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Abstract

Oxygen transport membranes (OTMs) are attracting great interest for the separation of oxygen
from air in an energy efficient way. A variety of solid oxide ceramic materials that possess
mixed ionic and electronic conductivity (MIEC) are being investigated for efficient oxygen
separation (Betz '10, Skinner '03). Unfortunately these materials do not exhibit high degradation
stability under harsh ambient conditions such as flue gas containing CO,, SOy, H,O and dust,
pressure gradients and high temperatures that are typical in fossil fuel power plants. For this
reason, dual phase composite membranes are developed to combine the best characteristics of
different compounds to achieve high oxygen permeability and sufficient chemical and

mechanical stability at elevated temperatures.

In this thesis, the dual phase membrane CeygGdg 20,5 - FeCo0,04 (CGO-FCO) was developed
after systematic investigation of various combinations of ionic and electronic conductors. The
phase distribution of the composite was investigated in detail using electron microscopes and this
analysis revealed the phase interaction leading to grain boundary rock salt phase and formation
of perovskite secondary phase. A systematic study explored the onset of phase interactions to
form perovskite phase and the role of this unintended phase as pure electronic conductor was
identified. Additionally optimization of conventional sintering process to eliminate spinel phase
decomposition into rock salt was identified. An elaborate study on the absolute minimum
electronic conductor requirement for efficient percolation network was carried out and its
influence on oxygen flux value was measured. Oxygen permeation measurements in the
temperature range of 600 °C - 1000°C under partial pressure gradient provided by air and argon

as feed and sweep gases are used to identify limiting transport processes.

The dual phase membranes are much more prone to surface exchange limitations because of the
limited length of the active triple phase boundaries. A porous catalytic layer made of a single
phase MIEC material, i.e. LSCF, showed evidence of these limitations even when using 1 mm
thick samples. The dual phase composites were also subjected to thermo-chemical stability in
flue gas conditions and mechanical stability under high pressure applications. Microstructure
variation based on different powder synthesis routes of the composite impacting oxygen

permeation has been investigated. On the other hand, microstructure variation via alternate



densification/ sintering techniques such as hot pressing and SPS/FAST were also explored. The
finalized dual phase composition was developed into thin film supported membrane layers. An
oxygen flux of 1.08 ml cm™ min™ was achieved on an asymmetric membrane at 1015 °C
successfully. However, impregnation of catalysts into the porous support can significantly
improve the oxygen flux at lower temperatures, overcoming the surface limitations at the

interface between the support and dense membrane.
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Kurzfassung

Sauerstofftransportmembranen sind von groem Interesse fiir die energieeffiziente Abtrennung
von Sauerstoff aus Luft. Hierfiir werden verschiedene oxidische Keramiken mit gemischter
Ionen- und Elektronenleitung (Mixed Ionic Electronic Conductors, MIEC) untersucht. Leider
besitzen diese Materialien keine ausreichende Degradationsstabilitit in aggressiven
Umgebungsbedingungen wie sie z.B. in Kraftwerken vorkommen, d.h. Abgase mit hohen
Anteilen an CO,, SOy, H,0 und Staub sowie Druckdifferenzen und hohen Temperaturen. Aus
diesem Grund werden zweiphasige Komposit-Membranen entwickelt, die beste Eigenschaften
verschiedener Materialien kombinieren, um eine hohe Permeabilitit sowie ausreichende
chemische und mechanische Stabilitdt bei hohen Temperaturen zu erzielen.

In dieser Arbeit wurde auf Basis einer systematischen Untersuchung verschiedener ionisch und
elektronisch leitenden Keramiken eine Komposit-Membran aus Cej sGdo 0.5 — FeC0,0,4 (CGO-
FCO) entwickelt. Die Phasenverteilung des Komposits wurde mit Hilfe
elektronenmikroskopischer Methoden detailliert untersucht, wobei sich herausstellte, dass die
Wechselwirkung der Phasen zu einer Korngrenzphase mit Kochsalzstruktur und der Bildung
einer neuen Phase mit Perowskitstruktur fithrt. Eine systematische Studie erforschte den Beginn
der Perowskitphasenbildung und die Rolle dieser Phase, die als reiner Elektronenleiter wirkt. Des
Weiteren fiihrte eine Optimierung des Sinterprozesses dazu, dass die teilweise Zersetzung des
Spinells in die Kochsalzphase vermieden bzw. riickgdngig gemacht werden kann. Es wurde eine
ausfiihrliche Untersuchung zur Bestimmung des Minimums des bendtigten Phasenanteils des
Spinells zur Erreichung einer ausreichenden Perkolation durchgefiihrt und dessen Einfluss auf
den Sauerstofffluss gemessen. Mit Hilfe von Messungen der Sauerstoffpermeation zwischen 600
und 1000 °C unter einem Sauerstoffpartialdruck-Gradienten (Luft als Feed — Argon als Sweep)
wurden limitierende Transportprozesse identifiziert.

