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years of research as a member of the scientific staff at the Institute of Physical
Chemistry and Electrochemistry at Gottfried Wilhelm Leibniz Universitit Hannover
under the supervision of Prof. Dr. Jiirgen Caro. The financial support was granted by
the Deutsche Forschungsgemeinschaft (Ca 147/18-1) and the Sino-German Centre
for Research Promotion (Nos. GZ676 and GZ 911) under the guidance of Prof. Dr.
J. Caro and Prof. Dr. Armin Feldhoff.
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contributed as the primary author, as well as the corresponding author and
co-authored one article. Contributions and valuable comments from the co-authors
and reviewers for all these articles are gratefully acknowledged. I would like to thank
Prof. Dr. Jurgen Caro, Dr. Fangyi Liang, Prof. Dr. Claus Riischer, and Prof. Dr.
Feldhoft for the fruitful discussions and helpful comments.

Chapter 2 investigates the effect of thermal cycling under air/CO, gradient on the
microstructure of PSCF membrane. The article “High-Flux Oxygen-Transporting
Membrane PrysSr4CoysFeysOss: CO, Stability and Microstructure” was written by me.
The material preparations and the main part of permeation measurements were
completed by me. Dr. Fangyi Liang contributed to the permeation measurements
and the SEM and EDXS investigations. The in-situ XRD measurements and
characterization were conducted by Dipl.-Chem. Olga Ravkina. Contributions of
Prof. Dr. Jirgen Caro and Dr. Fangyi Liang during preparation and revision of the
manuscript is acknowledged.

Chapter 3 describes the effect of the B-site composition on the physical and
chemical properties of PSCF membranes. The article presented in this chapter
entitled “Effect of the B-Site Composition on the Oxygen Permeability and the CO, Stability of
PrysSrp4Co.Fe; 055 (0.0 < x < 1.0) Membranes” was prepared by me. I sincerely
acknowledge the valuable suggestions of Prof. Dr. Caro and his support that greatly
improved the manuscript. The material preparation and permeation measurements
were conducted by me. Dr. F. Liang assisted with some oxygen permeation

measurements. Prof. Dr. A. Feldhoft is acknowledged for the valuable comments.



Prof. Dr. C. Riischer conducted the TGA/DTA measurements and helped with the
evaluation of the data. M.Sc. B. Geppert conducted the DC-conductivity
experiments. Contributions of Dipl.-Chem. O. Ravkina, M.Sc. A. Schulz, and B.Sc.
A. Duong to the in-situ XRD measurements and data evaluation are acknowledged.

Chapter 4 introduces a dual-phase PSCF-CP membrane with high oxygen
permeability. The article that appears in this chapter entitled “A Novel CO,-Stable Dual
Phase Membrane with High Oxygen Permeability” was written by Dr. F. Liang. I
contributed to writing of the Experimental Section that appears as the Supporting
Information. The material synthesis and membrane preparation was conducted by
me. The permeation measurements were completed by Dr. F. Liang and me.

Two articles are presented in Chapter 5. The first article “Novel CO,-Tolerant
Al-Containing Membranes for High- Temperature Oxygen Separation” was written by me
with valuable contributions by Prof. Dr. J. Caro. M.Sc. M. Bittner conducted the
DC-conductivity measurements. Frank Steinbach helped with the SEM, BSEM, and
EDXS analysis.

The second article in this chapter entitled “Enhanced Oxygen Permeability of Novel
Cu-Containing CO,-Tolerant Dual-Phase Membranes” was written by me with Prof. Dr.
J. Caro’s contribution to improvement of the manuscript. Prof. Dr. Rischer
conducted the TGA/DTA measurements. F. Steinbach is acknowledged for his

contribution to the preparation of BSEM images.
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Abstract

Human-induced global climate change is one of the most critical challenges of this
century. CO, emissions from human activities are accounted for one of the main
contributors to the atmospheric greenhouse gas concentrations. A large part of CO,
emissions originates from the energy production sector and fossil fuel-combusting
power plants in particular. According to the global energy reports, despite rapid
development of renewable and sustainable clean energy sources, power generation
will remain dependent on carbon-intensive fossil fuels due to increasing energy
demand in the upcoming decades. Carbon Capture and Storage (CCS) technology
have gained considerable attention as a viable industrial means to reduce
atmospheric CQO,, targeting the main point sources of CO, emissions. The oxyfuel
concept, based on fuel combustion in a nitrogen-free O,/ CO,-containing atmosphere,
is considered a promising process for CCS. However, the energy-intensive air
separation unit required for oxyfuel process is a major drawback for application of
this technology. Replacing the conventional air separation unit with oxygen-
transporting membranes is a possible alternative to compensate the energy penalty.
This thesis presents five original research articles focusing on the development of CO,-
stable oxygen-transporting membranes for applications as air separation modules in
power plants with oxyfuel carbon capture. In this regard, CO, stability and oxygen
permeation properties of single-phase perovskite membranes, as well as dual-phase
composite membranes have been thoroughly investigated.

In Chapter 2 the effect of thermal cycling under CO, atmosphere on the
microstructure and oxygen permeation performance of a  high-flux
Pr6S194Co005Fey 5055 perovskite-type membrane is investigated. The CO, stability
and the phase transitions of the material were investigated using in-situ X-ray
diffraction (XRD) and long-term oxygen permeation measurements. The effect of
CO; exposure on the membrane’s microstructure was studied by scanning electron
microscopy (SEM) and XRD.

The effect of Co/Fe ratios at the B-site of the perovskite Pry¢Sry4Co,Fe;,Os,, on its
physical and chemical properties is thoroughly investigated in Chapter 3. Increasing

the Co content results in higher electrical conductivity and oxygen permeability,



which could also be confirmed by thermoanalysis. However, CO, stability of the
membrane decreases with increasing Co content, due to higher surface basicity.
Structural properties were characterized using Rietveld Refinement methods. The
selected membrane with 20% Co also showed good stability under reducing
conditions, when applied as a membrane reactor for partial oxidation of methane to
syngas.

In Chapter 4, oxygen permeation performance and CO, tolerance of a Co-
containing dual-phase membrane with the composition PryeSr4CopsFegsOss-
CeooPr 10, are studied. This material is based on the perovskite oxide developed in
Chapter 3. The phase structure and surface morphology of the membrane were
investigated by in-situ XRD, SEM, and energy-dispersive X-ray spectroscopy
(EDXS). The membrane showed very good oxygen permeation fluxes and high CO,
stability above 800 °C.

In Chapter 5, newly developed Co-free dual-phase compositions with different
doping strategies are studied. In the composition Nd;,Sr,Aly,FesO;.5 Cer,Nd,O,,
partial substitution of Fe for Al resulted in enhanced oxygen permeation
performance at the cost of lower electrical conductivity. XRD results also revealed a
phase transformation from orthorhombic symmetry to cubic perovskite by Al-doping.
The membrane demonstrated very good CO, stability in long-term oxygen
permeation measurements. Furthermore, Cu-containing dual-phase membranes with
the composition Sm;,Sr,Cug,FeysO;.5- CepsSmg,0, 5 were developed, which showed
better oxygen permeation qualities compared to Al-doped composites. XRD, SEM,
back-scattered SEM (BSEM) and EDXS investigations revealed a segregated CuO
phase, for low Sr content. The CuO phase was formed due to the unit cell volume of
the perovskite being too small to accommodate a part of Cu cations. Increasing the
Sr content resulted in elimination of the additional phase. The membranes showed

stable oxygen permeation fluxes for more than 200 h under CO, sweeping.

Keywords: mixed ionic-electronic conductors, oxygen-transporting membranes, CO,

stability, perovskites, dual-phase membranes



Zusammenfassung

Der anthropogene Klimawandel zdhlt zu den grofiten Herausforderungen dieses
Jahrhunderts. Der CO,-Ausstofy durch menschliche Aktivititen wird als eine der
Hauptursachen der hohen atmosphérischen Treibhausgaskonzentrationen
angesehen. Ein grofler Teil des CO,-Ausstofles stammt aus der Energiebereitstellung
auf Basis der fossilen Energietriager Kohle, Ol oder Gas. Es wird eingeschitzt, dass -
trotz der gewaltigen Fortschritte bei der Entwicklung nachhaltiger sauberer
regenerativer Energiequellen - die Energiebereitstellung aufgrund steigenden
Energiebedarfs in den ndchsten Jahrzehnten weiter von fossilen Brennstoffen
abhangig bleiben wird. Die CO,-Abscheidung und Speicherung (Carbon Capture &
Storage) fossil befeuerter Kraftwerke als CO,-Hauptemissionsquellen hat hohe
Aufmerksamkeit als eine industriell realisierbare Technologie fiir die Reduzierung
des atmospharischen CO, gewonnen. Das Oxyfuel-Konzept, basierend auf der
Verbrennung der Brennstoffe in einer nahezu Stickstoff-freien Sauerstoft-
/Kohlendioxid-Atmosphdre, wird als ein attraktives Verfahren fiir CCS angesehen.
Die energieintensive Sauerstoffproduktionseinheit nach dem Linde-Prinzip ist jedoch
ein grofer Nachteil fiir die Anwendung des Oxyfuel-Verfahrens. Das Ersetzen der
herkdémmlichen Lufttrenneinheit durch einen Permeator mit
Sauerstofftransportmembranen ist eine mogliche Alternative, den Energieeinsatz der
Sauerstoffproduktion gering zu halten.

Diese Doktorarbeit stellt fiinf originale Forschungsartikel vor mit dem
Schwerpunkt der Entwicklung CO,-stabiler Sauerstofftransportmembranen fiir eine
Anwendung als Sauerstofftrenneinheit in Kraftwerken nach dem Oxyfuel-Verfahren.
Daher wurden intensiv die CO,-Stabilitit und die Sauerstofftransporteigenschaften
von Perowskitmembranen als auch zweiphasigen Kompositmembranen untersucht.

In Kapitel 2 wurde der Effekt von thermischen Zyklen unter CO,-Atmosphare auf
die Mikrostruktur und den Sauerstofffluss einer Perowskitmembran mit der
Zusammensetzung PrySro4CogsFeq 5055 untersucht. Die CO,-Stabilitdit und die
Phasenumwandlungen wurden mittels in-situ Rontgenbeugung (XRD) und
Langzeitpermeationsmessungen untersucht. Der Einfluss von CO, auf die
Mikrostruktur der Membran wurde mittels Rasterelektronenmikroskopie (REM) und
XRD untersucht.

Vi



Der Effekt von unterschiedlichen Co/Fe-Verhéltnissen am B-Gitterplatz auf die
physikalischen und chemischen Eigenschaften des Perowskits Pry¢Sry4Co.Fe;,O;s
wurde in Kapitel 3 untersucht. Eine Erhohung des Co-Anteils ergab eine hohere
elektrische Leitfdhigkeit und erhohte Sauerstofftliisse. Diese Ergebnisse wurden auch
durch die Thermoanalyse bestétigt. Die CO,-Stabilitdit der Membran nimmt hingegen
mit zunehmendem Co-Anteil aufgrund erhohter Basizitdt an der Oberflache ab. Die
strukturellen Eigenschaften wurden mittels der Rietveld-Verfeinerungsmethode
charakterisiert. Die ausgewahlte Membran mit 20% Co wurde als Membranreaktor
fir die katalytische partielle Oxidation von Methan zum Syngas eingesetzt und
zeigte gute Stabilitdt unter reduzierender Atmosphaére.

In Kapitel 4 wurden der Sauerstofffluss und die CO,-Toleranz einer Co-haltigen
zweiphasigen Membran mit der Zusammensetzung PryeSr4CopsFegsOs.s-
CeooPr1y 10,4, basierend auf dem in Kapitel 3 entwickelten Perowskit, untersucht. Die
Phasenstruktur und Oberflichenmorphologie der Membran wurden mittels 7n-situ
XRD, REM, und energiedispersiver Rontgenspektrooskopie (EDXS) untersucht. Die
Membran besitzt sehr gute Sauerstoftfliisse und hohe CO,-Stabilitat iiber 800 °C.

In Kapitel 5 wurden neu entwickelte Co-freie zweiphasige Verbindungen mit
unterschiedlichen = Dotierungskonzepten untersucht. Bei der Verbindung
Nd,,Sr,Aly,Feg 3055 Cer,Nd, O, trug die Al-Dotierung zu verbesserten Sauerstoff-
Transporteigenschaften auf Kosten einer geringeren elektrischen Leitfahigkeit bei.
Des Weiteren deuteten die XRD-Ergebnisse auf eine Strukturdnderung von der
orthorhombischen Symmetrie zur kubischen Struktur durch Al-Dotierung hin. Die
Membran zeigte sehr gute CO,-Stabilitdt bei den Langzeitpermeationsmessungen.
Des Weiteren wurden Cu-haltige zweiphasige Membranen mit der
Zusammensetzung Sm;,Sr,Cug,Fe 5055 CeosSmy,0,s5 entwickelt, die deutlich
bessere Transporteigenschaften im Vergleich mit den Al-haltigen Verbindungen
zeigten. XRD, REM, und EDXS-Charakterisierungen deuteten auf die Entstehung
einer segregierten Kupferoxidphase bei einem geringeren Sr-Anteil aufgrund des
kleinen Gittervolumens des Perowskits hin. Durch Erh6hung des Sr-Gehaltes konnte
die Entstehung der CuO-Nebenphase vermieden werden. Die Membran zeigte stabile

Sauerstoffttliisse tiber 200 h unter reiner CO,-Spiilung.

Stichworter: gemischte Leiter, sauerstofftransportierende Membrane, CO,-Stabilitét,
Perowskite, zweiphasige Membrane
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Chapter 1: Introduction

Chapter 1

Introduction

1.1.  Carbon Capture and Storage (CCS)

The anthropogenic CO, emissions, largely caused by the combustion of fossil fuels,
are known to be the main contributor to the global climate change. Moreover, the
current projections for the international energy consumption and production predict
an increasing demand for energy with a continuously growing trend of fossil fuel-
based power generation in the upcoming decades.!'? Alone in 2012, electricity and
heat production with 13.3 Gt of CO, emission accounted for 42% of the global CO,
emissions of 31.7 Gt, which shows an increase of 1.8% compared to the previous
year.”! Therefore, immediate reduction of atmospheric greenhouse gases particularly
CO, is of crucial importance in order to mitigate the climate change and to prevent
its disastrous aftermaths. While alternative zero-emission energy sources, such as
solar energy, wind power, and hydropower are under development, parallel
technologies are essential to cut the CO, emissions from the existing carbon-intensive
energy system. Carbon capture and storage (abbreviated as CCS) is a promising
technology for CO, disposal, targeting fossil fuel-burning power plants as the main
point sources of CO, emissions. The captured CO, is subsequently compressed,
transported and stored in geological repositories, such as depleted gas and oil
reservoirs.** Three main process routes for CCS are currently under investigation:
Post-combustion, pre-combustion, and oxyfuel combustion, which are briefly

introduced in the following chapters.

1.1.1.  Post-Combustion CO, Capture

The post-combustion capture route is based on CO, separation from the flue gas
after the combustion process,” as schematically depicted in Figure 1.1. In the post-

combustion concept, CO, is chemically absorbed using mainly amine-based solvents
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and thermally removed from the solvent in a regeneration stage using recovery
columns. Presently, monoehtanolamine (abbreviated as MEA) is widely used for the
chemical washing process of CQO,, which poses additional challenges in terms
stability and efficiency.”® SO, and NO, present in the flue gas can react with the
amine-based solvents and result in degradation of the solvent. In order to prevent
this, the concentration of the reactive gases is required to be kept at a low level, e.g.
below 10 ppm for SO,.”! Accordingly, preventing measures such as gas-cleaning
stages and extra solvent regeneration processes are essential prior to the recirculation
of the solvent into the system. In addition, large-scale equipment and considerable
volumes of solvents are needed, especially due to the dilution of CO, with N, from
the combustion gas mixture. Although the post-combustion concept has the distinct
advantage of being adoptable to the presently available power plants without
substantial modification of their existing power cycles, its cost and energy-efficiency
still need to be improved. High energy demands for the solvent regeneration and the
environmental impact associated with the solvent disposal and regeneration

byproducts are considered to be the main disadvantages of the post-combustion

5,8,10]

capture.!

Steam

turbine Power generation

P CO, to storage
2
compression p——=>

Particle
H Sulfur removal }—) CO, stripper
removal

Figure 1.1. Schematic diagram of a power plant with post-combustion carbon

capture.

1.1.2.  Pre-Combustion CO, Capture

In a pre-combustion route, the fuel gas is chemically decarbonized prior to the
combustion stage. Therefore pre-combustion route is commonly applied to coal-fired
power plants with Integrated Gasification Combined Cycle (IGCC) technology, as
shown in Figure 1.2. In a gasification stage, the primary fuel is partially oxidized to

produce syngas (CO + H,). Subsequently, steam is supplied to the gas mixture in
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order to oxidize CO to CO, in a catalytic water-gas shift process, as described in

Equation 1.1:
CO + Hzo 2 COZ + H2 (Eq 11)

CQO; is then removed from the mixture using solvent-based methods and pressure
swing adsorption, to obtain a hydrogen-rich fuel.® The advantages of the pre-
combustion capture include high efficiency and product flexibility, e.g. syngas can be
converted to value-added products such as methanol and hydrogen can be used as
fuel for zero-emission power or heat generation. However, disadvantages include
high construction and maintenance costs and low reliability due to increased

complexity of IGCC systems with carbon capture.”®

Steam
Natural gas l
——>| Gasifier/ | Gas shift | Hz CO: co, co, CO, to storage
&) Reformer reactor separation compression f——m—=>

3
0, H,-rich fuel
; Air separation
A|_r> unit Sctjfg ———> Power generation

Air

Figure 1.2. Schematic diagram of a power plant with pre-combustion carbon

capture.

1.1.3.  Oxyfuel CO, Capture

The oxyfuel concept is based on the denitrification of the combustion gas by
utilization of high-purity oxygen (>95% purity) instead of air for the fuel combustion,
resulting in a flue gas mainly consisting of CO, and steam. Since fuel combustion in
pure oxygen results in excessively high temperatures, a stream of CO, from the flue
gas is redirected to the boiler, in order to limit the flame temperature by dilution of
the combustion gas mixture,®'"! as schematically depicted in Figure 1.3. The removal
of nitrogen from the combustion gas mixture not only remarkably reduces the total

volume of the flue gas for CO, capture by about 80%, it also yields high

3
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concentrations of CO, and water steam in the flue gas, thus facilitating the separation
process performed by condensing heat exchangers. A further advantage of the

5.2 There are

oxyfuel combustion route is its significantly lower NO, emission
several technical issues to be tackled in the oxyfuel concept, including recirculation
of a large volume fraction of the flue gas (about 60%) back into the combustion
chamber and elimination of impurities such as NO, and SO, originating from the fuel
or from leakage in the power cycle components. However, the conventional
cryogenic air separation unit (ASU) for high purity oxygen production requires a
considerable energy input and is accounted for a major efficiency loss in oxyfuel
power plants. Substitution of the cryogenic distillation for less energy-intensive
alternatives, such as oxygen-transporting membranes (OTMs), is considered to be a
promising approach to reduce the energy penalty caused by the conventional

ASU B2 The following section discusses some technological and scientific aspects

of the application of OTM technologies in oxyfuel power plants.

Steam ]
turbine Power generation

Air Air sepa.ran'on oo Cooler/ co, CO, to storage
- unit W removal ™1 Sulfur removal Condenser —>| e |
Ny
Recycled CO,-rich flue gas

Figure 1.3. Schematic diagram of a power plant with oxyfuel carbon capture.

1.1.4.  Integration of OTMs in Oxyfuel Power Plants

Utilization of oxygen-transporting membranes (OTMs) based on mixed ionic-
electronic conducting oxides (MIECs) with typical operating temperatures between
800 and 1000 °C for oxygen separation in oxyfuel processes is expected to reduce the
energy penalty from the cryogenic ASU. Dense ceramic OTMs can be integrated in
oxyfuel power plants using a three-end or a four-end concept.

In the three-end operation mode, three gas streams are involved in the separation

unit. Preheated air is used as the feed gas, while vacuum is applied on the permeate
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side and the oxygen-depleted stream of air is retained from the membrane module.
Another method of achieving high oxygen partial pressure gradient across the
membrane module is application of high-pressure feed. Since the membrane is not
exposed to CO,, the thermochemical stability against CO, is not the main concern.
However, phase stability and decomposition behavior of the conventional perovskite-
type (Ba,Sr)(Co,Fe)O; membranes, as well as the energy penalty from the vacuum
pump are considered to be the main challenges for the energy-efficient three-end
operation mode."*'

In the four-end operation concept, a stream of CO, redirected from the flue gas, is
applied as the sweep gas for oxygen transport to the combustion chamber, while
increasing the oxygen partial pressure gradient across the membrane.!'” '8!
Furthermore, since the membrane module is located within the recirculation system,
the high-temperature requirement for the operation of MIEC membrane is efficiently
provided, thus reducing the overall energy demand for the oxygen production.
However, since the four-end membrane module is directly exposed to the flue gas,
high thermochemical resistivity against corrosive gas components such as CO, and
SO,, while maintaining high fluxes of permeated oxygen is the major prerequisite for
the proper MIEC material selection.

As will be discussed in the following chapters, the most promising MIECs in terms
of oxygen permeation performance contain alkaline-earth elements, mainly Ba and
Sr, which strongly compromises the CO,-stability of the membrane material. The
degradation of the membrane permeation performance occurs due to the formation
of an oxygen-impermeable alkaline-earth carbonate layer on the surface layer of the
membrane under atmospheres containing high concentrations of CQO,.!""°! The
development of high-flux OTMs with suitable CO,-stability is the main focus of the

present thesis.

1.2.  MIECs for Oxygen Separation

During the past few decades, mixed ionic-electronic conducting oxides (MIECs)
have been the subject of numerous studies for the development of energy-efficient
technological devices for oxygen transport and separation at elevated
temperatures.”"??! Accordingly, MIEC-based dense ceramic membranes can find

application in a wide variety of technological fields, including utilization as
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membrane reactors for chemical processes such as partial oxidation of methane
(POM) to syngas (CO + 2H,),”**! oxidative coupling of methane (OCM) to ethylene
and ethane,'”?! and oxyfuel combustion.'®*! Furthermore, MIECs have been
investigated for other electrochemical applications such as electrode material for
solid oxide fuel cells (SOFC).***"! One of the most important aspects of MIEC-based
OTMs is their 100% oxygen perm-selectivity, owing to the electrochemical nature of
the oxygen transport mechanism in these materials, as will be discussed in detail in

the following sections.

