better oxygen permeation perfor-
mance as compared to related Fe-based perovskites. With
regard to thermal dilatation and electrical conductivity,
BSFCu is Comparable to (Bao_sSr0_5)(C00_8F60_2)03_,§.
The stability of the BSFCu material during the opera-
tion in the IT range clearly exceeds that of (Bag sSr s)-
(CogsFe.2)03.5.
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4 Intolerance of alkaline earth-containing

perovskite against CO,

4.1 Summary

For numerous applications, where some CO, is present in a gaseous atmosphere, the alkaline
earth-containing MIEC materials could not sustain their phase stability and oxygen transport properties
because of the formation of carbonates. This chapter summarizes the poisoning effect of CO, on
Ba(CosFe,Zr,)0O35 and (BagsSros)(FeosZng2)Os.5 OXygen-transporting perovskites, which were
developed to be an alternative to BSCF cobaltite because of their beneficial thermal and mechanical
stabilities.

Section 4.2 demonstrates that the oxygen permeation performance of a Ba(CoFe,Zr,)O3.5 hollow
fiber membrane was almost stopped after a dwell time of 30 minutes when 10 vol.% CO, was present
in the sweep gas. To gain a deeper understanding of the processes occurring during application in
CO,-containing atmospheres, in-situ XRD and TEM studies were carried out on a two-phase
perovskite having an average composition of BaCog4Feq 42500355, Which is similar to that of the
BaCo,Fe,Zr,0;5 hollow fiber. The initial powder consisted of 74 wt.% BaCogsFegs5.,2r2035 (Y =
0.015-0.025) with a cubic perovskite structure and 16 wt.% of cubic BaZrO; perovskite. Rapid
formation of a high-temperature rhombohedral BaCO3; polymorph was observed after exposure of the
CO, at 1173 K on the costs of cobalt- and iron-containing perovskite phases. This carbonate structure
is not quenchable and cannot be detected by ex-situ methods. Additionally, a reversible phase
transition of BaCO; from orthorhombic to rhombohedral to cubic was detected at different
temperatures, accompanied by the formation of CoO and the distortion of remaining iron-containing
perovskite. Furthermore, full regeneration of the perovskite phase was obtained after high-temperature
treatment under CO,-free conditions.

The (BagsSros)(FepsZng2)O35 membrane exhibited a constant oxygen permeation flux for about
100 hours at 1023 K, while sweeping with helium gas, indicating good inherent phase stability of the
perovskite over intermediate temperatures (Section 4.3). After insertion of CO, in the sweep gas, the
oxygen permeation flux collapsed immediately, as a result of the formation of a tarnishing layer on the
membrane surface. Using XRD and TEM, a several micrometer-thick layer was found to consist of
mixed barium, strontium carbonate, zinc oxide and distorted perovskite phases. Complete recovery of
the oxygen flux was achieved by membrane flushing with helium at 1223 K, pointing out the full

decomposition of the tarnishing layer and regeneration of the perovskite structure.
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CO,-free conditions.

The effect of CO, on the two phase perovskite with average composition of BaCog 4Feq4Zrp203 s is
investigated by in-situ X-ray diffraction (XRD) as well as transmission electron microscopy (TEM).
Partial decomposition of the BCFZ into high-temperature rhombohedral BaCO; polymorph was
observed during annealing in an atmosphere, which contained 50 vol% CO,/50 vol% N, at 1173 K. This
carbonate structure is not quenchable and cannot be detected by ex-situ methods. Additionally, the
reversible phase transition of BaCOj; from orthorhombic to rhombohedral to cubic at different
temperatures accompanied by formation of CoO was shown by in-situ XRD and TEM. Furthermore,
complete regeneration of perovskite phase was obtained after high-temperature treatment under

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Doped perovskites (ABO3) with multivalent cations as mixed
ionic and electronic conductors are a hot topic in materials science
today, e.g. as membrane materials for the separation of oxygen from
oxygen containing gases like air with unrivaled selectivities [1] or as
cathode material in solid-oxide fuel cells [2]. In the last decade,
these membranes have attracted great academic and industrial
interest, since they have also large potential applications in chemical
processes in which a constant supply or removal of oxygen is
required [3]. For prospective industrial applications as membrane
reactors for oxidative activation reactions of light hydrocarbons [4]
or as oxygen separators in zero emission plants in which oxygen
permeable membranes are flushed with CO,-containing exhaust
gases [5], a sufficient stability especially in reducing gas atmo-
spheres or atmospheres containing CO, is essential.

The poisoning effect of CO, arises from alkaline earth metal
cations in the perovskite structure, which tend to form carbo-
nates. Carolan et al. [6] reported that the oxygen permeation flux
of LapgBap2CopgFep203_s decreased significantly when 430
ppm CO, was introduced into the operation gas. It was further
discovered that BaCegoYo103_s is converted to the carbonate at
1123-1273 K under pure CO, atmosphere and the perovskite
structure is disrupted [7].

* Corresponding author.
E-mail address: Konstantin.Efimov@pci.uni-hannover.de (K. Efimov).

0022-4596/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.jssc.2011.03.023

Arnold et al. [8] investigated the influence of CO, on the oxygen
permeation performance and the microstructure of perovskite-
type Bag5S1o5C00sFep203_ s membranes. It was found that when
having air on the feed side, using pure CO, as sweep gas at 1148 K
caused an immediate stop of the oxygen permeation flux, which
could be recovered by sweeping with pure helium. A detailed
surface analysis of a BSCF cathode after operation in 1% CO,/O; at
723 K for 24 h revealed that its surface was destroyed and mixed
barium-strontium carbonate was formed as a top layer [9].

Systems using dense perovskite hollow fiber membranes of
the composition BaCoyFe,Zr,03_;s (x+y+z=1), which is a novel
oxygen permeable membrane material with high O, permeation
fluxes and excellent thermal and mechanical stability [10], have
been presented by our group, e.g. for the direct decomposition of
nitrous oxide to nitrogen by in-situ oxygen removal [11], the
simultaneous production of hydrogen and synthesis gas by
combining water splitting with partial oxidation of methane
[12] as well as the multi-step oxidative dehydrogenation of
ethane [4] and propane (ODP) [13]. Furthermore, the oxidative
coupling of methane to C, products could be successfully demon-
strated in a BaCo,Fe,Zr,05_ s hollow fiber membrane reactor [14].

Summarizing, the effect of CO, on the membrane permeation
performance plays an important role and thus was examined
recently [15]. Under exposure of 50 vol% CO, in He, the perovskite
structure is impaired up to a depth of ca. 15 um after 5h and
approximately 30 pm after 10 h, respectively. Furthermore, it was
found that both microstructure as well as oxygen permeation are
recovered in a CO,-free atmosphere.
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In order to get a deeper understanding of the processes occurring
during application in CO, containing atmospheres, we carried out an
in-situ X-ray diffraction (XRD) as well as transmission electron
microscopy (TEM) study on the powder with the composition of
BaCog 4Feg 4Zrp205 5, which is similar to that of BaCoFe,Zr,05_ s
hollow fiber, and can be considered as a model system.

2. Experimental

Powder with average composition of BaCog4Feq4Zro205 5
(denoted as BCFZ) was obtained from the Fraunhofer-Institute for
Ceramic Technologies and Systems (IKTS, Hermsdorf) from the
hydrolysis of corresponding metal nitrates by an ammonium hydro-
xide solution followed by calcination. BaCo,Fe,Zr,05_ 5 (x+y+z=1)
hollow fiber membranes were manufactured by phase inversion
spinning followed by sintering as described elsewhere [1]. The O,
permeation experiments of the BaCo,Fe,Zr,0;_ s hollow fiber mem-
brane, were carried out on a high-temperature permeation reactor
which is described in detail elsewhere [1]. In-situ powder XRD was
conducted on the Bruker D8 Advance diffractometer in Bragg-
Brentano geometry using Cu-Ko radiation with interval of 0.02 and
count times of 0.3 s per step. The diffractometer was equipped with
an Anton Paar 1200 N high-temperature chamber and superfast 1D
Lynxeye detector. XRD data were analyzed using TOPAS 4.0 software
(Bruker AXS). Quantitative analyses of XRD collected at isothermal
conditions were carried out by Rietveld method. During the in-situ
experiments at rising and falling temperatures, phases with unknown
structures were observed. These phases were included in the refine-
ment by Pawley fits. Then, the phase contents were estimated from
the integrated scattered intensities of corresponding phases. The
reliability of the both methods was controlled by XRD experiments
on BCFZ powder at room temperature in ambient air using of known
amount of BaCOs5 as internal standard. Structural data for the known
phases were taken from ICSD database (FIZ Karlsruhe) with file
numbers: BaCo0, 3 [28865], BaZrO; [27048], BaCO3 (orthorhombic)
[15196], BaCO3 (rhombohedral) [158389], BaCO5 (cubic) [27449], CoO
[28505], and FeO [24635]. Scanning TEM (STEM) was conducted at
200 kV on a JEOL JEM-2100 F-UHR field-emission instrument. A light-
element energy dispersive X-ray (EDX) spectrometer, Oxford Instru-
ments INCA-200 TEM, was used for elemental analysis. In order to
obtain a TEM sample, the powder was glued between two alumina
bodies, polished, and finally Ar* sputtered to electron transparency.

3. Results and discussion

The effect of CO, on the oxygen permeation performance of
the BaCoyFe,Zr,03_; hollow fiber at 1173 K is shown in Fig. 1.
Insertion of 10 vol% CO, on the sweep side of a membrane leads
to the diminution of oxygen permeation flux after only few
minutes. Then, the oxygen flux through perovskite hollow fiber
is almost stopped after dwell time of 30 min. However, the fast
recovery of the oxygen permeation can be observed, if the sweep
gas is changed to pure He. The value of oxygen flux reaches two-
thirds of the initial performance after 5 min. The complete
regeneration occurs after testing for 30 min.

According to Czuprat et al. [15], the decline of oxygen
permeation flux in presence of CO, is due to formation of BaCOs3,
which was observed by XRD and scanning electron microscopy
(SEM) on the surface of quenched BaCo,Fe,Zr,0; s perovskite
hollow fiber. The full recovery of the flux points out to the
decomposition of poisoning BaCO; and the regeneration of the
initial structure of hollow fiber.

To prove this hypothesis, the high-temperature in-situ XRD in
CO, containing atmosphere was carried out on the BCFZ powder.
Fig. 2 shows in-situ XRD-patterns of BCFZ collected at (a) room
temperature, (b) at 1173 K in flowing synthetic air consisting
80 vol% N and 20 vol% O, and (c) at 1173 K in an atmosphere
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Fig. 1. Decline of O, permeation through a BaCoFe,Zr,05_; hollow fiber mem-
brane with effective thickness of 140 um under CO, exposure on the sweep side
(sweep side: Fio=50 mLmin~"' 10 vol% CO, in He; feed side: 150 mL min~'
synthetic air (80 vol% N, 20 vol% 0,,) and recovery as a function of time while
sweeping with pure He at 1173 K (sweep side: 50 mLmin~' He; feed site:
150 mL min~ ' synthetic air (80 vol% Na, 20 vol% 0,,)).

containing 50 vol% CO, and 50 vol% N,. As can be seen in the room
temperature XRD (Fig. 2a), the original BCFZ powder consists of
two perovskite systems as reported by Caro et al. [16] previously.
The Rietveld analysis of XRD data combined with the EDXS
investigation of the initial BCFZ powder exhibit, that the main
compound is a BaCogs_,Feys_,Zr;,03_5 (y=0.015-0.025) with
cubic structure (space group Pm3m, a=4.072 A). Furthermore, the
powder contains approximately 16 wt% of cubic BaZrO5; perovskite
(space group Pm3m, a=4.18 A). Note, the co-existence of two cubic
perovskite phases after doping of 5-10% Zr was also reported for
similar perovskite systems like BagsSrosCoggFeps xZrxOs_s and
SrCop.aFeps_xZ1x03_ 5 [17,18]. The high-temperature XRD pattern
taken from the BCFZ powder annealed at 1173 K for 30 min in the
flowing synthetic air evidences no structural changes. Only slight
shift of Bragg-reflection positions to smaller angles can be recog-
nized here due to thermal lattice expansion. The annealing of the
BCFZ powder at 1173 K for 90 min under 50 vol% CO,/50 vol% N,
leads to the partial decomposition of perovskite structure. BaCO5
can be detected in the in-situ XRD pattern (Fig. 2c) alongside of
BCFZ. The pattern of BaCO; relates to the high-temperature
rhombohedral polymorph (space group R3m), which is stable in
the temperature range from approximately 1073 K to 1233 K as
reported by Antao et al. [19]. The structure of this phase is not
quenchable and cannot be detected by ex-situ methods. Quantita-
tive Rietveld analysis was applied to estimate the BaCO5 content in
the sample to be about 29 wt%. Additionally, the presence of a
fourth phase is obvious by weak intensities at 36.3° and 42.1° 26.
This phase can be understood as CoO with help of TEM experi-
ments (see Fig. 5) on the sample quenched in CO,-containing
atmosphere. Change-over of the gas atmosphere to the CO,-free
synthetic air or pure N, leads to the complete decomposition of
BaCOs and regeneration of both perovskite phases.