Die  Komposit-Membranen  sind  deutlich  anfdlliger fir = Limitationen  durch
Oberfldachenaustauschprozesse wegen der begrenzten Lénge der katalytisch wirksamen
Dreiphasengrenzen. Eine pordse katalytisch aktive Schicht aus dem einphasigen MIEC-Material
Lag,58S10,4C002Fep 80s5.5 (LSCF) zeigt die Aufhebung solcher Einfliisse schon bei 1 mm dicken
Membranen. Die Komposite wurden ebenfalls beziiglich ihrer thermo-chemischen Stabilitét in

Abgasbedingungen untersucht. Unterschiede in der Mikrostruktur, die durch unterschiedliche



Syntheserouten hervorgerufen werden, beeinflussen die Sauerstoffpermeation zusétzlich.
Andererseits wurden auch Mikrostrukturvariationen durch alternative Verdichtungs- bzw.
Sintertechnologien wie z.B. HeiRlpressen, feldunterstiitztes Sintern, untersucht. Mit der
optimierten Komposit-Verbindung wurde eine diinne gestiitzte Membranschicht entwickelt. Ein
Sauerstofffluss von 1.08 ml cm™ min™ wurde mit dieser asymmetrischen Membran bei 1015 °C
erreicht. Eine Imprignierung des pordsen Trigers mit Katalysatoren zur Uberwindung von
Limitationen durch Oberflichenaustausch bietet das Potenzial, diesen Fluss insbesondere bei

niedrigeren Temperaturen signifikant zu steigern.

v
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1. Introduction and Objective

Renewable energy’s contribution to the energy demand of the globe is highly researched over the
past few decades. Nevertheless, at present fossil fuel power plants play a significant role in
meeting the energy needs of the growing population throughout the world. Consequently, fossil
energy carriers account for approximately one third of total emissions of the greenhouse gas CO,
(Edenhofer '14). In the last decade, reduction of CO, emissions by the development of CO,
mitigation scenarios utilizing carbon capture and storage (CCS) technology for large point
sources has gained interest. One very promising concept is the oxyfuel technology, which
realizes the combustion of fossil fuels with oxygen enriched re-circulated flue gas, thus requiring
enormous quantities of oxygen. This oxyfuel process has the potential to minimize the efficiency
losses and reduce CO, emissions. Oxygen Transport Membranes (OTM) can deliver this oxygen
efficiently if the required heat for the operation is generated by the process itself as is the case in
power plants (Figure 1) in place of traditional air-fired combustion process. Such OTMs are also
applicable in industrial sectors such as iron, steel, cement and glass plants that are major
contributors of greenhouse gas emissions and where combustion is the primary process source

for heat (Czyperek '09, Sunarso '08).

Recirculated flue gas (low pg;)

1 fossil fuel
. co
0,/ CO/ M0 .| combustion »f condensation ———
€O,/ H,0
Feed gas air l M0
(high po2)
steam turbine

Figure 1 Schematic diagram of the oxyfuel combustion process in a power plant.

In addition to producing high purity oxygen, OTMs can also be integrated in catalytic membrane
reactors where oxygen is directly consumed by a chemical reaction e.g. for carrying out different

petro-chemical processes (Cao '13, Lobera '11). In this context, the research focuses on the
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partial oxidation of methane (POM) to syngas and oxidative coupling of methane (OCM) to
higher hydrocarbons (abbreviated as “C,”) such as ethylene and ethane. These promising
processes are used for direct conversion of natural or bio gas into more useful C, products
(Burggraaf '96, Sanchez '96). In case of POM reaction for syngas production, the main advantage
of OTM is that air can be used instead of oxygen, which reduces the cost by eliminating the need
for an additional oxygen separation unit.

CH4 + 120, —> 2H, + CO (@]
Also, the gradual introduction of oxygen reduces contact with the partially oxidized products,
thereby enhancing the yield of the desired products (Dong '11).

2CH, + O, —>  CyH4+2H,0 )

2CH4 + 1/20; —> C,He+H,0 3)
The reaction efficiency of OCM is greatly improved by OTM which delivers the oxygen into the
reaction compartment in the form of dissociated and ionized oxygen. The interaction of ionized
oxygen with methane on the membrane surface follows a different reaction mechanism
compared to passing oxygen gas from external source. Thus the by-reactions are minimized, and

increased selectivity of C, products can be achieved.

OTMs were commonly made of mixed ionic electronic conductors (MIEC), which consist of
single phase membrane materials (Sunarso '08). State of the art OTMs made from
Lag6Sro.4C0¢2Fep 035 (LSCF) and BagsSrysCopsFep203.5 (BSCF) have shown exceptional
permeability for oxygen. But these OTM materials are prone to phase instability and carbonate
formation on exposure to pure CO, under chemical potential gradient at elevated temperatures
(Baumann '10, Baumann '11, Serra '13). Considering the application of these OTMs
predominantly in power plants and industrial sectors where operating conditions include
exposure to flue gases containing CO,, SOy, H,O and dust components (Betz '10), stability of

these single phase OTM materials is questionable.