1.2.1.  Structural Properties of MIECs

A number of ceramic compounds exhibit ionic oxygen conduction, including
perovskite-type, fluorite-type, and K,NiFtype layered oxides.’**" Among MIECs,
perovskite-type oxides with the general formula ABO; are the most promising
materials in terms of mixed conducting properties.”'**! Although the term perovskite
originally refers to the mineral CaTiOs;, named after the Russian mineralogist Count
Lev Aleksevich von Perovski, perovskite-type oxides generally denote a class of
oxides, with an ideal cubic crystal structure shown in Figure 1.4. The A-site of the
ABQ; structure is occupied by a large cation, such as alkaline earth and rare-earth
elements, and is 12-fold coordinated by oxygen ions, whereas a smaller cation
(mostly transition metals) occupies the B-site of the structure, coordinated by six
oxygen ions. For better comprehensibility, the oxygen ions in Figure 1.4. are
depicted much smaller than their actual proportional size. The BOs octahedra in an
ideal cubic perovskite share corners to form a three-dimensional network. By
definition, in an ideal cubic perovskite structure with closely packed hard spheres, the
cations at the A- and B-sites are in touching contact with oxygen anions, resulting in

the following relationships:
For the face diagonals,

a =2 @ry+ 10) (Eq. 1.2)
For the edges,

a=2(rg+ 1y (Eq. 1.3)
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where 7,4, 73, and 7o designate the ionic radii of the components and a is the edge
length or the lattice constant. In early 1920s, the tolerance factor, ¢, was introduced
by Goldschmidt to roughly estimate the formation of perovskite structure by a given
assembly of ions and describe the degree of deviation from the ideal cubic symmetry,
as described in Equation 1.4:5¢

T4 +T'O

Generally, a perovskite-type structure is expected to form in the range of
0.75 <t<1.0. For an ideal cubic perovskite symmetry Pm3m (space group: 221), the
tolerance factor, ¢, equals unity. A negative deviation of ¢ from unity (¢ < 1), e.g. in
case of an undersized A-site cation, the BO4 octahedra tilts, due to the reduced 4-O
bond length, resulting in a distorted symmetry. The extent and the nature of the
distortion can largely depend on the 4- and B-site cation sizes, as well as on the
defect chemistry of the crystal lattice. For instance, a trend of increasing
orthorhombic distortion with decreasing A-site cation size was reported for the
perovskite-type LnNiO; series, where Lz represents rare-earth elements La, Pr, Nd,
and Sm.P" In contrast, for ¢ > 1, as is the case for structures with oversized A-site
and/or undersized B-site cations, the B-O-B links can be strained to the point that the
BOg octahedra share faces instead of corners, resulting in variations of 4AO; layer
stacking sequences. Consequently, the variation of the stacking sequences leads to
formation of cubic or hexagonal perovskite structures, known as polytype phases.
However, for small deviations of the Goldschmidt’s tolerance factor in the range of
0.9 < ¢ < 1.05, stabilization of the cubic perovskite structure is possible.”**” A large
number of metallic elements can be stabilized in a perovskite structure. Since
perovskites can also accommodate high concentrations of dopant elements, their
electronic structure and chemical properties can be tailored into a wide variety of
applications. A key condition for the ionic conductivity of a perovskite structure is its
defect chemistry. The oxygen non-stoichiometry and the related electronic defect
structure, which can be achieved by a proper doping strategy, lead to the mixed
ionic-electronic conduction properties of perovskites.*”’ The mechanisms associated
with the ionic oxygen transport through MIECs are discussed in the following

section.
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Figure 1.4. Unit cell of a cubic perovskite-type 4BO; oxide. For simplicity, oxygen

ions appear much smaller than their actual proportional size.

1.2.2.  Oxygen Transport through MIECs

Generally, ionic defects in MIECs can be in form of vacant lattice sites or
vacancies (as in perovskite (Ba,Sr)(Co,Fe)O;; and fluorite-type oxide CeyoGdy10,.5)
or in form of interstitial ions (as in K,NiFstype oxide La,NiOy.s).*" In a perovskite
system, the oxygen vacancies provide a path for ionic diffusion. The amount of
defects can be adjusted by introduction of low valence cations to the A-site or the
B-site of the lattice. The oxygen transport in a perovskite is basically the result of the
oxygen vacancy diffusion, where a chemical potential gradient of the ionic species
across the bulk material functions as the driving force for the ionic conduction. The
simultaneous movement of the electronic defects (e.g. electron holes created by the
excitation of electrons from valence to conduction band) preserves the overall
electroneutrality. The total conductivity of a MIEC, g;,;, can be expressed by the

sum of the ionic conductivity, o;,,, and the electronic conductivity, d,:
Otot = Ojon + O¢ (Eq 15)

However, the electronic conductivity of a MIEC is much higher than the ionic
conductivity and therefore dominates the overall conductivity (i.e. 6o ~ 0,)."** The

electrical conductivity of MIECs can be of n-type or p-type nature, depending on a
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number of parameters, such as their electronic structure, elemental composition,
oxygen partial pressure, temperature, etc.'*’! For example, in the acceptor-doped
La;,Sr,Co,FeysO;.s system, the excess negative charge is compensated by reduction
of the B-site species and the electronic conduction is mediated by the thermally
activated small polaron hopping mechanism via B-O-B conduction pairs, which can

be described as the following equation:

C =Ea

Oe =7 e kT (Eq.1.6)
where 7, E, and %k denote absolute temperature, activation energy and the Boltzmann
constant, respectively. The pre-exponential constant C is a material characteristic
parameter that includes the charge carrier concentration term. At higher
temperatures, the electronic conductivity gradually decreases coinciding with the
formation of oxygen vacancies at the expense of p-type charge carriers.!*!
The principle mechanisms involved in the oxygen transport in a MIEC (as

schematically depicted in Figure 1.5.) can be summarized in three main steps:

1) On interface I under the higher oxygen partial pressure (feed side):
Oxygen surface-exchange reaction, including oxygen dissociation,
ionization and sorption into the lattice via oxygen vacancies, which can be

described in a simplified form using Krdger-Vink notations as follows:*!
~0, + V5" =05 +2h° (Eq. 1.7)

where h® and V3" represent an electron hole and an oxygen vacancy,
respectively.

i) Bulk diffusion of ionic oxygen and electronic defects in the bulk material,
driven by the activity gradients of each species.

1i1) On interface IT under the lower oxygen partial pressure (sweep side): The
surface-exchange reaction in form of oxygen re-association and

desorption, described by the following equation:

0X +2h* = %oz A (Eq. 1.8)
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Figure 1.5. Schematic representation of oxygen transport through a dense MIEC

membrane under oxygen partial pressure gradient.

The overall rate of oxygen permeation is defined by the rate-limiting step with the
slowest reaction rate.***”? Depending on the material properties and the membrane’s
thickness, surface-exchange reaction or bulk diffusion can determine the overall
permeation rate. For a relatively thick membrane, bulk diffusion becomes the rate-
limiting step. If the membrane’s thickness, L, is reduced below a critical thickness, L.,
the surface exchange reaction on the interfaces of the membrane limits the
permeation rate. The critical thickness, L,, is theoretically attributed to a thickness at
which the permeation rate is equally affected by both the diffusion and surface
exchange processes and can be defined as the quotient of self-diffusion coefficient of
ionic oxygen, D, or the tracer diffusion coefficient, D", and the surface exchange

coefficient, k, as described by the following equation:!*®!

D; D*
Le=—=~— (Eq. 1.9)

For a sufficiently thick membrane (i.e. L>>L,), the oxygen transport is a diffusion-
controlled process and the permeation rate is basically determined by the lattice
diffusion of ionic oxygen and counteracting flux of electronic charge carriers. In this
case, the oxygen flux can be expressed using the Wagner’s theory of ambipolar
diffusion,”” based on the assumption that the fluxes of the ionic and electronic

charge carriers are related by the condition of charge neutrality and no net charge is

10
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transferred across the membrane.* The oxygen flux, jy,, can be expressed by the
following equation:

Jo, = - (M) Vi, (Eq. 1.10)

22
4<F Otot

where F, represents the Faraday’s constant. Vu,,is the chemical potential gradient,
which can be correlated to the oxygen partial pressure, po,, by the following

equation:

ORT Inpg
VP-OZ = Tz (Eq. 1.11)

where R and T are the gas constant and the absolute temperature, respectively, x
represents the distance. By the assumption of an oxygen partial pressure gradient of

(p' 0, /p" 02) applied across a membrane with the thickness L, Equation 1.12 can be

obtained from Equations 1.10 & 1.11:

" flnp'oz Oion " Oe
1

Jo, = gz dInp,, (Eq.1.12)

np”02 Otot

As previously mentioned, the total conductivity is dominated by the electronic

conductivity. Considering the above assumption, Equation 1.12 can be simplified to:

, RT [mPlo
Jo, = mfl Zlon 1 Po. e

The ionic conductivity can be described in relation to the oxygen vacancy

concentration, [V*], by the Nernst-Einstein equation:

4F2[V31D
Tion = % (Eq.1.14)

where D), denotes the diffusion coefficient of oxygen vacancies, which can be

(51321 By assumption of a

obtained by "O-'°O isotope exchange measurements.
constant average value for ionic conductivity, G;,,, €.g under low oxygen partial
pressure gradients, Equation 1.13 can be integrated to:

RTGn . Py,

Jo, = 172 In p,,oz (Eq.1.15)

11
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However, Wagner’s theory is only applicable if bulk diffusion is the rate-limiting
step of the permeation process. By reducing the membrane’s thickness below the
critical thickness (i.e. L<<L,), the surface exchange reaction defines the overall
oxygen permeation rate. A number of processes are involved in the surface exchange
reaction at the gas/solid interface, including dissociation and re-association of
oxygen, charge transfer, adsorption, desorption, etc. Accordingly, several models and
relations have been proposed depending on the nature of the involved processes. In
general, with the assumption of near-equilibrium conditions and exclusion of non-

linear effects resulting from high oxygen potential gradients,

(Eq.1.16)

where j2, represents the balanced exchange rate. The kinetic exchange parameter j2,

can be determined by "*O-"°O isotopic exchange techniques.*®

1.3. MIECs for Oxyfuel Carbon Capture

1.3.1.  Perovskite-Type Oxides

High oxygen permeation fluxes through perovskite membranes were first reported
by Teraoka et al. for perovskite-type oxide series La,; ,Sr,Co;,Fe,O;5(abbreviated as
LSCF), which exhibited oxygen permeation fluxes two to four orders of magnitude
higher than that of stabilized zirconia, reaching a maximum value of 3.1 cm’*(STP)
min' cm? measured on a dense membrane (1 mm thick) with the composition
SrCoosFey,055 at 850 °C.P>**1 Since then, perovskite-type OTMs have been
extensively studied by many researchers. Among the developed materials, perovskite
oxides Sr(Co,Fe)O;s, (Ba,Sr)(Co,Fe)O;s, and (La,Sr)(Co,Fe)O;s have gained
considerable attention for a wide variety of technological applications.*>*** Partial
substitution of the 4- and B-site elements by other metal cations can greatly influence
a number of material’s properties, including the oxygen permeation performance,
electrical conductivity and phase stability of the perovskite. Accordingly, different
doping strategies have been developed to achieve preferred functionalities.

Furthermore, the oxygen permeation performance of a membrane can be enhanced

12
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by means of surface modification. For example, deposition of a porous layer of the
same material on the membrane’s surface can improve the permeation performance
by increasing the surface area. In addition, surface modification or functionalization
using other materials such as praseodymium oxide can increase oxygen dissociation
rates on the feed side of the membrane, resulting in higher oxygen permeation
fluxes."

Among the above mentioned perovskite systems, SrCo,sFe .05 (abbreviated as
SCF) and BagsSrosCopsFe .05 (abbreviated as BSCF) are the most prominent
MIECs in terms of oxygen permeability.*>** However, structural instability of these
materials at intermediate temperatures is a major drawback for their technological
applications. Oxygen permeability of SCF membranes has been reported to decrease
with time, due to a phase transition from cubic perovskite to a vacancy-ordered
brownmillerite phase under a low oxygen partial pressure at intermediate
temperatures.”*®! Some doping strategies have been considered to improve the phase
stability of SCF, such as doping 4 at.% Zr at the B-site or introduction of La at the 4-
site, which stabilizes the perovskite structure at the cost of lower oxygen
permeability. >

BSCF was found to decompose into a Ba-rich hexagonal perovskite and a Sr-rich
cubic perovskite after long-term dwelling at intermediate temperatures (7<900°C),

s.161:621 According to

resulting in a gradual decrease in oxygen permeation fluxe
Yakovlev et al. B-site doping of BSCF with 3 at.% Zr is effective in stabilization of the
cubic perovskite structure down to 800 °C, while preserving the oxygen transport
properties.*”!

In one of their early works, Teraoka et al. studied the LagSry4C0¢ 359203 (B=Mn,
Co, Fe, Ni, Cu, Cr) perovskite-type oxides and reported the following trends of
increasing oxygen permeation fluxes for the B-site dopant: Cu > Ni > Co > Fe > Cr
> Mn." Although partial substitution of Co for Fe has a negative effect on the
oxygen permeability of the material, the Fe content at the B-site was found to play a
crucial role in stabilization of the perovskite structure.’?®! Therefore, despite their
lower oxygen permeabilities compared to those of SCF and BSCF membranes, the
LSCF series have been investigated by many researchers for a variety of applications,
due to their superior thermochemical stability. Generally, increasing the Sr and Co

contents of these materials improves both their electronic and ionic conductivities.

Partial substitution of trivalent La for divalent Sr increases the oxygen

13
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nonstoichiometry of the perovskite lattice and slightly increases the unit cell volume,
due to the larger ionic radius of 12-fold coordinated Sr (» = 144 pm) compared to that
of La (r = 136 pm).*>*% In a similar way, increasing oxygen permeability with
higher Co content can be correlated to the lower mean valence state of Co in
comparison with Fe, and weaker bonding energy of Co-O compared to that of Fe-
0.2 However, high concentrations of Co compromises the chemical stability of
the membrane in reducing atmospheres. Reduction of Co at intermediate
temperatures also results in high thermal expansion coefficients and poor
thermomechanical properties of the membrane.'®® Along with stability issues, other
disadvantages associated with Co, such as toxicity, high costs, and increased
volatility of Co at elevated-temperatures has led to development of cobalt-free
perovskite-type oxides, including BagsStosFeysCuo20s.5,1" BagsSrosFesZng,0s.s,""
Bao.SSfo.sFeo.9Alo.103-(5,[71] and BaFeg g Lag04Z19s03.6."”

As mentioned in Section 1.1.4., a key prerequisite for the integration of MIECs in
the 4-end oxyfuel configuration is the high stability of these materials in CO,-rich
environments. However, the majority of perovskite OTMs with reasonable
permeabilities developed to date, contain high concentrations of alkaline-earth
cations Ba, Sr, and Ca at their 4-site, which tend to react with gaseous CO, to form
an oxygen-impermeable carbonate phase on the outer surface layer of the membrane.
The formation of alkaline earth carbonates such as BaCO; and SrCO; results in a
dramatic degradation of the membrane’s permeation performance.?" Arnold et al.
reported an immediate decrease in permeation fluxes to negligible levels on a BSCF
membrane when swept with CO, at 875 °C. The effect of carbonate formation on the
oxygen permeation could be reversed by switching the sweep gas from CO, back to
helium, as carbonate decomposes to the related alkaline earth oxides and gaseous
CO, under low partial pressures of CO,."” Degradation of SCF membrane during
partial oxidation of methane to synthesis gas was described by Pei et al. as a result of
strontium carbonate formation and the consequence segregation of cobalt and iron
oxides.""

Thermodynamic stability of related carbonates depends on the CO, partial
pressure and temperature. The collective thermodynamic data regarding the
formation/decomposition behavior of the carbonates of common metallic
components of a perovskite is provided as an Ellingham diagram, shown in Figure

1.6.7"I The stability of carbonates increases in the order of Ba** > Sr** > Ca**, directly

14
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correlating to the associated cation sizes. The polarization power of the divalent
alkaline earth cations inversely corresponds to the ionic radius of the cations.
Accordingly, with increasing polarization power of the cation, decomposition of the
carbonate ion is facilitated; leading to a trend of lower carbonate stabilities with
decreasing cation sizes.”” However, it should be noted that the Ellingham diagram
merely provides an estimation of the carbonate stability, assuming pure oxide phases.
For more accuracy in thermodynamic calculations, the stabilization energy of the
perovskite structures should also be considered.!””

Several approaches have been proposed to increase the CO, tolerance of the
perovskite membranes, while retaining a reasonable oxygen permeation flux. A
complete exclusion of the alkaline earth elements from the A-site components results
in poor permeation properties of such membranes, making them unsuitable for
practical applications. However, partial substitution of the A-site Ba and Sr for less
reactive elements is considered to be an effective means to improve the resistivity of
the membranes in CO,-rich atmospheres. Rare earth elements, such as La, Pr, Sm,
and Gd, with ionic radii comparable to those of alkaline earth elements are regarded
as the best alternative cations to partially occupy the A4-site of the perovskite lattice.
Klande ef al. investigated the effect of partial substitution of 4-site Sr for La on the
CO; stability of the SrCog,Fe 3055 system and reported long-term stable oxygen
permeation fluxes for the membrane with a Sr content of 40 at.%,"® which was in
good agreement with previous studies conducted on disk-shaped and hollow fiber

membranes.”>”!
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Figure 1.6. Ellingham diagram for the temperature-dependent thermochemical

stability of carbonate under different CO, partial pressures.”

Doping of the B-site has also been considered as an effective strategy for
stabilization of the perovskite structure against carbonate formation. Zr-doping of the
B-site of the proton-conducting BaCe5Y,,0;. resulted in improved CO, stability. "
According to Zeng et al. stability of SCF against acidic CO, could be increased by
reducing the surface basicity of the perovskite by Ti-doping. Lower surface basicity of
S1(CogsFeo2)09Ti0105.5 was attributed to the higher bond energy of Ti-O, compared to
those of Fe-O and Co-O, which results in reduced charge density of the oxide ion.®"
Other high valence cations, such as Nb°" and Ta’*, have also been considered as
stabilizing dopants of the B-site owing to their relatively high electron affinities. A
relative improvement of CO, resistivity could be achieved by 20 at.% Nb-doping of
Ba(Co,Fe)Os., at the cost of decreased oxygen permeability.® Chen er al. reported
an improved CO, stability of SCF by 10 at.% Ta-doping at the B-site. Although
S1(CogsFe1)09Ta01055 showed lower oxygen permeability in comparison with SCF,
the oxygen permeation fluxes were found to be relatively stable for 50 h at 900 °C.**!

One of the recent advancements in development of CO,-stable membranes for
oxygen separation is the concept of composite dual-phase MIECs, which will be

discussed in more detail in the following section.
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1.3.2.  Dual-Phase Compositions

The concept of dual-phase oxygen-transporting membranes is based on a matrix of
an ionic-conducting phase and an electronic-conducting phase. The mixed ionic-
conducting properties are achieved by formation of a percolation network of these
two phases. Moreover, the thermochemical stability of the membrane under harsh
practical conditions (including operation in CO,-rich environments) can be
remarkably enhanced by utilization of a highly stable ionic-conducting phase, such as
yttrium-stabilized zirconia (YSZ) or doped ceria. The ionic-conducting phase is
considered as the main phase, while the electronic-conducting phase functions as an
internal short-circuit.® Accordingly, by the assumption of a network consisting of
randomly distributed phases, a percolation threshold should be attained. In other
words, a critical fraction volume should be considered, above which the theoretical
long-range connectivity of each phase is preserved.™!

The first-generation dual-phase MIECs contained noble metals (mainly Ag and
Pd) as ionic conductors, e.g. YSZ-Pd,® Bi, sEr,sOs-Ag,®” (Bi,03)0.74(SrO)o26-Ag,
and Bi;5Y3Sm,,0;:-Ag.®! However, some drawbacks associated with the noble
metal phase, led to the development of ceramic-ceramic dual-phase composites. The
major issues of the metallic phase in the first-generation dual-phase membranes can
be summarized as high production costs and low mechanical strength, due to the
mismatch of thermal expansion coefficients of the two phases. Furthermore, oxygen
permeation performances of these membranes were reported to be poor.”” The new
concept of dual-phase MIECs relies on the replacement of the electronic-conducting
noble metal phase, with an electronic-conducting or a mixed-conducting oxide
phase, such as spinels or perovskites, thus improving the cost efficiency and
thermomechanical properties of the membranes. Fluorite-type oxides with high
thermochemical stability are commonly applied as the oxygen ionic-conducting
phase. Some examples of the metal-free dual-phase membranes include
CeoAsGdo.zoz-(S'Lao.7ST0.3MnO3-5,[90] CeO.SGdO.202-(5'La0.BSI'O.ZFeOASCOOAZO.”-()\[91] Z198Y 02009
LagsSr9,Cr0Os.5! 21 and CeysSmg,0;-SmMn,sCo,505.[! Although the oxygen
permeability of these membranes is generally higher than those of the noble metal-
containing dual-phase membranes, further improvement of the permeation properties

of ceramic-based dual-phase membranes is essential for their large-scale technological
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application. Moreover, high contents of alkaline earth cations in the perovskite phase
can impair the thermochemical stability of perovskite-based membranes in CO,-
containing environments. Several approaches have been pursued to enhance the
permeation performance of dual-phase membranes, while maintaining a reasonable
stability under the practice-relevant conditions.

Dual-phase compositions with good stability against CO, have been developed by
exclusion of CO,-susceptible alkaline earth elements Ba and Sr. Luo et al. reported
high CO, stability for a dual-phase membrane (NFO-CGO), containing 40 wt.%
NiFe,0, as the spinel-structured electron conductor and 60 wt.% CeysGdy 10, as the
fluorite-type ionic-conducting phase.” However, poor stability of the NFO-CGO
membrane under low oxygen partial pressures, led to the development of a nickel-
free membrane (FO-CGO), where the spinel phase was replaced with Fe,05."
Despite increased stability, both the NFO-CGO and FO-CGO membranes show low
oxygen permeabilities.

Zhu et al. investigated the influence of membrane preparation methods on the
oxygen permeation properties of dual-phase membrane with the composition
75 wt.% Ceg55Smy 1501025~ 25 Wt.% Smy Sty 4Aly 3Fey;0;. It was reported that by using
a solid-state reaction method the distribution of the phases in the membrane was less
homogeneous compared to that of the membranes prepared by the conventional
EDTA/citric acid complexing method. Zhu er al. concluded that in a less
homogenous system, mixed-conducting properties could still be achieved with the
volume fraction of the perovskite being lower than the percolation threshold.”®
Further means of providing an internal electronic short-circuit by incorporation of
abridged electronic-conducting pathways have been proposed. The mixed-
conduction performance of PryeSrgsFeqsCo0203- CepsSmy,0;9 composite material
could be enhanced by using vertically aligned carbon nanotubes, which is suitable for
intermediate-temperature applications such as in SOFCs.”” Chen et al. prepared a
dual-phase membrane with 20 vol.% double perovskite PrBaCo,0s,; in form of a

B8 However,

fiber-like interconnecting phase to mediate the electronic conduction.
high contents of Ba and Co are expected to impair the stability properties of this
membrane.

Although the CO, stability of OTMs is of crucial importance, the oxygen
permeation performance of the dual-phase membranes requires further optimization

for potential technological applications. Different doping strategies, mainly targeting
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the improvement of conduction properties of CO,-tolerant dual-phase OTMs will be

discussed in Chapters 4 and 5.

1.4.  Oxygen-Transporting Membranes (OTMs)

1.4.1.  Preparation of OTMs

A number of established methods can be employed for the production of MIECs,
such as solid-state reaction, co-precipitation, sol-gel techniques, spray pyrolysis, and
hydrothermal synthesis.”' Solid-state reaction and sol-gel synthesis can be counted
as the most commonly used techniques for the preparation of powder compositions.
In the solid-state method, oxides, carbonates or hydroxides of the associated metals
are ground, mixed and reacted in a high-energy milling process. The microstructure
and phase purity of the product is strongly dependent on the duration and quality of
the mixing process. Low homogeneity and broad particle size distribution are
considered to be the main disadvantages of the solid-state synthesis route.!"""!

All of the synthesis procedures included in the present work, are accomplished via
a sol-gel synthesis route, due its simplicity, high efficiency, homogeneity and
precision in control of the stoichiometric composition of the products. Sol-gel
synthesis route is a simple method based on preparation of a precursor solution,
called sol, which is a highly homogeneous dispersion of the solid components in an
aqueous or organic solution. The required level of distribution can be achieved by
addition of complexing agents, such as ethylenediamine tetraacetic acid (EDTA) and
citric acid (CA). After an aging stage, which may involve heat treatment of the
precursor, the sol is transformed into a viscous gel, containing highly dispersed metal
components in a three-dimensional matrix of organic ligands. Subsequently, the
product can be obtained in form of a high-purity mixed-oxide powder, after the
evaporation and calcination procedures for the complete removal of organic species

and carbonates.!'*?
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1.4.2.  Oxygen Permeation Measurements

Oxygen permeation measurements are conducted on gas-tight membranes,
prepared from the powder sample of the related MIEC after a sintering process. Since
the microstructure and consequently the permeation properties of the membrane are
strongly dependent on the sintering process, this step is of crucial importance for the
preparation of dense membranes. During sintering, the powder is heated close to the
melting point of its main constituents, which enables the particles to relocate and
increase the number of adjoining neighbors. Grain boundaries are formed and
material is diffused from regions of high chemical potential to regions of lower
chemical potential. The driving force of sintering is the reduction of the surface free
energy of the system.!%

The membranes studied in the present work were prepared by uniaxial pressing of
the related powders into green disk pellets, followed by sintering in ambient air. The
optimum sintering conditions were determined empirically.