In order to elucidate the kinetics of the carbonate formation
and decomposition, series of in-situ XRD experiments accompa-
nied by quantitative analysis were carried out determining the
content of BaCO3 in the BCFZ powder as function of time. Fig. 3
summarizes the results of quantitative analysis of diffraction
patterns collected at 1173 K in time intervals of 15 min at
different gas atmospheres. In presence of 50 vol% CO, in N, the
content of BaCO; amounts to approximately 15 wt% after the first
15 min. After half an hour, the content of BaCO3; reaches about
24 wt%. Then, the amount of carbonate increases slowly and
reaches the value of approximately 29 wt% during 90 min. The
sluggish kinetic of carbonate formation after the dwell time of
30 min may be explained by the development of the dense
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(b) at 1173K in flowing synthetic air (80 vol% N,, 20vol% O,) after 30 min,
Frotai=100 mL min~'; (c) at 1173 K in an atmosphere containing 50% C0O,/50% N,
after 90 min, Fioea=100 mL min~". (I-III) Calculated Bragg position of (I) BCFZ
(two phase system); (1) BaCO; rhombohedral polymorph; (I1I) CoO.
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Fig. 3. Amount of BaCOs in the BCFZ sample as function of time at different
atmospheres as observed by in-situ XRD. (Synthetic air: 80 vol% N, 20 vol% O,
Frotai=100 mL min~"; Ny: Fiorai=100 mL min—").

carbonate layer on the surface of perovskite particles, which can
be considered as a protective layer regarding further carbonate
formation. Moreover, thermodynamical considerations deliver
further approach to understand partial BCFZ decomposition.
According to the Ellingham diagram presented by Feldhoff et al.
[20], BaCOs is stable at 5 x 104 Pa CO, up to 1603 K. However,
Kumar et al. [21] reported that the reaction of BaCO; with

transition metal oxide like TiO, leading to the formation of
perovskite is thermodynamically possibly above 649 K in 10° Pa
CO,. Thus, we assume that the reaction of the carbonate with
transition metal oxide counteracts the formation of the carbonate
at 1173K in 5x10?Pa CO, and the both processes are in
equilibrium state. The composition of remaining BCFZ perovskite,
which consists of the two above mentioned perovskite phases
was also changed during the annealing in CO,. We found that the
ratio of BaCogs_,Feqs_,Zr,,03_; component was significantly
decreased and reached the value of approximately 46 wt%. In
contrast, the ratio of BaZrO; phase was remained almost constant.
It seems that carbonate formation occurs at the costs of Co- and
Fe-containing perovskite phase. These phenomena points out to
the higher stability of Zr-based perovskite as postulated by
Yokokawa et al. [22].

Fig. 3 shows also the kinetics of the BCFZ regeneration, if the
CO, atmosphere was changed over to synthetic air or pure N,. In
air, the carbonate was decomposed very rapidly. After 15 min,
only approximately 4 wt% carbonate can be detected in the
sample. After 30 min, the carbonate was removed completely.
Carbonate decomposition proceeds in the N, atmosphere a little
slower. The perovskite structure was fully recovered after testing
for 60 min. The decomposition of BaCO3 in CO,-free atmospheres
corresponds to thermodynamical calculations, which indicate
that carbonate becomes unstable at 1173 K if CO, partial pressure
is lower than 30Pa [20]. Then, solid state reaction between
carbonate and transition metal oxides can be considered as
thermodynamically favored.

Effect of temperature on the carbonate formation in the atmo-
sphere containing 50 vol% CO, in N, was also studied by in-situ
XRD during heating and cooling in the range of 303-1273 K with
steps of 100 K. Before each data acquisition, an equilibrium time of
30 min was set. The phase fractions were estimated by considering
integrated intensities of corresponding phases in the refinements,
which were carried out by combined Rietveld and Pawley methods.
Fig. 4a and b display selected XRD data. An appreciable amount of
BaCO3; was detected not until 873 K by heating of the sample
(Fig. 4a). A low temperature orthorhombic polymorph (space group
Pmcn) was formed under these conditions. Additionally, a low
amount of CoO can be observed in the powder. The carbonate
remains in orthorhombic symmetry up to 973 K. Rising the
temperature leads to the phase transition of the orthorhombic
BaCO; to rhombohedral polymorph at 1073 K and to cubic carbo-
nate phase at 1273 K. The high-temperature cubic carbonate (space
group Fm3m) exists only at temperatures above 1233 K as reported
by Stremme [23]. Interestingly, the integrated intensity of carbo-
nate phase in the scan collected at 1073 K was diminished from
42% at 1073 K to 10% at 1273 K, which can be explained by strong
decline of the carbonate content in the sample. This finding can be
related to an increasing of the Gibbs free enthalpy of carbonate
formation with rising temperature accompanied by decline of the
Gibbs free enthalpy of the reaction between carbonate and oxides
leading to shift of equilibrium of the processes [21]. During cooling,
BaCOs3 structure changes to rhombohedral polymorph at 1173 K
(Fig. 4b) and the integrated intensity of carbonate phase reaches
the value of about 21%. Further cooling to 873 K leads to formation
of orthorhombic carbonate phase and rising of the ratio of the
integrated intensity to 27%.

Thus, the maximum BaCO5 content in the sample was observed
in the sample at 1073 K during the heating. Furthermore, the
XRD scan collected at these conditions exhibits apparently just
one perovskite phase. However, the value of scattered intensity
of this phase amounted to be 52%, which cannot be explained
by complete loss of Co- and Fe-containing phases. The shape of
the peaks as well as peak widths cannot be interpreted by single
BaZrO; phase also. Rather, the formation of above 40 wt% carbonate
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Fig. 4. In-situ XRD of BCFZ powder in the atmosphere containing 50 vol% CO and 50 vol% N5 Fiora1=100 mL min ! (a) during heating; (b) during cooling. Before each data
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Fig. 5. (a) STEM bright field micrograph of BCFZ powder annealed and cooled in 50% CO and 50% N,. (b-e) Elemental distributions by EDXS.

leads to strong decline of Co- and Fe-ratio in the main perovskite
phase followed by increase of lattice parameter due to high
amount of Zr in the perovskite. Consequently, the increase of
lattice parameter leads to a shift of the reflection positions to the
smaller 2@ angles and to the overlap of the reflection positions of
both perovskite phases in the corresponding XRD scan. Increase
of the temperature to 1273 K leads to partial decomposition of
BaCOs; due to the above-mentioned reasons and to a regeneration
of BaCogs_,Fegs_,Zr;,03_s phase. The composition of the sam-
ple was marginally changed after the complete cooling in CO,.
However, at room temperature we detected a new compound in
XRD pattern, which cannot be attributed to the mentioned
phases. The intensity of the phase at 25.4° 2@, which is marked
by asterisks in Fig. 4b, relates to a tetragonal perovskite structure
as reported by Martynczuk et al. [24].

In order to verify the results of in-situ XRD experiments, we
investigated the sample, which was annealed and cooled down in
CO, by TEM methods. The STEM bright-field micrograph in Fig. 5a
shows a BCFZ powder particle, which consists of several grains.
EDXS elemental distribution (Fig. 5b-e) clearly demonstrates that
the grains exhibit a different chemical composition. The grain
marked in Fig. 5a with “I” contains no metal cations besides of
Ba and can be indicated as BaCOs. Obviously, the carbonate phase
does not form a dense layer around the BCFZ powder particle in
contrast to the hollow fiber ceramic membrane [15]. Instead, the
carbonate is located inside of the particle. This kind of behavior
was also observed by Martynczuk et al. [24], who investigated the
effect of CO, on the functional performance of related Zn-doped
(Ba,Sr)FeO5 s perovskite. The phase “II” consisted of Ba and Zr in
the ratio 1:1 relates to BaZrOs. Cliff-Lorimer quantification of EDXS

64



4.2 In-situ X-ray diffraction study of carbonate formation and decomposition in perovskite-type BCFZ

K. Efimov et al. / Journal of Solid State Chemistry 184 (2011) 1085-1089 1089

data reveals a dramatical enrichment of Co in area “III" collateral to
an almost entirely absence of other cations. Thus, this phase can be
considered as CoO. Finally, the main phase marked with “IV" can
be described as a Co-depleted Ba(Co,Fe,Zr)O; s perovskite.

Based on the in-situ XRD study as well as TEM investigations,
we summarize the BCFZ decomposition process in presence of CO,.
Firstly, the CO, reacts with BCFZ under formation of BaCOs;.
The carbonate can exhibit different polymorphs depending on
the temperature. The formation of carbonate does not lead to the
complete destruction of perovskite. Based on TEM, partial BCFZ
decomposition cannot be explained by slow kinetic of the reaction
due to formation of protective layer on the surface of perovskite
particle. The chemical equilibrium between formation of carbonate
and reaction to the perovskite can be rather considered as an
applicable approach. Second, we found that the carbonate forma-
tion occurs predominantly at the cost of Co/Fe containing compo-
nent of BCFZ accompaned by development of CoO as by-product.
Poor stability of Co-containing perovskite caused by flexible redox
behavior of Co-cations was already discussed in some details in
ours previous reports [25-27]. Furthermore, these results are in
good agreement with reports of Yakovlev et al. [17] as well as Yi
et al. [28] suggesting the stabilizing effect of higher valent B-site
cation like Zr** or Nb°* on the Co-, Fe-containing perovskite
materials. The remaining perovskite phase was found to be
Fe-enriched. According to the report of Yang et al. [29], structures
of perovskites with Ba/Fe-rich composition exhibit several dis-
torted variants. One of them, the tetragonal distorted perovskite
phase, we observed in the room temperature XRD pattern (Fig. 4b).

4. Conclusions

Decomposition process of BCFZ powder, which consists of two
perovskite phases, in the CO,-containing atmosphere was inves-
tigated by in-situ XRD as function of dwell time and temperature.
Rapid formation of high-temperature rhombohedral BaCO; poly-
morph was observed after exposure of the CO, at 1173 K. This
non-quenchable carbonate structure, which is stable at tempera-
tures between 1073 and 1233 K, can be declared as the phase
terminating the oxygen permeation transport through BCFZ
membrane materials. Time-dependent experiments at isothermal
conditions deliver the partial decomposition of two phase BCFZ
system at the costs of Co- and Fe-containing perovskite phase,
which is in close agreement with thermodynamical considera-
tions. Furthermore, the complete regeneration of BCFZ was
proven after removing of CO, from the gas atmosphere.

The reversible phase transition of BaCO3 from orthorhombic at
temperatures below 1073 K to rhombohedral to cubic at 1273 K was
shown by in-situ XRD. Finally, formation of CoO as well as traces of
tetragonal disordered Fe-enriched perovskite phase was observed as
by-products of BCFZ decomposition by XRD and TEM methods.
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Zinc-doped (BaSr)FeO;_; perovskite-type membranes were found to exhibit excellent long-term
stability at high and intermediate temperatures under an oxygen partial pressure difference of
p'/p?=21/2.1 x 10% Pa at 950°C and p'/p?=21/0.8 x 10° Pa at 750 C. After the change to carbon diox-
ide as the sweep gas, the oxygen permeation diminishes almost completely. By XRD, a phase mixture
of hexagonal, tetragonal and cubic perovskite with a (Bag.4+0.15r06+0.1)CO3 layer and some zinc oxide
was found. TEM showed that the dense perovskite membrane is decomposed into phases with different

';:{:\'gﬁi; - morphologies accompanied by pore and crack formation in a surface layer with a depth of approximately
Stability 5 wm. After switching to helium as the sweep gas, the carbonate layer is decomposed, but a hexagonal

Carbon dioxide and tetragonal perovskite phase in addition to the cubic phase are still present. A short heating to 950 °C
Oxygen permeation regenerates the oxygen permeation flux due to the abatement of hexagonal perovskite for the benefit of
TEM the cubic and tetragonal perovskite phase. The appearance of the carbonate structure, even to a small
amount of 8%, leads to a breakdown of the oxygen permeation ability, but also the hexagonal perovskite
is disadvantageous. In contrast, the cubic and tetragonal perovskite modifications exhibit good oxygen
permeation abilities. The effect of the carbon dioxide is totally reversible after a short high temperature

treatment.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Since the International Energy Agency released the actual World
Energy Outlook in November 2008, declaring that current energy
trends are socially, environmentally and economically unsustain-
able, energy is one of the main factors that must be considered in
discussions of sustainable development [1,2]. Fuel cells as alterna-
tives to the standard conversion of energy are rapidly increasing
in interest, and fuel cell materials like perovskite-type oxides
are being simultaneously investigated intensively. In solid-oxide
fuel cells, the state-of-the-art cathodes are (LaxSr;_,)MnO3_s per-
ovskites operating at high temperature (i.e., 800-1000 °C), or mixed
conducting (LaySr;_x)(CoyFe;_y)03_s perovskites for intermediate
temperature operation, i.e., 500-800 °C. Among the variety of alter-
native materials, (SmxSry_y)CoO3_5 and (BaxSry_x)(CoyFe_y)0;
are perovskites that show very good oxygen reduction properties

* Corresponding author at: Nonmetallic Inorganic Materials, ETH Zurich,
Wolfgang-Pauli-Str. 10, CH-8093 Zurich, Switzerland. Tel.: +41 44 633 69 97;
fax: +4144 632 11 32.
E-mail address: julia.martynczuk@mat.ethz.ch (J. Martynczuk).

0376-7388/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.memsci.2009.07.035

and low polarization resistances, because of the extremely high
amount of mobile oxygen vacancies [3-5]. Perovskites are not only
employed as cathode, but also as electrolyte or anode materials
and even full ceramic intermediate-temperature solid-oxide fuel
cells (IT-SOFCs) are possible [6-10]. Furthermore, there is also con-
siderable interest in mixed ionic and electronic conductors with
perovskite structure for various other applications, especially for
industrial processes, where the supply or removal of oxygen to
or from reaction mixtures with high selectivity and oxygen fluxes
is needed [11,12]. Perovskite-type ceramic membranes are a key
technology, e.g., in the separation of oxygen from air, partial oxida-
tion of hydrocarbons and oxygen-enrichment in air [13-16].

In the large field of perovskite materials, some materials stand
out due to their exceptionally high oxygen fluxes. One of the high-
est oxygen permeation fluxes reported so far for a perovskite
membrane exhibits the (BagsSrps)(CopgFep2)03_s perovskite-
type oxide (BSCF) [6]. But recently, serious stability problems for
long-term periods with this cobalt containing material in the IT
range below 900 °C have been discussed in the literature [17,18].
Therefore, great effort has been put into the search for alterna-
tive materials and the development of cobalt-free perovskite-type
oxides. Recently, a novel perovskite material of A'BVO;-type
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with the stoichiometry (Bag 5Sro s )(FepsZng2)03_ 5 (BSFZ) has been
developed that shows high oxygen permeation fluxes (membrane
disks: ~2.55mLmin~' cm~2 for the partial catalytic oxidation of
methane to syngas (POM)), as well as an excellent phase stabil-
ity under a 2% H,-Ar atmosphere with an oxygen partial pressure
pO; of less than 1 x 10-8 Pa [19,20]. Doping of the B-site of the
perovskite structure with a divalent metal like zinc leads to the
diminution of non-stoichiometric oxygen variations and lattice
expansion caused by the variation of temperature or chemical oxy-
gen potential and improves the oxygen permeability due to higher
ionic conductivity. BSFZ is a mixed conductor that can provide
simultaneous transport of oxygen ions and electrons. Furthermore,
Wei et al. demonstrated the use of BSFZ as a cathode material in an
IT-SOFC at 500-650°C at power densities of up to 180 mW cm~2
and quantified the polarization resistances of symmetrical BSFZ
cathodes in air to be 0.23 2cm?, 0.48 2cm?, and 1.06 2cm? at
700°C, 650°C, and 600°C, respectively [21,22]. Our aim was to
further investigate this material concerning its performance at
intermediate temperatures for long-term oxygen permeation and
under carbon dioxide atmosphere.