In general, the bulk transport is based on defects in the crystal lattice, i.e. oxygen vacancies and
electron holes. This leads to a trade-off between permeability requiring a high defect
concentration, and stability requiring a low defect concentration. Therefore, materials with
limited permeability have to be used in many applications to provide a long term stable operation

(Baumann '13, Schafbauer '12). To overcome this limitation, OTMs developed from a dual phase
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composite have gained great research interest in the past two decades. These composites are
combination of two separate phases, each phase providing electronic or ionic conductivity
respectively. Such dual phase composites are expected to provide reasonable oxygen permeation
and clearly improved chemical stability under flue gas condition (van Hassel '04, Zhu '11).
Several research articles have reported about development of single phase MIEC perovskites and
dual phase composites. In most cases, they have only been tested so far for their stability in CO;
atmospheres (Huixia '11, Luo '11, Luo '12, Xue '13, Zhu '12), but flue gas also contains SO, and
H,0 (Balaguer '13). Hence stability testing of membranes in CO,, SO, and H,O containing gas

mixture would be a reasonable replication of its operating conditions in industries.

Additionally, in order to obtain high permeation rates, dual phase composites are developed into
thin supported membrane layers of different shapes, mainly planar or as capillaries (Baumann
'13, Li '09, Sadykov '10). In case of thin film membranes, surface exchange kinetics become rate
limiting because of the relatively fast diffusion through the bulk membrane. Consequently, the
solid-gas electrochemical interfaces become more and more important, making catalytically
active layers, such as porous electrodes, the key element in the future development of long term

stable, high performance membranes (Zhu '11, Zhu '08).

Objective

The objective of this work is to develop a new and innovative dual phase membrane system for
the purpose of separating oxygen from air. In the functional layer, an oxygen ion conducting
phase with a suitable electron conducting oxide phase will be combined. Several material
combinations will be screened based on the homogenous phase distribution and oxygen
separation performance discussed in detail in the material selection section (4.1). The shortlisted
composite material will be subjected to comprehensive characterization of the microstructure and
phase analysis, as phase interactions are inevitable when two materials are mixed and subjected
to heat treatment at high temperatures. Such investigations help to understand the influence on
oxygen transport processes in the membrane due to phase interactions if any and secondary
phase formations. Subsequently, the composite will also be analyzed for its performance based
on the electrical conductivity and oxygen flux measurements. Parallel experiments will be made
to test the chemical stability of the material under conditions closely replicating industrial flue

gas environment. Such chemical stability experiments are first of their type to be tested for dual
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phase composites by exposing the membranes to mixture of CO,, SO, and H,O containing gas
compounds at the operating temperature of 850 °C. These stability experiments will be carried
out at Oak Ridge National Laboratory (ORNL), USA as part of bilateral collaborative project
between Forschungszentrum Juelich (IEK-1) and ORNL, USA. The optimized composite
material will then be developed into asymmetric membranes by sequential tape casting process.
This thin membrane with a suitable support structure undergoes process optimization until a
stable, asymmetric membrane system can be fabricated with a good thermal stability and
acceptable oxygen flow. The work also includes investigation of porous catalytic layer on the
dense membrane side and catalyst impregnation in porous support structure to overcome the
surface exchange limitations that are expected in an asymmetric membrane. Finally, an oxygen
flux of 1 ml cm™ min™ at the operating temperature of 850 °C from optimized asymmetric

membrane architecture will be the milestone to be achieved.



2. Fundamentals

2.1. Oxygen Transport Membranes

Mixed Ionic and Electronic Conducting (MIEC) oxygen transport membranes are able to
separate oxygen from air at high temperature in contrast to the conventional cryogenic separation
method (Czyperek '09). In principle oxygen transport through a dense membrane involves lattice
diffusion of oxides in the bulk membrane and surface exchange reactions at the surfaces on both
sides of the membrane. Both steps are not viable without any driving force, i.e. no oxygen partial
pressure gradient. In this case, the hopping is statistically distributed (Burggraaf '96). When a
partial pressure gradient is applied, the hopping is directed from the high pressure to the low-

pressure side, resulting in oxygen ion diffusion as shown in Figure 2.

[}
Ho,
r
Po,
n
Uo,
v p"
~ -O(’) 0,
Oxygen Incorporation + Vi Oxygen Removal
1 - L] X . = (1]
S0:+V5" > 0g +2h° h 05 +2h" > 0, +¥;
ef

! "
Po, > Po,

Figure 2 Oxygen ion transport through a dense ion-electronic conducting membrane.

At the side with high oxygen partial pressure, the vacancies are occupied by oxygen ions, which
are generated by ionization and dissociation of molecular oxygen in the gas phase. At the side
with low partial pressure, the oxygen is released into the gas phase (Burggraaf '96, van Hassel
'04). There are several oxygen transport models defining the transport mechanism in categorized
steps. A typical OTM is a supported asymmetric membrane structure in which complexity of the
transport is given by a series of resistances corresponding to the rate limiting steps as shown in

Figure 3.
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These resistances comprise of bulk I T M IVYV VI
diffusion (Zone III), surface exchange

reactions (Zone II and 1IV) and

1

|

1

1
concentration polarization in the gas phase pOz !
(Zone 1) as well as in the pores of the Feed iSweep
support (Zone V and VI). This E
concentration polarization is defined as :pg

! 2

oxygen depletion or accumulation in the ]
1

support and activation layer pores and gas
Po, Po, PO ——pe, PS] Ps, P5.
phases, lowering oxygen partial pressure. B I o I TR I o IV o, BT

Each of these steps shows different level of

Figure 3 Resistance model of asymmetric
membrane and its distributed concentration
at the zone boundaries (Baumann 'l11, profile(Niehoff '14)

Niehoff  '14,  Schulze-Kiippers '13).

dependence on the oxygen partial pressure

However, the resistance between the gas phase and the membrane is negligible (Liu '06) hence;
the transport mechanisms of the bulk transfer (zone III) and the surface exchange (zones IT and

IV) are explained in detail below.