For the evaluation of the oxygen permeation properties, the membranes were fixed
unto an alumina tube using gold cermet (conduction paste C5754, Heraeus,
Germany) and placed in a high-temperature permeation cell, as schematically shown
in Figure 1.7, where the membrane could be exposed to oxygen partial pressure
gradients, by applying a stream of an oxygen-rich feed gas one side of the membrane
(feed side), while sweeping the permeated oxygen on the opposite side of the
membrane (sweep side) with an inert carrier gas. Subsequently, the sweep gas was
quantitatively analyzed by an on-line gas chromatograph (GC). Synthetic air,
consisting of 80 vol.% N, and 20 vol.% O,, was used as the feed gas. The sweep gas
contained pure He, as the inert carrier gas, which was switched to pure CO, for the
investigation of the membrane’s performance under CO,rich conditions. The
concentration of oxygen in the effluent was calculated according to the related
calibration curves. Possible oxygen leakage, caused by insufficient sealing or other
impairments could be directly detected by monitoring the concentration of N, in the
effluent, and subtracted from the total oxygen flux. Neon at a flow of 1.0 cm® min™
was added to the sweep gas, as an internal standard for the determination of the total
flow of effluent. In order to reduce error, the total flow was also frequently controlled

by a soap-film flow meter.
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Chapter 2

Effect of Thermocycling on the
Microstructure and Permeation Properties of

a Single-Phase Perovskite Membrane

2.1.  Summary

As mentioned in Section 1.3.1, perovskite-type oxides are considered to be the
most prominent OTMs in terms of oxygen permeation performance. For applications
in CO,-rich environments, (La,Sr)(Co,Fe)O;s series have been extensively studied,
due to their good stability and reasonable permeabilities.

The following chapter deals with the oxygen permeation properties of a newly
developed single-phase perovskite membrane Prg¢Sry4CopsFesO;s (PSCF), which
exhibited a better oxygen permeation performance compared to that of conventional
LSCF. The stability of the membrane was investigated in a long-term oxygen
permeation test, summing up to 1000 h in total. During these measurements under
oxygen/CQO, partial pressure gradients, the membrane was subjected to periodic
thermal cycling in the temperature range of 850 and 1000 °C. The effect of thermal
cycles on the microstructure and the oxygen permeation properties of the membrane
were investigated and it was found that the oxygen permeation fluxes slightly
increased after each thermal cycle. Furthermore, the CO, stability of the PSCF
membrane was tested for 400 h at the constant temperature of 800 °C. SEM and
EDXS were employed to study the microstructure and morphology of the membrane
before and after long-term CO, exposure. The structural properties and phase
transition behavior of PSCF were studied using high-temperature in-situ XRD in a

100 vol.% CO, atmosphere.
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High-Flux Oxygen-Transporting Membrane Pr,¢Sr, ,C0o,5Fe505_5:
CO, Stability and Microstructure

Kaveh Partovi,* Fangyi Liang, Olga Ravkina, and Jiirgen Caro

Institute of Physical Chemistry and Electrochemistry, Leibniz University Hannover, Callinstrale 3A, D-30167 Hannover, Germany

ABSTRACT: High oxygen permeability and good thermochem-
ical stability of oxygen-transporting membranes (OTMs) are two
main requirements concerning the applicability of these devices
in chemical processes, such as CO, capture using the oxyfuel
concept or catalytic membrane reactors. In this work, a single-
phase perovskite-type membrane Pr, ¢St 4Coq sFeysO5_s5 (PSCF)
with 0.6-mm thickness was subjected to periodic thermal cycling
in the temperature range between 850 and 1000 °C in a 1000-h
long-term permeation test with pure CO, as the sweep gas. The
results of this long-term permeation operation revealed a
stepwise increase in oxygen permeation values at 1000 °C after
each thermal cycle, reaching from 1.38 cm® (STP) min™* em™ in
the first cycle to 1.75 cm® (STP) min~" cm™ in the fourth cycle.
Furthermore, the membrane showed very good CO, stability at

900 °C and above. Despite a partial decrease in oxygen permeation fluxes at 850 °C, a steady state of 0.25 cm® (STP) min™" cm~

2)

was reached and maintained for more than 100 h. The newly developed PSCF membrane also exhibited a higher oxygen
permeation flux with He and CO, sweeping at all measured temperatures compared to a similar Lag ¢St ,CogsFey,05_5 (LSCF)

membrane.

KEYWORDS: CO,-stable membrane, perovskite, mixed conductor, oxygen permeation, long-term stability, phase transition

1. INTRODUCTION

Mixed ionic—electronic conducting (MIEC) ceramic oxides
have gained considerable attention, because of their wide
variety of potential applications as oxygen-transporting
membranes (OTMs) in energy industries and petrochemical
processes involving oxygen separation at high temperatures.
Some examples include utilization of OTMs as oxygen suppliers
and distributors in processes such as oxidative coupling of
methane to ethylene and ethane (OCM)>™* and partial
oxidation of methane (POM) to syngas (CO + H,)>™” or as
cathode materials for solid oxide fuel cells (SOFCs).%’
Furthermore, OTMs have recently received more attention as
potential oxygen suppliers for CO, capture through an oxyfuel
route in power plants.'®™'?

Among perovskite-type mixed oxides, the highest values of
oxygen permeation flux have been observed for the
compositions containing alkaline-earth metal ions (especially
Ba®* and Sr**) on the A site of their ABO; structures.">'*
However, in the presence of notable concentrations of CO, on
the feed or permeate side of the membrane, formation of a
continuous layer of alkaline-earth carbonate on the membrane’s
surface hinders the oxygen exchange reaction, resulting in a
dramatic drop of the oxygen flux to a negligible level.'*™'
Therefore, the CO, tolerance of an OTM is of crucial
importance for its applicability in chemical processes involving
CO,, such as the oxyfuel concept.

W ACS Publications © 2014 American Chemical Society
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One strategy to obtain CO,-stable membranes is to develop
perovskite or perovskite-like materials completely free of
alkaline-earth metals as single-phase or as mixed-matrix
membranes. However, the oxygen permeability of these
materials is very low for practical applications.'>'® Another
approach is the enhancement of the membrane’s CO, stability
by partial substitution of the cations in the A and/or B sites
with elements that are less reactive toward CO,, thus preserving
the perovskite structure against carbonate formation at the cost
of lower permeation levels. For example, it was reported that
the CO, tolerance in SrCoygFe(,03_5 could be improved by
replacing 10% of the cobalt and iron in the B site by tantalum®
or titanium.”!

Furthermore, the concept of replacing higher contents of
alkaline-earth elements in the A site with rare-earth cations has
been developed. Rare-earth cations are similar in size to
alkaline-earth cations, but their their carbonates decompose at
lower temperatures.”> As an example, the A site of calcium- and
strontium-containing perovskites was partially exchanged with
the rare-earth element lanthanum.”*** Evaluation of the
collective data regarding the thermodynamic stabilities of
carbonates under different CO, partial pressures, provided as
an Ellingham diagram,” predicted a decomposition temper-
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Figure 1. Schematic drawing of the experimental setup for oxygen permeation measurements.

ature of >1100 °C for pure SrCO; under an atmospheric
pressure of CO,. However, according to studies by Yokokawa
et al,*® in the case of perovskite mixed oxides, the stabilization
energy of the perovskite should also be taken into
consideration. In other words, large negative stabilization
energies of the perovskite oxide in Sr-containing perovskite
structures result in higher stability against SrCO; formation.
However, despite their acceptable tolerance in long-term
oxygen permeation experiments under CO,-containing atmos-
pheres, the oxygen fluxes of these materials are relatively low,
because of the higher-valence state of La®" in comparison with
St**, which results in a lower concentration of oxygen vacancies.
Furthermore, the smaller size of La*(XII) (r = 136 pm)>¢
compared to Sr**(XII) (r = 144 pm)? results in reduced lattice
parameters and, therefore, leads to a decreased oxygen flux. To
compensate this deficit of low oxygen flux, surface-rich hollow
fibers of LaySry4CoqgFeq,0;_5 have been developed.27

Perovskite-type strontium cobaltite with A-site Pr substitu-
tion (ProeSry4Co0;_5) was introduced by an early work of
Teraoka et al.*® In a more recent work, Serra et al. studied the
system Ag¢sSto3FeqsC00,05_5 (where A represents rare-earth
metals and Ba) as cathode materials.”® Also, in previous works
by our group, we developed two dual-phase membranes
containing perovskites with A-site Pr substitution as the
mixed conducting phase, such as Ce,¢Pry 0, 5—
Pry¢Sro4FeO;_; (CP—PSF)*° and CeqoPry,0,_s5—
Pry ¢Sto4Feq5C00505_5 (CP—PSFC),*" that show high oxygen
permeability and good chemical stability in a CO, atmosphere
at high temperatures. In this paper, we describe a new
perovskite material, Pr,¢Sry4CoqsFeysO3_s that shows a much
higher oxygen flux in the presence of pure CO, than the
perovskite-type oxygen-transporting materials published so far.
Furthermore, the Pr;Sr;,CogsFeqsO;_5 material was carefully
tested in long-term permeation operations with pure He or
pure CO, as the sweep gas on the permeate side of the
membrane.
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2. EXPERIMENTAL SECTION

Synthesis and Membrane Preparation. A powder sample of
Pry¢Sto4CoosFegsO5_5 (abbreviated as PSCF) was synthesized by a
conventional one-pot sol—gel ethylenediaminetetraacetic acid
(EDTA)/citric acid complexing method by mixing proper ratios of
the metal nitrates with a total metal cation/EDTA/citric acid ratio of
1:1:1.5, as described elsewhere.’> The as-synthesized powder was
pressed into disks in a stainless steel module (18-mm id.) under a
pressure of ~120 MPa that were then sintered at 1200 °C for S h in
ambient air with heating/cooling rates of 2 °C min™' to obtain disk
membranes (approximately 0.6-mm thickness and 16-mm i.d.). The
sintering time for the I-mm-thick membrane was increased to 10 h
under the same conditions.

X-ray Diffraction. The structural properties of the membranes
were analyzed using X-ray diffraction (XRD) techniques. The data set
was acquired at room temperature and in ambient air on a Bruker-AXS
D8 Advance instrument with Cu K, radiation in the step-scan mode
within a 26 range of 20—80° at 0.02° intervals. In situ XRD
measurements between 30 and 1000 °C were conducted in an in situ
cell HTK-1200 N (Anton-Paar) in an atmosphere consisting of 100
vol % CO, with a heating rate of 12 °C min™" and an equilibrium time
of 30 min prior to each measurement. The XRD data were analyzed
using TOPAS 4.2 software (Bruker AXS).

Oxygen Permeation. The oxygen permeation flux was measured
using a high-temperature permeation device schematically depicted in
Figure 1. Freshly sintered disk membranes were sealed with gold paste
(conducting paste CS754, Heraeus, Hanau, Germany) onto an
alumina tube and positioned at the center of a vertical tubular oven.
Synthetic air (20 vol % O,/80 vol % N,) at a flow of 150 cm® (STP)
min~" was applied to one side of the membrane, and the permeate side
of the membrane was alternately swept with 50 cm® (STP) min™" of
He (Linde, 99.999%) and CO, (Linde, 99.5%). Mass flow controllers
(MFCs) (Bronkhorst, Ruurlo, The Netherlands) were applied for all
inlet gases, and the total effluent flow rate was measured with a soap-
film flow meter. The quantitative analysis of the effluent mixture was
performed using an online-coupled gas chromatograph (Agilent
6890A). Gas leakage through possible flaws in the sealing could be
detected by monitoring the N, concentration in the effluent. The O,
leakage could then be calculated and subtracted from the total O, flux.

dx.doi.org/10.1021/am501657j | ACS Appl. Mater. Interfaces 2014, 6, 10274—10282
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Figure 3. Oxygen permeation flux through PSCF disk membrane M1 with thermal cycling between 850 and 1000 °C and M2 at 800 °C. Sweep side
ML1: 50 cm® (STP) min~" He (black squares)/CO, (red circles). Sweep side M2: 50 cm® (STP) min~" CO, (red triangles). Feed side M1 and M2:

150 cm® (STP) min™" synthetic air. Membrane thickness: 0.6 mm.

The initial oxygen permeation measurements on a 0.6-mm-thick
PSCF membrane M1 were conducted with He as the sweep gas at
1000 °C. After a constant oxygen permeation flux was reached, the
permeation fluxes were measured at varying temperatures in the
following order: 1000, 950, 900, 850, and 800 °C. The measurements
were continued for 100 h at 1000 °C, during which a constant
permeation flux was maintained. The sweep gas was then switched to
CO,, and measurements were continued for 1000 h, during which the
membrane was subjected to four thermal cycles as described in the
next subsection. The heating/cooling rate was 2 °C min™" for all
temperature variations.

Thermal Cycling with CO, as the Sweep Gas. At 1000 °C, the
system reached and maintained a constant oxygen flux after 80 h. The
temperature was then lowered to 850 °C, and the oxygen flux was
further measured. After 50 h at 850 °C with a stable oxygen flux, the
second thermal cycle was started by ramping the temperature to 1000
°C. As in the first thermal cycle, the temperature was again lowered to
850 °C after a constant permeation level had been held for more than
100 h. Further oxygen permeation measurements were conducted for
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the third and fourth thermal cycles. After the oxygen flux had been
measured at different temperatures (1000—800 °C) during the fourth
thermal cycle, the temperature was again adjusted to 1000 °C, and the
sweep gas was switched back to He. The oxygen permeation was then
measured again at temperatures ranging from 1000 to 800 °C with He
as the sweep gas.

Further long-term oxygen permeation measurements were con-
ducted on 0.6-mm-thick PSCF membrane M2 at 800 °C with CO,
sweeping for 450 h.

Scanning Electron Microscopy (SEM). The microstructures and
surface morphologies of the membranes before and after the oxygen
permeation measurements were studied using a field-emission
scanning electron microscope of the type JEOL JSM-6700F at an
excitation voltage of 2 kV. Energy-dispersive X-ray spectroscopy
(EDXS) was employed using an Oxford Instruments INCA A-300
spectrometer at an excitation voltage of 20 kV to study the elemental

distributions on the membrane’s surface and within the grains.

dx.doi.org/10.1021/am501657j | ACS Appl. Mater. Interfaces 2014, 6, 10274—10282
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3. RESULTS AND DISCUSSION

CO, Stability by in Situ XRD. The phase stability of PSCF
was investigated using high-temperature in situ XRD measure-
ments conducted on a powder sample in an atmosphere of 100
vol % CO, (Figure 2). An orthorhombic perovskite structure
[space group Imma (No. 74)] exists at room temperature.
Between 500 and 600 °C, a phase transition from orthorhombic
to rhombohedral symmetry [space group R3c (No. 167)]
occurs. The system undergoes a second phase transition to
cubic perovskite symmetry [space group Pm3m (No. 221)] at
700—800 °C. It should be noted that, in an oxygen-free
atmosphere, the cubic structure is maintained after the sample
has been cooled to room temperature (Figure 2). However,
during another in situ XRD measurement in an atmosphere of
50% CO, and S0% synthetic air, the initial orthorhombic
symmetry was observed after the sample had been cooled to
room temperature as a result of a declining oxygen vacancy
concentration with decreasing temperature in an oxygen-
containing atmosphere. The possible formation of SrCO;
could not be confirmed from the in situ XRD results.

Oxygen Permeation. To investigate the membranes’ CO,
stability, long-term oxygen permeation measurements were
conducted on two 0.6-mm-thick PSCF membranes with pure
He (black squares) or pure CO, (red circles and triangles) as
the sweep gas at different temperatures, as shown in Figure 3.
Membrane M1 was stressed by rigorous thermal cycling, and
the oxygen permeation flux was measured for both He and CO,
as the sweep gases in the temperature range between 850 and
1000 °C. During the initial measurements at 1000 °C with He
as the sweep gas, the PSCF membrane maintained a stable
oxygen permeation flux of ~1.38 cm® (STP) min™ ecm™ for
100 h. Then, CO, was used as the sweep gas for the thermal
cycling instead of He. During the first thermal cycle at 1000 °C,
no significant decrease in permeation values was observed, and
a constant permeation flux of 1.37 cm® (STP) min™" cm™ was
measured for 80 h. Then, the temperature was gradually
decreased from 1000 to 850 °C. At 850 °C, after a slow
decrease in the oxygen permeation flux in the first 20 h, a steady
state was reached, and a stable value of 0.25 cm® (STP) min™"
cm™ was maintained for more than 50 h. This observation of a
state with slowly decreasing fluxes followed by a steady state
was also repeated in the following cycles (second and third
cycles) at 850 °C. Moreover, from the first cycle to the third
cycle, the duration of the state with decreasing fluxes increased
from ca. 20 to ca. 100 h, and the oxygen permeation flux
increased slightly from 0.25 to 0.27 cm® (STP) min™' em™
After the temperature had been increased from 850 to 1000 °C
in the second, third, and fourth cycles, at the constant
temperature of 1000 °C, a state of increasing fluxes and a
steady state were clearly observed for each cycle. With
increasing number of cycles, the duration of the state with
increasing fluxes increased from ca. 10 to ca. 50 h, and the
oxygen permeation flux increased clearly from 1.37 to 1.78 cm®
(STP) min™" cm™ The observation of a state of decreasing
fluxes at 850 °C and a state of increasing fluxes at 1000 °C can
be explained by carbonate formation at the grain boundaries at
the lower temperature of 850 °C, followed by thermal
decomposition at the higher temperature of 1000 °C, resulting
in increased porosity of the membrane’s surface on the CO,-
swept side, as shown in Figures 6 and 7. In addition to an
increased surface area, the effect of a locally reduced membrane
thickness due to grain depletion should not be overlooked. The

observed holes varied in dimensions and were not uniformly
distributed on the membrane surface, making it difficult to
exactly determine the effect of the membrane’s reduced
thickness on the permeation flux. However, the observed
depth of the local holes varied between 100 and 150 ym, which
is obviously not sufficient to increase the permeation fluxes
from 1.37 to 1.78 cm® (STP) min~" cm™2 Therefore, it can be
concluded that the higher membrane surface area is the crucial
factor for the increased oxygen permeation flux. The increased
porosity of the membrane’s surface on the CO,-swept side can
also explain the fact that, after each cycle, the system needed
more time to achieve a steady state of oxygen permeation flux
because increasing the membrane’s surface area led to the
formation of more carbonate and the higher amount of formed
carbonate required a longer decomposition time at 1000 °C. It
should be noted that the oxygen permeation flux maintained
constant values of 0.74 and 1.18 cm® (STP) min™' cm™ during
the whole time at 900 and 950 °C, respectively. It can be
expected that the formation of carbonate on the PSCF
membrane surface would not take place at 900 °C and above.
It should also be considered that, according to the previously
discussed in situ XRD results, no phase transitions were
expected to occur in the temperature range of 850—1000 °C
used for the thermal cycling and the perovskite-type cubic
symmetry (Pm3m) was maintained during each cycle. Possible
phase transitions could have resulted in mechanical stresses
across the membrane, thus leading to fractures and crack
formation. The absence of cracks was verified by monitoring
the concentration of N, in the effluent, which remained
insignificant during the entire experiment.

Moreover, to investigate carbonate formation at lower
temperatures, additional long-term oxygen permeation meas-
urements were conducted on PSCF membrane M2 at 800 °C
with pure CO, as the sweep gas. After the initial fast decrease of
the oxygen permeation flux from 0.12 to 0.08 cm® (STP) min™"
cm™? in the first 150 h at 800 °C, the oxygen permeation flux
gradually reached a steady state after 300 h. This initial decrease
of the oxygen concentration could be indicative of the local
formation of SrCO; on the membrane’s surface on the CO,-
swept side, which was further explored using SEM and EDX
spectroscopy (Figures S—11). The rate of SrCOj; formation on
the membrane surface is dependent on the concentration of
Sr** on the membrane’s surface layer, which decreases with the
operation time at 800 °C. As a result, a steady state can be
observed as the carbonate formation reaction (Sr** + CO;*~ 2
SrCO,) is limited by very low amounts of Sr** on the
membrane’s surface layer.

Structure Characterization and Phase Stability. For the
characterization of the PSCF membrane after long-term oxygen
permeation measurements with 100 vol % CO, exposure on the
sweep side at 1000 °C, X-ray diffraction (XRD) was applied on
both feed and sweep sides of the spent membrane. The
resulting XRD patterns measured at room temperature (Figure
4) indicate that the orthorhombic body-centered perovskite
structure [space group Imma (No. 74)] of the freshly sintered
PSCF membrane was maintained after the long-term oxygen
permeation measurements with CO, as the sweep gas. No
carbonate formation was evidenced, despite the fact that the A
site of PSCF contains 40% alkaline-earth metal ion Sr** because
the carbonate formed at the lower temperature of 850 °C was
decomposed at the higher temperature of 1000 °C, before the
sample was cooled to room temperature.

dx.doi.org/10.1021/am501657j | ACS Appl. Mater. Interfaces 2014, 6, 10274—10282
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Figure 4. Room-temperature XRD patterns of freshly sintered PSCF
membrane M1 (bottom), feed side of the spent membrane (middle),
and sweep side of the membrane after 900 h of CO, exposure and
1000 h of long-term oxygen permeation operation (top). The reflex
positions pertaining to gold from the sealing paste are marked with
asterisks (*).

Microstructure and Elemental Analysis. The surface
microstructure of the PSCF membranes before and after the
long-term measurements with CO, sweeping was studied by
SEM, as shown in Figures 5—7. The elemental distribution was

Figure S. SEM micrographs of the PSCF membrane: (a) fresh
membrane (cobalt oxide particles are marked with white arrows), (b)
feed side of PSCF membrane M1 after long-term oxygen permeation
operation with thermal cycling between 850 and 1000 °C.

studied by EDXS. The SEM micrographs of the fresh PSCF
membrane show densely packed grains and a crack-free
membrane surface (Figure Sa). However, some small particles
could frequently be observed on the surface, which were found
to be Co-rich particles (most probably cobalt oxide) using
EDXS mapping. This observation of Co-rich particles was also
found on the fresh LagSry,CogsFey,05_5 (LSCF) membrane
by Klande et al** Nonetheless, the elemental distribution
throughout the membrane’s surface and within the grains was
homogeneous. After the long-term measurements for 1000 h,
SEM micrographs of the feed/air side of PSCF membrane M1
showed no deterioration of the microstructure, and the Co-rich
particles almost disappeared from the surface (Figure Sb).
However, SEM micrographs of the membrane’s cross section
(Figure 6a) revealed a high occurrence of the local
disintegration of grains on the sweep side of the membrane,
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Figure 6. SEM micrographs of PSCF membrane M1 after long-term
oxygen permeation operation with thermal cycling between 850 and
1000 °C: (a) membrane cross section, (b) formation of a flat hole as
grains disintegrate from the permeate side, (c) cross section of the
unchanged part in the middle of the membrane with densely packed
grains and some closed porosity (black pinholes), (d) microstructure
of the surface of the flat hole showing disintegrated grains.

which led to formation of several spots with alternating grain
depletion (Figure 6b,d) and grain accumulation (Figure 7).

Figure 7. SEM micrographs of the permeate side of PSCF membrane
M1 after long-term oxygen permeation operation with thermal cycling
between 850 and 1000 °C: (a,b) local disintegration of the grains with
different magnifications, (c) microstructure of the disintegrated grains,
(d) unchanged part of the membrane with densely packed grains and
some closed porosity (black pinholes).

This phenomenon could be caused by several thermal cycles
with CO, sweeping. Long dwell times at 850 °C and below in
the presence of 100 vol % CO, could have resulted in the
formation of carbonates in the grain boundaries. The
subsequent temperature rise at the end of each cycle should
have then caused the decomposition of the formed carbonates,
followed by the release of gaseous CO, from the grain
boundaries, resulting in the local disintegration of grains from
the membrane’s surface and the formation of hills/valleys. The
observation of the local accumulation of grains in the form of
hills on the sweep side of the membrane was difficult to explain.

dx.doi.org/10.1021/am501657j | ACS Appl. Mater. Interfaces 2014, 6, 10274—10282
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However, it is plausible that a mechanism similar to the primary
nucleation stage during crystallization could be responsible for
this phenomenon. Furthermore, no additional alteration of the
microstructure could be detected in the inner depths of PSCF
membrane M1 (Figure 6¢c). The formation of carbonates could
not be verified by the in situ XRD results under pure CO,
atmosphere at temperatures below 850 °C, which might be
because the amount of the carbonate formed in the short dwell
time was lower than the detection limit of the XRD instrument.