It is well known that alkaline earth elements easily form sta-
ble carbonates and the stability increases with alkaline earth ionic
radius [23,24]. That is why barium- and strontium-containing
perovskites exhibit severe stability problems at high tempera-
tures in the presence of carbon dioxide, e.g., for BaCepqYp105. 5,
Sr(CoFe)O3_s, and BaPrg;Gdo30;3_ 5 [25-29]. Carbon dioxide is
a component in natural air as well as it is a product of the
synthesis gas production, hence its effect on the membrane per-
formance is important for practical application and needs to be
investigated. Therefore, depending on the potential application of
the perovskite membrane several investigations concerning the
effect of carbon dioxide on different materials with perovskite-
type structure have been published in the recent years [8,25-44].
For (BagsSro5)(CopsFep2)05 5, Arnold et al. showed that the per-
ovskite structure is impaired up to a depth of 50 umin the presence
of carbon dioxide at 875°C [30] and Yan et al. found that even
small quantities of carbon dioxide (0.28-3.07%) seriously deteri-
orate the cathode performance in a fuel cell at 450°C [31,32]. Also,
calcium-containing perovskites exhibit the same problem as shown
by Kalinkin for CaTiO3 and by Nomura et al. for (BaCa)(CoFe)03
[33,34]. The partial substitution of the A-site ions with lanthanum
does not solve the problem either, because the remaining stron-
tium content, nevertheless, tends to form carbonates [35-38]. It
was previously stated in 1991 by Yokokawa et al. that the stability
of perovskites could not be determined merely by the stabiliza-
tion energy, but required other thermodynamic factors and that
the stable region of oxygen potential for double oxides was primar-
ily determined by the stability of the less stable constituent oxide,
like strontium in the Sr-doped lanthanum perovskites [39]. When a
comparison is made between strontium and barium, the tendency
of carbonate formation of the binary oxide is much stronger in bar-
ium oxide. On the other hand, the stabilization energy of barium
perovskites is negatively larger. Thus, the stability against the car-
bonate formation is essentially the same in magnitude between
strontium and barium perovskites [40].

The approaches found in the literature to diminish carbonate
formation in a carbon dioxide atmosphere are the introduction
of an A-site deficiency or the doping of the B-site position with
a stabilizing ion. The former was done by Yaremchenko et al.
[41] in the case of (SrFeO;3_s)o.7(SrAl;04)p3 and by Yi et al. for
Srp.05CopgFep 203 s [42]. The influence of a B-site doping has so
far been reported only for proton conducting perovskites for the
addition of zirconia for Ba(Cepg. xZrx)Yo203_ s by Fabbri et al.
[43] or zinc for Ba(Ceg5Zro3Y0.16ZN004)03_5 by Tao et al. and for
Ba(Zrog1Yo0.15Zn004)03 5 by Babilo et al. [8,44]. For the last two
materials, the TGA analysis in pure CO, indicated no CO; uptake

on cycling to 1200 °C and resulted in no phase change according to
XRD, in contrast to samples with the same Zr/Ce ratio without zinc
or with samples containing only yttria and ceria on the perovskite
B-site. Following, zinc doping stabilizes against carbonation.

In the present work, the stabilizing effect of zinc in the
(BaSr)FeO;_; system was investigated by long-term oxygen per-
meation experiments and under a carbon dioxide atmosphere using
XRD, SEM and analytical TEM analysis.

2. Experimental

A synthesis method with combined citric acid and ethylene-
diamine-tetraacetic acid (EDTA) as the complexing agents was
applied, whichis described in detail elsewhere [23,24]. The nitrates
of the cations (Ba(NO3)z, Sr(NO3);, Zn(NO3 ),, Fe(NO3)3) were dis-
solved in water, followed by the addition of EDTA acid and citric
acid, with the molar ratio of EDTA acid:citric acid:total of metal
cations controlled at around 2:3:2. The pH value of the solution
was adjusted to around 9 by the addition of NH3-H,0. After water
evaporation for several hours at 150 °C, further heat treatments
were applied at temperatures up to 950°C for 40 h. The calcined
powders were uniaxially pressed under 140 kN into pellets and sin-
tered pressurelessly at 1150 °C for 40 h to ceramic disks of 14 mm
in diameter and a thickness of around 1.15mm.

Oxygen permeation was measured in a high-temperature per-
meation cell [45] according to the method described in [46]. The
sintered membranes were sealed onto an Al,03 ceramic tube with
gold paste (conducting paste, C5754, Heraeus) at 950°C for 2h.
After sealing, gas flow rates were delivered to the reactor by mass
flow controllers (Bronckhorst Hi-Tech) and continuously read by
an on-line gas chromatograph (Agilent Technologies, HP 6890,
equipped with a Carboxen 1000 column). Air was fed at a rate of
150 mLmin ! to the feed side; He (29.0 mLmin ', 99.995%) and Ne
(1.0mLmin~', 99.995%) as the internal standard gases were fed to
the sweep side. The relative leakage of O, was found to be less than
8%.

X-ray diffraction (XRD) data for the Rietveld phase analysis of
BSFZ membranes were recorded on a Bruker D8 Advance diffrac-
tometer using reflection geometry, and a Gébel mirror and Cu Ka; »
radiations. Three thousand data points were collected with a step
width of 0.02" in the 26 from 20" to 80". Phase analysis by the
Rietveld method was carried out by using TOPAS 2.0 (Bruker AXS)
software. During refinements, general parameters such as scale
factors, four background parameters, zero point error and sam-
ple tilt were optimized. Profile shape calculations were carried
out on the basis of standard instrumental parameters using the
fundamental parameter approach implemented in the program,
varying also the average crystal size (integral breadth) of the reflec-
tions. The lattice parameters and crystallite size of all phases were
refined. Structural data for the known phases were taken from ICSD
PDF-2 database with PDF numbers: Al,03 [46-1212], Au [4-784],
Zn0 [36-1451]), and (BagsSro5)CO3; [47-224). Structural data for
the BSFZ cubic perovskite was taken from Feldhoff et al. [23,47].
Further XRD measurements for qualitative phase analysis were
carried out on a Philips PW1800 diffractometer using Cu Ko >
radiations and a secondary monochromator in reflection geome-
try to achieve high sample throughput. Reflections that could not
be included in the refinement by the above-mentioned phases were
compared with the PDF database if the sample contained other
known phases, which was not the case. These reflections from
unknown phases could be included in the refinements by adding
phases deduced from the BSFZ perovskite by geometrical consid-
erations as described in more detail in the following section. These
phases were included in the refinement procedures by Pawley fits.
Phase contents were calculated by considering the integrated scat-
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Fig. 1. Long-term oxygen permeation measurements, oxygen permeation flux as a
function of time for 100 h at 950°C and 750°C for BSFZ membranes, which were
sintered at 1150°C for 40h, membrane thickness=1.15mm. The oxygen partial
pressure at the permeate side was in the range of 0.8-2.1 x 10° Pa, feed side: syn-
thetic air (150 mLmin~'), sweep side: He (29.0 mLmin~') and Ne (1.0 mLmin~").
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2100F-UHR field-emission instrument equipped with a Gatan GIF
2001 energy filter and a 1k-CCD camera. EDXS was carried out
by a light-element detector using the Cliff-Lorimer quantifica-
tion technique (INCA 200 TEM, Oxford Instruments). In order to
obtain elemental maps by energy-filtered transmission electron
microscopy (EFTEM), the three windows method was used. For
the Ba-M edge, 40 eV-width slits were centered at 661 eV, 751 eV
(pre-edge) and 801 eV (post-edge). For the Fe-L edge, 40 eV-width
slits were placed at 643 eV, 683 eV (pre-edge) and 728 eV (post-
edge), For the C-K edge, 20 eV-width slits were placed at 248 eV,

Fig. 2. Secondary electron micrographs of a sintered membrane (40 h at 1150°C) with grain size distribution: (a) surface, (b) fracture surface (bulk) etched for 2 s with HCI
(2 M), (c) grain size distribution of surface and bulk, (d) and the permeate side of a recovered membrane after CO, treatment.
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270eV (pre-edge) and 294eV (post-edge). For the Zn-L edge,
energy slits with the width of 40eV were centered at 955eV,
995eV (pre-edge) and 1040eV (post-edge). Furthermore, speci-
mens after carbon dioxide treatment were prepared as follows for
electron microscopy (SEM, TEM). First, the membrane permeate
side was vaporized with gold in order to mark the surface area.
Accordingly, the permeate side was glued with a polycrystalline
corundum block using epoxy followed by cutting of the membrane
into 1 mm x 1 mm x 2 mm pieces. The protected membrane pieces
were polished on polymer-embedded diamond lapping films to
approximately 0.01 mm x 1 mm x 2 mm (Allied High Tech, Multi-
prep). Electron transparency was achieved by Ar* ion sputtering at
3 kV (Gatan, model 691 PIPS, precision ion polishing system) under
shallow incident angles of 10°, 67, and 4°.

3. Results and discussion
The main focus of the present work is on the performance

of the zinc-doped perovskite membranes under carbon dioxide
atmospheres. However, it should also be kept in mind that the per-
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ovskites are also exposed to quite low oxygen potentials at high
temperatures, and so possibly thermal decomposition of the per-
ovskite into component oxides or even metallic phases may also
become an issue. To investigate the kinetic demixing of the per-
ovskite membranes under oxygen pressure gradients and phase
changes of the defect perovskite oxides at intermediate tempera-
tures we investigated the performance of zinc-doped perovskite-
type membranes at intermediate temperatures by long-term
oxygen permeation experiments under an oxygen partial pres-
sure gradient of synthetic air at the feed side (150 mLmin~! cm~2,
p0O,=2.1x104Pa) and a helium/neon mixture at the sweep
side (He: 29 mLmin~'cm~2, Ne: 1 mLmin~'cm~2, pO, (950°C)=
2.1 x 103 Pa, pO, (750°C)=0.8 x 103 Pa). Fig. 1 shows the oxy-
gen permeation flux of BSFZ membranes at two temperatures
as a function of time. The oxygen permeation flux is constant
for more than 100h at 950°C and at 750°C, and it reaches val-
ues of 0.98 mLmin~!cm~2 and 0.36 mLmin~—! cm~2, respectively.
Fig. 2a-c shows a SEM micrograph of a BSFZ membrane sintered at
1150°C for 40 h before the permeation experiment. The grain size
distribution at the surface (Fig. 2a) and in the bulk (Fig. 2b) before
the permeation experiments is very similar and the exact evolution
of the grain size distribution of surface and bulk (Fig. 2¢) confirms
this finding. After the long-term oxygen permeation experiment,
the microstructure of the membranes was found to correspond still
to that shown in Fig. 2a-c (not shown here). Phase stability of the
cubic perovskite was investigated by XRD. Results for both long-
term experiments (950 °Cand 750 °C) are equal, thus, Fig. 3a shows
the XRD data of a BSFZ membrane after long-term permeation
(100h) at 750°C. The phase content of the sample was investi-
gated by the Rietveld method and shows only gold, corundum -
both from the tube sealing of the permeation experiment - and the
cubic BSFZ perovskite phase. This proves that the BSFZ perovskite-
type membranes exhibit long-term stability at high (950°C) and
intermediate (750 °C) temperatures.

The effect of CO, on the permeation behavior of BSFZ perovskite-
type membranes is shown in Figs. 4 and 5. First, we conducted an
oxygen permeation measurement at 750 °C with changes of sweep
gas from helium to carbon dioxide and back and forth (He (2 h), CO,
(2h), He (4h), CO, (2h), He (12 h)) for a BSFZ membrane sintered
at 1150°C for 40 h (Fig. 4). The oxygen permeation behavior corre-
sponds to Fig. 1 for helium as the sweep gas (0.36 mLmin~! cm~2),
but after the change to carbon dioxide as the sweep gas the oxy-
gen permeation diminishes almost completely after an equilibrium
time of 1/2h and does not increase again during 2 h of carbon
dioxide treatment. Switching to helium as the sweep gas does

Fig. 3. X-ray diffraction data of BSFZ membranes after different permeation experi-
ments (all measurements carried out with D8 except (b) and (c), where a visual shift
of the pattern occurs due to sample height error, which was considered in the refine-
ments): (a) long-term permeation for 100 hat 750 °C, (b) quenched from 750 “C with
changes of the sweep gas from He (2 h) to CO; (2 h) to He (4 h) to CO, (2h) to He
(12h), (c) quenched from 750 °C with changes of the sweep gas from He (2 h) to CO,
(2h) to He (1h), followed by a heating step under helium atmosphere from 750 °C
to 950°C with 2°/min, 1/2 h equilibrium time at 950°C, and a cooling step from
950°C to 750 “C with 2°/min to He (2 h), (d) quenched from 750 °C with changes of
the sweep gas from He (2 h) to CO, (2h), (e) quenched after 100 h at 750°C with
CO, as the sweep and feed gas with a flow rate of 30 mL min~' cm~2, respectively.
Reflex positions for different phases: (f) cubic perovskite, (g) tetragonal perovskite
(calculated), (h) hexagonal perovskite (calculated), (i) (BagsSros)CO3 in aragonite
modification, (j) ZnO, (k) Au (membrane sealing), and (1) Al,O3 (membrane reactor).

not give the same oxygen permeation flux as before, but rather
half of the former flux (0.21-0.11 mLmin~! cm~2). After a second
switch to 2 h of carbon dioxide as the sweep gas, the oxygen per-
meation flux shows the same lower value. A sweeping of 12h
with helium increases the flux little by little but it stays as low
as 0.22mLmin~! cm~2. The rapid total collapse of the oxygen per-
meation with carbon dioxide as the sweep gas can be explained
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Fig.4. Oxygen permeation measurements at 750 °C with changes of the sweep gas
from He (2 h) to CO; (2 h) to He (4 h) to CO, (2 h) to He (12 h) of a BSFZ membrane
sintered at 1150°C for 40 h, membrane thickness=1.15mm. The oxygen partial
pressure at the permeate side was in the range of 1 x 10% Pa to 6 Pa.
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Fig. 5. Oxygen permeation measurements, oxygen permeation flux in dependence
of time at 750 °C with changes of the sweep gas from He (2 h) to CO; (2h) to He
(1h), followed by a heating step under helium atmosphere from 750°C to 950°C
with 2°/min, 1/2h equilibrium time at 950°C, and a cooling step from 950°C to
750°C with 2°/min to He (2 h) for a BSFZ membrane sintered at 1150°C for 40 h,
membrane thickness =1.15mm. The oxygen partial pressure at the permeate side
was in the range of 2.5 x 10? Pa to 6 Pa.