2.1.1. Bulk Diffusion

Bulk diffusion corresponds to a neighboring oxygen ion hopping into a vacancy through the
crystal lattice accompanied by continuous flux of electrons in the opposite direction maintaining
the electro neutrality without any external circuit.

According to Nernst- Planck equation,

. o
Jk = 77z Yk )

where Vi, = Vu, + z,FV¢ )
the mobility/flux jx of a MIEC material with conductivity ox depends mainly on the chemical
potential gradient Vy, since electrical potential gradient V¢ is assumed to be zero in the
electrochemical potential gradient factorVny. Vi, is defined as

!
9 1202

_ P'o,
Vi = RT—- ©)
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where R is gas constant and T is temperature and p’o; and p”o; are the oxygen partial pressure on
the oxygen-rich and oxygen-lean side, respectively. In a steady state condition, the flux of
oxygen vacancies is in balance with the counter flux of electrons and holes, as long as no
external current is imposed. Thus, the chemical potential gradient Vy, a function of temperature
and partial pressure gradient is the only factor influencing the flux of oxygen vacancies.
Therefore, this oxygen diffusion Jo, through a solid crystal can be described by the Wagner
equation:

__RT 11 P'o,
]02 = 16F2 Oamb L n

™)

p"0,
where R is the gas constant, T is temperature, F is the Faraday constant, o, is ambipolar
conductivity, L is the membrane thickness, and p’o, and p”o;, are the oxygen partial pressure on
the oxygen-rich and oxygen-lean side, respectively (Betz '10, Bouwmeester '96, Dong '11). The
only material parameter in the Wagner equation is ambipolar conductivity, which is composed of
the ionic o; (oxygen vacancies) and electronic conductivity o. (electrons and holes) of the

material chosen subsequently influencing the bulk diffusion of the membrane given by equation
8:

0i.0¢

Oamb ®

git0oe

2.1.2. Surface Exchange

According to Wagner’s steady state solid diffusion equation (Equation 7), oxygen flux is
inversely proportional to the bulk membrane thickness. Thus, decreasing the membrane
thickness increases the oxygen flux through the membrane. This is true until a certain thickness,
beyond which marks the transition where the predominant bulk diffusion is limited by the
surface exchange kinetics of the membrane at the gas/solid interfaces. In other words, the oxygen
transport is due to equal contribution of bulk diffusion and surface exchange reaction. This value
is known as the characteristic thickness L.. Considering the influence of L. on diffusion and

interfacial exchange, Wagner’s equation has to be modified as (Bouwmeester '96):

Jo,

RT 1 0,.0¢ b'o
w9 1p 2

= . . . 9
(4F2) "L+2L, o0j+0, p"0, ©)
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Assuming that the partial pressure gradient is very small, jo,, is the balanced exchange rate on
both sides of the membrane surface and k; is the surface exchange coefficient that can be

determined from '*0-"°0 isotopic exchange experiments. Under these conditions, L. is defined as

RT 0,.0, 1
Lr= L= , 10
€7 (4F2) 0i+0e " jogey (10)
. 1
where jo, = stco (11)

Since electronic conduction is predominant for most MIEC membranes, the Nernst-Einstein
equation for ionic conductivity is written as:

coDsz3F?
Oion = O;—TO where D; is the oxygen diffusion coefficient. (12)

Substituting Equation 11 and 12 into Equation 10 leads to:

D
L= =
ks

(13)
where L< L. indicates no further increase in oxygen flux with decreasing membrane thickness as
surface exchange kinetics dominate the oxygen transport (Bouwmeester '96, Xing '12).

Thickness dependence behavior of a MIEC material (BSCF) impacting the oxygen permeation is

depicted in Figure 4.
100
900°C
Feed: oxygen
- .
E e
‘£10
£
o
E
8
[
3
£ .
3 ® Discs \.\.\
= Supported Frvees=50-300 ml,/min Ar
— PB-->= (Wagner) Fleeq=200 ml,/min O,
- - Le=44pm L
C
0,1 T T
1 10 100 1000

L [um]

Figure 4 Thickness dependence of the permeance of BSCF membranes is plotted along with fitted
line of the calculated flux using Wagner’s equation for the corresponding membrane thicknesses.
The calculated value of L. using the modified Wagner’s equation is marked to indicate the
predicted transition of oxygen transport limitation (Baumann '15).
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The plot shows the permeance measurements obtained using BSCF material made into bulk discs
and supported asymmetric membranes of varying thickness. The plot also includes a fitted line of
calculated values using the Wagner’s equation (Equation 7), data corresponding to oxygen
permeance of BSCF membranes with reducing thickness. Since the calculated value does not
take into account the influence of L, the deviation of the plot in comparison to the experimental
values plot is clearly observed. The calculated L. is marked to indicate the transition below
which surface exchange limitations are predominant. Thus, MIEC membranes’ oxygen transport
is greatly influenced by the surface exchange reaction on the surface of the membrane at the high
and low poy sides.