PSCF Membrane after 450 h of CO, Sweeping at 800
°C (M2). To investigate the CO, tolerance of the PSCF
membrane at lower temperatures, a long-term oxygen
permeation test was conducted on a PSCF membrane at 800
°C for 450 h of CO, sweeping, followed by SEM, EDXS, and
XRD analyses. The SEM micrographs and the related elemental
EDXS mappings of the sweep side and of the membrane’s cross
section close to the sweep side are depicted in Figures 8 and 9,

Figure 8. (a) SEM micrograph of the sweep side of PSCF membrane
M2 after 450 h of CO, sweeping at 800 °C, (b—f) elemental
distributions by EDXS of the area shown in panel a.

respectively. As expected, no alteration of the microstructure
was observed on the feed side of the membrane. However,
SEM imaging of the CO,-swept permeate side revealed several
spots where local formation of a second phase had occurred on
top of the membrane’s surface. Furthermore, numerous pores
were formed at the grain boundaries, frequently resulting in
dislocation of the grains. The EDXS analysis of the membrane’s
surface indicated that the extra phase was rich in Sr and C, as
shown in Figure 8e/f. A closer inspection of the Sr distribution
depicted in Figure 8e confirms the relative Sr depletion from
the grain boundaries. However, no interconnecting cracks were
observed, which was also in accordance with the absence of N,
leakage in the gas chromatographs. The EDXS mapping of the
membrane’s cross section shows that the Sr-rich layer was

Figure 9. (a) SEM micrograph of PSCF membrane M2 cross section
close to the permeate side after 450 h of CO, sweeping at 800 °C, (b—
f) elemental distributions by EDXS of the area shown in panel a.

approximately 1—2 pm thick (Figure 9a). The formation of
carbonates at 800 °C resulted in a decline in the oxygen
permeation flux in the long run. However, it can be observed
from Figure 3 that, after 150 h of slowly decreasing fluxes, a
steady state was reached for at least 300 h. The existence of a
micrometer-thick continuous carbonate layer was previously
observed by Arnold et al.’” and Klande et al.** In the case of the
PSCF membrane, several isolated patches of SrCO; were
formed on the membrane’s surface. Furthermore, several Co-
rich spots were detected, which were most probably cobalt
oxide particles. The remaining elements, namely, Pr, Sr, and Fe,
were homogeneously distributed. The presence of SrCO; could
also be verified by the subsequent XRD measurements at room
temperature on the spent PSCF M2 membrane (Figure 10).
PSCF Membrane after 300 h of CO, Sweeping at 950
°C (M3). To investigate the effect of CO, on the microstructure
of the PSCF membrane, an additional test on PSCF membrane
M3 was performed using CO, as the sweep gas at 950 °C for
300 h. After this test, the microstructure of the surface of the
PSCF membrane M3 on the sweep side was characterized by
SEM, and room-temperature XRD measurements were
conducted to investigate the carbonate formation on the
surface. The XRD patterns of PSCF membranes M2 and M3
and the corresponding SEM micrographs of their CO,-swept
sides are depicted in Figure 10. Although the formation of small
amounts of carbonate on membrane M2 (after long-term CO,
sweeping at 800 °C) is obvious, no carbonate formation on the
M3 membrane surface was observed. In addition, no local
disintegration of grains on the membrane surface on the sweep
side of membrane M3 was observed in the SEM micrograph. In
addition, the SEM micrograph of membrane M2 clearly exhibits
pore formation at the grain boundaries due to strontium

dx.doi.org/10.1021/am501657j 1 ACS Appl. Mater. Interfaces 2014, 6, 10274—10282
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Figure 10. Top: Room-temperature XRD patterns of spent PSCF
membranes M2 and M3 after long-term oxygen permeation operation
with related SEM images. The reflex positions of gold from the gold
paste and the formed SrCO; are marked with asterisks (*) and daggers
(), respectively.

depletion, as was previously confirmed by EDXS analysis
(Figure 8). The EDX mapping of the elements on the sweep
side of membrane M3 also confirms a homogeneous elemental
distribution and no detectable carbonate formation. By
combining the results of the long-term operation of PSCF
membrane M1 at 900 °C with constant fluxes during the third
thermal cycle and no carbonate formation on the surface of
PSCF membrane M3 at 950 °C, it can be deduced that the
PSCF membrane exhibits an excellent stability in CO, at 900
°C and above.

Comparison of the Oxygen Permeabilities of PSCF
and LSCF Membranes. The comparative results of oxygen
permeation measurements conducted on the 1-mm-thick PSCF
membrane and the previously reported La,¢Sr4CogsFe(,05_5
(LSCF)** membrane with the same thickness are shown in
Figure 11. As can be seen, our PSCF perovskite membrane
provided higher permeation fluxes than the LSCF perovskite
membrane, which also had 40% Sr on the A site. For instance,
at 950 °C, the PSCF membrane exhibited an oxygen
permeation flux of 0.54 cm® (STP) min~' cm™2, which was
slightly higher than the 0.30 cm® (STP) min™' cm™ value
measured on the LSCF membrane with the same sweep gas
(He). It should be noted that, at a lower temperature of 850
°C, the PSCF membrane had a higher permeation flux in an
air/CO, oxygen gradient in comparison to the LSCF
membrane in an air/He oxygen gradient. Nevertheless, in
terms of CO, stability, the LSCF membrane also exhibited a
good tolerance in CO, atmosphere after more than 200 h of
operation at 900 °C,** which was similar to the tolerance of our
PSCF membrane.

It is expected from the ionic radii of Pr** (132 pm) and La**
(136 pm)*S that replacing Sr** (144 pm) with Pr should result
in a smaller unit cell than replacing Sr** with La. Nevertheless,
the data analysis of the in situ XRD measurements shows a
negligible difference in lattice parameters of the cubic
perovskite structures at 1000 °C, with 39.3 and 39.4 pm for
PSCF and LSCF, respectively.24 However, from a steric point
of view, doping the A site with a smaller rare-earth cation could
increase the oxygen-ion mobility in the cubic perovskite lattice,
which is in accordance with the geometric calculations of Kilner
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Figure 11. Temperature-dependent oxygen permeation fluxes of 1-
mm-thick PSCF (square) and LSCF (triangle) disk membranes. Feed
side: 150 cm® (STP) min™" of synthetic air. Sweep side for PSCF: 50
cm® (STP) min~" flow rate of He (solid) and CO, (open). The oxygen
partial pressure gradient [In(Py,gea/Po,permente)] across the PSCE

membrane at 950 °C was 2.894 with He as the sweep gas. Sweep side
for LSCF: 30 cm® (STP) min~" flow of He (solid) and CO, (open).
The oxygen partial pressure gradient across the LSCF membrane at
950 °C was 2.996 with He as the sweep gas.”*

and Brook on LnAlOj systems (Ln = lanthanides), predicting a
slight decrease in the oxygen migration enthalpies with
decreasing dopant (here, rare-earth metal) ionic radius, for a
fixed B-site composition.®® In the comparative case of LSCF
and PSCF, both materials contain 40 at. % Sr at the A site of
the perovskite. However, the smaller ionic radius of Pr
compared to La could facilitate oxygen-ion migration through
the saddle-point configuration (the triangle of two A-site and
one B-site cations), according to various studies.”®3*3*
Furthermore, it should be noted that Pr can simultaneously
exist in the two valence states of Pr** and Pr* in its oxide
form,>® whereas La*, with the highest fourth jonization energy
among lanthanides and the xenon noble-gas electron
configuration, maintains its trivalent oxidation state.3® The
concurrence of different valence states of Pr’* and Pr** could
also be beneficial to the dissociation and reduction of molecular
oxygen on the membrane’s surface. Furthermore, Ishihara et al.
reported high dissociation rates of molecular oxygen into ionic
oxygen, which might be related to the facile redox cycle of Pr**/
Pr’* in Pry¢Sro,MnOs,> thus contributing to faster surface-
exchange kinetics, when considering the dissociation of
molecular oxygen at a Pr-terminated surface as in the following
reaction using Kroger—Vink notation

oo l L] .
PryVePry, + 50 = Prp, OSPry, W

where Prp and Prj, are Pr’* and Pr*, respectively, and V' is
an oxygen vacancy.

4. CONCLUSIONS

The perovskite-type mixed-oxide conductor
Pr¢S1r04Cog sFesO3_5 was successfully prepared by a conven-
tional sol—gel citric acid/EDTA complexing method. In situ
XRD measurements revealed a structure transition from
orthorhombic perovskite symmetry to rhombohedral symmetry
at 500—600 °C and a second phase transition from
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rhombohedral to cubic at 700—800 °C. In comparison with the
extensively studied Lay¢Sro,Co,sFeq,0;5_s (LSCF) materials
under similar conditions, the PSCF membrane shows higher
permeation fluxes because of the smaller ionic radius of the Pr**
cation, which can decrease the potential energy barrier of
oxygen migration. The fact that Pr can simultaneously exist in
two valence states, Pr** and Pr", not only could facilitate
oxygen migration in the lattice from a steric perspective, but
also could enhance the dissociation rate of molecular oxygen
into ionic oxygen. A series of long-term oxygen permeation
studies and chemical stability tests conducted on PSCF
membranes showed that the PSCF membrane exhibits an
excellent CO, tolerance and a high oxygen permeation
performance at 900 °C and above, which suggests that PSCF
can be considered as a promising candidate for applications in
chemical processes involving the oxyfuel concept for CO,
capture in this temperature range.
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Chapter 3

Effect of the B-Site Co/Fe Ratio on the
Permeation Properties and CO, Susceptibility
of PSCF Membrane

3.1.  Summary

Several doping strategies for the improvement of CO, stability of MIECs were
discussed in Section 1.3.1. A large number of perovskite membranes contain Co and
Fe at their B-site. Co is known to enhance the ionic conduction, as well as electronic
conduction properties of the perovskite and Fe is essential for the phase stability of
the membrane. However, the effect of varying Co/Fe ratios on the oxygen
permeation performance of the perovskite membranes under air/CO, oxygen partial
pressure gradient has never been systematically studied.

The following chapter investigates different aspects of varying B-site Co contents.
Thereby, the structural properties of Pr,Sry4sCo,Fe;,O;5 with 0 < x < 1 were studied
by XRD techniques and the unit cell parameters were calculated using Rietveld
Refinement method. The electrical conductivities of the PSCF series were measured
in the temperature range of 30-1000 °C. TGA/DTA was employed to study the
oxygen release and retake behavior of PSCF at 30-1250 °C.

The temperature-dependent oxygen permeation fluxes of each membrane under
He-sweeping and CO,-sweeping were compared to establish a relationship between
the CO, susceptibility and the Co content of the membrane. It was found that
generally the oxygen fluxes of the membranes with higher Co contents were more
strongly affected by CO,-sweeping. This effect could also be observed on the
microstructures of the spent membranes using SEM. Among the membranes under
study, PSC,F with x = 0.2, showed the lowest CO, susceptibility. In conclusion, the
membrane also displayed good results as membrane reactor for POM reaction to

syngas.
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Effect of the B-Site Composition on the Oxygen Permeability and the
CO, Stability of Pry¢Sr,,Co,Fe;_,O0;_5 (0.0 < x < 1.0) Membranes
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ABSTRACT: Dense single-phase perovskite-type
PrySry4Co,Fe;_,O5_5 (0.0 < x < 1.0) membranes (0.6 mm
thick) were synthesized via EDTA—citric acid complexing
route. Subsequently, the effect of various B-site Co/Fe
compositions on oxygen permeability, temperature-dependent
CO, stability, microstructure, and electrical properties of the
membranes were studied. The crystal structures and the high-
temperature phase stability of the perovskite structure in a
CO,-containing atmosphere were analyzed using X-ray
diffraction. The highest oxygen permeation flux was observed
for PrySry4C00;_s with 1.57 cm®(STP) min~' cm™ and 1.37
cm?*(STP) min™! cm™2 at 1000 °C under air/He and air/CO,
gradients, respectively. Furthermore, the effect of CO, as the
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sweep gas on the temperature-dependent oxygen permeability and stability of the membranes was studied. Basically, the
membranes with lower Co contents were found to be less susceptible to CO, exposure and their microstructures were less
affected by CO,. The partial oxidation of methane (POM) to syngas was successfully performed for more than 80 h at 950 °C
using a PSCF membrane with a Co content of x = 0.2. The POM reaction shows an average CH, conversion rate of >98% and a

CO selectivity of >95%.

B INTRODUCTION

Mixed ionic-electronic conducting materials (MIECs) and their
potential utilization as dense ceramic oxygen-transporting
membranes (OTMs) for clean and cost-efficient oxygen
production at high temperatures have been the subject of
numerous studies during the recent decades. Among MIECs,
oxygen-deficient perovskite-type oxides with the general
formula ABO; such as (Ba,Sr)(Co,Fe)O;_s and (La,Sr)-
(Co,Fe)O;_s have been extensively studied, because of their
high oxygen permeabilities.'® However, the thermochemical
and mechanical stability of the perovskite-type oxides under
practice-relevant conditions have been a major drawback for the
industrial application of perovskites as OTMs. Although the
presence of high amounts of alkaline-earth metals, mainly Ba
and Sr at the A-site of the perovskite structure enhances the
membrane’s oxygen permeability, it also increases the reactivity
of the membrane material toward acidic gases such as CO, and
SO,, ultimately leading to degradation of the membrane
performance.” > Therefore, the CO, stability of MIECs is of
crucial importance for their application as OTMs in air
separation operations involving CO,-rich environments such
as power plants using the oxyfuel concept for carbon capture
and sequestration.'

In order to enhance the CO, tolerance of MIECs, several
concepts have been developed and studied. Traditional dual-
phase materials consisting of a highly stable ionic conductive
phase (such as yttrium-stabilized zirconia YSZ) and an
electronic conductive phase (mainly noble metals) exhibited

v ACS Publicat]ons © 2015 American Chemical Society 2911

improved thermochemical stability."' However, lower oxygen
permeation fluxes and higher cost of dual-phase membranes
compared to perovskite single phase membranes have led to the
development of more cost-efficient dual phase materials by
replacing the pure electronic conducting phase (such as Pt, Pd,
and Ag) with a mixed conductin§ perovskite phase.
Ceo.ssmo.zo1A9_SmMno.sc00,503;1 Ce(.5Gdg,05_5—
1430,751'0,31\/11'103—5;13 and Ceg gPrg 0, _5—
Pr()A6Sr0A4F13(,.5C00A503_5,14 are some examples of dual-phase
membranes consisting of a fluorite oxide phase as the ionic
conductor and a mixed conducting phase, which showed
improved CO, tolerance. However, the permeation fluxes of
these materials are not sufficient for their large-scale industrial
application.

Further approaches have been investigated for the stabiliza-
tion of the perovskite phase against the formation of Ba or Sr
carbonates in CO,-rich atmospheres. Zeng et al.'* and Chen et
al.'® reported improved CO, stability of SrCoggFe(,0; 5
(SCF) by Ti and Ta doping of the perovskite’s B-site,
respectively, and attributed this finding to the reduced basicity
of the SCF which results from stronger binding energies of Ti—
O and Ta—O, compared to those of Fe—O and Co—O. In our
recent paper,'” we investigated the oxygen permeability and the
long-term CO, stability of a newly developed
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PryStg4CoysFegsO3_s (PSCF) membrane and studied the
effect of thermal cycles (800—1000 °C) on the membrane’s
microstructure and permeation performance. The PSCF
membrane showed high oxygen permeation fluxes compared
to a similar Lag¢Sry4CogsFeg,0;_5 (LSCF) membrane under
He and CO,, despite the higher Co content of the LSCF
membrane, and maintained a very good CO, stability at T >
900 °C. In the present work, the influence of the Co/Fe ratio at
the B-site of the PSCF perovskite on the membrane’s oxygen
permeation performance, as well as the electrical and structural
properties of PrgSry4Co,Fe;_,O;_s (0.0 < x < 1.0) has been
investigated.

B EXPERIMENTAL SECTION

Sample Preparation. Powder samples of Prj4Sry,Co,Fe;_O;_;
(abbreviated as PSCF), with x = 0, 0.0, 0.2, 0.5, 0.8, and 1.0, were
synthesized by a one-pot sol—gel complexing method using ethyl-
enediamine tetraacetic acid (EDTA) and citric acid. Stoichiometric
amounts of aqueous solutions of the metal nitrates were mixed
together with the complexing agents to obtain a total metal cation/
EDTA/citric acid ratio of ~1:1:1.5. The pH of the solution was
adjusted to ~9 via the addition of an ammonia solution. The detailed
description of the synthesis route is provided elsewhere."®'® The
ground powder samples were uniaxially pressed into pellets under a
pressure of ~120 MPa using a stainless-steel module (18 mm i.d.).
The green pellets were sintered at 1200 °C for $ h in air with heating/
cooling rates of 2 °C min™' to obtain dense disk-shaped PSCF
membranes (0.6 mm thick and 16 mm i.d.).

Characterization Techniques. The phase compositions of the
samples were analyzed by X-ray diffraction (XRD) techniques at room
temperature and in air using a Bruker AXS D8 Advance diffractometer
with a Cu Ka radiation source. The dataset was acquired in a step-scan
mode at an interval of 0.02° in the range of 20° < 26 < 80°. The high-
temperature in situ XRD measurements on the PSCF membrane with
x = 0.5 were performed in an atmosphere consisting of 50 vol % CO,
and 50 vol % in an in situ cell (Model HTK-1200 N, Anton Paar) from
30 °C to 1000 °C using a heating/cooling rate of 12 °C min~" with a
thermal equilibrium time of 30 min prior to data collection at each
temperature. Rietveld refinement was applied for the XRD analysis
using TOPAS 4.2 software.

The microstructure and the elemental distribution on the surface of
the sintered membranes before and after the oxygen permeation
measurements were analyzed by scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDXS) using a JEOL
Model JSM-6700F field-emission scanning electron microscope
equipped with a spectrometer (Model INCA A-300, Oxford
Instruments) at excitation voltages of 2 kV and 20 kV for SEM and
EDXS analyses, respectively.

Temperature-dependent electrical conductivity measurements were
conducted on sample bars (~1.5 mm X 0.6 mm X 10 mm) cut out of
the sintered PSCF disks in the temperature range of 30 °C to 1000 °C
in ambient air with a heating/cooling rate of 3 °C min™". The total DC
conductivity of the samples was measured on Keithley Model 2100 6-
1/2 Digit multimeters with four Pt wires contacted on the sample bar,
building a 4-probe geometry. The total conductivity (6,,) can be
described as follows:

IXL
VXA

Ototal = )
where V, I, and A represent voltage, current and the cross-section area
of the bars, respectively, and L is the distance between the two inner
terminals.

Thermoanalysis (TGA/DTA) was performed on
Pry¢Sro4Co,Fe,_,O;_s powder samples with Co contents of x
0.05, x = 0.2, and x = 0.5, using a Setaram Setsys Evolution 1750
thermoanalyzer from 30 °C to 1250 °C with heating/cooling rates of
10 °C min~" in synthetic air and a He atmosphere at a flow rate of 20
em*(STP) min~". The samples underwent three thermal cycles in a
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synthetic air atmosphere and were cooled to room temperature after a
hold time of 10 min at the maximum temperature of 1250 °C. In order
to minimize the oxygen partial pressure prior to the measurements
under He as the inert purge gas, the sample chamber was evacuated for
2 h. Subsequently, three thermal cycles were performed in a He
atmosphere. The oxygen uptake behavior was studied after the purge
gas was switched back to synthetic air in three additional thermal
cycles.

Oxygen Permeation Measurements and Partial Oxidation of
Methane. The oxygen permeation measurements were conducted in
a homemade high-temperature permeation device described else-
where.'” The sintered PSCF membranes were sealed onto an alumina
tube using conducting gold paste C5754 (Heraeus, Hanau, Germany)
at 950 °C for S h. The effective inner surface area of the membranes
was ~0.6 cm® Synthetic air (20 vol % O, and 80 vol % N,) with a flow
rate of 150 cm®(STP) min™" was applied as the feed gas to one side of
the membrane, while the other side of the membrane was swept with
He (Linde, 99.999%) or CO, (Linde, 99.5%) at a flow of 50 cm®(STP)
min~". All inlet gas streams were controlled by mass flow controllers
(MFCs) (Bronkhorst, Ruurlo, The Netherlands) and the total flow
rate of the effluent gas was measured by a soap-film flow meter. The
gas composition of the effluent was analyzed by an online-coupled gas
chromatograph (Agilent, Model 6890A) equipped with a Model
Carboxen-1000 column (Supelco). Negligible amounts (<1%) of
oxygen leakage from imperfections in the gold sealing were calculated
by monitoring the nitrogen concentration in the effluent gas mixture
and subtracted from the total flux of oxygen. The operation
temperature was measured by a thermocouple placed close to the
membrane’s surface and all the temperature-dependent data points
were acquired after a steady state was reached.

Subsequently, a PSCF membrane with a Co content of x = 0.2 was
applied as a membrane reactor for the catalytic partial oxidation of
methane (POM) to syngas. The experimental setup for the POM
reaction was similar to that of the oxygen permeation operation as
described previously. 0.4 g of a Ni-based catalyst (Siid Chemie AG)
was packed on the permeate side of the membrane. The gas mixture
applied on the permeate side of the membrane consisted of methane
(Linde, 99.5%) at a flow of 9.2 cm®(STP) min™" as the reactant gas
and Ne (Linde, 99.995%) at a flow of 1.0 cm*(STP) min™" as the inert
internal standard gas for the determination of the total flux of the
effluent, while synthetic air with a flow rate of 150 cm®(STP) min™"
was applied on the feed side of the membrane at a reaction
temperature of 950 °C. The gas composition of the effluents was
analyzed by the online-coupled gas chromatograph.

B RESULTS AND DISCUSSION

X-ray Diffraction (XRD). The room-temperature X-ray
diffraction (XRD) patterns of the as-sintered
PrySro4Co,Fe,_,O;_5 samples are presented in Figure 1. All
the PSCF samples consisted of a single perovskite phase, except
for the samples with high Co contents of x = 0.8 and x = 1.0,
which contained small amounts of cubic CoO as impurity. The
crystal symmetry of the PSCF series at room temperature was
found to be a pseudo-cubic perovskite structure with
orthorhombic distortion [space group: Imma (No. 74)],
which is in accordance with previous studies on similar PSCF
materials.”**' As shown in Figure 1b, with increasing Co
content at the B-site of the ABOj; structure, a gradual shift of
the main reflex position toward higher angles occurs, which is
indicative of a reduction of the unit-cell volume. Table 1 lists
the calculated unit cell parameters of the PSCF samples at
room temperature. This trend of decreasing lattice volume with
increasing Co content can be explained by the smaller ionic
radii of the 6-fold coordinated high-spin Co cation (r(Co®*) =
61 pm, r(Co*") = 53 pm) compared to those of high-spin Fe
with the same coordination number (r(Fe**) = 64.5 pm,
r(Fe**) = 58.5 pm).”* The same trend of decreasing cell volume
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Figure 1. (a) XRD patterns of the as-sintered Pr,4Sr,,Co,Fe; O3 5
samples with varying Co contents at room temperature. (b)
Magnification of the XRD pattern at 31° > 26 > 33.5°.

Table 1. Calculated Lattice Constants of
Pry ¢Sry 4Co,Fe, O;_; with Varying Co Content at Room
Temperature

Co content a (A) b (A) ¢ (A) V (A%
x=0.0 5479 7.750 5.503 233.67
x = 0.05 5.480 7.750 5.496 23342
x =02 5452 7.709 5.484 230.50
x =035 5.427 7.674 5.427 225.99
x =038 5411 7.632 5.437 223.93
x =10 5.383 7.607 5429 222.34

with increasing Co content was reported by Tai et al.* for
La,_,Sr,Co,_,Fe,O; systems.