by the formation of a carbonate layer with the alkaline earth metal
ions barium and strontium of the A-site of the perovskite or a trans-
formation to another modification of the cubic perovskite. Because
the operating temperature of 750°C is in the intermediate range
and the decomposition temperatures of the barium and strontium
mixed carbonates is around 800°C [23] the oxygen permeation
might be reduced due to remaining carbonate or other perovskite
modifications than the cubic phase [17]. Thus, above 750°C, the
oxygen permeation flux cannot be regenerated totally at this tem-
perature. The BSFZ membrane needs to be heated for a short time
to higher temperatures to decompose the carbonate layer. This is
shown in Fig. 5 by the oxygen permeation flux as a function of time
at 750 °C with changes of the sweep gas from He (2 h) to CO; (2h)
to He (1h), followed by a heating step under helium atmosphere
from 750 °C to 950 °C with 2°/min, 1/2 h equilibrium time at 950 °C,
and a cooling step from 950 °C to 750 °C with 2°/min to He (2 h) for
a BSFZ membrane sintered at 1150°C for 40 h. The short heating
regenerates the oxygen permeation flux and the membrane has the
same performance as it did before the carbon dioxide treatment.
These measurements show that the effect of the carbon dioxide
on the oxygen permeation is totally reversible after a short high
temperature treatment. Similar observations were made in Wang
et al., however, without a correlation to the microstructure [48].
Although the effect on the oxygen permeation is totally reversible
after a short high temperature treatment, the microstructure does
not regenerate to its former appearance as shown in Fig. 2d. The
permeate side of the regenerated membrane shows some cracks to
a depth of approximately 5 um. Several cycles of CO, treatment
and regeneration at 950°C will cause a slow destruction of the
microstructure of the membrane.

To further investigate the microstructure of the different mem-
branes, extensive XRD measurements were conducted (Fig. 3b-e)
and evaluated by Rietveld refinements (Table 1). X-ray diffraction
data of a BSFZ membrane quenched after the oxygen permeation
measurements at 750 °Cwith changes of the sweep gas from helium
to carbon dioxide (Fig.4)is shown in Fig. 3b and it shows a quite dif-
ferent diffraction pattern with a number of unidentified reflections
that cannot be attributed to known phases from the ICSD database.
Thus, we deduced two additional phases from the cubic BSFZ per-
ovskite: (a) a tetragonal phase (space group P4/mmm, which is

(b) a hexagonal phase (space group P63/mmc) with lattice param-
eter Apexa =4.25 A and a doubling of the cubic lattice in c-direction.
These phases were successfully included in the refinement proce-
dures by Pawley fits. It has to be noted that these lattice parameters
are the starting values for the Pawley fit refinements; the software
modifies these lattice parameters and also the relative intensities
for the reflections. The positions for the reflections given in Fig. 3g
and h are calculated for the above given starting values and so
not all reflections must necessarily be seen in the respective mea-
surement. The addition of the hexagonal and the tetragonal phase
allows the fitting of all reflections in the pattern. The reflection
at approx. 27° 26 can be attributed to the (01 1) reflection of the
hexagonal phase. The refinement of the lattice parameters of these
two new phases is in good accordance with the lattice parameters,

Fig. 6. (a) Scanning electron and (b) transmission electron bright-field micrographs
of the membrane permeate side after treatment with CO, for 2h at 750°C. The
asterisk (*) refers to unsoldered Au-coating, which was vaporized on the membrane
permeate side in order to mark the surface area.
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Fig. 7. Energy-filtered transmission electron micrographs of the intermediate phases at the permeate side after treatment with CO, for 2h at 750°C (same region as in
Fig. 6b). High elemental concentration is shown by bright contrast: (a) barium, (b) iron, (c) carbon and (d) zinc. The asterisk (*) in (c) refers to a pore filled by epoxy due to

TEM specimen preparation.

which have been deduced from the cubic structure. Thus, the sam-
ple shown in Fig. 3b was found to consist of perovskite in three
different modifications: the cubic BSFZ starting material (52%), a
tetragonal (28%) and a hexagonal (20%) perovskite. For this mem-
brane, the oxygen permeation did not increase to its full value
again even after helium treatment for 12 h, but the reason is not
a carbonate layer, like suggested above, but different modifications
of the perovskite. Conclusions about the structures of these new
phases are limited to the crystal system considering the X-ray data
available, but the data indicates clearly a modification of the cubic
perovskite. This becomes also obvious when considering the peak
shapes of the most intensive reflection of the cubic perovskite at
approx. 32° 26, which shows the typical appearance of overlapping
reflections with slightly different reflection positions and different
crystallite sizes, where at least one phase clearly shows a higher
crystallite size than the others.

Fig. 3cdisplays a BSFZmembrane quenched after oxygen perme-
ation measurements at 750 °C with changes of sweep gas shown in
Fig. 5 with a heating step to 950 °C consisting of 28% tetragonal, 5%
hexagonal, and 67% cubic BSFZ perovskite phase. Since the oxygen
permeation flux was regenerated again to its full value, we con-
clude that the tetragonal and cubic phases of the BSFZ perovskite
have good oxygen permeation ability and the hexagonal phase is
unfavorable for the oxygen permeation. The hexagonal perovskite
phase was already reported to be oxygen non-permeable for sev-

eral perovskite compositions, e.g., for Srg9Cag.1 C00; 545, STMNO3_g,
SrCo0;3_gs and SrCogg95Mp0503_5 [49-52]. In the ideal hexagonal
phase, chains of face-shared BOg (B = Fe, Zn) octahedron run parallel
to the c-axis with A site cations (Ba, Sr) being distributed between
the chains and the vacancy-ordered state [17,18,49,51]. Hence, the
conduction for both oxide ions and electrons in such a structure is
confined in one dimension along the c-axis at intermediate temper-
atures. It is considered that the oxide ion vacancies are unable to
migrate as freely as these in the cubic or tetragonal perovskite-type
structure and thus fail to give oxygen permeability to the oxide.
When raising the temperature to 950°C a phase transformation
occurs from hexagonal to tetragonal or cubic perovskite, and thus
the oxygen permeability and electrical conductivity increase.

Two other membranes were investigated in the XRD: a BSFZ
membrane quenched after oxygen permeation measurements at
750°C with changes of the sweep gas from He (2h) to CO; (2h)
(Fig. 3d) and a BSFZ membrane quenched after oxygen permeation
measurements for 100 h at 750°C with CO, as the sweep and feed
gas with a flow rate of 30 mLmin~' cm2, respectively (Fig. 3e).
The phase content of the first sample shows the cubic BSFZ per-
ovskite phase (49%), hexagonal perovskite (42%), (Bag 45Sro.55)CO3
(8%), and ZnO (1%). The Ba/Sr ratio in the carbonate was calculated
by the unit cell volume according to Eq. (9) in [53]. The occurrence
of the tetragonal perovskite and of zincite in this sample cannot be
excluded from the data. Fig. 3e was refined to consist of the BSFZ
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Fig. 8. Electron energy-loss spectra showing O-K, Fe-L, 3 and Ba-M 5 ionization edges and close-ups of O-K energy-loss near-edge structures of different phases. (a and e)
Perovskite-type BagsSrosFeO;_s, (b and f) (Bag.4.0.1 Sto.6:0.1 )CO3 carbonate, (¢ and g) the phase mixture, (d and h) zinc oxide.

perovskite phase (9%) as well as the hexagonal (16%) and tetrago-
nal (40%) perovskite phases. Additionally, a mixed (Bag31Sro69)CO3
can be identified in this sample (35%).

Since the XRD does not give local information for the dif-
ferent phases, SEM and TEM investigations were accomplished.
Fig. 6a shows a cross-section secondary electron micrograph of
the membrane reaction near-surface region after treatment with
CO; for 2h at 750°C. Obviously, the dense perovskite membrane
is decomposed into phases with different morphologies accompa-
nied by pore and crack formation in a surface layer with a depth
of approximately 5 um. Fig. 6b displays a region of the surface
near layer explicitly. Four phases have been distinguished here:
a plate-like phase (I), a layer (II) with sponge-like morphology,
a plate-like phase (IlI) and grains assigned with (IV), which are
located at the boundaries between phases (II) and (lII). Different
chemical compositions of these phases have been found by EFTEM
(Fig. 7), as well as EDXS. Fig. 7 displays the presence of barium
(Fig. 7a) and iron (Fig. 7b) in phase (I) by bright contrast. No carbon
(Fig. 7c) and no zinc (Fig. 7b) have been detected in the plate-
like layer (I). Its EDXS quantification exhibits a stoichiometry like
(Bap5Sro5)Fe03_s perovskite. The sponge-like layer (II) contains all
metal cations and a certain amount of carbon. Phase (III) is com-
posed of barium, strontium, and carbon solely with a composition
like (Bap.4:0.1Sro.6+0.1)CO3 carbonate determined by EDXS. Further-
more, Fig. 7 clearly indicates the exclusive presence of zinc in grains
(IV) corresponding to zinc oxide. The appearance of layer (II) can be
explained as a fine intermediate mixture of a perovskite-like phase
(cubic or hexagonal), a carbonate, and a zinc oxide.

EEL spectra of the phases under consideration are given in Fig. 8.
These demonstrate O-K, Fe-L, 3, and Ba-My5 ionization edges as
well as close-ups of O-K energy-loss near-edge structures (ELNES).
The spectra of the (BagsSrgs)FeO3_s perovskite phase (1) (Fig. 8a)
and the (Bag4+0.1Sr06+0.1)CO3 carbonate (Fig. 8b) and the O-K
ELNES (Fig. 8e and f) reveal typical characteristics of the spectra
given in the literature for perovskite [23] and carbonate [23,54],
respectively. The carbonate specific combined Sr-Mj;3 and C-K
edges were also observed in the energy range of 260-320eV (not
shown here). The spectrum of the intermediate phase (II) in Fig. 8c
exhibits Fe-L, 3 and Ba-My 5 lines with other relative intensity pro-
portions compared to perovskite. The fine structure of O-K ELNES
(Fig. 8g) is affected by perovskite and carbonate phases. The ZnO
EEL-spectrum shows an O-K line (Fig. 8d and h) in the energy
loss-range of 500-850 eV with zinc oxide specific O-K ELNES [55].
Furthermore, the Zn-L;, 3 edge was detected at 1130eV.

We come to the result that the appearance of the carbon-
ate structure, even to a small amount of 8%, immediately leads
to a breakdown of the oxygen permeation ability, but also the
appearance of the perovskite in hexagonal modification is disad-
vantageous. In contrast, the cubic and tetragonal modifications of
the perovskite exhibit good oxygen permeation abilities. The influ-
ence of hexagonal perovskite modification seems to be less severe
than the appearance of a carbonate. The doping with zinc or the dif-
ferent methods described in the literature like the introduction of
an A-site deficiency or the doping of the B-site position with a stabi-
lizingion [8,41-44] are all reducing the carbon dioxide damage, but
in our opinion the only way to achieve overall carbon dioxide and
phase stability is to choose barium and strontium free perovskites
taking a loss of conductivity or permeability.

4. Conclusions

We proved that zinc-doped BSF perovskite-type membranes
exhibit long-term stability at high (950°C) and intermediate
(750°C) temperatures under an oxygen partial pressure differ-
ence of ApO,=1.89 x 104Pa at 950°C and ApO,=2.02 x 104 Pa
at 750°C. The oxygen permeation flux was found to be constant
for more than 100 h at 950°C (0.98 mLmin~! cm~2) and at 750°C
(0.36 mLmin~! cm~2). The phase content of the samples was inves-
tigated by XRD and Rietveld refinements, which show only the
cubic BSFZ perovskite phase.

Additionally, the effect of CO, on the permeation behavior
of BSFZ perovskite-type membranes was investigated and it was
found that, after the change to carbon dioxide as the sweep gas, the
oxygen permeation abates to a value of close to zero. The reason for
that behavior was investigated by XRD, SEM and TEM. We found a
phase mixture of hexagonal, tetragonal and cubic perovskite with
a barium/strontium carbonate layer ((Bag4+0,1Sro.6+0.1 )CO3) with
ZnO inclusions at the surface and surface-near grain boundaries.
The actual structural characteristics of the two modifications of
the cubic perovskite considered could not be clarified by the avail-
able data. TEM showed that the dense perovskite membrane is
decomposed into phases with different morphologies accompa-
nied by pore and crack formation in a surface layer with a depth
of approximately 5 um. The phases were identified to be a plate-
like (Bag 5Sro5)FeO3_s perovskite phase, an intermediate layer of a
mixture of perovskite, carbonate and zinc oxide with sponge-like
morphology, a plate-like (Bag4+0.1Sro6+0.1)CO3 phase and some
zinc oxide grains, which are located at the boundaries. Those phases
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where approved by EDXS and EELS. Switching to helium as the
sweep gas does not give the same oxygen permeation flux as before,
rather half of the former flux, even after 12 h of helium treatment.
Our first suggestion of a remaining carbonate layer at 750 °C was
wrong, but the decrease in oxygen permeation can be attributed
to the formation of a hexagonal and tetragonal perovskite phase in
addition to the cubic phase. A short heating under helium atmo-
sphere to 950 °C regenerates the oxygen permeation flux and the
membrane has the same performance as before. The investigations
of the microstructure resulted in a mixture of cubic and tetragonal
perovskite phase and a little hexagonal fraction. Since the oxygen
permeation flux was regenerated to its full value, we conclude that
the tetragonal and cubic phases of the BSFZ perovskite have good
oxygen permeation ability and the hexagonal phase is unfavorable
for the oxygen permeation. Besides, we come to the result that the
appearance of the carbonate structure, even to a small amount of
8%, immediately leads to a breakdown of the oxygen permeation
ability. The measurements show that the effect of the carbon diox-
ide is totally reversible after a short high temperature treatment.
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5 CO,-stable MIEC materials

5.1 Summary

Because the majority of high performance oxygen transporting materials contain barium and/or
strontium, their wide application is hindered by intolerance toward CO, due to the formation of
carbonates. This chapter relates two original research articles concerning the development of CO,-
stable MIEC membranes.