In an ideal dual phase membrane, a prerequisite is a continuous path for both ionic and electronic
conduction. But in reality, interconnectivity between particles will not be ideal and only part of
the surface is effective towards oxygen exchange (Bouwmeester '96, Burggraaf '96). Thus, in
comparison to an OTM made of single phase MIEC material, a dual phase membrane is more
prone to surface exchange limitations due to possible inhomogeneous distribution of phases.
Triple Phase Boundary (TPB) i.e. the interface of oxygen containing gas phase, oxygen vacancy
containing ionic conductor, and electron hole containing electronic conductor to form the
percolative network is one of the factors influencing surface exchange reactions as shown in
Figure 5.

02

0;
ﬁlu PHHHIV L

Figure 5 Schematic diagram of ions and electrons transport via Triple Phase Boundary (TPB)
This reaction at the surface is confined to the TPB given by the Equation 14:

=0, +V; © 0% +2h (14)
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Where V;;, h'and 0% are oxygen vacancy, electron hole, and lattice oxygen ion, respectively
while the half oxygen is the gas phase (Kroger '56). Thus, the oxygen transport performance of
these membranes can be improved by extending the TPB (Zhu '11, Zhu '08). The lengths of TPB
can be prolonged by applying a coat of mixed ionic-electronic conducting porous activation layer

on the surfaces of the membranes (Adler '04, Baumann '11).

2.2. Membrane Structure

As already mentioned, at L>L. oxygen permeation of a membrane improves significantly with
decreasing membrane thickness in bulk diffusion. Thus, development of several micrometer
thick dense layer of membrane is a promising approach since the permeate path of the membrane
and flow resistance is significantly reduced. However, to have a mechanically stable thin dense
OTM with high flux output, the thin film should be supported by a strong mechanical structure
classified as asymmetric membrane structure. Typical architecture of asymmetric membranes as
shown in Figure 6 consists at least of a macro-porous support to ensure mechanical stability,
dense thin membrane layer and porous catalytic layers on both sides of the membrane addressing

the surface activation limitation.

4 LD HHl Il = Surface Activation layer
M Membrane Membrane
2. fill 25k 45 ¥y Surface Activation layer

Figure 6 Cross section of a membrane assembly comprising of porous support, dense membrane
layer, and porous surface activation layer.

This porous mechanical support required for the stability of the thin film membrane has a strong
impact on the gas transport to the membrane layer as well. Furthermore, such a mechanical
support should meet requirements like similar thermal expansion coefficient to the dense
membrane layer, sufficient chemical stability at processing temperature and sufficient chemical

stability during the long term operating conditions (Ohnishi '08). In the Literature, use of MgO,

10
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Ce0,, YSZ and so on as low cost ceramic oxide porous supports that simplify the fabrication
process are proposed (Lipinska-Chwatek '14, Pirou '16, Yin '06). However due to thermal
expansion mismatch, high tensile stress is induced in the membrane layer at operating
temperature which reduces the oxygen flux as well. Nevertheless, use of the membrane material
itself as porous support and catalytic layer is a logical approach to overcome the thermal

expansion mismatch (Baumann '11, Serra '13).

According to the resistance model (Figure 3), in such a supported asymmetric membrane,
concentration polarization in the pores plays an important role in oxygen transport. For example,
if the support pores are small, convection does not occur and the gas transport is realized by
diffusion only when a sweep gas is used. Thus porosity of the support and catalytic layer need to
be optimized balancing both aspects, i.e. high permeability requiring high porosity, and sufficient
mechanical stability requiring limited porosity (Baumann '13, Cao '14, Joo '14). One other
important factor is tortuosity (diffusion length in a porous media) through the pores which is
highly influenced by the pore shape and volume in the support. In comparison to an ideal
membrane assembly (Figure 6), actual asymmetric membrane does not include a surface
activation layer between the dense membrane and porous support due to difficulty in the
fabrication process by tape casting. Hence to overcome the surface limitation, catalytic
infiltration of nanometer grains is introduced between the macro-pores in the support and the
dense membrane layer. With the use of same material for the porous support and catalyst
activation, tortuosity factor needs additional consideration when analyzing the oxygen transport
mechanism in a dual phase membrane. Research groups have reported use of MIEC perovskite,
composites and metallic particles impregnated in the porous structure as additional catalysts
eliminating surface exchange limitations and improving the oxygen flux of the membranes

(Pirou '16, Solis '14).
2.3. Material Selection

2.3.1. Mixed Ionic and Electronic Conductors

It is usual to limit the use of the name MIEC to materials in which both o;,, and o, do not differ
by more than 2 orders of magnitude and show not too low values (0ip, Ge > 107°S Cmfl). MIECs

are well-known candidates for high temperature electrochemical devices, such as electrodes or

11
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electrocatalysts, and ceramic membranes for oxygen separation or partial oxidation of light
hydrocarbons. The mixed ionic—electronic conductivity allows one to induce migration of
charged species (electrons in one direction, ions in the other one) inside the material without any
electrical connection to the sample surfaces (Vernoux '13). Perovskites are a well-known group

of mixed conductors often used for oxygen separation membranes.