In order to assess the phase stability of the PSCF materials in
CO,-containing atmospheres, in situ XRD measurements were
conducted on a powder sample with ¥ = 0.5 under an
atmosphere of 50 vol% CO, and 50 vol % synthetic air at
temperatures ranging from room temperature to 1000 °C. The
results of the high-temperature in situ XRD and the reflex
positions of the related structures are presented in Figure 2. It
can be seen that a single perovskite phase is maintained during
the measurements and no carbonate formation could be
evidenced from the in situ XRD results. As previously
mentioned, the PSCF samples have an orthorhombic perov-
skite structure at room temperature. With increasing temper-
ature, a phase transition from orthorhombic to rhombohedral
symmetry [space group: R3¢ (No. 167)] occurs between 500
°C and 600 °C. The system undergoes a second phase
transition to cubic perovskite symmetry [space group Pm3m
(No. 221)] at 700—-800 °C. In our previous paper,’ we
reported the in situ phase transitions of the same material in an
oxygen-free atmosphere containing 100 vol % CO, and it was
mentioned that the cubic structure above 800 °C is maintained
after cooling the sample to room temperature. However, as
XRD patterns in Figure 2 show, in an oxygen-containing
environment, the oxygen loss from the lattice is compensated as
the temperature decreases to room temperature and,
consequently, the initial orthorhombic symmetry is observed
again after cooling to room temperature.

Thermogravimetric Analysis (TGA). TGA was performed
in order to study the temperature-dependent oxygen release
and uptake properties of the Pry¢Sry,Co,Fe; O; 5 powder
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Figure 2. In situ XRD patterns of Pr,¢Sr,4Co, sFeysO;_s powder in an
atmosphere containing 50 vol % CO, and 50 vol % synthetic air at the
given temperatures with the reflex positions of orthorhombic,
rhombohedral, and cubic perovskite structures.

samples with Co contents of x = 0.05, x = 0.2, and x = 0.5. The
TGA results under an oxygen-containing atmosphere using
synthetic air as the purge gas are shown in Figure 3a. All
samples started to lose weight in a similar trend at ~300 °C,
which is attributed to the release of oxygen from the lattice,
because of the reduction of Fe and Co cations during heating.
The changes of mass displayed complete reversibility upon
cooling for the samples with x = 0.2 and x = 0.5, whereas the
sample with the Co content of x = 0.05 showed relatively less
oxygen uptake after cooling. However, the observed total
weight loss after cooling could also be resulted from the high-
temperature evaporation of small amounts of Co from the bulk
material, as will be discussed later. The rates of weight loss
increased gradually with temperature and reached a maximum
for x = 0.2 and x = 0.5 between 900 °C and 950 °C, which is
more clearly shown in the inset in Figure 3a. The change of
course in weight loss rates between 900 °C and 950 °C can be
associated with the reduction of Co and the resulting phase
transition from rhombohedral to cubic, which could be
confirmed by the appearance of the related endothermic
peaks of the temperature-dependent heat flow in Figure 3b. It
should be noted that the observed phase transitions are
dependent on the oxygen vacancy concentration in the lattice,
which can be confirmed by the absence of the related
endothermic peaks during the second and the third TG cycles
in He. Accordingly, with increasing Co content, the onset
temperature of the phase transition decreases and higher weight
loss is observed. The occurrence of phase transitions is also in
accordance with the previously discussed in situ XRD results of
Pry6Sr94Coq sFeysO3_5. However, the transition from rhombo-
hedral symmetry to cubic symmetry was observed at a lower
temperature range (700—800 °C) during the in situ XRD
measurements compared to the TGA/DTA results (900—950
°C). This temperature shift results from differences in
operational parameters during the in situ XRD measurements,
including application of a 30 min equilibrium time prior to data
collection at each temperature and lower oxygen partial
pressure applied in the in situ cell consisting of 50 vol % CO,
and 50 vol % synthetic air.
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Figure 3. TGA results of Pr,Sry,Co,Fe;_ O;_s powder samples with
Co contents of x = 0.0S, 0.2, and 0.5 in synthetic air: (a) temperature-
dependent change of mass (the inset shows only the heating TGA
curves), and (b) DTA of the PSCF samples as a function of
3 1

temperature. [Conditions: flow of synthetic air, 20 cm’ min™';

heating/cooling rate, 10 °C min™".]

In order to enhance the oxygen release performance of the
PSCF samples, the TGA measurements were repeated in an
oxygen-free atmosphere consisting of pure He as the purge gas.
The TGA results are shown in Figure 4a. As expected, the
application of He as the purge gas increased the maximum
weight loss observed for the sample with x = 0.5 from 1.6% to
2.7%, while lowering the onset temperature of oxygen loss.
Accordingly, no changes of weight could be observed during
cooling in He, because of the absence of oxygen in the purge
gas. The oxygen uptake behavior of the samples was studied by
the substitution of synthetic air for He as the purge gas. Figure
4b shows the TGA results of the PSCF samples in synthetic air
from 30 °C to 1250 °C after the primary cycles in He. The
initial weight increase during heating occurs at temperatures
below 100 °C for the samples with higher contents of Co, i.e,, x
= 0.2 and x = 0.5, whereas, for the low Co content of x = 0.05, a
higher onset temperature at ~200 °C could be observed. At the
end of the temperature cycle in synthetic air, the PSCF sample
with a Co content of x = 0.2 displayed the lowest total weight
loss with 0.1%. The maximum amounts of weight loss and the
total weight loss after oxygen uptake for the various PSCF
samples are summarized in Table 2. The total weight loss
indicates that the reoxidized samples do not fully reach their
former weight. This could be resulted from increased volatile
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Figure 4. TGA results of Pr,Sry,Co,Fe,_,O;_s powder samples with
Co contents of x = 0.05, 0.2, and 0.5 (a) in He and (b) in synthetic air.
[Conditions: flow of He or synthetic air, 20 cm® min™'; heating/

cooling rate, 10 °C min™".]

Table 2. Maximum Weight Loss of the PSCF Samples after
Heating to 1250 °C in Synthetic Air and He as the Purge
Gases and the Total Weight Loss after the Oxygen Uptake

Co max. weight loss in syn  max. weight loss  total weight loss after
content air (%) in He (%) uptake (%)
x =0.05 L1 1.9 0.4
x=02 14 2.3 0.1
x=05 1.6 2.7 0.3

behavior of cobalt, which tends to evaporate from the material
at elevated temperatures. It should be noted that the highest
amount of total weight loss was observed for the PSCF sample
with the lowest Co content of x = 0.05. This might be
correlated to the larger unit cell of this sample compared to
those of x = 0.2 and x = 0.5, which can facilitate the diffusion of
Co out of the bulk material. However, other possibilities, such
as slight changes of structure due to high-temperature
treatment under low oxygen partial pressures should also be
taken into consideration.

Electrical Conductivity. In terms of electronic conductiv-
ity, our PSCF material exhibited a semiconductor behavior at
the lower temperature range, where conductivity increased with
temperature until a maximum conductivity was reached at a
certain temperature. At higher temperatures, however, the
conductivities decreased with increasing temperatures, implying

DOI: 10.1021/acs.chemmater.5b00166
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metallic behavior. Figure 5 shows the temperature-dependent
total electrical conductivity of the Pry4Sry4Co,Fe; O3 5
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Figure S. Temperature dependence of electrical conductivities of
PrSro4Co,Fe;_,O;_s membranes in air, represented as Arrhenius
plots.

samples with varying Co contents (0.0 < x < 1.0) measured
in ambient air. According to previous studies,**** the ionic
oxygen conduction in perovskite-type oxides is ~2 orders of
magnitude smaller than the electronic conductivity, therefore
the measured values for total electrical conductivity can be
attributed to the electronic conductivity, which ranged from
0.904 S cm™" for x = 0 at room temperature to a maximum of
705 S cm™! for x = 1 at 1060 K (ca. 787 °C). At lower
temperatures, the conductivity (denoted as ) increases almost
linearly with increasing temperature, indicating that the
electronic conduction is mediated by small—golaron hopping
mechanism via B—O—B conduction pairs,?® which can be
expressed by the following equation:>”**

reol - )
P\ @)

T

where T is the absolute temperature, E, is the activation energy,
and k represents the Boltzmann constant. The pre-exponential
constant (C) is a material characteristic parameter that includes
the charge carrier concentration term.”* A deviation from
linearity is observed at higher temperatures. After reaching a
maximum conductivity at T,,,, the conductivities decrease with
increasing temperature, as a result of the significant increase of
oxygen vacancies in the lattice. Many effects are explained by
the decreasing electronic conductivity with the increasing loss
of oxygen lattice at temperatures above T, as the pre-
exponential factor in eq 2 containing the charge carrier
concentration becomes a predominant factor for conductivity.
With loss of oxygen lattice at higher temperatures, the
concentration of the p-type charge carriers inclines, ie., the
B-site species in their higher oxidation states are reduced,” as
described by the following equation using Kroger—Vink
notations:*

o=

1
2By + O5 = 2B} + V' + —O
B (¢] B (¢] 2 2 (3)
where B represents the B-site cation (e.g,, Co and Fe) and V¢
is an oxygen vacancy. Another important effect associated with
decreasing conductivity due to lattice oxygen loss, is the loss of
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the overlap between the 3d-orbitals of the transition metal and
the 2p-orbitals of oxygen, which mediates the hopping
mechanism.'

The magnitude of maximum conductivity increases with Co
content at the B-site, as a result of increased acceptor doping,
which is also in agreement with previous studies on similar
perovskite-type oxides such as La;_,Sr,Co,Fe;_0;_; (LSCF)**
and BaysSrysCo,_,Fe,0;_s (BSCF).** Furthermore, for x >
0.2, the T, values shifted to higher temperatures with
increasing Co content. Table 3 lists the empirical T,,,, values

Table 3. Calculated Activation Energies for Electronic
Conduction of Pr,4Sry,Co,Fe, 0;_; with Varying Co
Content at Temperatures of 30—400 °C

Co content E, (eV) T (°C)
x=0.0 0.24 560—570
x = 0.05 0.24 600—610
x =02 0.11 500-510
x =05 0.11 530—540
x =08 0.10 770-775
x=1.0 0.05 785-790

and the activation energies for the electronic conduction, which
were calculated using the linear fit of the Arrhenius plots
(Figure S) between 30 °C and 400 °C. The calculated values
for activation energy range between 0.054 and 0.244 eV, which
is comparable to the data reported in the literature for the
similar LSCF compounds with E, from 0.04 eV to 0.14 eV.>**
Although a general trend of decreasing activation energies with
increasing Co content can be observed, the calculated E, for a
Co content of x = 0.2 was found to be slightly smaller than that
of the compound with x = 0.5.

Oxygen Permeation. The oxygen permeation fluxes of the
PSCF membranes at temperatures between 750 °C and 1000
°C were measured using pure He (Figure 6a) and pure CO,
(Figure 6b) as the sweep gases. For the He-swept measure-
ments, an increasing oxygen permeability was observed with
increasing Co content at the B-site, which is in agreement with
previous studies.>*”>* As expected, the end-members
PrSrg4C00;_s and PryeSryFeO;_; with oxygen fluxes of
1.57 and 0.63 cm*(STP) min~' cm™ exhibited the highest and
the lowest oxygen permeation fluxes, respectively, among the
PSCF membranes under study. This trend can be primarily
attributed to the lower average valence state of Co, compared
to that of Fe, which results in a higher concentration of oxygen
lattice vacancies, as well as smaller binding energy of Co—O
than Fe—0.**** Further oxygen permeation measurements
were conducted on the same membranes using pure CO, as the
sweep gas. As expected, a slight decrease of the oxygen
permeation fluxes was observed for the membranes with CO,
sweeping, in comparison with He sweeping. However, as shown
in Figure 6b, the decrease in oxygen fluxes is dependent on the
Co contents of the membranes, resulting in a different trend of
oxygen fluxes than the trend observed for the measurements
with He sweeping. For example, at 1000 °C, the oxygen
permeation fluxes measured for the CO,-swept
Pr;¢Sry4Co,Fe,_,O;_s membranes with x > 0.5 were almost
equal, whereas at the same temperature the permeation fluxes
of the same membranes with He as the sweep gas differed
considerably, according to their Co contents. As a result, at 850
°C the order of oxygen fluxes observed for CO,-swept
membranes changed from that of He-swept membranes,
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Figure 6. Temperature dependence of oxygen permeation fluxes
measured on PSCF membranes with various Co contents at the B-site
with (a) He as the sweep gas and (b) CO, as the sweep gas.
[Conditions: feed-side flow rate, 150 cm*(STP) min™" of synthetic air;
sweep-side flow rate, 50 cm®(STP) min™' of He (panel a) or CO,
(panel b); membrane thickness, 0.6 mm.]

where the highest oxygen permeation flux was measured for x =
0.2, followed by x = 0.8 and x = 0.5, with the end member
Pr(¢S104C00;_s exhibiting less oxygen permeability than the
other three compositions. The low-Co samples with x = 0.0 and
x = 0.05 exhibited the lowest permeation fluxes with both He
and CO, as the sweep gases.

The oxygen permeation changes due to the switching of the
sweep gas from He to CO, can be roughly presented as the
ratio of decrease in oxygen flux to the oxygen flux measured
with He sweeping at different temperatures (as shown in Figure
7):

]Oz,He - ]oz,coz

Jo, drop (%) = X 100

]OZ,He

)
where Jo p. and Jo, co, represent the oxygen permeation fluxes

with He and CO, as the sweep gases, respectively. As expected,
the changes in oxygen permeation flux become increasingly
larger with decreasing temperature, since the carbonate
formation is thermodynamically favored at lower temperatures.
However, this trend could not be observed for the PSCF
membrane with a Co content of x = 0.2, which showed the
lowest susceptibility against carbonate formation among all
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Figure 7. Temperature-dependent changes in oxygen permeation
fluxes for the PSCF membranes with different B-site compositions as
the sweep gas was switched from He to CO,.

membranes. In direct contrast to the results of PSCF with x =
0.2, the end-member PrySr;,CoO;_s showed a semilinear
trend of increasing change with decreasing temperatures and its
permeability was most negatively affected by CO, exposure, at
all temperatures.

Generally, perovskites with higher stabilization energies are
less vulnerable to carbonate formation in a CO,-containing
atmosphere. Moreover, the basicity of the alkaline-earth oxide
(here, Sr) plays a major role in the reactivity of the perovskite
with acidic CO, and thermodynamically favorable formation of
carbonate.®® In an oxygen-deficient PSCF perovskite system,
the average oxidation state of Fe (between 3+ and 4+) is higher
than that of Co (between 2+ and 3+).3¢ Therefore, the higher
resistance against SrCO; formation for Fe-rich perovskites can
result from the higher electronegativity of Fe compared to Co,
causing increased acidity of the B-site species. The influence of
the electronegativity of the B-site cations on the CO,-stability
was recently reported for the proton-conducting Ba-
Cel_x_beeryO3_5.37 Similar behavior of increased CO,
stability was observed for the perovskite-type system Ba-
(Co,Fe,Nb)O;_g;, as the Fe content was increased in relation to
Co.*® It should be noted that both of the above-mentioned
systems contain a single A-site element, whereas our PSCF
perovskites contains two A-site cations. Moreover, the
enhanced oxygen permeation performance of the PSCF
membrane with a Co content of x = 0.2 under a CO,
atmosphere (at T < 950 °C) and its lowest CO, susceptibility
among other membranes implies that a conditional balance
between high oxygen ionic conductivity and low CO, reactivity
might be achieved with 20 at. % Co doping at the B-site.

The CO, stability of the PSCF membrane with x = 0.2 was
further investigated in a long-term permeation test for more
than 400 h using pure He and pure CO, as sweep gases, as
shown in Figure 8. The PSCF membrane showed very good
stability at 1000 °C under CO, for more than 150 h.
Furthermore, the oxygen permeation performance at the
lower temperature of 850 °C was very good and no decrease
of oxygen flux was observed for more than 100 h in total. The
absence of decreasing oxygen fluxes at 850 °C for the PSCF
membrane with x = 0.2, is in contrast with the results of the
long-term oxygen permeation measurements of our previously
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Figure 8. Long-term oxygen permeation performance of the PSCF
membrane with a Co content of x = 0.2 with He (black square, M) and
CO, (red circle, ®) as sweeping gases at 1000 °C and 850 °C.
[Conditions: sweep side flow rate, S0 cm®(STP) min™" of He or CO,;
feed side flow rate, 150 cm*(STP) min~" of synthetic air; membrane
thickness, 0.6 mm.]

published PSCF membrane with x = 0.5, that showed states of
decreasing and increasing oxygen fluxes at 850 and 1000 °C,
respectively, because of the formation and decomposition of
SrCO; on the CO,-swept side of the membrane.'” This finding
is also in good accordance with the observation of increased
CO, susceptibility of membranes with higher Co contents.

Scanning Electron Microscopy (SEM). The surface
microstructure of the PSCF membranes before and after the
long-term measurements with CO, sweeping was studied using
SEM. Figure 9 shows the SEM micrographs of the surface of
the PSCF membranes with varying Co content before (insets)
and after the measurements with CO, as the sweeping gas. The
freshly sintered membranes were found to be free of cracks and
consisted of densely packed grains. However, considering
similar sintering parameters (i.e., ramping rate, sintering
temperature, and dwell time, as mentioned in the Experimental
Section) applied for all samples, a gradual increase of grain size
with increasing Co content is observed. Furthermore, for the
membranes with x > 0.8 (Figures 9e and 9f), Co-rich particles
were detected on the as-sintered membrane surface using
EDXS. The observation of CoO particles as a secondary phase
has been previously reported for similar LSCF compositions.”

All membranes were measured under controlled conditions,
i.e., the operation temperatures and the duration of CO,
exposure at each temperature were identical for all samples.
However, for the PSCF membranes with Co contents of x = 0.5
and higher, some etching patterns on the grains surfaces can be
observed, which could not be recognized for other membranes
with lower Co contents. This finding could also be relevant to
the detected changes in the oxygen permeation fluxes by
switching the sweep gas from He to CO,, suggesting that
perovskites with higher Co/Fe concentrations are more
susceptible to carbonate formation.

Partial Oxidation of Methane to Syngas. One of the
potential applications of MIECs, which has been investigated
intensively during the past two decades, is their utilization as
oxygen-transporting membranes (OTMs) for chemical pro-
cesses such as catalytic partial oxidation of methane (POM) to
syngas (CO + 2H,),**™*" described by the following equation:
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Figure 9. SEM micrographs of the Pry4Sry,Co,Fe;_,O;_s membranes
with varying Co content (0.0 < x < 1.0) after oxygen permeation
measurements with CO, as the sweeping gas. The insets are the
micrographs of the as-sintered membranes.

1
CH, + -0, - CO + 2H
4 2 2 2 (5)

Syngas production via POM is an attractive route for gas-to-
liquid (GTL) processes, since the reaction with an enthalpy of
AH(298 K) = —35.67 kJ mol™ is slightly exothermic in
comparison with the strongly endothermic steam reforming
(AH(298 K) = +206.16 kJ mol™) as the dominant process for
syngas production.®”*"** The high-purity oxygen feed for the
catalytic POM reaction is traditionally provided by a cryogenic
air separation unit. However, the replacement of the cryogenic
air separation unit with MIECs as the oxygen suppliers and
distributors can result in an estimated reduction of the related
costs by 25%—30%.*>*

In an attempt to assess the applicability of our PSCF
membranes for the POM reaction, the membrane with a Co
content of x = 0.2 was selected, because of its relatively good
performance in the previously discussed oxygen permeation
operations with pure CO, as the sweep gas. The results of the
POM reaction using an alumina-supported NiO-based catalyst
are shown in Figure 10. The conversion rate of methane
increased from 90% to >98% after an activation stage of more
than 20 h, during which Nj, in its oxidized form, was reduced to
the catalytically active Ni® species.*” This initial activation stage
has been reported in various studies.**** After the initial
activation stage, a conversion rate of 98%—99% was maintained
for more than 80 h of total operation time. Furthermore, the
CO selectivity was found to be 95%—98%, which is comparable
with results from other studies on dual-phase membranes under
similar conditions.***¢

In conclusion, our preliminary results for the application of
the PSCF membrane in POM to syngas were in good

DOI: 10.1021/acs.chemmater.5b00166
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Figure 10. Time-dependent CH, conversion (X(CH,)), CO
selectivity (S(CO)), and O, permeation flux (Jo,) with

PrS1r94C0g,Fe30;_5 membrane for POM to syngas at 950 °C.
[Conditions: feed side flow rate, 150 cm*(STP) min ™" of synthetic air;
sweep side flow rate, 9.2 cm®(STP) min~' of CH, + 1 cm’(STP)
min~! of Ne as the internal standard; membrane thickness, 0.6 mm.]

agreement with literature data. Nevertheless, the long-term
chemical stability and the possible failure mechanisms
associated with the operation under reducing atmospheres
could be the subject of another study.

B CONCLUSION

All the Pry¢Sry,Co,Fe;_,O;_s5 (PSCF) samples under study
with Co contents of 0.0 < x < 1.0 possess an orthorhombic
perovskite structure at room temperature. The in situ XRD
analysis revealed a cubic symmetry above 800 °C for the x = 0.5
composition. This phase transition could also be observed in
the TG/DTA measurements by an endothermic peak. Among
the CO,-stable oxygen transporting membranes, our PSCF
membrane shows high oxygen permeation fluxes both with
pure He and pure CO, as sweep gases. Although the
permeation flux under a synthetic air/He oxygen partial
pressure gradient increased with the Co content of the B-site,
it was found that this trend slightly changed under an air/CO,
oxygen partial pressure gradient, as a result of increased basicity
of the material, because of a higher Co content. Subsequently,
the SEM imaging revealed increased deterioration of the
microstructure for the membranes with higher Co contents
after using CO, as the sweep gas. The lowest CO, susceptibility
was observed for the PSCF membrane with 20 at. % Co at the
B-site, which exhibited the highest oxygen permeation flux with
CO, sweeping in the temperature range of 750—900 °C. The
long-term performance of the PSCF membrane (x = 0.2) was
further tested with pure CO, as the sweep gas for more than
150 h at 1000 °C and 100 h at 850 °C, which showed very
good CO, stability and no degradation of the oxygen
permeation flux. The performance of the PSCF (x = 0.2)
membrane as a membrane reactor for the partial oxidation of
methane to syngas has been successfully evaluated.
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Chapter 4

Cobalt-Containing Dual-Phase Membranes

4.1.  Summary

As discussed in Section 1.3.2., dual-phase membranes containing fluorite-type
doped ceria as the main oxygen ion conducting phase, show higher stability in
COs-rich environments.

The following chapter introduces a newly developed dual-phase membrane based
on the previously studied PSCF perovskite, with the composition 40 wt.%
Pr¢S10.4C0o5sFepsOs5- 60 wt.% CeooPro10,5 (PSCF-CP). The membrane showed
remarkably improved permeation properties compared to a Co-free dual-phase
membrane PSF-CP with a similar composition. The long-term CO, stability of the
membranes was studied for a total of 800 h at the temperature range of 800-1000 °C.
The room temperature phase structure, as well as the high-temperature structural
properties of the composite material under CO, atmosphere were investigated using
in-situ XRD, which were in good agreement with the previously conducted studies

conducted on PSCF perovskites, presented in Chapters 2 & 3.
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By cobalt-doping of the mixed conducting phase PSFC, a good combi-
nation of high CO, stability and high oxygen permeability is obtained
for the 60 wt% CeggoPro10,_5—40 wt% PrggSro4Feos5C00503_5
(CP-PSFC) dual phase membrane, which suggests that CP—PSFC
is a promising membrane for industrial applications in the oxyfuel
process for CO, capture.

CO, capture and storage technologies in power plants have gained
attention worldwide' since the combustion of fossil fuel is con-
sidered to be the main contribution to CO, emissions. Oxygen
transporting membranes (OTMs)* based on mixed electronic and
ionic conductors, can supply oxygen of 100% purity to power
stations for CO, capture according to the oxyfuel for CO, capture
and storage.® The oxyfuel concept involves the combustion of fossil
fuels with an oxygen/exhaust gas mixture. The pure oxygen used in
the oxyfuel process can be produced using the Linde cryogenic
technique. However, by using OTMs, oxygen can be separated from
air by using a part of the exhaust gas CO, as a sweep gas. Oxygen
production by using OTMs can reduce the costs by 35% and save
60% energy compared to the conventional cryogenic process.” A part
of the exhaust gas CO, is sequestrated, and another part is recycled
and used as sweep gas for the oxygen separation through the OTMs.
Thus, the OTMs for CO, capture in the oxyfuel process should have
not only good stability in a CO, atmosphere but also high oxygen
permeation performance at elevated temperatures. Moreover, OTMs
can be used in many promising potential applications, such as in
high-purity oxygen production,® in catalytic membrane reactors,®
and as cathodes in solid oxide fuel cells (SOFCs).”