In  Section 5.2, the calcium-containing perovskite systems La;,CaFeOs5 and
La; xCaCoggFep.0s5 (X = 0.4-0.6) are discussed with respect to CO,-stability. Thermodynamic
considerations using an Ellingham diagram clearly revealed that calcium and lanthanum (oxy)
carbonates are significantly less stable than barium and strontium carbonates. Hence, beneficial
stability of calcium- and lanthanum-based materials in the presence of CO, can be expected. Because
materials synthesized by the sol-gel method contain more calcium (x = 0.5-0.6), as exhibited by the
considerable amount of by-phases (e.g., brownmillerite and/or spinel), further detailed investigations
were carried out only on the first member of the systems (x = 0.4). The orthorhombicly distorted
(LagsCag4)FeOss and rhombohedrally distorted (LaggCags)(CoggFeq2)Oss perovskites showed
relatively high oxygen permeation fluxes, which could be improved by about 50% via the asymmetric
configuration using a porous support and an approximately 10 um thick dense layer with the same
chemical composition. In-situ XRD in an atmosphere containing 50 vol.% CO, and experiments using
pure CO, as the sweep gas revealed a high tolerance of Ca-based materials toward CO,.

The concept of alkaline-earth-free dual phase membranes provides an alternative solution of the
COy-intolerance problem. Improved stability against carbonate formation can be expected if both
phases are made from oxides, which contain only transition metals and/or lanthanides caused by the
low affinity of both groups of elements toward CO,.

Section 5.3 introduces a novel dual phase material consisting of 40 wt.% NiFe,O, with spinel
structure and 60 wt.% Ceq¢Gdg 10,5 with fluorite structure prepared by a one-pot sol-gel method. The
MIEC properties of the membrane arise from two interpenetrating percolated networks of spinel phase
as the electronic conductor and fluorite phase as the solid state electrolyte. In-situ XRD and TEM
investigations showed that both phases were well separated and do not interact at high temperatures,
but remained in their initial structures. The presented dual phase membrane exhibited very good CO,-
stability, as proven by in-situ XRD and long-term oxygen permeation measurements in the presence of
CO..
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Abstract

Perovskites (La;.Ca,)FeO;5 and (La;Ca,)(CoggFeq,)Oss with varying La and Ca contents (x =
0.4-0.6) were designed by sol-gel route as model membrane materials to be an alternative to Ba- and
Sr-based systems for operation in the presence of CO,. It was found that only the first members of the
systems with x = 0.4 consisted of almost pure perovskite phases. The materials containing more Ca (x
= 0.5-0.6) exhibited a considerable amount of by-phase material, such as brownmillerite and/or spinel,
after calcination at 1223 K. The orthorhombicly distorted (LagsCag4)FeOss and rhombohedrally
distorted (LageCag4)(CoggFeq2)035 perovskites showed relatively high oxygen permeation fluxes at
1223 K of 0.26 cm®min™‘cm™ and 0.43 cm®min™cm™, respectively. The oxygen-ionic conductivity of the
materials was improved by about 50% via an asymmetric configuration using a porous support and an
approximately 10 um thick dense layer with the same chemical composition. In-situ XRD in an
atmosphere containing 50 vol.% CO, and long-term oxygen permeation experiments using pure CO,
as the sweep gas revealed a high tolerance of Ca-based materials toward CO,. Thus, we suggest that
Ca-containing perovskite can be considered promising membrane materials if operation in the
presence of CO, is required.

Keywords: Mixed ionic-electronic conductor; perovskite, CO,-stability, asymmetric membrane; in-situ
X-ray diffraction; transmission electron microscopy

1. Introduction

Over the last two decades, mixed oxygen
ionic and electronic conductors (MIEC) have
attracted a lot of attention. Because of their
very high oxygen-ionic transport rates over a
wide temperature range, the Ba- and Sr-
containing perovskites [e.g., (Ba.
«S1)(C0o 8F€0 2)O3.5 and (La1xSry)(Co,.
,F&,)035] rank among the state-of-the-art
MIEC materials [1-3]. However, the wide
practical employment of these materials is
hindered by significant problems, like poor
chemical and thermomechanical stability [4-
10]. In particular, the degradation of these
materials in the presence of CO,, with the
formation of carbonates, [11-16] handicaps
their application in important processes, such
as cathode materials in solid-oxide fuel cells
(SOFCs) operated at intermediate
temperatures, in oxyfuel processes or in
hydrocarbon partial oxidations, where some

CO, is formed as a by-product of an undesired
deeper oxidation [17-19].

Tolerance against CO, can be achieved by
the complete replacement of Ba and Sr in the
A-lattice site of the perovskite structure by
rare-earth elements, like La. Unfortunately, this
leads to a dramatic loss in the oxygen-ionic
conductivity of the materials, as caused by a
reduced lattice parameter, which induces lower
oxygen mobility, and by a lower amount of
mobile oxygen vacancies, which results from a
higher oxidation state of the rare-earth cation
[20]. To increase the oxygen deficiency in the
perovskite lattice, a Ca cation with the stable
valence state of 2+ can be regarded as a
potential dopant.

The stability of alkaline earth-containing
materials in the presence of CO, can be
evaluated using the Ellingham diagram shown
in Figure 1. This figure demonstrates the
thermodynamic stability of carbonates at a
given CO, partial pressure and temperature.
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Figure 1. Ellingham diagram for the decomposition of carbonates under different partial pressures.
Chemical potential of CO, above FeCO;, CoCO3;, CaCO;, La,0,C0O3, SrCO;, and BaCO; have been
calculated from thermodynamic data [21-23]. The chemical potential of Lay(COz); has been
determined experimentally [24]. The dashed lines represent the chemical potential of CO, in the
surrounding atmosphere for different partial pressures. p°(CO,) = 101.3 kPa refers to standard

conditions.

The compact lines with positive slope in the
diagram represent chemical potentials of CO,
during the decomposition of corresponding
carbonate, as calculated with thermodynamic
data or determined experimentally [21-24]. The
dashed lines give the chemical potential of
CO, at different partial pressures. In general, if
the CO, chemical potential of the carbonate
decomposition reaction at the present
temperature is higher than at the
corresponding partial pressure, the carbonates
are thermodynamically unstable. As can be
seen in the Ellingham diagram, CaCO; is
significantly less stable than BaCO; and
SrCOs. The relatively small ionic radius of 135
pm of the Ca®* cation, as compared with Ba**
(r = 160 pm) Sr** and (r = 144 pm) cations,
leads to a decline of the crystal lattice energy
of carbonate and can be considered a reason
for the lower stability of CaCO; [25,26]. Note,
the Ellingham diagram gives only a rough

guide to estimate the possible tolerance of Ca-
containing perovskite materials against CO,
because the stabilization energy of perovskite
may also play an important role [27,28].
Nevertheless, the desirable stability of Ca-
containing materials in the presence of CO,
can be expected from thermodynamic
considerations and was reported for Ca(Tiy.
xF€x)O03.5 [29].

Teraoka et al. have already reported a high
oxygen permeation flux through the perovskite
membrane with the composition
(Lag.eCag.4)(CoggFeg2)03.5in 1988 [30]. Using a
higher Ca content, Stevenson et al. have
obtained a very high electrical conductivity
using (Lap4Cap6)(C0oggFen2)Os5 perovskite in
1996 [31]. Since then, however, Ca-containing
materials have gained little notice as promising
MIEC materials [32-34]. One reason for this
lack of attention may be the formation of
secondary phases, like brownmillerite and/or
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the Grenier phase, during the preparation and
operation of the perovskites. It has also been
reported that this problem appears more
pronounced with rising Ca content in the
materials [31,35].

Recently, the group around Teraoka has
developed asymmetrically structured
membranes consisting of a porous support and
thin dense layer and having the chemical
composition (LageCag4)C0035 [36]. The main
advantage of self-supported membranes is a
result of the good chemical compatibility and
thermomechanical stability of the materials.
The oxygen permeation flux of the
(LagesCag4)Co00s5 was enhanced by the
asymmetric configuration up to 300%, which
has vyielded a value of 1.66 cm®min™cm™ [37].
This feature draws a spotlight on the Ca-
containing perovskites as promising candidate
MIEC materials.

In the present work, model perovskite
systems (La;xCa,)FeOs5 and (Lay.
Xcax)(COO_8F90_2)03_§ (X = 04'06) were
examined regarding phase purity and stability
in the presence of CO,. Furthermore, bulk and
asymmetrically structured membranes were
prepared and investigated for their oxygen-
ionic conducting properties.

2. Experimental
2.1 Powder preparation

A sol-gel route using metal nitrates, citric
acid, and ethylenediaminetetraacetic acid
(EDTA) was applied to prepare the La;.
«CayFeOs5 and La; xCa,CopgFep 2035 (X = 0.4-
0.6) materials as described elsewhere [38,39].
Given amounts of La(NO3)z; and Ni(NOs), were
dissolved in water followed by the addition of
EDTA as an organic ligand and citric acid as a
network former. The molar ratio of metal
nitrates:EDTA:citric acid was equal to 2:1:1.5.
The pH value of the solution was adjusted to
the range of 7-9 with NH;-H,O. The
transparent reaction solution was then heated
at 423 K under constant stirring for several
hours to obtain a gel. The gel was pre-calcined
in the temperature range of 573-673 K in order
to remove organic compounds, followed by
calcination for 10 h at 1223 K in air.

2.2 Preparation of bulk and asymmetric
membranes

To obtain the bulk membranes, the
powders were uniaxially pressed under 140-
150 kN for 20 min into green bodies. The
pellets were then calcined for 10 h at 1423-
1523 K with a heating and cooling rate of 3
K/min.

The  asymmetric membranes  were
manufactured as follows: the as synthesized
powders were ground in a mortar with 20 wt.%
of a pore former block co-polymer Pluronic F
127 (BASF). The mixture was then press-
formed into pellets and fired at 1423 K for 2 h.
The dense layers were obtained by spin
coating of porous supports with 3 cm? slurry
(15 wt.% powder in ethanol), drying at room
temperature for 5 h following by calcination at
1423-1523 K for 2-5 h.

2.3 Characterizations of materials

The phase structure of the powders and
membranes were studied by X-ray diffraction
(XRD, D8 Advance, Bruker-AXS, with Cu Ka; ,
radiation). Data sets were recorded in a step—
scan mode in the 20 range of 20°-60° with
intervals of 0.02°. In-situ XRD tests were
conducted in a high-temperature cell HTK
1200N (Anton-Paar) between room
temperature and 1273 K. Tests in the
atmosphere containing 50 vol.% CO, / 50
vol.% air and 50 vol.% CO, / 50 vol.% N, were
carried out with heating and cooling rate of 12
K/min. At each temperature step, the
temperature was held for 30 min before
diffraction data collection.

Scanning electron microscopy (SEM)
imaging was performed on a JEOL JSM-6700F
field-emission instrument at a low excitation
voltage of 2 kV. An energy-dispersive X-ray
spectrometer (EDXS), Oxford Instruments
INCA-300, with an ultrathin window was used
for the elemental analysis at an excitation
voltage of 15 kV.

Transmission electron microscopy (TEM)
investigations were made at 200 kV on a JEOL
JEM-2100F-UHR field-emission instrument (Cg
= 0.5 mm, Cc = 1.2 mm) equipped with a light-
element EDXS detector (INCA 200 TEM,
Oxford Instruments). The microscope was
operated as scanning TEM (STEM) in high-
angle annular dark-field (HAADF) mode. An
energy filter of the type Gatan GIF 2001 was
employed to acquire electron energy-loss
spectra (EELS).
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Figure 2. a) XRD pattern of La; ,CasFeOs.s (x = 0.4-0.6) powders. The calculated Bragg positions for
orthorhombic perovskite (space group Pnma; a = 5.496 A, b = 7.772 A and ¢ = 5.566 A) are marked
with ticks at the bottom of the figure. The intensities of non-perovskite phases are marked in the figure
with b for Ca,Fe,Os brownmillerite and s for Ca,FeQ, spinel. b) XRD pattern of La; ,Ca,C0qgF€eq.03.5
(x = 0.4-0.6) powders. The calculated Bragg positions for rhombohedral perovskite (space group R-3c,
a=5.391 A, b = 13.263 A) are marked with ticks at the bottom. The intensity of impurity phases are
marked in the figure with B for Ca,Co,.,Fe,Os, S for Coz0, spinel and C for CasCo,.,Fe,Os.

Specimens for electron microscopy were
prepared as follow. First, the permeate side
was glued with a polycrystalline corundum
block using epoxy followed by cutting of
membrane into 1 mm x 1mm X 2 mm pieces.
The protected membrane pieces were polished
on polymer-embedded diamond lapping films
to approximately 0.01 mm x 1 mm x 2 mm
(Allied High Tech, Multiprep). Electron
transparency for TEM was achieved by Ar" ion
sputtering at 3 kV (Gatan, model 691 PIPS,
precision ion polishing system) under shallow
incident angles of 10°, 6°, and 4°.

Oxygen permeation was measured in a
high-temperature permeation cell according to
the method described elsewhere [40,41].
Before measurements, the bulk membranes
were polished with 30 um polymer-embedded
diamond lapping films. Air was fed at a rate of
150 c¢cm® min® to the feed side; He or Cco,
(29.0 cm?® min'l) and Ne (1.0 cm?® min"l) gases
were fed to the sweep side. The effluents were

analyzed by gas chromatography on an Agilent
6890 instrument equipped with a Carboxen
1000 column. The gas concentrations in the
effluent stream were calculated from a gas
chromatograph calibration. The absolute flux
rate of the effluents was determined by using
neon as an internal standard. The relative
leakage of O,, which was evaluated by
measuring the amount of N, in the effluent
stream, was subtracted in the calculation of the
oxygen permeation flux.