Figure 7 Perovskite crystal structure where red sphere represent the A-cation, green spheres
represent the B-cations and small blue spheres are oxygen ions. Reprinted from (Skinner '03) with
permission of Elseviers.

Some prominent materials of the perovskite group are: 1) Ferrite type perovskites which exhibit
good mixed conductivity but due to structural constraints and defect chemistry, electronic
transport is limited. 2) Cobaltite type perovskite (Ln, Sr) CoO3—8 materials possess high mixed
conductivity and fast exchange kinetics but very high thermal and chemical expansion (Betz '10,
Feltz '91, Gauquelin '09). However poor chemical stability in harsh environments of these

perovskites has forced the research community to explore alternate materials.

MIEC membranes are alternatively developed by the combination of electronic conducting
material and oxygen ionic conducting material, called as dual-phase membranes. Although the
dual-phase membrane is an old concept, it shows unique advantages. At first, the electronic
conducting phase used in dual phase membrane was noble metal, but the amount of noble metal

necessary to obtain an efficient percolating network meant higher cost of noble metals as a

12
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disadvantage. Thus, it was replaced by the pure electronic conducting oxides such as perovskites,

spinels and also by perovskite MIEC materials as shown in Figure 8.

Oxygen permeable o) 0 Oxygen permeable
membrane (a) l 2 2 membrane (b)
4] g I8
¥ ke

R
;"“

I Electronic conductor [ Mixed conductor
[ ] oxygen ionic conductor[ | Oxygen ionic conductor

& |

Figure 8 Schematic picture of oxygen ionic/pure electronic conductor dual-phase membrane (left)
and oxygen ionic/mixed conductor dual-phase membrane (right). Reproduced from (Dong '11)
with permission of The Royal Society of Chemistry.

Compared with the single phase MIEC membranes, the oxygen ionic conduction in dual-phase
membranes mainly depends on fluorite structure oxides, which are very stable under reaction
environments and with lower thermal expansion rates (Dong '11). The second phase which can
be pure electronic conducting or MIEC oxide depends mainly on the thermal expansion match,
with the ionic conducting phase. In addition, the ability of the second phase to provide an
efficient percolating network (i.e. high oxygen ion transport balanced by flux of electrons in the
opposite direction) is an important factor. The main challenges for dual phase membranes lie in
the chemical compatibility and the uniform mixing of the two phases (Vernoux '13, Zhu '12).
Most of the research in this area therefore focuses on the development of suitable electronic and

ionic conducting phases and new membrane preparation techniques.
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2.3.2. Ionic Conductors

Materials for which the ionic conductivity, oje,, is more than 2 orders of magnitude larger than
the electronic conductivity, o., are characterized as purely ionic conductors. Fluorite-type oxides
are the most common ionic conducting materials used in applications such as SOFC and
heterogeneous catalysis. The crystal structure of fluorite is AO,, where A is a tetravalent cation
(Figure 9). The most widely used and intensively studied compositions are solid solutions of the
type AO,—A’O or AO,—A,”0s, with A’ and A” being lower than A valent cations as shown in
Figure 9, e.g., A = Zr, Ce, Th; A’ = Ca, Sr, Ba; A” = Sc, Y, or lanthanides (Vernoux '13). Even
though pure thoria and ceria have fluorite structure which is stable from room temperature up to

their melting points, zirconia has a number of polymorphs stable in different temperature ranges.

€ :""\‘ “'\ L Oxygen Anion

\’\x -7& ¢ A Cation
P - //,/ o
TRASER
- }—: P
\'i e

Figure 9 Fluorite type Crystal Structure. Reprinted from (Skinner '03) with permission of Elseviers.

The ionic conductivity of these oxides, particularly of ZrO,, ThO, and CeO,, is greatly enhanced
when doped with lanthanides or alkaline earth metal compounds and is due to the creation of
excess oxygen vacancies. Bi,O3 doped metal oxides are another significant class of ionic
conductors with high conductivity in comparison to doped ZrO,, ThO, and CeO, (P. J. Gellings
'97). But most bismuth oxide materials have extremely poor strength and tend to reduce in low
partial pressure atmosphere making them unsuitable for the intended power plant and industrial
applications (Kharton '04, McGrath '01). Figure 10 compares the ionic conductivity of
(Zr02)0.52(Y203)0.08 (YSZ); CepsGdo201.9 (CGO); LagoSro1GagsMgo202 (LSGM); LazM0;09 64
(LAMOX); Si-apatite, Lajo(SiO4)6O3; and Ge-apatite, Lajo(GeO4)sO3. Among these materials,
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doped ceria (CGO) is a one of the fast oxide ion conductors, in spite of being an electronic
conductor at high temperatures in reducing atmosphere. CGO has significant advantages over
conventional YSZ such as higher ionic conduction at low temperature (T<600 °C) and better
chemical compatibility with high flux perovskite materials. The degree to which CGO is a mixed

ionic and electronic conductor (MIEC) depends on the doping level, temperature and oxygen

activity (Dalslet '06).

a1t
T2
g CGO
-2
(o) -3t Si-Apatite
[0)]
o
-4 F LSGM
LAMOX
5 L 1 L L 1
0.8 1.0 1.2 1.4 1.6
-1
1000/T (K)

Figure 10 Ionic conductivity of several anionic conductors as a function of inverse temperature.
Reprinted from (Vernoux '13) with permission of American Chemical Society.