Among OTMs, many cobalt-based single phase perovskite-type
membranes such as Ba;_,Sr,Co;_,Fe,0;_s exhibit high oxygen
permeability® since cobalt can provide a high concentration of
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mobile oxygen vacancies in the perovskite lattice over a wide
temperature range.” However, under a CO, atmosphere these
membranes immediately lose their oxygen permeation flux, since
the alkaline-earth metals on the A site of the perovskite framework
form carbonates with CO,."® Recently, dual phase membranes with
good structural stability and CO, resistance, made of a micro-scale
mixture of well separated grains of the two phases of an oxygen
ionic conductor and an electronic conductor, have attracted much
attention for the application of the O, production in the oxyfuel
concept. However, the low oxygen permeability of dual phase
membranes needs to be improved to meet the industrial applica-
tion requirements." Zhu et al. improved the oxygen permeability of
their CO,-stable dual phase membranes, such as Ce,gSmg0;.9~
SmMny 5C0505"* and Ceg g5SMg 1501 .025-SM 6STo 4Fe0s," by coat-
ing Co-containing porous layers on the membrane surface to
enlarge the oxygen exchange surface. In our group, we have
developed some novel Co-free CO,-stable dual phase membranes,
such as NiFe,0,~Ce(0Gdo10, 5 (NF-CG),'* Fe,05-CeoGdy 10, s
(F-CG)" and CeqoPr,0,_5PrySTo.4FeO;_5 (CP-PSF).'® The CP-
PSF membrane shows a good chemical stability under the harsh
conditions of the POM reaction and in a CO, atmosphere at high
temperatures.'® Thus, cobalt-doping of the PSF phase in the dual
phase CP-PSF membrane can enhance the oxygen vacancy concen-
tration in the membrane lattice, which should result in a combi-
nation of good CO, stability and high oxygen permeability.

In this paper, we present the novel dual phase membrane,
60 Wt% CegoPry 10,540 Wt% Pro Sty 4Fey5C0050;_s (abbreviated
as CP-PSFC) prepared via a one-pot sol-gel synthesis method."” In
this dual phase system, the CP phase is mainly for ionic transport,
and the PSFC phase for both electronic and ionic transport. The
XRD pattern in Fig. 1 shows that after sintering at 1200 °C for 5 h in
air, the dual phase CP-PSFC membrane consists of only the cubic
flourite CP phase (space group 225: Fm3m) and the orthorhombic
distorted perovskite PSFC phase (space group 74: Imma). The phase
stability of the dual phase CP-PSFC material against CO, was
evaluated by in situ XRD measurements (Fig. S2, ESI}) between
30 and 1000 °C in an atmosphere of 50 vol% CO,/50 vol% air.
No carbonate formation was observed in the in situ XRD patterns

Chem. Commun., 2014, 50, 2451-2454 | 2451
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Fig. 1 XRD patterns of the dual phase CP-PSFC membrane, and of the
single phases CP and PSFC, all sintered at 1200 °C in air for 5 h.

from 30 to 1000 °C, which is in good agreement with the in situ XRD
finding in previous reports of the CP-PSF'® and Lay ¢St 4C0ps-
Fe,20;_5'® under similar experimental conditions. In this tempera-
ture range, the CP phase retains the cubic structure. Moreover, two
phase transitions of the PSFC phase from the orthorhombic to the
rhombohedral symmetry at ca. 600 °C and from the rhombohedral
to the cubic symmetry at ca. 800 °C could be observed. However, the
PSF phase without Co in the dual phase CP-PSF powder retains the
orthorhombic symmetry under the same conditions.'® The phase
transition from rhombohedral to cubic symmetry at high tempera-
tures is in agreement with the findings for the comparable materials
Lag,¢S10.4C00.sFe0,05_5™ and Lag,¢Cag 4CoogFey.0;_s."° The forma-
tion of the cubic structure of the PSFC phase at high temperatures is
beneficial for oxygen permeability.”*° Thus, the dual phase
CP-PSFC material exhibits a stable co-existence of both the CP
and the PSFC phases and a good tolerance against CO,.

Fig. 2 shows the scanning electron microscopy (SEM), back-
scattered SEM (BSEM), and energy-dispersive X-ray spectroscopy
(EDXS) images of the dual phase CP-PSFC membrane after sintering
at 1200 °C for 5 h in air. SEM (Fig. 2a) indicates that the membrane is
dense. In the BSEM (Fig. 2b and c) at different magnifications, the
grains of the two phases are well distributed forming a 3-dimensional
percolation network with clear grain boundaries, which is beneficial
to the oxygen ion and electron transport through the membrane.

Fig. 2 SEM (a), BSEM (b and c), and EDXS (d-f) images of the dual phase
CP-PSFC membrane after sintered at 1200 °C for 5 h in air. In BSEM (b and c)
for different magnifications, the dark grains represent PSFC, the light
ones CP. Superimpositions of the Pr, Sr, Fe and Co (orange), and Pr and
Ce (turquoise) signals have been used in Fig. 2(d). Element distribution of
Ce in the CP grains (Fig. 2e) and Sr in the PSFC (Fig. 2f).

2452 | Chem. Commun., 2014, 50, 2451-2454
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The light grains in the BSEM are CP and the dark grains are PSFC
since the contribution of the backscattered electrons to the SEM
signal intensity is proportional to the atomic number. The grain
size of CP in these composite membranes is larger than that of
PSFC. The same information about the phase distribution is
provided by the EDXS (Fig. 2d-f) of the membrane. Fig. 2d shows
the color version EDXS of the membrane where the turquoise color
(light in BSEM) is due to overlapping of the Ce and Pr signals,
whereas the orange color (dark in BSEM) stems from an average of
the Pr, Sr, Fe and Co signals. The EDXS elemental distributions of
Ce in the CP grains (Fig. 2e) and of Sr in the PSFC grains (Fig. 2f)
indicate the phase separation in the membrane and proof that no
intermixing of Ce and Sr between the two phases exists.

The oxygen permeation fluxes through the dual phase CP-PSFC
membrane as a function of temperature with pure He and CO, as
sweep gases are shown in Fig. 3. For both the sweep gases He and
CO,, the oxygen permeation flux increases with increasing tempera-
tures. By increasing the temperatures from 800 to 1000 °C, the oxygen
permeation fluxes increase from 0.24 to 1.08 cm® (STP) min~* cm >
for using He and from 0.11 to 1.01 em® (STP) min™" em ™ for using
CO, as the sweep gas. If pure CO, has been used as the sweep gas, the
oxygen permeation flux is only slightly lower than in the case when
pure He was used as the sweep gas, which is in good agreement with
the observations in previous reports.”***' The reason for this
experimental finding can be attributed to the weaker adsorptive
interaction of He in comparison with CO, with the membrane
surface, as the influence of He on the oxygen exchange reaction is
less than that of CO,.'>'**>%* Furthermore, it is also found that the
difference in the oxygen permeation flux between He and CO, as
sweep gases is larger at lower temperatures and becomes smaller at
higher temperatures, which can be ascribed to the decreasing
adsorptive interaction with increasing temperatures. In comparison
with the Co-free dual phase CP-PSF membrane at 950 and 1000 °C,"®
the oxygen permeation fluxes of the Co-containing dual phase
CP-PSFC membrane are increased by approximately a factor of 3,
which is a clear indication of an increased concentration of mobile
oxygen vacancies by Co-doping, which significantly enhances the
oxygen permeability of the PSFC phase.

1.2
"E [0 CP-PSFC with He 8
G 1.0{ O CP-PSFCwith CO,
e @ CP-PSF with CO,
E 08 g
T (0]
'V-J 0.6 ]
o
£ 04 o ©
: °
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Fig. 3 Oxygen permeation fluxes through the dual phase CP—PSFC and
CP-PSF2° membranes as a function of temperature with pure He and CO; as
sweep gases. Conditions for CP=PSFC: 150 cm® (STP) min~* air as the feed
gas, 50 cm?® (STP) min~! He or CO, as the sweep gas; membrane thickness:
0.6 mm. Conditions for CP-PSF:*® 150 cm?® (STP) min~* air as the feed gas,
30 cm® (STP) min~* CO;, as the sweep gas; membrane thickness: 0.5 mm.
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The oxygen permeability of an OTM strongly depends on its
composition, the membrane thickness, the coating of the
membrane surface (catalytic coating or coating to enlarge the
surface, thus enhancing the exchange reaction), and the operation
conditions (type of sweep gas, temperature, or the oxygen partial
pressure). Table S1 (ESIT) contains the oxygen permeation fluxes
of several OTMs evaluated with CO, as the sweep gas at ca. 950 °C.
As shown in Table S1 (ESIt), our dual phase CP-PSFC membrane
exhibits the highest oxygen permeation flux compared to the
other dual phase membranes. It should be noted that the fluxes
measured on our dual phase CP-PSFC membrane were obtained
for a relatively thick membrane (0.6 mm) without any coating on
the membrane surface. It is believed that the oxygen permeability
of our CP-PSFC membrane can be further improved by reducing
the membrane thickness like a hollow fiber membrane®*** or an
asymmetric membrane,”® or by coating for an enlargement of the
membrane surface.'>"?

Fig. 4 presents the long-term oxygen permeation operation of
two dual phase CP-PSFC membranes M1 and M2. For the CP-PSFC
membrane M1, when He is used as the sweep gas at 950 °C, the
oxygen permeation flux increases slowly during the activation
time in the first 10 h. After this activation step, the oxygen
permeation flux reaches steady-state with a constant value of
0.84 cm® (STP) min~"' em ™2 (inset in Fig. 4). When pure CO, was
used instead of He as the sweep gas, the oxygen permeation flux only
slightly decreased to the lower value of 0.70 cm® (STP) min™ " em >
This oxygen permeation flux was found to be constant during the
whole oxygen permeation operation by using pure CO, as the sweep
gas at 950 °C for 400 h. When the operation temperature was
elevated to 1000 °C, the oxygen permeation flux increased signifi-
cantly to the higher value of 1.01 em® (STP) min " cm™ > and was
constant for at least 100 h. Whereas the CP-PSFC membrane M1
shows a phase transition from the rhombohedral to the cubic phase
(Fig. S2, ESIT) and a fast activation step over 10 h only at the higher
temperature of 950 °C, when cooling the CP-PSFC membrane M2
from 950 to 800 °C, a phase transition from the cubic to the ortho-
rhombic phase takes place (Fig. S2, ESIT). After this phase transition,
a slow activation step takes place over ca. 100 h at the lower
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Fig. 4 Long-term oxygen permeation operation of two dual phase
CP—-PSFC membranes M1 and M2 with pure He or CO, as sweep gases at
different temperatures. The inset magnifies the oxygen permeation opera-
tion with pure He as the sweep gas at 950 °C. Conditions: 150 cm? min~* air
as the feed gas, 50 cm® min~* He or CO, as the sweep gas; membrane
thickness: 0.6 mm.
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temperature of 800 °C. As a result of (i) the phase transforma-
tion, and (ii) the lower permeation temperature, for the
CP-PSFC membrane M2 with pure CO, as the sweep gas at
800 °C, the oxygen permeation flux decreases slowly from 0.19 to
0.13 cm® (STP) min~' em ™2 in the first 100 h. After this phase
transformation and the activation step, the oxygen permeation flux
reaches a steady-state for 200 h. For the membranes M1 and M2
after the long-term oxygen permeation operation, no carbonate
formation was observed in the XRD patterns (Fig. S3 and S5, ESI}).
No carbon species enrichment was found at the strontium positions
in the EDXS images on the surfaces of the membranes M1 and M2
(Fig. S6 and S7, ESIt) and their cross-sections (Fig. S4 and S8, ESIY),
which excludes SrCO; formation. This long-term operations suggest
that our dual phase CP-PSFC membrane exhibits an excellent
stability in CO, and shows a high oxygen permeation performance.

In summary, we have prepared a novel CO,-stable dual phase
60 Wt% CeooPro 10, 540 Wt% ProeSro.4Feq5C00503 5 (CP-PSFC)
membrane with Co-doping of the PSF phase for high oxygen
permeability. Cobalt-doping of the PSF phase can enhance the
oxygen vacancy concentration in the membrane lattice and stabilize
the cubic structure above 800 °C which is beneficial for oxygen
permeability. The in situ XRD and the long-term operations
demonstrate that the CP-PSFC dual phase membrane shows a
very good tolerance against CO,. Moreover, the very high oxygen
permeation flux of 0.70 and 1.01 cm® (STP) min~* cm ™2 were found
to be constant at 950 and 1000 °C during the long-term operation
for over at least 400 h. The dual phase CP-PSFC membrane with
excellent CO, stability and high oxygen permeation performance is
a promising membrane material for industrial applications in the
oxyfuel process for CO, capture.
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10 Experimental
Synthesis

The powder samples of the dual-phase material consisting of 60 wt.% CegPr;02.5-40 wWt.%
Pro¢Sro4FeosCo¢s503.5 (abbreviated as CP-PSFC) were synthesized via an one-pot sol-gel synthesis
method. Aqueous metal nitrate solutions of Ce(NO3)s, Pr(NO3)3, St(NO3),, Fe(NO3); and Co(NO3);
15 in their stoichiometric amounts were mixed with ethylene-diamine tetraacetic acid (EDTA) and citric
acid in total metal cation : EDTA : citric acid ratio of 1:1:1.5. The pH was kept roughly at 9 by
addition of ammonia solution. The precursor was then heated at 120-150 °C under constant stirring for
1 day in air, until a viscous gel was obtained. The gel was pre-calcined at ca. 300 °C to obtain a solid
residue. Further calcination of the solid was carried out in oven at 950 °C for 10 h with a
20 heating/cooling rate of 2 °C min™'. The powders were then pressed uniaxially (3 MPa) into disk-shaped
pellets in a stainless steel module (18 mm in diameter) and sintered at 1200 °C for 5 h with a
heating/cooling rate of 2 °C min™ under ambient atmosphere and pressure to obtain dense membranes

(0.6 mm thick and 16 mm i. d.).
Characterization

25 The structural properties of the materials were examined by X-ray diffraction (XRD) techniques using
a Bruker AXS D8 Advance instrument. Data were collected in a step-scan mode using

monochromator-filtered Cu Ko radiation at 40 kV and 40 mA, receiving slit of 0.05 mm and count
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times of 10 s per step in the 20 range of 20-80° with intervals of 0.02°. The in-situ XRD measurement
between 30 and 1000 °C in an atmosphere of 50 vol% CO; / 50 vol% N, were conducted in an in-situ
cell HTK-1200 N (Anton-Paar) with the heating rate of 12 °C/min and an equilibrium time of 30 min
before each measurement. The XRD data were analyzed by TOPAS 4.2 software (Bruker AXS).

5 Scanning Electron Microscopy (SEM), Back-Scattered Electron Microscopy (BSEM) and Energy-
Dispersive X-ray Spectroscopy (EDXS) were employed for further examination of the samples using a
field emission instrument of the type JEOL JSM-6700-F. In order to investigate the microstructure and
the surface properties of the freshly prepared disk membranes, secondary electron (SE) micrographs
were obtained at an excitation voltage of 2 kV. The phase composition of the dual-phase membranes

10 and the elemental distribution in the grains were further studied using BSEM and EDXS, respectively,
by applying an excitation voltage of 10 kV. The EDX spectra of samples were obtained using an
Oxford instrument of the type INCA-300.

Oxygen Permeation
The sintered dual-phase disk membrane was sealed with gold paste (Heraeus, Germany) onto an
15 alumina tube at 950 °C and positioned in an oxygen permeation device depicted in Fig. S1. Synthetic

air (Cy,: Co, =80:20) with a flow rate of 150 cm® (STP) min™' was applied on the feed side of the

membrane, while He (Linde, 99.999%) and CO, (Linde, 99.5%) with a flow rate of 50 cm® (STP) min®
! were alternatively used as sweep gas. All inlet gas flows were controlled by gas mass flow controllers
(Bronkhorst, Germany). The effluent sweep gas mixture was analyzed using an online gas
20 chromatograph (Agilent 6890A). The flow rate of the effluent was determined by a bubble flow meter.
The presence of gas leakage could be detected by monitoring the concentration of nitrogen in the

effluent.

<— Thermocouple

Air

[ ]
(— Air in / Membrane
| (EEE ——» Sealant
§o,
Alumina tube AN —b Quartz tube
[ Valvesystem
— —>O—> GC He He (COy)
I (c0y) +0; ac

T Bubble flow meter

He (CO,)

Figure S1. Schematic illustration of the oxygen permeation device.
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Table S1. Comparison of the oxygen permeation fluxes of several OTMs with CO, as sweep gas at ca.

950 °C.
Membranes me(rjnal::lzlii,litsst?rl}ace Thi(ﬁ:&ess ! Tempg.éature ! cmz(ST‘{"(ﬁn/in'lcm’2 Ref.
Zro34Y 0.1601.92-LaggSroo,MnOs5 5 none 0.16 950 0.30 1
CegSmg,0,.5-LaggSry,MnOs.5 none 0.3 950 0.40 2
CousmOuSminCo0: b essoatd i s o ;
CeosGdg 1 0,.5-NiFe,0, Lao,ﬁasirr:idceoc(‘))??grx;hlayer 05 950 0.16 4
CP-PSF none 0.5 950 0.18 5
LagSrg4Cogg-Feg,03.5 none 1.0 900 0.1 6
CP-PSFC none 0.6 950 0.70 This work
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Figure S2. In-situ XRD at given temperatures in an atmosphere of 50 vol% CO; / 50 vol% air of the
dual phase CP-PSFC powder sintered at 1200 °C in air for 5 h. The calculated Bragg positions for (I)
5 cubic fluorite CP at 1000 °C (s.g., a=5.503 A), (II) cubic PSFC at 1000 °C (s.g., a=3.930 A), (III)
rhombohedral PSFC at 800 °C (s.g., a=5.448 A, ¢=13.360 A), (IV) orthorhombic PSFC at 30 °C (s.g.,
a=5.430 A, b=5.450 A ¢=7.688 A) are given at the bottom of the figures. The total period including

equilibration and measurement times was 60 min at a given temperature interval.
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Figure S3. XRD patterns of (a) sweep side and (b) air side of the dual phase CP-PSFC membrane
(M1) after Long-term oxygen permeation operation with pure He and CO, as sweep gases at 950 °C
and 1000 °C for 500 h.
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Figure S4 SEM (a) and EDXS (b-e) images of the dual phase CP-PSFC membrane (M1) cross-section
near the permeate side after long-term oxygen permeation operation with pure He and CO, as sweep
gases at 950 and 1000 °C for 500 h, as shown in Fig. 4. For the EDXS mapping in Fig. S4 (b),
5 superimpositions of the Pr, Sr, Fe and Co (orange), and Pr and Ce (turquoise) signals have been used.

Element distribution of Ce in the CP grains (Fig. S4c), Sr in the PSFC (Fig. S4d), and Carbon (Fig.

S4de).
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Figure S5. XRD patterns of (a) sweep side and (b) air side of the dual phase CP-PSFC membrane
(M2) after Long-term oxygen permeation operation with pure CO; as sweep gas at 800 °C for 300 h.
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Figure S6. SEM (a) and EDXS (b-e) images of the dual phase CP-PSFC membrane (M2) surface on
the air side after long-term oxygen permeation operation with pure CO, as sweep gas at 800 °C for
5300 h, as shown in Fig. 4. For the EDXS mapping in Fig. S6 (b), superimpositions of the Pr, Sr, Fe and
Co (orange), and Pr and Ce (turquoise) signals have been used. Element distribution of Ce in the CP

grains (Fig. Séc), Sr in the PSFC (Fig. S6d), and Carbon (Fig. S6e).
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Figure S7. SEM (a) and EDXS (b-e) images of the dual phase CP-PSFC membrane (M2) surface on
the sweep side after long-term oxygen permeation operation pure CO; as sweep gas at 800 °C for 300
h, as shown in Fig. 4. For the EDXS mapping in Fig. S7 (b), superimpositions of the Pr, Sr, Fe and Co

5 (orange), and Pr and Ce (turquoise) signals have been used. Element distribution of Ce in the CP
grains (Fig. S7¢), Sr in the PSFC (Fig. S7d), and Carbon (Fig. S7e).
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Figure S8. SEM (a) and EDXS (b-e) images of the dual phase CP-PSFC membrane (M2) cross-
section near the permeate side after long-term oxygen permeation operation with pure CO; as sweep
gas at 800 °C for 300 h, as shown in Fig. 4. For the EDXS mapping in Fig. S8 (b), superimpositions of

5 the Pr, Sr, Fe and Co (orange), and Pr and Ce (turquoise) signals have been used. Element distribution
of Ce in the CP grains (Fig. S8c¢), Sr in the PSFC (Fig. S8d), and Carbon (Fig. S&e).
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Chapter 5

High-Flux Co-Free Dual-Phase Membranes
for Oxyfuel Concept

5.1. Summary

Despite high oxygen permeation qualities of Co-containing membranes, whether
in form of single-phase perovskites or as dual-phase compositions, a number of
disadvantages associated with these materials, imply the necessity of the
development of Co-free OTMs for industrial applications. Some of the major issues
regarding the incorporation of Co in OTMs were briefly discussed in Section 1.3.1.

The present chapter covers some possible doping strategies to further enhance the
oxygen permeation performance of Co-free MIECs, while retaining a reasonable CO,
resistivity under the practice-relevant conditions.

Section 5.2. investigates the effect of Al-doping at the B-site of the perovskite
phase, as well as increasing the Sr content of the 4-site by 10 at.% in the dual-phase
composition 40 wt.% Nd, Sr,Aly,FesO0;.5- 60 wt.% Ce;,Nd, 0,5 NSAF-CN). Partial
substitution of Fe**/Fe*" for AI’* at the B-site not only increased the oxygen non-
stoichiometry-related permeation fluxes, but also resulted in the modification of the
perovskite structure. The main purpose of this study was to enhance the oxygen
permeation performance of the membrane at the expense of reduced electrical
conductivity. The high-temperature DC conductivity measurements confirmed the
achievement of this objective.

Another plausible doping strategy involves introduction of Cu in the perovskite
phase of a dual-phase MIEC, which is pursued in Section 5.3. For this purpose, the
dual-phase material with the composition 40 wt.% Sm;,Sr.FeO;s 60 wt.%
CepsSmy,0,s was selected. The phase structure and surface morphology of the
membranes were studied by XRD, SEM, BSEM and EDXS techniques. The

preliminary results of the material with low Sr content revealed that 20 at.% Cu

71



Chapter 5: High-flux Co-free dual-phase membranes for oxyfuel concept

could not be fully accommodated at the B-site, due to its large ion size. However, it
was found that increasing the Sr content could eliminate the segregated CuO
particles, by increasing the perovskite unit cell volume. Both membranes exhibited
very good oxygen permeation properties under CO, sweeping and were highly stable

at 1000 and 950 °C for more than 200 h.
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5.2. Novel CO,-Tolerant Al-Containing Membranes for
High-Temperature Oxygen Separation

Kaveh Partovi, Michael Bittner, and Jirgen Caro

Published in Journal of Materials Chemistry A 2015, 3, 24008-24015.