3. Results and discussion
3.1 Characterization of powders

The Goldschmidt tolerance factors for
perovskite systems (La;..Ca,)FeOsz5 and (La;.
xCa,)(CopgFep2)03z5 (X = 0.4-0.6) lie close to
unity (t < 1), even for various ratios of Fe*'/Fe®*
and  Co*/Co*/Co®*  cations  [42,25].
Accordingly, it may be expected that both
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systems crystallize in the perovskite structure.
However, as can be seen in Figure 2a,b, only
the first members of the systems (La;.
XcaX)F803_5 and (La.l_xcax)(C00_8F90_2)03_5 with
x = 0.4 consisted of almost pure perovskites
with the amount of the main phases at 97%
and 98% respectively. The compounds with
higher calcium contents include significant
fractions of by-phases. For the iron-based
system, these higher calcium contents were
attributed to brownmillerite (Ca,Fe,Os) and
CaFe,O, spinel. For cobalt-based materials,
these were indexed as brownmillerite-like
phase Ca,Co,.,Fe,0s, Co30, spinel and the
layered complex oxide CazCo,.Fe,Os.
Brownmillerite  exhibits  ordered  oxygen
vacancies along the c-axis [43]. The CasCo,.
,Fe,Og structure contains chains of face-shared
CoOg octahedra arranged along the c-axis [44].
These structures are unfavorable for oxygen-

ionic transport. For this reason, the by-phase-
containing compounds with high calcium ratios

have not been considered for further
investigations.
The crystal symmetry and lattice

parameters of the materials were determined
by the Pawley method [45]. It was found that
both systems showed the distorted perovskite
structure. The (LageCap4)FeOzs (LCF)
exhibited an orthorhombic symmetry (space
group Pnma, number of formula units per unit
cell Z = 4), corresponding to the LaFeQO; oxide
with lattice parameters of a = 5.496 A, b =
7.772 A and ¢ = 5.566 A [46]. The structure of
(Lag.sCag4)(CoggFeq )05 (denoted as LCCF)
was rhombohedrally distorted (space group R-
3¢, Z = 6) likewise in the LaCoO3; perovskite
with the lattice parameters of a = 5.391A and b
=13.263 A [47].
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Figure 3. In-situ XRD pattern of a) LaysCagsFeO3s and b) LageCag4CopsFep 035 The data were
collected during heating and cooling in an atmosphere containing 50 vol.% CO, / 50 vol.% air. Fy, =

100 cm®min™.

The stability of the LCF and LCCF
perovskites in different gas atmospheres and
temperatures was investigated using an in-situ
XRD technique. Figure 3a shows the diffraction
pattern of LCF collected in an atmosphere
containing 50 vol.% air and 50 vol.% CO..

During heating and cooling in the temperature
range of 303-1273 K, the oxide retained its
perovskite structure. The formation of
carbonates or additional phases was not
observed in the measurements. However, an
increase in the temperature above 973 K
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resulted in the reversible adoption of cubic
perovskite symmetry. Table 1 summarizes the
calculated lattice parameters and unit cell
volumes at corresponding temperatures. The
orthorhombicity ¢ decreased continuously with
increasing temperature [48]. The crystal unit
cell of orthorhombic perovskite growth with the
temperature was almost independent from the

direction. Furthermore, the transition from
orthorhombic to cubic symmetry occurred
without a jump in unit cell volume. Hence, the
thermal expansion coefficient (CTE) of the LCF
oxide could be estimated from XRD data to be
15:10° K™,

Table 1. Lattice parameters of the LCF perovskite system. The orthorhombicity o was calculated by:

o =2(a—c)/(a+c)[48].

Orthorhombic phase Cubic phase

(Pnma, Z = 4) (Pm-3m, Z =1)
T/ K al A b/ A c/ A VZY A o a %
303 5.522 7.774 5.487 235,525 58.881 0.0065
773 5.533 7.813 5.521 238.670 59.667 0.0021
873 5.542 7.836 5.536 240.480 60.120 0.001
973 3.923 60.372
1073 3.929 60.68
1173 3.936 61.016
1273 3.944 61.359

Table 2. Lattice parameters of the LCCF perovskite system. The degree of rhombohedral strain w was

determined using the relationship: Cn _ i
ay Ccoso

[49].

Rhombohedric phase Cubic phase
(R-3c, Z=6) (Pm-3m, Z =1)
T/K al A c/ A VI A VZUA w a v
303 5.391 13.263 333.837 55.639 55
773 5.436 13.383 342.516 57.08 5.7
873 5.449 13.411 344.819 57.46 5.6
973 5.464 13.431 347.266 57.87 4.7
1073 5.475 13.438 348.909 58.15 3.6
1173 3.888 58.773
1273 3.898 59.227

Similar behavior was observed for the
LCCF powder (Figure 3b). The perovskite
material was stable over the whole
temperature range. The reversible
transformation of the rhombohedral to the

cubic modification took place above 1173 K
without a significant change of the cell volume
per each formula unit (Table 2). The parameter
of rhombohedral strain w remained almost
constant until 873 K and decreased with further

84
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increasing temperature [49]. The lattice
parameters of the LCCF perovskite unit cell
expanded isotropically  with  increasing
temperature. Thus, the CTE of the LCCF was
evaluated from the XRD data to be 20-10° K™.
Additionally, in-situ experiments in an
atmosphere containing 50 vol.% N, and 50
vol.% CO, were carried out for both perovskite
systems. The LCF and LCCF oxides remained
stable at these conditions. This result is
evidence of the high tolerance of the Ca-
containing perovskite materials against CO,,
as well as the desirable stability of LCF and
LCCF at low oxygen partial pressures and
temperatures between 303 and 1273 K.
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Figure 4. XRD pattern a) of the LCF
membrane after sintering at 1523 K for 10 h; b)
of the polished LCF membrane. c¢) Bragg-
positions of orthorhombic LCF perovskite. d)
Bragg-positions of CaFe,0,.

3.2 Membrane
characterization

preparation and

The bulk membranes, having a thickness of
1 mm, were prepared by uniaxial pressing and
subsequent sintering. Gas-tight membranes
with densities above 90% and low porosities
were obtained only after sintering at 1523 K for
10 h. However, in the unpolished LCF
membrane, pronounced growth of CaFe,0O,
and La,O; by-phases was observed by XRD,

as shown in Figure 4a. After polishing of the
LCF membrane, the ratio of the by-phases
declined to a value of 3 wt.%, as determined
by XRD (Figure 4b), which equals their amount
in the as-synthesized powder. To elucidate
these findings, the unpolished LCF membrane
surface was investigated by SEM. Figure 5a
shows an SEM micrograph from the cross-
section of the LCF membrane acquired with 15
kV acceleration voltages. It is obvious that a
tarnish film with average thickness of 2 um
was accrued on the membrane surface.
Elemental distribution by EDXS (Figure 5b-e)
revealed the strong accumulation of iron and
calcium combined with the absence of
lanthanum in the tarnish layer. Using Cliff-
Lorimer quantification, 66 at.% iron and 33
at.% calcium of the total value of cations were
detected in the surface film. According to
EDXS and XRD results, the tarnish layer on
the wunpolished LCF membrane can be
understood as a CaFe,O, phase. Thus, it can
be concluded that the CaFe,O, spinel formed
in the LCF membrane at 1523 K preferentially
on areas near the surface. A loss in oxygen
from the perovskite structure, as induced by
high temperatures, may be designated as the
possible driving force for this process [35]. A
decline in oxygen content led to the reduction
of iron cations and formation of stoichiometric
Fe** compounds, like CaFe,0,. A
stoichiometric oxide arose at the membrane
surface because oxygen loss on the
membrane surface occurred faster than in
bulk. Because of poor oxygen-ionic
conductivity, the CaFe,O; film can be
considered a protective layer, which prevents
further oxygen release and further perovskite
decomposition. In addition, this hinders the
recovery of the perovskite structure during
cooling. Decomposition of the LCF ceramic at
high temperatures due to irreversible oxygen
release can be a handicap for operation of the
material under long-term conditions with a
steep oxygen gradient.

For the LCCF membrane, the formation of a
tarnish layer was not observed by XRD or
SEM. Traces of a Ca,Co,Fe,Os phase could
be detected only with the help of XRD. These
findings point out to the advantageous stability
of LCCF perovskite at extremely high
temperatures, as compared with LCF.
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s

o)

Figure 5. a) SEM micrograph from the cross-
section of the unpolished LCF membrane
sintered at 1523 K for 10 h showing formation
of a tarnishing layer on the membrane surface
(15 kV excitation voltage). b-d) Elemental
distribution by EDXs of corresponding area b)
Fe, c) Ca, d) La.

To prepare the LCCF and LCF asymmetric
membranes, the powders obtained from the
sol-gel synthesis were intermixed with 20 wt.%
of block co-polymer Pluronic F 127 as a pore
former. This material was utilized because the
use of an organic pore former is widely applied
for the fabrication of a porous support [50-53].
Then, porous membrane supports were
constructed by press forming and calcination at
1423 K for 2 h. Figure 6a,b shows SEM
micrographs from the surface of LCCF and
LCF porous supports, respectively. Obviously,
both supports had very high porosities. The
pore size distribution of the LCCF support
differed from that of LCF materials. The LCCF
support exhibited some open pores, with sizes
of about 10 pm, alongside 0.5-3 pm large
pores. In contrast, the pore size distribution of
the LCF support was in the mostly
homogenously range of 0.5-2 pum. The high

amount of open pores leads to good air
permeability through both supports, which was
in the range of approximately 20-25 cm®min’
'em™ between 1123 and 1223 K.

Figure 6. a,b) SEM micrographs of porous
supports fired at 1423 K for 2 h a) LCCF, b)
LCF. c,d) Surface of asymmetric membranes
showing a dense layer obtained by spin
coating and sintering ¢) LCCF sintered at 1443
K for 5 h, d) LCF sintered at 1473 K for 5 h. e,f)
Fractured surface of asymmetric membranes
e) LCCF sintered at 1443 K for 5 h, f) LCF
sintered at 1473 K for 5 h. Excitation voltage 2
kv.

The spin-coating method was applied to
obtain dense membranes on the porous
supports. Subsequently, the LCCF membrane
was sintered at 1448 K for 5 h. Very low
porosities and no cracks were observed in the
membrane surface using SEM (Figure 6c).
Despite these occurrences, slightly elevated
nitrogen leakage was detected during oxygen
permeation measurements. This finding
suggests that the dense layer was not
completely homogeneously developed on the
porous support. The size of the grains in the
surface layer was found to be in the range of 2-
6 um. The LCF dense layer, shown in Figure
6d, was also formed after sintering at 1473 K
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for 5 h. The LCF grains in the surface layer
were smaller than that of LCCF and amounted
to 1-3 um. The average thickness of the dense
layer of both materials was about 10 um, as
found in SEM micrographs from the cross-
sections shown in Figures 6e,f. Both supports
maintained their open pore structure after
sintering. The distribution of the pore size in
the bulk of LCCF and LCF materials after
generation of dense layers was similar to that
on the surface before sintering. EDXS of the
cross-sections revealed that the LCCF dense
layer retained its initial composition.
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Figure 7. EDX spectra from the surface of a
cross-sectioned LCF membrane. a) LCF
porous support and b) LCF dense layer
showing the slight accumulation of Ca and Fe
in the dense layer.

A slight accumulation of calcium in the LCF
dense layer was detected by EDXS (Figure 7),
which is related to the formation of CaFe,O, at
the membrane surface. The presence of the
by-phase in the dense layer should be critically
viewed because the impurities cannot be
removed by polishing. Because the formation
of a stoichiometric by-phase on the surface of
the LCF membrane is due to oxygen loss,
sintering of the ceramic material in an
atmosphere with high oxygen content may be
considered a possible method to prevent the
perovskite decomposition and should be
proven in a further investigation.

3.3 Measurements of oxygen permeation
through LCCF and LCF membranes

Measurements of oxygen permeation flux
through bulk and asymmetric membranes were
carried out in air/He gradients at temperatures
between 1223 K and 1023 K with 50 K steps.
Prior to the experiments, the bulk membranes
were polished with polymer-embedded 30 pum
diamond lapping film to achieve a uniform
surface appearance. The tarnish CaFe,O,
layer, which formed on the LCF bulk
membrane after sintering, was thereby
removed. Figure 8a shows the oxygen
permeation fluxes of bulk and asymmetric
membranes. For LCCF bulk membrane, a
maximum flux of 0.43 cm’min®cm? was
observed at 1223 K. This value is comparable
to that of LaggCag4sC00s5 as reported by
Watanabe et al. [37]. The oxygen permeation
flux through the asymmetric LCCF membrane
at 1223 K was improved by 50% to a value of
0.66 cm®min“cm™. However, this value was
approximately two orders of magnitude lower
than expected from the Wagner equation,
which states that the oxygen ionic conductivity
is limited by bulk diffusion [54]. From our
findings, we can assume that oxygen
permeation through the asymmetric LCCF
membrane is also strongly controlled by
surface exchange reactions. Furthermore, the
value of the oxygen permeation flux through
the present asymmetric LCCF membrane was
2.5 times smaller than that reported by
Watanabe et al. [37]. This result can be
explained by the presence of low amount of
by-phases, like Ca,Co,.,Fe,Os and Co30,, in
the surface layer (see discussion related to
Figures 9,10), which diminish the active area
for oxygen exchange on the surface, as well as
oxygen permeation through the membrane.
Furthermore, the inhomogeneous distribution
of the pore size in the porous support is
unfavorable and is caused by a reduction of
the effective area for oxygen permeation [37].

The activation energy of the oxygen ionic
conductivity for bulk and asymmetric LCCF
membranes was determined from the
temperature dependency of oxygen fluxes by
an Arrhenius plot, as given in Figure 8b.
Although the asymmetric membrane structure
has an effect on the oxygen permeability,
which is considerably weaker than expected,
the activation energy of the oxygen ionic
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conductivity was found to be half that of the
bulk membrane. For the asymmetric LCCF
membrane, the activation energy was
determined to be 65 kJmol™, compared with
the activation energy of the bulk membrane,
which had a value of 137 kJmol™. This fact
indicates the different rate limiting steps for
oxygen permeation through asymmetric and
bulk membranes.
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Figure 8. a) Oxygen permeation flux of 1 mm
thick bulk membranes and asymmetrically
structured membranes. Conditions: sweep flow
rates: He = 29 cm®min™, Ne =1 cm®min™; feed
flow rates: 150 cm®min™ synthetic air (80 vol.%
N2, 20 vol.% O,,). b) Arrhenius presentation of
oxygen permeation.