In case of CGO, vacancies are created by the partial substitution of Ce*" with Gd*>" creating
vacancy contributing to ionic charge carriers and also when oxide ions interact with the gas

phase oxygen at the surfaces (Mogensen '00, Steele '00, Wang '00). Thus CGO is the most

commonly opted ionic conductor for OTMs.

2.3.3. Electronic Conductors

Spinels
In ceramic science and technology, the first idea brought to mind by the word “spinel” is a
refractory material with high resistance to neutron irradiation. In this sense, spinel sounds similar

to an electrical insulator. But some spinel structures also demonstrate high and controlled n-type
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electronic conductivity (Kawazoe '99, N F Mott '95). Mixed transition metal oxides with spinel
structure represent an important family of materials showing good electronic conductivity. Oxide
spinels are mostly described by the general formula AB,0,4, where A and B are tetrahedral and
octahedral cation sites in a cubic close packing of oxygen (Figure 11). The cation octahedral and
tetrahedral site preferences as well as the equilibrium of temperature and partial pressure in the

surrounding gas phase have a strong influence on the cation arrangement.

@ Oxygen Anion

® A-Atom

@® B-Atom

AB,O4 Spinel

Figure 11 Spinel crystal structure (AB;O,) (Reprinted from Defects in Crystals © Prof. Dr. Helmut
Foll, University of Kiel, (tf.uni-kiel.de))

This equilibrium permits diffusion between a solid metallic oxide and oxygen present. However
change in the partial pressure of oxygen, leads to deviation from the ideal composition
depending upon the valence properties of the cations. By loss of oxygen from the ideal crystal,
an oxide is formed with an excess of metal atoms. The excess electrons are trapped in the
neighborhood of an interstitial cation or of a vacant anion site. According to the band theory of
solids, such supernumerary metal atoms constitute filled impurity levels in the energy scheme of
the crystal lattice, the distribution of electrons between the impurity levels and the conduction
band being governed by a Boltzmann distribution. The conductivity of oxides at high
temperatures thus depends upon the oxygen pressure in a manner which reflects the mechanism
of conduction (Bevan '48, Verwey '47). For simple oxides such as ferric oxide, the dependence
of conductivity upon diffusion of cations through the crystal lattice is observed only at

temperatures above 720 °C, but some double oxides, e.g., cobaltite spinels, such as FeCo0,0s,
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MnCo,0;3 described as amphoteric conductors by Schottky, have impurity conduction under all
conditions (Dali '99, Ferreira '03, Pelton '79). Inserting iron into Co3O,4 causes a substantial
disorder modifying the properties and activity of the spinel. This double oxide spinel has
electrical conductivity via the hopping of both electrons and holes present in the octahedral sites
that are attributed to the contribution of both iron and cobalt cations respectively. The hole
hopping conduction is predominant at low temperature, whereas electron hopping with a
relatively higher mobility, dominates at high temperature. The insertion of iron into the normal
spinel of cobalt oxide improves the thermal stability and substantially increases the stability

under reducing atmospheres (Bahlawane '09, Cartaxo '07, Sharma '08).

Perovskites

The main role of perovskite materials in dual-phase membranes is to provide high electronic
conductivity, therefore, the amount of alkaline earth metals and unstable transition metals in this
material can be greatly reduced, resulting in a high thermal and chemical stability for the dual-
phase membrane (Dong '11). Manganite type perovskite (Ln,A)- MnOs;s (Ln = La-Ybor Y; A =
Ca, Sr, Ba, Pb) exhibit predominant electronic conductivity in combination with low oxygen ion
diffusivity; Their transport properties and electrochemical activity are strongly dependent on the
oxygen non-stoichiometry (Al Daroukh '03). In addition to this perovskite, MIEC perovskites
such as LSCF, doped SrTiO3 can also be combined with pure ionic conductors to form the dual

phase membranes.

K>NiF, Materials

There has been increasing interest in alternative types of mixed conductors. Of most interest has
been the development of the perovskite related oxides of the K;NiF4 (A;BO4+s) structure shown
in Figure 12. In this structure there are layers of ABOj separated by AO layers. It is this layered
structure that is of interest as it allows great flexibility in the oxygen stoichiometry of these
materials (Rice '93). Indeed, it is possible to incorporate excess oxygen in the interstitial species
and this provides an attractive alternative to the vacancy-based conduction mechanism present in
the perovskite and fluorite oxides, where the dopant-vacancy interactions can limit the observed
conductivity (Shaula '13). This high concentration of oxygen interstitials offer the possibility of
rapid oxygen transport through the ceramic material but high anisotropy is a growing concern as

it would limit the charge carrier movement based on the orientation hence significant efforts
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have been directed towards the understanding of the mechanism and anisotropy of conduction in
the K,;NiF,-type oxides. Other important compositional families are LnBaCo0,0s:s (Ln = Pr,
Gd-Ho, Y), LnBaCo0407:s (Ln = Dy-Yb, Y), nickelates and cuprates family with prominent

mixed conductivity (Skinner '03).