Reprinted from (J. Mater. Chem. A 2015, 3, 24008-24015) with permission from The Royal Society of

Chemistry.
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Novel dual-phase oxygen-transporting membranes with compositions 40 wt% Ndg ¢Sro 4Alp 2Fe0.803_s—60
wt% CegoNdg 1O, 5 (NSAFE428-CN91) and 40 wt% NdosSrosAlg2FepsOs s—60 wt% CeggNdo 202 5
(NSAF5528—-CN82) were successfully synthesized via a one-pot sol-gel method. The oxygen permeation
performance and the structural properties of the membranes could be simultaneously improved owing
to Al doping of the perovskite phase. The newly developed dense ceramic membranes (0.6 mm thick)
displayed long-term stable oxygen permeation fluxes of 0.31 and 0.51 cm® min~* cm~2 under an air/CO,
oxygen partial pressure gradient at 950 °C for NSAF6428—-CN91 and NSAF5528-CN82, respectively. The
NSAF6428-CN91 showed a stable oxygen flux of 0.15 cm® min~* cm~2 at 900 °C for 100 h, without any
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Introduction

Oxygen-transporting membranes (OTMs) based on mixed ionic—
electronic conducting oxides (MIECs) have been extensively
studied for a wide variety of applications, such as oxygen sepa-
ration from air,’® as membrane reactors for the conversion of
hydrocarbons to value-added products,*® or as cathode materials
for solid oxide fuel cells.”'® In recent years, OTMs have attracted
increasing attention for the application in power plants adopting
oxyfuel concept for CO, capture, as a cost-efficient replacement
for the traditional cryogenic air separation units."*** The oxyfuel
concept is based on utilization of high-purity oxygen instead of
air for fuel combustion in power plants, thus facilitating carbon
capture and storage (CCS) and minimizing the NO, emissions. In
order to control the combustion flame temperature, the
combustion gas is partly diluted with the effluent CO,. There-
fore, the candidate MIECs for the oxyfuel concept should meet at
least two main requirements: high oxygen permeability and good
thermochemical stability against CO, and other corrosive gases,
such as SO,, as well as reducing agents such as methane.***
However, the most promising MIECs in terms of oxygen
permeability are single phase perovskite-type oxides, mainly
Ba,;_,Sr,Co;_Fe, 03 5 and Ln, ,Sr,Co; yFe,03 ;5 (Ln = La, Pr,
Sm, etc.), containing alkaline earth metals Ba and Sr at the A-site
of the perovskite structure ABO; and Co at the perovskite's B-
site.””** The presence of A-site Ba and Sr leads to the degradation
of the membrane permeation performance in CO,-rich envi-
ronments, due to formation of BaCOz; and SrCO; on the CO,-
exposed outer surface layer of the membrane, thus inhibiting the
oxygen surface exchange reaction.>*?¢

Institute of Physical Chemistry and Electrochemistry, Leibniz University of Hannover,
Callinstr. 3a, D-30167 Hannover, Germany. E-mail: kaveh. partovi@pci.uni-hannover.de
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deterioration of the microstructure under pure CO, sweeping.

The concept of dual-phase composite materials was devel-
oped to enhance the thermochemical stability and mechanical
properties of the single-phase perovskite-type OTMs. SmMn,, 5-
C0y.503-Ceg 5Smg 01 9,” Lag oSro.1Fe0;_5-Ceg sSmy,0;5,*°
Pr.6ST0.4Fe0;3_5-Ce(.oPr.10;5,>° and Pr¢Sr0.4C00.5F€0.503_ 5~
Ceg.0Pro.10,_5,*° are some examples of dual-phase compositions
based on an ionic conducting fluorite-type phase, mainly doped
ceria, and a mixed-conducting phase, such as perovskite oxides.
However, despite their improved stability in CO,-containing
environments, dual-phase membranes exhibit lower oxygen
permeability compared to single-phase membranes.

Recently, a CO,-stable reduction-tolerant dual-phase material
with the composition 40 wt% Nd, Sro 4FeO;_5-60 wt% Ceg.o-
Ndo 10,5 (abbreviated as NSF64-CN91) was developed by our
group.® Incorporation of Al at the B-site of the perovskite phase
has been previously reported to increase the thermochemical
stability of the membranes, also under reducing atmo-
spheres,*** correlating with reduced chemical and thermal
expansion coefficients.*** In this paper, we report enhanced
oxygen permeability and structural improvement of NSF64-
CN91 by partial substitution of Fe for Al at the B-site of the
perovskite phase. Furthermore, the effect of higher Sr content
and increased Nd doping of the fluorite phase on the CO,
stability and oxygen permeability of the newly developed
membranes 40 wt% Nd ¢Sty 1Al Fey 303_5-60 wt% Ceg oNdg 1-
0,_; (NSAF6428-CN91) and 40 wt% Nd, 5STy 5Aly sFeq 505 5~60
wt% Ce, gNd, ,0,_; (NSAF5528-CN82) are investigated.

Experimental

The dual-phase materials with compositions of 40 wt% Nd, ¢
Sro.4Alp 2Feo 03 5~60 Wt% CegoNdy 0, 5 (abbreviated as
NSAF6428-CN91) and 40 wt% Nd, 55t 5Aly ,Feq s05_5-60 wt%

This journal is © The Royal Society of Chemistry 2015
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Paper

CeogNdy,0, ; (abbreviated as NSAF5528-CN82) were synthe-
sized via a one-pot sol-gel procedure, by mixing stoichiometric
amounts of aqueous solutions of the related metal nitrates with
ethylenediamine tetraacetic acid (EDTA) and citric acid (CA) to
obtain a total metal cation/EDTA/CA ratio of 1:1:1.5.
Ammonia solution was added to the mixture to maintain an
approximate pH value of 9. The powder samples were obtained
from the precursor after an evaporation procedure, elaborately
described elsewhere.*® Further details on the mechanisms
involved in the one-pot sol-gel synthesis of the perovskites and
the related dual-phase compositions are provided in the liter-
ature.’** The ground sample powder were uniaxially pressed
under a pressure of ~120 MPa into green disks (18 mm in
diameter) and sintered in ambient air at 1400 °C for 5 h with
heating/cooling rates of 2 °C min~" to obtain 0.6 mm thick gas-
tight membranes (16 mm in diameter).

X-ray diffraction (XRD) was applied to determine the phase
structure of the membranes. The XRD measurements were
conducted at room temperature in ambient air on a Bruker-AXS
D8 Advance diffractometer with Cu-Ko radiation in a step-scan
mode in the 26 range of 20-80° at intervals of 0.02°. Rietveld
refinement of the XRD data was conducted using TOPAS 4.2
software.

The electrical conductivity measurements were performed
on sample bars (0.6 mm x 1.0 mm X 10 mm), cut out of the
sintered material in the temperature range of 30 to 1000 °C with
heating/cooling rates of 3 °C min~" in a self-made cell in
ambient air. The temperature-dependent DC conductivities
were recorded on Keithley 2100 6-} Digit multimeters, with Pt
wires building a four-point probe geometry.

The microstructures and the phase compositions of the
membranes were investigated by scanning electron microscopy
(SEM) and back-scattered electron microscopy (BSEM) on
a field-emission electron microscope of the type JEOL JSM 6700
F at excitation voltages of 2 kv and 20 kV, respectively. The
elemental distribution of the composite materials was analyzed
using energy-dispersive X-ray spectroscopy (EDXS) by a spec-
trometer (Model INCA A-300, Oxford Instruments) at the voltage
of 20 kv.

Thermogravimetric and differential thermal analysis (TGA/
DTA) were performed on the ground powder samples on
a Setaram Setsys Evolution 1750 thermoanalyzer in the
temperature range of 50 °C to 1000 °C with heating/cooling
rates of 10 °C min~" using synthetic air at a flow rate of 20 cm®
min~" as the purge gas.

For the oxygen permeation measurements, the membranes
were fixed onto an alumina tube using gold cermet (conduction
paste C5754, Heraeus, Hanau, Germany) and placed in a high-
temperature permeation cell, described in detail elsewhere.*
The permeation cell was placed in the center of a vertical
tubular oven, while the dwelling temperatures were controlled
by a K-type thermocouple positioned close to the membrane's
surface. Synthetic air, consisting of 20 vol% O, and 80 vol% N,
at a flow rate of 150 cm® min~" was fed to the feed side of the
membrane, while the permeation side of the membrane was
swept with 49 cm® min~* He (Linde, 99.996%) or CO, (Linde,
99.5%) and 1 cm® min~" Ne (Linde, 99.995%), as the internal
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standard gas to calculate the total flow rate of the effluent gas
mixture. The flow rates of the inlet gases were regulated by mass
flow controllers (MFC, Bronkhorst, Ruurlo, The Netherlands).
The total flow rate of the effluent was also measured using
a soap-film flow meter. The composition of the effluent was
quantitatively analyzed using gas chromatography (GC) on an
online-coupled Agilent 6890A gas chromatograph equipped
with a Carboxen-1000 column (Supelco). Possible oxygen
leakage due to imperfections in the membrane sealing was
calculated by monitoring the N, concentration in the effluent
and was subtracted from the total O, flux, despite being negli-
gible (<1% O, leakage) during the entire measurements.

Results and discussion
Phase structure and microstructure

As presented in Fig. 1, the room-temperature XRD patterns of
the freshly sintered NSF-CN and NSAF-CN membranes could
verify the two-phase composition of the membranes, consisting
of the perovskite-type NSF or NSAF phase and the cubic fluorite-
type phase (space group 225: Fm3m) related to Nd-doped ceria
(CN). The acquired XRD data revealed no additional phases. As
previously reported by our group,” the perovskite NSF
possesses an orthorhombic distorted symmetry (space group
74: Imma) at room temperature, which was also maintained up
to 1000 °C according to the in situ XRD measurements.
However, the XRD analysis revealed that the newly developed
NSAF6428 and NSAF5528 perovskites possessed a cubic perov-
skite symmetry (space group 221: Pm3m) even at room
temperature, due to the partial substitution of Fe cation at the
B-site of the perovskite structure for the slightly smaller Al

NSAF5528-CN82

Intensity (a. u.)

1 NSAF6428-CN91

lL n A

1 NSF64-CN91
LA n Jo

Cubic perovskite NSAF l ‘ l ‘ | l |
Orth. perovskite NSF I I | I l ‘ II \I
Cubic fluorite CN ‘ ‘ ‘ ‘ ‘ ‘ ‘

Fig. 1 Room temperature XRD patterns of the sintered dual-phase
membranes with the main reflection positions of the constituent
perovskite and fluorite-type phases.

J. Mater. Chem. A, 2015, 3, 24008-24015 | 24009

75



Chapter 5: High-flux Co-free dual-phase membranes for oxyfuel concept

Journal of Materials Chemistry A

cation. The ionic radii of the 6-fold coordinated B-site species
are listed in Table 1.

In the case of NSF, the tilting of the BOgs octahedra occurs
due to the smaller cation size of Nd, resulting in an ortho-
rhombic distortion of the perovskite structure. The trend of
increasing orthorhombic distortion with decreasing A-site
cation size has been previously reported for LnNiO; (Ln = La,
Pr, Nd, Sm) perovskites,*!
a negative deviation of the Goldschmidt's tolerance factor ¢
from unity:**

which can also be represented as

(= _Iatro )
V2 (rs + ro)

where r,, rg, and rg refer to the ionic radii of the A-site cation, B-
site cation and oxygen, respectively. Thus, partial substitution
of the larger Fe cation for the smaller Al cation is expected to
have slightly increased the tolerance factor, resulting in a cubic
perovskite structure, which facilitates the isotropic bulk diffu-
sion of oxygen ion. Furthermore, a small shift of the NSAF
perovskite's main reflection position towards higher diffraction
angles compared to that of the NSF perovskite, confirms a slight
shrinkage of the perovskite's unit cell, due to partial substitu-
tion of Fe for Al. Table 2 lists the calculated unit cell parameters
of the sintered dual-phase membranes at room temperature.

Electrical conductivity

Fig. 2 shows temperature-dependent total electrical conduc-
tivity of NSF64-CN91, NSAF6428-CN91, and NSAF5528-CN82
compositions measured by a DC four-probe method in ambient
air. The total electrical conductivity in mixed ionic-electronic
conducting perovskite-type oxides, such as NSF and NSAF, can
principally be attributed to the electronic conductivity, which is
two orders of magnitude higher than the ionic conductivity. The
electronic conduction is mediated by a thermally activated
small-polaron hopping mechanism over B-O-B conduction
pairs, consisting of overlapped 3d-orbitals of the B-site transi-
tion metal cations and the 2p-orbitals of the oxygen ion.*** As
can be seen in Fig. 2, the electronic conductivity of the
compositions increases with increasing temperature to
a maximum at Ty, indicating a semi-conductor behavior.
Above this temperature the electronic conductivity decreases
with increasing temperature, corresponding to the onset of
oxygen release from the lattice. The decrease in electronic
conduction above Ty, results from increasing concentration of
oxygen vacancies, as well as decreasing concentration of charge
carriers.***

Table 1 lonic radii of the 6-fold coordinated B-site species of the
NSAF perovskite phase*®

Cation Radius (A)
AP 0.535

Fe*" (HS)* 0.645

Fe (LS)” 0.55

Fe** 0.585

“ High spin. ° Low spin.
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Table 2 Calculated lattice parameters of the related phase compo-
nents after sintering

Phase component  Crystal symmetry a(A) b (A) c (&)
NSF Orthorhombic (Imma)  5.492  7.766  5.497
NSAF6428 Cubic (Pm3m) 3.864 — —
NSAF5528 Cubic (Pm3m) 3.867 — —
CN91 Cubic (Fm3m) 5.438 — —
CN82 Cubic (Fm3m) 5.454 — —

Accordingly, upon introduction of 20 at% AI** to the B-site of
the perovskite phase in NSF64-CN91, lower conductivities are
observed for NSAF6428-CN91 as the concentration of mixed-
valence Fe*'/Fe"" is decreased, which is consistent with previous
studies.*®**

Furthermore, increasing the concentration of the acceptor
dopant Sr** at the A-site of the perovskite in NSAF6428-CN91
results in higher concentration of p-type charge carriers.*

Consequently, higher conductivities are observed for
a) T(K)
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Fig. 2 Electrical conductivities of NSF64-CN91, NSAF6428-CN91,
and NSAF5528-CN82 in air: (a) as a function of temperature, (b)
represented as Arrhenius plots.
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NSAF5528-CN82, compared to NSF64-CN91 and NSAF6428-
CN91. However, due to increased loss of oxygen above Tiax
a faster trend of decreasing conductivity is also observed for
NSAF5528-CN82.

Membrane microstructure

The surface microstructure and elemental distribution of the
membranes were studied by SEM and EDXS analysis. The SEM,
BSEM and EDXS images of the sintered NSAF6428-CN91 and
NSAF5528-CN82 are presented in Fig. 3 and 4, respectively. The
SEM micrographs of the membrane surface show densely
packed grains (Fig. 3a and 4a). The membrane surface was free
of cracks and no additional particles could be observed. As can
be seen in the BSEM images of the same spots (Fig. 3b and 4b),
the grains of the perovskite phase NSAF (dark grains) and the
fluorite phase CN (light grains) are uniformly distributed. The
percolation network formed by the two phases can be more
clearly observed in the EDXS mapping images showing separate
Fe-rich (Fig. 3c and 4c) and Ce-rich (Fig. 3d and 4d) phases,
corresponding to the perovskite and fluorite
respectively.

grains,

Oxygen permeation performance

Oxygen permeation performance of the dual-phase membranes
NSAF6428-CN91 and NSAF5528-CN82 was studied using pure
He and pure CO, as sweep gases at temperatures ranging from
800 to 1000 °C. In Fig. 5, temperature-dependent oxygen
permeation fluxes of the newly developed NSAF-CN membranes
(0.6 mm thick) are compared to those of NSF-CN membrane,
previously reported by our group under the same conditions.*
As can be seen in Fig. 5, partial substitution of Fe with Al has
resulted in higher oxygen fluxes for NSAF6428-CN91 compared
to NSF64-CN91 at all measured temperatures and with both He
and CO, as sweep gases. This finding is in good agreement with

Fig. 3 Microstructure of NSAF6428—-CN91 membrane sintered at
1400 °C for 5 h: (a) SEM micrograph, (b) BSEM micrograph, (c & d)
elemental distribution of the area shown in panel (a) using EDXS
analysis.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Microstructure of NSAF5528—-CN82 membrane sintered at
1400 °C for 5 h: (a) SEM micrograph, (b) BSEM micrograph, (c-f)
elemental distribution of the area shown in panel (a) using EDXS
analysis.

previous studies conducted on perovskite membranes, which
reported improved oxygen permeability and phase stability by
limited Al doping in the Fe-sublattice.*>** At 950 °C, oxygen
permeation fluxes of 0.26 and 0.21 cm® min~* ecm ™2 were re-
ported for NSF64-CN91 with He and CO,, respectively, whereas
the oxygen fluxes of 0.42 and 0.31 cm® min~" cm™> were
measured on the NSAF6428-CN91 membrane at the same
temperature and under the same conditions. The enhanced
permeation fluxes of NSAF6428-CN91 can be attributed to
various effects, such as increased concentration of oxygen
vacancies as a result of lower average oxidation state of the B-
site cations by partial substitution of Fe*'/Fe*" for AI**. More-
over, bulk diffusion of the oxygen ion is expected to be facili-
tated due to the higher symmetry of the cubic structure of the
perovskite phase achieved by the introduction of smaller Al
cation, as previously discussed. It should be noted, that the
observed enhanced oxygen permeability of the Al-doped
composition is substantially related to the initially higher
oxygen non-stoichiometry, due to the lower average valence
state of the Al-doped B-sublattice. According to Martynczuk
et al., A** predominantly replaces Fe*" at the B-sublattice rather
than Fe**, which also enhances the effect of oxygen non-stoi-
chiometry.** As shown in Fig. 6, the thermogravimetric analysis
of the samples reveals that partial substitution of Fe for 20 at%
Al does not significantly affect the thermally activated oxygen
release from the lattice. Furthermore, increasing the amount of
the acceptor dopant Sr**, results in a higher rate of reduction-
induced oxygen release for NSAF5528-CN82.
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cm?® min~! synthetic air. Sweep side: 49 cm® min~! He (a) or CO, (b) +1
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In general, the overall oxygen permeation flux of a mixed-
conducting membrane can be described by Wanger's theory of
ambipolar conductivity.*> Correspondingly, in a perovskite-type
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Fig. 6 TGA/DTA results of the dual-phase composites NSF-CN and
NSAF-CN in synthetic air, flow of synthetic air: 20 cm® min, heating/
cooling rate: 10 °C min~?. Inset: DTA results of the samples.
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mixed ionic-electronic conductor, where the ionic conductivity
is about two orders of magnitude lower than the electronic
conductivity, the oxygen permeation flux is mainly controlled by
the ionic conductivity. Therefore, a slight decrease in electrical
conductivity has no significant effect on the overall oxygen
permeation flux.

In summary, it can be concluded from the electrical
conductivity results and the oxygen permeation measurements,
that substitution of the B-site Fe for 20 at% Al has enhanced the
oxygen permeability of the membrane at the cost of lower
conductivity at temperatures above Ty,.x, Where the maximum
electrical conductivity was observed.

Nevertheless, the highest oxygen permeation fluxes were
observed for NSAF5528-CN82 with 0.71 and 0.50 cm® min ™"
em™? at 950 °C with He and CO,, respectively. The optimized
oxygen permeability of NSAF5528-CN82 is attributed to
increased oxygen non-stoichiometry in both fluorite and
perovskite phases, resulted from 10 at% increase of Nd doping
of the fluorite-type ceria and 10 at% higher Sr content at the A-
site of the perovskite phase. However, increased amount of Sr
could strongly compromise the CO, tolerance of the compo-
sition, as has been reported for single-phase perovskite
membranes.”**»** In order to investigate the effect of
increased Sr content on the CO, stability of the membranes,
long-term oxygen permeation tests were conducted on
NSAF6428-CN91 and NSAF5528-CN82 membranes under air/
CO, oxygen partial pressure gradients. The results of long-
term oxygen permeation measurements under air/He and air/
CO, gradients are shown in Fig. 7. Both membranes show
stable oxygen fluxes under air/He oxygen partial pressure
gradient at 1000 °C. The permeation fluxes under air/CO,
oxygen partial pressure gradient display good long-term CO,
stability at 1000 and 950 °C. An Ellingham diagram of collec-
tive data regarding thermodynamic stability of SrCO; in
varying partial pressures of CO,,* predicts a decomposition
temperature of about 1084 °C (1357 K) under a CO, partial
pressure of 1 atm. However, this consideration is based on the
decomposition of pure SrCO; to SrO and CO,. In case of Sr-
containing perovskites, such as NSAF, lower decomposition
temperature of SrCO; are expected, due to the negative stabi-
lization energy of the perovskite structure,”® and a high
content of Nd at the A-site, that possesses higher stability
against carbonate formation. The observation of stable oxygen
fluxes at 1000 and 950 °C for CO,-swept membranes is in
accordance with the above statements. However, at 900 °C the
NSAF6428-CN91 membrane with 10 at% lower content of Sr
displays higher stability of oxygen fluxes in CO,, compared to
NSAF5528-CN82. For the NSAF6428-CN91 membrane stable
oxygen fluxes of approx 0.15 cm® min~* cm ™~ were maintained
for 100 h, whereas oxygen permeation fluxes of the NSAF5528-
CN82 membrane gradually decreased from 0.24 to 0.19 cm?®
min~" em~? in a 130 h course.

The phase composition of the membranes' feed and the
sweep sides was studied using XRD. As can be seen in Fig. 8, the
phase structures of both membranes were maintained after
long-term permeation tests under air/CO, oxygen partial pres-
sure gradients. The XRD analysis of the spent membranes

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Long-term oxygen permeation fluxes of: (a) NSAF6428-CN91,
and (b) NSAF5528—-CN82 membranes. Feed side: 150 cm® min~?
synthetic air. Sweep side: 49 cm® min™ He (solid symbols) or CO,
(open symbols) +1 cm® min~* Ne as internal standard. Membrane
thickness: 0.6 mm. (XRD and SEM of the membranes after permeation
shown in Fig. 8 and 9).

revealed no evidence of any carbonate formation or other
additional phases on the membranes surface, despite CO,
exposures of >100 h for each membrane.

Subsequently, the microstructure of the spent membranes
was analyzed using SEM. Fig. 9 shows the SEM micrographs of
the feed and the sweep sides of the spent membranes. The
microstructure of feed sides of both membranes was found to
be unchanged and free of cracks or additional phases (Fig. 9a
and c), which is in accordance with the XRD measurements
shown in Fig. 8. On the CO,-swept sides of both membranes
(Fig. 9b and d), some superficial etching of the grains of the
perovskite phase could be observed. In case of NSAF5528-CN82,
the etching patterns were more significant, which is principally
related to the formation of SrCO; at the lower temperature of
900 °C for a dwelling time of 130 h. Accordingly, the higher CO,
reactivity of the NSAF5528-CN82 membrane material due to its
higher Sr content explains the slight decrease in oxygen
permeation flux of this membrane, shown in Fig. 7b. However,
the SEM analysis of the cross-section of the spent NSAF5528-
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Fig. 8 Room temperature XRD patterns of: (a) NSAF6428—-CN91, and
(b) NSAF5528—-CN82 membranes, as-sintered (bottom), the feed side
(middle), and the sweep side (top) of the spent membrane after long-
term permeation measurements (shown in Fig. 7). The reflection
positions of gold originating from the sealing paste are marked with
asterisk (*). (SEM images shown in Fig. 9).

CN82 membrane, shown in Fig. 10, confirmed that the etching
of the perovskite grains was limited to the surface layer of the
membrane's CO,-swept side and the integrity of the grains in
the bulk was completely maintained. Consequently, the oxygen
permeation flux is expected to reach a steady state, after the
carbonate formation reaction (Sr** + CO,*~ 2 SrCO;) is limited
by a relative depletion of Sr from the surface layer of the
perovskite grains.
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Fig. 9 SEM micrographs of the surface of the spent membranes after
the permeation tests (shown in Fig. 7): (a) feed side of NSAF6428—
CN91, (b) sweep side of NSAF6428-CN91, (c) feed side of NSAF5528—
CN82, (d) sweep side of NSAF5528-CN82. (XRD patterns are shown in
Fig. 8).

Fig. 10 SEM micrographs of NSAF5528-CN82 membrane cross-
section after long-term permeation measurements under air/CO,
oxygen partial pressure gradient (shown in Fig. 7): (a) packed grains
close to the sweep side of the membrane, (b) magnification of area
shown in (a).