The activation energy for bulk LCCF
membrane corresponds to the value that was
calculated by Carter et al. from self-diffusion
coefficients as a function of temperature [50].
Moreover, if activation energy is determined

from the temperature dependency of surface
exchange coefficients, it is around 70 kJmol™
[55]. Accordingly, we can assume that the
oxygen surface exchange reaction is the rate
limiting step for the asymmetric membrane. In
contrast, oxygen permeability through a bulk
membrane is limited by bulk diffusion.

The LCF material exhibited an oxygen
permeation of 0.26 cm®min’cm™® at 1223 K for
the bulk membrane and 0.36 cm®min“*cm™ for
the asymmetric membrane at 1223 K (Figure
8a). The activation energies for bulk and
asymmetric membranes were calculated to be
215 kJmol™ and 91 kJmol™, respectively. It can
be concluded that oxygen permeation through
the bulk membrane is controlled by diffusion
and by surface exchange reaction for the
asymmetric membrane. Relatively low flux
through the asymmetric LCF membrane can
be explained by the accumulation of an
CaFe,O, phase in the surface layer during
preparation.

3.4 Stability of LCCF material against CO,

To examine the stability of Ca-containing
materials during operation in the presence of
CO,, a time-dependent oxygen permeation
experiment on 1pum thick LCCF bulk
membrane was carried out using pure CO, as
a sweep gas. As can be seen in Figure 9, a
steady state of oxygen flux was reached within
3 h after switching the sweep gas from He to
CO, at 1173 K. Subsequently, the oxygen
permeation declined from 0.27 cm®min™cm™ to
0.16 cm®min“cm™? and maintained this value
for 100 h. The decrease of oxygen flux at the
start of the measurement may be explained by
the inhibiting effect of CO, on the surface
exchange reaction, which hinders the release
of oxygen from the solid surface. The fact that
the oxygen surface exchange had various
rates in different gas atmospheres is well
known and has been discussed in detall
elsewhere [56-58]. The constant oxygen
permeation flux through the LCCF membrane
after steady state conditions were achieved
suggests a high tolerance of the LCCF material
toward CO,. In contrast, the functional
performance of Ba- and Sr-containing
perovskites completely collapses, even at
lower CO, partial pressures, after a very short
time.
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Figure 9. Oxygen permeation flux of the LCCF
bulk membrane with a thickness of 1 mm at
1173 and 1123 K. Conditions: sweep flow rate
He or CO, = 29 cm®min™, Ne =1 cm®min™; feed
flow rate 150 cm®min™ synthetic air (80 vol.%
N>, 20 vol.% O,,).

The LCCF perovskite also exhibited
constant oxygen permeation performance at
1123 K (Figure 9). This result points to the
desirable inherent stability of LCCF alongside
its high CO, tolerance at temperatures below
1173 K. The temperature of 1173 K can be
considered critical for many Co-containing
perovskites because they tend to form
hexagonal distorted perovskite phases below
this temperature [7,9,10]. The reason for this
issue is a reduction of cobalt cations combined
with the spin-state transition leading to a
significant decrease in ionic radius from Co®**
(high spin) = 74.5 pm to Co®" (high spin) = 61
pm, Co** (low spin) = 54.5 pm, and Co*+ (high
spin) = 53 pm [25]. The small Co* (low spin)
and Co* cations, especially together with large
A-site cations like Ba*" and/or Sr**, resulted in
a Goldschmidt tolerance factor higher than
unity for corresponding perovskites, which is
unfavorable for cubic and orthorhombic
symmetries [7-9]. As mentioned in section 3.1,
the tolerance factor for LCCF perovskite did
not exceed the value of 1 by any ratio of
Co**/Co*/Co™, because of the relatively small
ionic radi of La®* and Ca®* cations.
Furthermore, the high amount of La>" cations
in the LCCF may stabilize the valence and spin
state of cobalt in a similar way as doping of
Zr** or Ti**, which is beneficial for the delayed

phase transition kinetics of Ba- and Sr-
containing cobaltites [10,59].

After the long-term oxygen permeation
experiment, the LCCF membrane was
guenched in a CO, atmosphere down to room
temperature and investigated by XRD, SEM
and TEM methods. XRD of the permeate site
of the membrane revealed no CaCOj
formation. Except for traces of Ca,Co,.,Fe,Os
and Co;0,4, the LCCF material was found to
consist of rhombohedrally distorted perovskite.
SEM examination of the fractured surface of
the permeate side proved that neither a tarnish
layer nor cracks were formed on the
membrane. However, the inclusion of phases,
which have different chemical compositions
than LCCF perovskite, in the regions near the
surface and in the bulk were observed by the
STEM HAADF technique (Figure 10a) by areas
with dark Z contrast. Selected area electron
diffraction was applied to the area marked with
an asterisk in Figure 10a and showed no
perovskite structures. The intensity distribution
of the diffraction data in Figure 10b from the
corresponding area can be attributed to a
brownmillerite phase with an orthorhombic
symmetry (space group Pnma) oriented along
the [1,0,1] zone axis. The elemental
distribution by EDXS in Figure 10 c-f reveals
the accumulation of calcium, combined with
the depletion of lanthanum in this area. Using
Cliff-Lorimer quantification, the composition of
the brownmillerite phase was found to be
approximately Ca,Co;sFeqs0s. Furthermore,
some additional areas in the sample, which
contained a brownmillerite phase or cobalt
oxide, were detected by EDXS in the LCCF
membrane.

Additionally, Figure 11a shows an HRTEM
micrograph from the membrane surface,
demonstrating the presence of two phases in
this area. The phase on the left-hand side
exhibited lattice fringes with a separation
distance of approximately 7.4 A, which
corresponds to the (020) planes of the
brownmillerite phase. The EEL spectra, which
were acquired from both phase areas marked
in Figure 11a, showed lanthanum-M, s, cobalt-
L, s, iron-L,3, and oxygen-K ionization edges
(Figure 11b,c). The weak intensities of the
lanthanum-M,s edge in Figure 11c clearly
reveal that the phases had different chemical
compositions. Furthermore, unequal chemical
environments of the cations in these phases
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were detected via analysis of the O-K energy-
loss near edge structure (ELNES), which is
sensitive to cation coordination, valence, and
spin-state [8,60]. The O-K ELNES in Figure
11d is typical for perovskite oxides [38,39]. In
contrast, the pattern of the O-K ELNES in
Figure 11e cannot be attributed to a perovskite
structure. According to HRTEM and EELS
experiments, the phase in the LCCF
membrane surface shown in Figure 11a can be
indexed as brownmillerite and perovskite
oxides. The presence of lanthanum traces in
the brownmillerite phase may be explained by
the limited substitution of calcium due to similar
ionic sizes [25].

Figure 10. a) STEM-HAADF micrograph of the
permeate side of an LCCF membrane
quenched in the presence of CO,. b) SAED
pattern from the area marked with an asterisk
in a). c-f) Elemental distribution by EDXS of the
area shown in a. ¢) Co, d) Ca, e) Fe, f) La.

Because the traces of brownmillerite and
cobalt oxide were observed in the as-prepared
powder and in the sintered ceramic, we
assumed that the formation of foreign phases
in the LCCF membrane was not due to
operation in a COj-containing atmosphere.
The non-perovskite phases developed during
the synthesis of LCCF materials and sintering
of the ceramic, which is a general problem of
this type of solid solutions. Nevertheless, Ca-
based materials can be considered promising

for operation in the presence of CO,, as LCCF
ceramics exhibit stable functional performance
in CO,-containing atmospheres and no
carbonate formation was observed by different
analytical methods.
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Figure 11. a) HRTEM micrograph showing two
different phases on the cross-sectioned
permeate side of LCCF membrane quenched
in the presence of CO,. b,c) EEL spectra from
the areas marked in (a). d,e) O-K ELNES from
the areas marked in (a).
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Table 3. Comparison of oxygen permeation
flux through several relevant MIEC materials
under CO,-free conditions; sweep flow rates:
He = 29 cm®min™, Ne =1 cm®min™; feed flow
rates: 150 cm®min™ synthetic air (80 vol.% N,
20 vol.% O,,).

J(0y)/
cm®min?tcm™

1073 K 1173K

(Bao.55r0.5)(Coo.sFeo.z)Os-a* 1.48 2.26

(Lag.4Sros) (COO.SFeO.Z)OS—B* 0.31 0.61

LayNiOyss 0.22 0.38
(Lag.6Cap.4)(CopgFeo2)Os5

(LCCF) 0.08 0.27
(Lao_ecaoA)FeOg.ﬁ (LCF) 0.02 0.16

* Useable only under CO,-free conditions

3.5 Comparison of the oxygen permeation flux
through LCCF and LCF perovskite with
established MIEC materials

To evaluate whether Ca-containing
perovskites are candidate = membrane
materials, the oxygen permeation flux through
LCCF and LCF bulk membranes were
compared with that of established MIEC
materials. Table 3 summarizes the oxygen
permeation  fluxes of relevant MIEC
membranes with equal thicknesses of 1 mm.
These experiments were conducted under the
same conditions as for our measurement
setup. Obviously, the LCCF and LCF
membranes exhibited lower oxygen
permeation fluxes compared with Ba- and/or
Sr-containing materials, as well as La;NiOy.s.
Nevertheless, Ba- and/or Sr-containing
membranes cannot be operated in the
presence of CO, because of the formation of
(Ba,Sr)COs. The tolerance of La,NiOgss
material toward CO, is just as desirable as that
of our presented LCCF and LCF membranes.
In terms of electrical conductivity, however,
Ca-containing materials clearly exceeded
LasNiOg445 [31,61,62]. Thus, we propose that
Ca-based perovskites can be considered
promising membrane materials for operation in
CO,-containing atmospheres, especially when

high electrical conductivity is required as, for
example, with cathode material applications in
SOFCs [63,64].

4. Conclusions

(La;xCay)FeOsz5 and (La;xCay)(CoopsFeo.)
O35 (x = 0.4-0.6) perovskite systems were
fabricated as alternative materials to Ba-
and/or Sr-based perovskite for operation in the
presence of CO,. Because only the first
member of the systems with low Ca content
(x=0.4) consisted mainly of a perovskite phase,
these were investigated regarding chemical
stability and oxygen ionic conducting
properties. The Lage¢Cag4sFeOs5 (LCF)
perovskite was found to be orthorhombically
distorted, adopting a cubic symmetry at
temperatures above 1173 K. The lattice
symmetry of LaggCag4C0ggFep.035 (LCCF)
perovskite was reversibly transformed from
rhomohedral to cubic above 873 K.
Furthermore, in-situ XRD experiments in the
CO,-containing atmosphere reveal the high
tolerance of both materials toward CO,, as
expected from the thermodynamic
considerations. The bulk and self-supported
asymmetrically structured membranes were
designed from both materials. Here, the LCF
material was found to not be stable at
extremely high temperatures because of the
formation of a tarnish layer consisting of
Ca,FeO, spinel during sintering at 1523 K. The
bulk LCCF membrane exhibited an oxygen
permeation flux with a maximal value of 0.43
cm®minecm® at 1223 K. The flux of 0.66
cm®min*cm™ through asymmetric membranes
with a dense layer thickness of about 10 um
was found to be two orders of magnitude lower
than the value expected from theoretical
calculations. The activation energies of oxygen
ionic conductivity of bulk and self-supported
membranes were determined to be 137
kdmol* and 65 kJmol™, respectively. These
results point out that oxygen permeation
through a bulk membrane is limited by self-
diffusion. In contrast, the limiting step for the
oxygen permeation performance of asymmetric
membranes lies in the surface exchange
reaction. Similar behaviors were also observed
for the LCF membrane. Additionally, the
relatively low oxygen permeation flux through
asymmetric membranes can be explained by
the  accumulation of  impurities, like
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brownmillerite and spinel phases, in the
surface layer, as well as by the poor
distribution of pore sizes in the porous support.
The LCCF bulk membrane showed a constant
oxygen permeation performance during long-
term operation in the presence of CO,. No
formation of carbonate was detected in the
membrane after testing for 100 h at 1173 K
and for 60 h at 1123 K. Therefore, both the
high tolerance against CO, and good inherent
phase stability of the LCCF was confirmed.
Thus, we propose that Ca-containing
perovskites, LCCF, can be considered
alternative membrane materials to Ba- and/or
Sr-based perovskite for operation in CO,-
containing atmospheres. The synthesis and
sintering conditions, however, should be
optimized to prevent the formation of non-
perovskite phases, which are primarily critical
for performance of an asymmetrically
structured membrane.
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CO,-Stable and Cobalt-Free Dual-Phase Membrane for Oxygen
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The increase in carbon dioxide emissions is considered to be
the main contribution to global warming. Therefore, there is
an urgent need to reduce the emissions of CO, into the
atmosphere. Recently, CO, capture and storage technologies
to reduce the CO, emissions from coal-fired power plants
have gained the attention of decision makers in governments,
industry, and academia. There are three major concepts for
CO, sequestration: post-combustion capture, pre-combustion
separation, and oxyfuel techniques."! MIECMs, which are
ceramic membranes with mixed oxygen ionic and electronic
oxygen conductivity, have gained increasing attention owing
to their potential applications in oxygen supply®” to power
stations for CO, capture according to the oxyfuel concept.”!
This concept involves burning natural gas with nitrogen-free
oxygen, thus allowing CO, to be sequestered after steam
condensation. Dense MIECMs are promising candidates for
this oxygen separation from air. However, when MIECMs are
used for this purpose, some of the CO, is recycled and used as
the sweep gas for the oxygen separation, simultaneously
lowering the temperature in the burner. Furthermore, CO,-
stable MIECMs could be promising for dry reforming and the
thermal decomposition of carbon dioxide in combination with
the partial oxidation of methane to syngas.*

Many complex oxides have been investigated as mem-
branes for oxygen separation and in membrane reactors.
However, there are two main problems for the proper
application of this kind of membrane. First, perovskite
membranes with cobalt doping usually show high permeabil-
ity but poor stability under harsh working conditions:"* by
avoiding cobalt, the stability of MIEC membrane materials
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can be enhanced.”’ Second, for numerous applications such as
the oxyfuel process or hydrocarbon partial oxidations, where
some CO, is formed as a byproduct of an undesired deeper
oxidation, the oxygen transporting membranes must sustain
their phase stability and oxygen transport properties. Usually,
the perovskite-type membranes contain alkaline earth metal
ions on the A site, such as barium and strontium, which tend
to react with CO, and form carbonates.” However, when
using perovskites as oxidation catalysts, the negative effect of
CO, as product molecule can be reduced if the reaction is
carried out in a microwave field.** Also in the case of CO,
decomposition with a hydrocarbon as oxidant on the other
side of the MIECM, the negative influence of CO, can be
reduced. The aforementioned problems can be overcome by
using a cobalt-free and alkaline-earth-metal-free dual-phase
membrane, which is composed of two interpenetrating
percolated networks of an oxygen conductor (solid oxide
electrolyte) and an electron conductor (internally short-
circuiting electrode). In an extension of this concept, the dual
phases might also consist of MIECMs with deviating transfer
rates for oxygen and electrons.!"”)