Conclusions

The newly developed membranes NSAF6428-CN91 and
NSAF5528-CN82 exhibited higher oxygen permeation fluxes
compared to a similar composition containing only Fe at the B-
site of the perovskite phase. Partial substitution of Fe**/Fe*" for
smaller AI*" resulted in a higher oxygen vacancy concentration,
due to the lower oxidation state of the B-site cations, and
changed the crystal symmetry of the perovskite from ortho-
rhombic to cubic at room temperature, thus facilitating
isotropic bulk diffusion of the oxygen ions in the lattice.
Simultaneous increase in the perovskite's Sr content and the
Nd doping of the fluorite phase resulted in higher oxygen
permeation fluxes, due to increased oxygen non-stoichiometry.
Both membranes showed very good long-term stability at 950
and 1000 °C, with pure CO, as the sweeping gas. At 900 °C,
NSAF6428-CN91 showed a stable oxygen flux for 100 h under
air/CO, oxygen partial pressure gradient, whereas NSAF5528-
CN82 with 10 at% more Sr content exhibited a slight decrease in
the permeation flux over 130 h. The SEM analysis of the surface
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of the membranes revealed no deterioration of the micro-
structure, apart from some minor etching patterns on the
surface of the perovskite grains. In summary, the newly devel-
oped membranes showed high oxygen permeability and good
CO, tolerance, for application in CO,-rich environments, such
as air separation units for CO, capture by oxyfuel concept.
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Abstract

Dense dual-phase membranes 40% Smyg sSrgsCug,Feps03.5—60% CepsSmg 20,5 (SmSrCF5528-
CSO) and 40% Smy 3Srg7Cug2Fep 3035 — 60% CepsSmg,0,.5 (SmSrCF3728-CSO) were prepared
via the citric acid/EDTA complexing sol-gel process. The phase composition and the
microstructure of the membranes were characterized by XRD, SEM and EDXS analysis. The
newly developed cobalt-free membranes SmSrCF5528-CSO and SmSrCF3728-CSO (0.6 mm
thick) exhibited high oxygen fluxes of 1.12 and 1.15 cm® min™ cm?, respectively, at 1000 °C
with pure CO, as the sweep gas. The long-term CO; stability of each membrane was studied in
the temperature range of 900-1000 °C for more than 200 h on stream. The SmSrCF5528-CSO
membrane displayed very good stability at all temperatures. The oxygen permeation fluxes of the

Sr-rich membrane SmSrCF3728-CSO were stable at 1000 and 950 °C.

Keywords: Oxygen-transporting ceramics, dual-phase membranes, CO,-tolerant oxygen

permeation, mixed conductor, Cu-doped perovskite
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Introduction

During the past few decades, significant progress has been accomplished in the development and
establishment of clean and sustainable energy generation technologies, such as solar energy, wind
power and hydropower. However, current projections reveal that with an increasing global
energy demand, the power generation remains to be fossil fuel-dependent for the upcoming
decades [1]. While a variety of approaches for CO, mitigation, such as conversion of CO; to
value-added products or CO, valorization are under intensive study [2], carbon capture and
storage (CCS) is considered as a readily applicable technology for immediate reduction of
anthropogenic CO; emissions from the main point sources, such as fossil fuel power plants [3].
The oxyfuel concept for CCS is based on the fuel combustion in high-purity oxygen instead of
air, thus facilitating the CO, capture and compression from the CO,-rich flue gas. In order to
avoid excessively high flame temperatures in the oxyfuel route, the oxygen concentration is
partly diluted by a stream of CO; recirculated from the flue gas to the combustion chamber [1].
However, the conventional cryogenic air separation unit (ASU) is accounted for a major
efficiency loss in the power plants with oxyfuel CO; capture. Accordingly, less energy-intensive
alternatives, such as utilization of oxygen-transporting membranes (OTM) based on mixed ionic-
electronic conducting ceramics (MIEC) has gained considerable attention as a promising
substitute for the cryogenic distillation ASU [4,5].

High oxygen permeability and good structural stability in the presence of high concentrations of
CO;, are among the fundamental requirements for a viable integration of MIEC-based OTMs in
the oxyfuel route [6]. OTMs with the highest oxygen permeabilities are based on perovskite-type
oxides with the general formula ABOs3, that contain high concentrations of Sr and Ba at their 4-
site, e.g. (Ba,Sr)(Fe,Co)Os.5 [7-9]. Under the operation conditions of the oxyfuel process, the A4-
site alkaline-earth cations Ba and Sr react with gaseous CO; to form an oxygen-impermeable
carbonate phase on the membrane surface, resulting in degradation of the membrane’s
performance [10,11]. Although partial substitution of the A4-site alkaline-earth cations (Sr** and
Ba’") with rare earth elements, such as La®" and Pr’', improves the CO, stability of the
perovskite, it also compromises the permeability of the membrane, mainly due to decreased
oxygen non-stoichiometry [7,12-14].

Development of dual-phase membranes, generally consisting of a mixed-conducting perovskite

phase and an ionic-conducting fluorite-type oxide (mainly doped ceria), has resulted in improved
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thermochemical stability [15,16]. Some examples of dual-phase membranes include CegPro ;0
6-Pr0.6510.4F€03 5 [17], Ceo.9Gdo.102-5-NiFe;04 [18], Ceo.85Smo.1501.925-Smp 6510.4Al0 3F€0.703 [19],
Ce.sSm20;.9-Smy Cag4FeOs_5 [20]. However, for large-scale application of dual-phase OTMs
in the oxyfuel power plants, the permeation performance of these materials still needs to be
enhanced. Although incorporation of cobalt into the B-site of the perovskite structure can
remarkably increase the oxygen permeability of the membranes [20,21], due to various issues
associated with cobalt such as its high cost, toxicity and low thermochemical stability, many
studies focus on the development of cobalt-free OTMs [20,22]. An enhanced oxygen permeation
flux of single-phase perovskites by partial substitution of the B-site cation with Cu has been
previously reported [23,24]. Teraoka et al. reported the highest oxygen permeability for the Cu-
substituted perovskite in the system Lag ¢St 4Co3B'%203.5 (B'= Fe, Co, Ni, Cu) [25]. Ling et al.
studied Cu-doped perovskite Smy sSrg sFeg sCug.03.5 for applications as cathode material for solid
state fuel cells (SOFC) [26]. In the present study, the oxygen permeation performance, CO;
stability and microstructure of two novel dual-phase membranes 40 wt.%
Smy sSrp sCup2Fep 303560 wt.% CepsSm202.5 (SmSrCF5528-CSO) and 40 wt.%
Smy 3Stp.7Cup 2Fep 303560 wt.% CeosSmp 2025 (SmSrCF3728-CSO) have been investigated.

Experimental

Powder samples of the dual-phase compositions 40 wt.% Smg sSrgsCug2Feqg03.5—60 wt.%
Ce.sSm 20, (abbreviated as SmSrCF5528-CSO) and 40 wt.% Smy 3Srg7Cug2Fe 303.9-60 wt.%
Ceo.sSmy 20,5 (abbreviated as SmSrCF3728-CSO) were synthesized by a one-pot sol-gel citric
acid/EDTA complexing method. The aqueous precursor solution was prepared by mixing
stoichiometric amounts of nitrate solutions of the related cations with ethylenediamine tetraacetic
acid (EDTA) and citric acid (CA), to obtain a total metal cation/EDTA/CA ratio of 1:1:1.5. The
pH value of the precursor solution was adjusted ~9 by addition of ammonia solution. The powder
samples were obtained after evaporation and calcination steps, described in detail elsewhere [27].
The dual-phase membranes were prepared by uniaxially pressing the ground powder samples
under a pressure of ~120 MPa into green disks using a stainless steel module (18 mm in
diameter), followed by a sintering process at 1225 °C for 5 h with heating/cooling rates of 2 °C
min” in ambient air. The sintered gas-tight membranes were 0.6 mm thick and 16 mm in

diameter.

85



Chapter 5: High-flux Co-free dual-phase membranes for oxyfuel concept

86

The phase structures of the powder samples as well as the as-sintered membranes were studies by
X-ray diffraction (XRD) at room temperature. The XRD patterns were collected on a Bruker-
AXS D8 Advance diffractometer equipped with a Cu-Ka radiation source operating in a step-
scan mode in the 26 range of 20-80° at intervals of 0.02°.

Scanning electron microscopy (SEM) and back-scattered electron microscopy (BSEM) were
utilized to investigate the microstructures and the phase compositions of the membranes. The
SEM and BSEM imaging was carried out on a JEOL JSM 6700-F field-emission electron
microscope at excitation voltages of 2 kV and 20 kV, respectively. Energy-dispersive X-ray
spectroscopy (EDXS) was performed using by an Oxford Instruments INCA A-300 spectrometer
at the excitation voltage of 20 kV.

Thermogravimetric and differential thermal analysis (TGA/DTA) was performed on the ground
powder samples with varying Sr contents after calcination at 950 °C using a Setaram Setsys
Evolution 1750 thermoanalyzer in the temperature range of 30 to 1000 °C with heating/cooling
rates of 10 °C min™' using synthetic air at a flow rate of 20 cm® min™ as the purge gas.

Oxygen permeation measurements were conducted in a high-temperature permeation cell, which
was placed in the center of a vertical tubular oven. The 0.6-mm-thick membranes were sealed
onto an alumina tube using gold cermet (conduction paste C5754, Heraeus, Hanau, Germany),
resulting in an effective membrane area of ~0.6 cm®. Oxygen permeation fluxes were measured
in the temperature range of 800-1000 °C. The temperature was carefully monitored using a
K-type thermocouple placed close to the membrane’s surface. The detailed description of the
experimental setup is provided in previous publications [14,27]. Synthetic air, consisting of 20
vol.% O, and 80 vol.% N, at a flow rate of 150 cm’ min was used as the feed gas. The
permeation side of the membrane was swept with He (Linde, 99.996%) or CO, (Linde, 99.5%) at
a flow of 49 cm® min™ and Ne (Linde, 99.995%) at a flow of 1 cm® min™', as the internal standard
gas to calculate the total flow rate of the effluent. The total flow rate of the effluent gas mixture
could also be separately measured using a soap-film flow meter. All the inlet gas flow rates were
regulated by mass flow controllers (MFC, Bronkhorst, Ruurlo, The Netherlands). An online-
coupled gas chromatograph (GC) of the type Agilent 6890A equipped with a Carboxen-1000
column (Supelco) was applied for the quantitative analysis of the effluent’s composition.
Negligible amounts of oxygen leakage (<1% O, leakage) could be detected by monitoring the N,

concentration in the effluent and were ultimately subtracted from the total O, permeation flux.
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Results and Discussion

Structural properties

Figure 1 shows the room-temperature XRD patterns of the SmSrCF-CSO powder samples after
calcination at 950 °C for 10 h. Both compositions consisted of a cubic perovskite phase [space
group: Pm3m (221)] and a cubic fluorite-type phase [space group: Fm3m (225)]. As can be seen,
every single XRD reflection can be assigned to the main diffraction reflection positions of the

two constituent phases, presented in the box and no additional phases could be detected.

a)

h 1 SmSrCF3728 CSO
A h M A
b)

1 J\ SmSrCF5528 CSO
*J A M A ol

T v T T T v T v T
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cso| [ | [ 1] [ [

Figure 1. Room-temperature XRD patterns of the dual-phase powder samples: a) SmSrCF3728-
CSO, b) SmSrCF5538-CSO after calcination at 950 °C for 10 h with the main reflection positions
related to the cubic perovskite phase (SmSrCF) and the fluorite-type doped ceria (CSO).

The formation of cubic perovskite structure for SmSrCF5528 is in agreement with a previous
study by Ling et al. on the same composition for application as cathode material [26]. According
to the XRD results, the cubic symmetry of the perovskite phase is maintained after increasing the
Sr content at the A-site from 50 at.% to 70 at.%. However, XRD analysis of the as-sintered
membranes shown in Figure 2, indicated formation of a small amount of an additional
monoclinic CuO phase on the surface of the SmSrCF5528-CSO membrane with the lower Sr
content after sintering at 1225 °C for 5 h, which could be related to the larger ionic radii of the
Cu species compared to those of Fe cations, as provided in Table 1. Correspondingly, increasing

the Sr content of the perovskite phase from 50 at.% to 70 at.% resulted in the elimination of the
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segregated CuO particles, due to increased volume of the perovskite unit cell (as shown in Figure
2a). A similar trend of stabilization of the perovskite structure by increasing the Sr content has

been previously reported for La;.Sr,CuOs_s [28].

a) SmSrCF3728 CSO
membrane
3
s |
S A A e M A
‘@
§ b) SMSrCF5528 CSO
£ membrane
*CuO
S b A Ju
20 30 40 50 60 70 80
26 (°)
SmSrCF| | | [ [ [ ] | l
cso || R 1]

Figure 2. Room-temperature XRD patterns of the dual-phase membranes after sintering at 1225
°C for 5 h: a) SmSrCF3728-CSO, b) SmSrCF5538-CSO. The diffraction reflections

corresponding to the segregated CuO phase are marked with asterisks (*).

Table 1. Ionic radii of the A-site (12-coordinated) and the B-site species (6-coordinated) of the
SmSrCF perovskite phase [29].

Cation Radius (pm)
Sm** 124

Sr* 144
cu* 73.0
cu** 54.0
Fe*" (HS)" 64.5
Fe*" (LS)" 55.0
Fe** 58.5

i high spin

# low spin
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Microstructure and elemental analysis

The SEM micrographs of the membranes are provided in Figure 3. The surface of the sintered
SmSrCF5528-CSO membrane consisted of densely packed grains. However, formation of
additional particles could also be clearly observed on the membrane’s surface. The EDXS
analysis (Figures 3c-f) revealed that the additional particles shown in Figure 3b, were
segregated CuO particles on the surface of the SmSrCF5528-CSO membrane, which were
previously detected by XRD measurements. Moreover, construction of a percolation network

consisting of the two main phases, i.e. the mixed conducting perovskite phase and the ionic

Figure 3. Microstructure of the SmSrCF5528-CSO membrane sintered at 1225 °C for 5 h: a)
SEM micrograph, b) Magnification of the marked area shown in panel (a), c-f) Elemental

distribution of the area shown in panel (b) using EDXS analysis.

Figure 4 shows the microstructure and the EDXS analysis of the SmSrCF3728-CSO membrane
surface. As expected from the XRD measurements, increasing the Sr content at the A-site of the
perovskite phase SmSrCF from 50 at.% to 70 at.% resulted in elimination of the segregated CuO
phase, which was previously observed on the surface of the membrane with lower Sr content.

Formation of two separate phases is clearly distinguishable in the BSEM micrograph of the
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SmSrCF3728-CSO membrane’s surface, where lighter grains relating to the ionic conducting
doped ceria phase and dark grains of the perovskite phase build a percolation network.
Furthermore, the EDXS elemental analysis, presented in Figures 4d & 4e indicates a
homogeneous distribution of Ce and Sr within the grains of the corresponding ceria and
perovskite phases, respectively. However, as shown in Figure 4f, Cu was found to be diffused in
both phases, with a slightly higher concentration in the perovskite-related grains. The diffusion of
Cu in the fluorite-type doped ceria could also have positively affected the overall permeability of

the dual-phase membrane, as was recently reported by Fang et al. [30].

Figure 4. Microstructure of the SmSrCF3728-CSO membrane sintered at 1225 °C for 5 h: a)
SEM micrograph, b) Magnification of the marked area shown in panel (a), c) BSEM image of the
area shown in panel (b), d-f) Elemental distribution of the area shown in panel (b) using EDXS

analysis.
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Thermoanalysis

The results of the thermoanalysis performed on powder samples of the dual-phase compositions
SmSrCF5528-CSO and SmSrCF3728-CSO in synthetic air are presented in Figure 5, where the
samples undergo a reversible reduction in mass, due to partial loss of lattice oxygen upon heating.
The TGA shows no weight loss for the samples up to about 400 °C with synthetic air as the purge
gas. Above 400 °C, due to simultaneous thermal reduction of the B-site cations and release of
lattice oxygen, a negative change of mass is observed. Although the onset temperature for oxygen
release does not significantly change with varying Sr contents, the rate and the magnitude of
weight loss upon heating is noticeably higher for the SmSrCF3728-CSO sample with increased
content of Sr, compared to that of SmSrCF5528-CSO. A similar trend of increasing weight loss
for perovskites with higher concentrations of acceptor-dopant Sr** has been previously reported
in other studies [31,32]. Furthermore, the DTA results revealed no phase transition in the

temperature range of 30-1000 °C, as shown in the inset of Figure 5.

0.1
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Figure 5. TGA results of powder samples of the dual-phase compositions SmSrCF5528-CSO
(black squares) and SmSrCF3728-CSO (red triangles) in synthetic air. The inset shows
differential thermal analysis of the samples as a function of temperature. Flow of synthetic air: 20

cm’ min™, heating rate: 10 °C min™.
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Oxygen permeation performance

The oxygen permeation properties of the dual-phase membranes were studied using pure He and
pure CO, as the sweeping gases. The results of the temperature-dependent oxygen permeation
measurements and the corresponding Arrhenius plots are shown in Figure 6. The SmSrCF3728-
CSO membrane with the higher Sr content exhibited the highest permeation fluxes reaching up to
1.35 and 1.04 cm® min™ em™ at 1000 °C and 950 °C, respectively, with He as the sweep gas. As
previously observed for the TGA results, the increasing amount of divalent Sr as a substitute for
trivalent Sm, leads to higher concentrations of oxygen vacancies [31]. It should be noted that
increasing the unit cell volume of the perovskite, due to higher concentration of 4-site Sr is also
expected to facilitate the oxygen migration through the lattice. Under the same conditions, the
oxygen permeation fluxes of the SmSrCF5528-CSO membrane with 1.27 and 1.01 cm® min
em™ at 1000 °C and 950 °C, respectively, were found to be relatively lower than those of the
SmSrCF3728-CSO membrane.
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Figure 6. Temperature-dependent oxygen permeation fluxes measured on the SmSrCF-CSO
dual-phase membranes with various Sr contents using He (close symbols) and CO, (open
symbols) as sweep gases. b) Arrhenius plots of the oxygen permeation fluxes with calculated
apparent activation energies. Feed side: 150 cm® min™' synthetic air; Sweep side: 49 cm® min™ He

or CO, + 1 cm® min™ Ne as internal standard; Membrane thickness: 0.6 mm.

By switching the sweep gas to CO», the permeation fluxes of both membranes slightly decreased.
At 1000 °C, oxygen fluxes of 1.15 and 1.12 cm® min™' ¢cm™ were measured for the SmSrCF3728-
CSO and SmSrCF5528-CSO membranes, respectively. Furthermore, the apparent activation
energies, E,, for each membrane with He and CO, sweeping were calculated using the Arrhenius
plots shown in Figure 6b. The lowest activation energy of 77.4 kJ mol” was calculated for He-
swept SmSrCF3728-CSO, which is in accordance with the faster course of thermally activated
oxygen release from this sample compared to that of SmSrCF5528-CSO observed from the TGA

results.
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Long-term stability of the dual-phase membranes under practice-relevant conditions was studied
using He and CO; as the sweep gases. The oxygen permeation performances of the membranes
are presented in Figure 7. Both membranes showed good stability at 1000 °C under He-
sweeping. A short stabilization stage was observed for both membranes, after the sweep gas was
switched to CO;, at 1000 °C. By reducing the temperature to 950 °C, the SmSrCF5528-CSO

1

membrane displayed a stable oxygen flux of about 0.67 cm® min™ cm™ for more than 120 h,

whereas for the SmSrCF3728-CSO membrane a relatively long stabilization stage of about 20 h
was observed, during which the oxygen flux gradually decreased from 0.77 to 0.70 cm® min™
cm™ to reach a steady state. The appearance of a prolonged stabilization stage with decreasing
permeation fluxes is related to the reactivity of Sr with gaseous CO; to form SrCOs on the outer
surface layer of the CO,-swept membrane, thus inhibiting the oxygen surface exchange reaction.
Accordingly, the higher Sr content at the 4-site of the perovskite increases the CO, susceptibility
of the membrane. The Ellingham diagram regarding the temperature-dependent stability of
SrCO; reveals increasing thermodynamic stabilities with decreasing temperatures under a
constant CO; partial pressure [33]. Consequently, at 900 °C both membranes undergo stages of
decreasing permeation fluxes. The SmSrCF5528-CSO membrane shows a slight decrease in
oxygen flux from 0.29 to 0.25 cm® min™' em™? in the first 50 h at 900 °C, after which a steady
state is maintained for at least 40 h. The extent and rate of the observed decrease in oxygen fluxes
is more significant for the oxygen fluxes on the SmSrCF3728-CSO membrane, which change

from 0.46 to 0.38 cm® min™! cm™ after 50 h.
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Figure 7. Long-term oxygen permeation fluxes of: a) SmSrCF5528-CSO, and b) SmSrCF3728-
CSO membranes. Feed side: 150 cm® min synthetic air. Sweep side: 49 cm’ min™ He (solid
symbols) or CO, (open symbols) + 1 cm® min™' Ne as internal standard. Membrane thickness: 0.6

mm.

The microstructures of the sweep sides of the spent dual-phase membranes were studied using
SEM. For this purpose, the previously discussed membranes with O, permeation fluxes shown in
Figure 7 (designated as M1) and two additional membranes after 100 h CO, exposure at 950 °C
(designated as M2) are compared in Figure 8. As can be seen, basically all membranes
maintained their structural integrity and no deterioration of the membrane’s density could be
observed after long-term CO, exposure. In addition, the EDXS analysis of the sweep sides of the
membranes confirmed that the phase composition was preserved. However, as expected from the
oxygen permeation results of the SmSrCF5528-CSO and SmSrCF3728-CSO membranes, the
microstructure of the latter composition with higher Sr content is clearly more heavily affected by

the CO, exposure, than that of SmSrCF5528-CSO with less Sr content. As previously mentioned,
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the formation of alkaline-earth carbonates, such as BaCOs; and SrCOs, is thermodynamically
preferred at lower temperatures, which results in a completely intact microstructure of the CO»-
swept side of the membranes at 950 °C (M2 in Figure 8), even for the Sr-rich composition
SmSrCF3728-CSO. However, as shown in Figure 9, further investigation of the spent
SmSrCF3728-CSO membrane using SEM and EDXS analysis indicated that a layer of CuO was
formed on the feed side of the membrane after the long-term oxygen permeation measurements,
resulting in the depletion of Cu from the adjacent lower grains, which could possibly be a result
of cationic counter-diffusion of Cu to the oxygen-rich side during the operation. Furthermore, the
observation of a steady state of oxygen permeation flux is inconsistent with the gradual formation
of CuO during the permeation operation. The conditions and quality of CuO formation during
and after the permeation measurements and its effect on the permeation performance require
further investigation by means of other characterization methods such as in-situ XRD, which can

be the subject of a separate study.

Figure 8. SEM micrographs of the sweep side of the spent dual phase membranes: a & b)
SmSrCF5528-CSO, ¢ & d) SmSrCF3728-CSO. M1: Membranes with O, permeation results
shown in Figure 7. M2: separately measured membranes, swept with CO, at 950 °C for 100 h

under the same experimental conditions as M1 membranes.
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Figure 9. Microstructure of the SmSrCF3728-CSO (M1) membrane’s cross-section after long-
term oxygen permeation measurements: a) SEM micrograph, b-d) Elemental distribution of the

area shown in panel (a) using EDXS analysis.

Conclusion

Dual-phase compositions 40% Smg 5SrosCug2Fe303.5-60% CeosSmg 0,5 (SmSrCF5528-CSO)
and 40% Smy 3Sry 7Cug2Fe) 3035 — 60% CepsSmg20,.5 (SmSrCF3728-CSO) were synthesized via
a conventional one-pot sol-gel synthesis route. The XRD analysis of the powder samples verified
that the composite materials consisted of a perovskite phase (SmSrCF) and a fluorite phase
(CSO), without any impurities. However, the XRD results of the sintered membranes revealed
the formation of an additional CuO phase on the surface of the SmSrCF5528-CSO membrane
with lower Sr content, which was also confirmed by SEM and EDXS analysis. Increasing the Sr
content of the perovskite resulted in incorporation of the Cu into the perovskite structure, due to
the larger unit cell of the perovskite phase SmSrCF3728 of the composite material.

High oxygen permeation fluxes of 1.15 and 1.12 cm® min™' ¢cm™ were measured at 1000 °C on the
0.6-mm-thick SmSrCF3728-CSO and SmSrCF5528-CSO membranes, respectively, which was

also in good accordance with the TGA results confirming higher oxygen release from the
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composition with higher Sr content. Both membranes exhibited good long-term CO, stability at
1000 °C. At 950 °C, the SmSrCF5528-CSO membrane maintained a stable oxygen permeation
flux of about 0.67 ¢cm® min™' cm™ for more than 120 h, whereas the membrane with increased Sr
content reached a steady state of 0.70 cm® min™' cm™ after 20 h. A constant oxygen flux of about
0.25 cm’ min™' cm™ was measured on the SmSrCF5528-CSO membrane after 40 h at 900 °C.

In conclusion, the newly developed SmSrCF-CSO membranes exhibited very good oxygen
permeation properties under pure CO, sweeping. The high CO, tolerance of the membranes
recommends them as promising candidates for applications in oxyfuel processes for CO, capture

and high-temperature catalytic membrane reactors.
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