The first dual-phase membranes were made of oxygen
conductors and noble metals: (Bi,03);7,SrOp5-Ag,'
Bi; 5Y38m,05-Ag,”? Bi;sEr s05-Ag/ Bi6Y,,05-Ag !
and YSZ-Pd."”) However, the application of these materials
is limited owing to high materials costs, a mismatch of the
coefficient of thermal expansion (CTE) between the ceramic
and metallic phases, and poor oxygen permeabilities. In
another concept, perovskite- or fluorite-type oxides are used
instead of noble metals as electron conductors.'*"*) However,
these dual-phase membranes have a perovskite phase as
electron conductor in which the A site is often occupied by
alkaline earth metals, which can be easily eroded by forming
carbonates if CO, is present. Improved stability against
carbonate formation can be expected if both phases are made
from oxides, which contain only transition metals and/or
lanthanides. Both groups of elements are very tolerant against
carbonate formation as shown by thermodynamics as well as
by gravimetric considerations.!'”*"!

Herein, we have prepared a novel alkaline-earth-free
CO,-stable and cobalt-free composite dual-phase membrane
containing 40 wt% NiFe,O, with a spinel structure and
60 wt% Ce;oGd,,0,_s with a fluorite structure (abbreviated
as 40NFO-60CGO). In the mixture of the two phases, NFO is
the electron conductor and CGO is the oxygen-ion conductor.
Phase structure and stability and also oxygen permeability
were investigated under different atmospheres at high
temperatures. Special attention is paid to the CO, stability.

The dual phase membrane was synthesized using powder
mixing and the one-pot method. X-ray diffraction (Figure 1)
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Figure 1. XRD pattern of 40NFO-60CGO membranes prepared by
different methods and sintered at 1350°C for 10 h in air. a) Mixing
NFO and CGO powders by hand; b) direct one-pot method; c) spent
one-pot membrane after the CO, stability test shown in Figure 6.

clearly confirmed that both 40NFO-60CGO membranes
consist of only the two phases NFO and CGO. The unit-cell
parameter of the pure phases NFO (0.83455 nm) and CGO
(0.54209 nm) are almost the same as in the 40NFO-60CGO
dual-phase material (NFO: 0.83350 nm, CGO: 0.54186 nm).
The phase composition was stable with time. As an example,
Figure 1¢ shows the XRD of the spent 4ONFO-60CGO
membrane after the long-term oxygen separation with CO, as
sweep gas (Figure 6).

Figure 2 shows the results of scanning electron microscopy
(SEM), back-scattered SEM (BSEM), and energy-dispersive
X-ray spectroscopy (EDXS) of both membranes. For the
membrane prepared by powder mixing (Figure 2a.c.e), the
grain size of CGO in these composite membranes is smaller
(2-4 pm) than that of NFO (3-7 um). BSEM in particular
(Figure 2c) shows that there is clustering of grains of one and
the same type; that is, NFO-NFO and CGO-CGO aggrega-
tion. In comparison to powder mixing, the membrane
prepared by the direct one-pot method shows much smaller
grains and a higher homogenization of the NFO and CGO
phases (Figure 2b,d.f). The NFO and CGO grains could be
distinguished by BSEM and EDXS. The dark grains in BSEM
are NFO and the light grains are CGO, as the contribution of
the back-scattered electrons to the SEM signal intensity is
proportional to the atomic number. The same information is
provided by EDXS. The green color (dark in the black-and-
white version) is an overlap of the Fe and Ni signals, whereas
the yellow color (light) stems from an average of the Ce and
Gd signals.

Insitu XRD provides an effective and direct way to
characterize the high-temperature structure changes while
increasing and decreasing temperatures under certain gas
atmospheres. The insitu XRD patterns of the one-pot
40NFO-60CGO in air upon increasing and decreasing the
temperature from 30°C to 1000°C and back to 30°C
(Supporting Information, Figure S1) indicate that the CGO
and NFO phases remain unchanged in the 40NFO-60CGO
dual-phase materials. During the oxygen supply for coal-
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Figure 2. Grain structure of the surface (top view) of the 40NFO-
60CGO composite membrane after sintering at 1350°C for 10 h and
prepared by different methods. Left line: powder mixing in a mortar by
hand (a,c,e); right line: direct one-pot method (b,d,f). a,b) SEM,
¢,d) BSEM, e,f) EDXS.

based power stations, the membrane would be exposed to
CO,. Therefore, the high-temperature phase stability in a
CO,-containing atmosphere was studied by insitu XRD
(Supporting Information, Figure S2). The in situ XRD pat-
terns of 40NFO-60CGO dual-phase membranes between
room temperature and 1000°C in an atmosphere of 50 vol %
CO, and 50vol% N, (Supporting Information, Figure S2)
shows that the composite membrane retains its dual phases
over the entire temperature range. In an atmosphere of
50 vol % CO, and 50 vol % N,, no carbonate formation could
be detected. These results show that the composite membrane
40NFO-60CGO is stable in a CO, atmosphere. The time
dependence of the oxygen flux with pure CO, as sweep gas
also confirmed that the dual-phase membrane was CO,-stable
(Figure 6).

The scanning transmission electron microscope (STEM)
high-angle annular dark-field (HAADF) micrograph in Fig-
ure 3a and also the EDXS elemental distributions in Fig-
ure 3¢ reveal a clear phase separation of CGO and NFO in
the membrane. The grain size can be determined from these
figures to be in the range of 500 nm to 1 um, which is in
accordance with the SEM findings. Similar to BSEM (Fig-
ure 2¢,d), in the STEM-HAADF micrograph the dark grains
are NFO and light grains are CGO (Figure 3a). The electron
energy-loss (EEL) spectra (Figure 3b) were taken from circa
150 nm circular areas in the volume of CGO (top) and NFO
grains (bottom). The fine-structure of the O ionization edge
is characteristic to the respective oxide. No intermixing of
cations between the two phases can be observed (that is, CGO

Angew. Chem. Int. Ed. 20m, 50, 759763

98



5.3 CO,-stable and cobalt-free dual-phase membrane for oxygen separation

b) Cey, s
™ e
g Gd
2 My s
£
Fe,,
Ni, ,
600 800 1000 1200

energy loss / eV

Figure 3. a) STEM-HAADF micrograph of a dual-phase membrane
obtained by the direct one-pot method, showing CGO by bright
contrast and NFO by dark contrast. Very dark contrast corresponds to
holes in the as-prepared specimen. b) EEL spectra from the grain
volume of CGO and NFO giving clear indication of phase separation.
c) EDXS elemental distributions of Ce, Gd, Ni, and Fe. Scale bars:

2 um.

contains neither Fe nor Ni, and NFO contains neither Ce nor
Gd), which shows that a dual-phase membrane with well-
separated grains was obtained by the direct one-pot method.

Figure S3a in the Supporting Information shows a CGO-
CGO interface with the grain to the left being imaged along
[111]¢go zone axis and the grain to the right exhibiting
(111)¢go planes. Figure S3b in the Supporting Information
shows an NFO-NFO interface with both grains exhibiting
(202)xro lattice planes. In both cases of interfaces between
grains of the same kind, the grains are in intimate contact with
no interphase between them, which is obvious from the
HRTEM micrographs of Figure S3. This result was supported
by EDXS and EELS, which could not identify any Fe or Ni at
CGO-CGO interfaces and no Ce or Gd at NFO-NFO
interfaces.

Figure 4 displays a contact between grains of different
type (CGO and NFO). The grain at top is CGO imaged along
the [110]¢go zone axis, and the grain at bottom is NFO imaged
along [110]yro zone axis (see the selected-area electron
diffraction (SAED) pattern as insets in Figure 4a). Some
Moiré fringes are noted in the right part of Figure 4a, which
appear to be due to a slight inclination of the grain boundary
with respect to the electron beam and give rise to a circa 1 nm-
thick bright contrast feature along the whole grain boundary.
Figure 4b shows a close-up of the marked area in Figure 4a
and gives no indication of any interphases. Locally varying
phase contrast in Figure 4a and b can be attributed to changes

Angew. Chem. Int. Ed. 20m, 50, 759763
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Figure 4. HRTEM of a CCGO-NFO contact in a dual-phase membrane
that was obtained from the direct one-pot method. a) Medium
magnification with SAED pattern as insets (CGO at top, NFO at
bottom); b) close-up of the marked area in (a).

in the thickness of the as-prepared TEM specimen after ion
sputtering. Thus, it is concluded that all interfaces in the dual-
phase membrane, which was obtained from direct one-pot
method, exhibit well-separated grains in intimate contact.

Figure 5 shows the oxygen permeation fluxes of our dual
phase composite membranes prepared by the one-pot
method, and by mixing the powders by hand in a mortar,
using He and CO,, respectively, as sweep gases. For the
membrane prepared by one-pot synthesis, oxygen permeation
fluxes of 0.31 and 0.27 mLmin 'cm? are found at 1000°C
when pure He and CO, are used as sweep gases.

If the two powders NFO and CGO are mixed by hand in a
mortar, only 50% of the oxygen permeances of the one-pot
membrane are obtained (Figure 5). This experimental finding
clearly indicates that a homogeneous grain size distribution
and a small grain size are a condition for high oxygen fluxes,
as mentioned before by Yang?! who reported that the
uniformity of dual-phase membrane effects the oxygen
permeability. However, when pure CO, was taken as the
sweep gas, the oxygen permeation flux was only slightly
decreased (Figure 5), which demonstrates the high CO,
stability of the material. On the other hand, there is a slight
but remarkable reduction of the oxygen flux when CO,
instead of He is used as sweep gas. This experimental finding
can be explained by the inhibiting effect of carbon dioxide on
the oxygen surface exchange reaction; that is, the presence of
CO, decreases the rate of the oxygen release from the solid.
This assumption is in complete agreement with previous
findings,* which state that the oxygen surface-exchange
reaction is not the same under different gas atmospheres.
From an Arrhenius plot of the oxygen permeation fluxes
when He and CO, were applied as sweep gases, the apparent
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Figure 5. Oxygen flux /o, of 40NFO-60CGO dual-phase membranes
prepared by different methods, and with a thickness of 0.5 mm, at
different temperatures and with CO, and He as sweep gases. The air

flow on the feed side was always F,, =150 mLmin~', the sweep flow

was always 30 mLmin~". He sweep with F,.=29 mLmin",

Fye=1mLmin™": A=one-pot membrane, o= powder mixing. CO,
sweep with Feo, =29 mLmin™', Fy.=1 mLmin™': A=one-pot mem-
brane, ® = powder-mixing method.

activation energies E, = (128 £4) kJmol ' were found to be
the same for the two membrane preparations within exper-
imental error. Tong et al.”*! reported that a single activation
energy is an important feature for a good stability of oxygen
permeation through a oxygen membrane. In our case, a single
activation energy was found in the range of 900-1000°C.

The effect of the sweep rate on the oxygen permeation
flux at temperature 1000 °C is shown in Supporting Informa-
tion, Figure S4. Even when using CO, as the sweep gas, we
observe the usual behavior, namely that oxygen permeances
increase if the gradient of the oxygen partial pressure across
the membrane is increased; this increase can be achieved by
off-transporting the permeated oxygen as fast as possible,
which can be realized with an increased sweep flow.

Figure 6 shows the long-term behavior of oxygen perme-
ation flux through 40NFO-60CGO composite membrane at
1000°C. During this oxygen permeation test, an oxygen
permeation flux of about 0.30 mL min~'cm 2 was obtained at
1000°C, and no decrease of the oxygen permeation flux was
found during the permeation test. After the oxygen perme-
ation test, the sample was characterized by XRD (Figure 1c¢).
The dual-phase structure was retained, which indicates that
40NFO-60CGO exhibits excellent structure stability under a
CO, atmosphere. The result is in agreement with the finding
of in situ high-temperature XRD, indicating that the mem-
brane is CO,-stable. It is not like Ba;SrysFe)Zng,0;
(BSFZ) or Ba,sSr,5CosFe ,0;_s (BSCF) perovskite materi-
als, where carbonate was formed when CO, was the feed gas
and the oxygen flux decreased rapidly.”

In conclusion, a novel CO,-stable and cobalt-free dual-
phase membrane of the composition 40 wt% NiFe,O,~
60 wt% Ce(¢Gd,;0, 5 (4ONFO-60CGO) was synthesized
by a direct one-pot method, and for comparison by powder
mixing in a mortar. In situ high-temperature X-ray diffraction
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Figure 6. Oxygen permeation flux Jo, through the 40NFO-60CGO
composite membrane, prepared by the one-pot method, as a function
of time at 1000°C. Conditions: 29 mLmin~' CO, as sweep gas,

1 mLmin~" Ne as internal standard gas, 150 mLmin~" air as feed gas.

demonstrated that the two phases NFO and CGO were stable
upon repeated heating and cooling cycles between room
temperature and 1000°C in air and in an atmosphere with
50vol% CO, and 50vol% N,. Energy-dispersive X-ray
spectroscopy and back-scattered electron microscopy
showed that the one-pot synthesis results in a dual-phase
membrane with smaller NFO or CGO grains of uniform size
distribution without homoaggregation of grains of the same
phase, in comparison with a dual-phase membrane prepared
by mixing the two powders. At 1000°C, oxygen permeation
fluxes of 0.31 and 0.27 mLmin 'cm ? were obtained on the
membrane prepared with the one-pot material for the sweep
gases He and CO,, respectively. This value is comparable with
that of La,NiO,, , and of La,Ni,4Fe,;0,, s which are promis-
ing CO,-stable membrane materials.”” In a 100 h oxygen
permeation using CO, as the sweep gas, no decline of the
oxygen permeation flux was found, thus indicating that our
dual phase membrane is CO,-stable.
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