[ @y
JT‘) .J’

Figure 12 Representation of A;BO4.5 structure, where the red spheres represent B-cations, the blue
spheres represent oxygen ions, and the yellow spheres represent A-cations. An interstitial oxygen
ion is also shown. Reprinted from (Skinner '03) with permission of Elseviers.

Summarizing all the materials that were discussed in the last three sub-sections of material
selection, the conductivity values of several materials are compared in Figure 13. The ionic
conductivity and electronic conductivity of materials belonging to different groups between
temperatures 900 °C - 1000 °C are plotted together. Strategically, an electronic or MIEC material
with electronic conductivity between the range of 5 to 10 S/cm would be sufficient as the ionic
conductivity of most common ionic conductors is almost one order of magnitude lower in this

temperature range.
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Figure 13 Ionic and electronic conductivity of several materials for the temperature range of 900-
1000 °C are plotted (Schroder '08).

Pre-selection Material review

Thorough literature review was carried out on the possible class of material combinations to
identify a promising dual phase composite membrane of research interest. Table 1 summarizes
the various dual phase membranes and their performance that have been researched in the past.
The material combinations were screened particularly focusing on the results close to the
intended operating temperature (850 °C) of the dual phase membrane. Based on this database,
composites for this research work were selected that are elaborated in the material investigation
section 4.1 that led to the focus of one specific dual phase composite extensively investigated in
this PhD thesis. More details regarding this phase composition will be described later. The
oxygen flux of the chosen dual phase composite will be compared to the above list for evaluation
of its performance and sufficient chemical stability at the operating temperature in the next

chapter.
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Table 1 Literature summary of the dual phase membranes and their oxygen permeation values
corresponding to limiting process parameters

Ce09Gdo.1 Oz 0.5 900 0.06 200 (Luo '11)
F8203

Cep9Gdo.102.5— o
o, 0.5 900 0.11 (Huixia '11)

CepGdp202.5- ,
NiFe,0, 0.68 1000 0.17 76 (Balaguer '13)

CepsGdo202.5 - ,

BasSrosCoos FeosOss 0.5 900 0.26 700 (Xue '13)

CepsGdp 2025 - .

Lag e a2~ |09 950 0.84 (Sun'13)
Cep9Gdy.1025 - )
Lag.6Srp.4Cog.2 Feg.803.s ! 850 0.1 (Joo'13)
CeosGd201.9- )

e 0.6 950 0.05 (Kharton '01)
Ceo9Pro.1025 - )
VAT 0.5 900 0.1 250 (Luo '12)
Ceo9Pro.1025— )
ProcSros FeOss 0.6 950 0.27 150 (Luo '12)
CeogSmp201.9- .
SMoSTosCo0ms 0.6 850 0.2 (Li'l1)
CeogSmp201.9- .
e 0.6 900 0.1 450 (Wang '13)
Ceo.g55myp.1501.925 -
Ce04858m0_1501,925/8m0_6 0.8 950 0.43 (Ll '13)
Srp4AlgsFe 7035
CepgSmg 01 9-

Sty Cap4Co0s 0.5 900 0.14 100 (Li '13)
Cep.gSmg 01 9- 500 '
Smo sMno <Coo.05 0.5 850 0.25 (Zhu '12)
Yro2Zr08025 - .
LaosSTooCro s FeosOns 1 900 0.05 500 (Fang '13)




3. Experimental Methods

3.1. Membrane Fabrication

Pechini synthesis

Starting powders of the dual phase composite were synthesized by the modified one pot method
(aka) Pechini process. The Pechini route presents some advantages such as obtaining carbonate-
free, chemically homogeneous final oxide compounds with a high relative density and small
particle size that reduces the sintering temperature required for gas tight pellets. It is a sol-gel
technique that involves the production of an amorphous-like gel containing a metal complex
from their nitrates. Citric acid is used as chelating agent that prevents partial segregation of metal
components (Cousin '90, Pechini '67). Ethylene glycol is added to the reaction batch to promote

the polymerization with chelating agent and produce an organometallic polymer (Tietz '01).

The Pechini synthesis method is shown in the flow chart (Figure 14) where A, B and C denote
the nitrates of the individual compounds required to form the desired dual phase composite. For
e.g. Table 2 indicates the amount of nitrates of Ce, Gd, Fe and Co dissolved in deionized water to
prepare an aqueous solution for Pechini synthesis of CGO-FCO powder. This aqueous solution is
continuously stirred while citric acid and ethylene glycol are added to obtain a homogeneous

solution.

Table 2 Nitrates of individual compounds mixed with citric acid and ethylene glycol to obtain 50 g
of Cep sGdp 202 - FeCo,04 (CGO-FCO) composite in 60:40 wt% proportion by Pechini process.

Ce(NO3)3.6H,0 | GA(NOs)3.6H,0 | Fe(NO3)s.9H,0 | Co(NOs);.6H,O | Citric acid | Ethylene
(Alfa Aesar, (Alfa Aesar, (Merck, (Merck, 99%) (Merck, glycol

99.5%) 99.99%) 99.999%) 99.5%) (Merck)

5991g 1557 g 3399 g 4897 g 17857 g | 10549 g

The homogenous solution undergoes a sequence of polymerization, gelation, drying and pre-
calcination steps to form a charred powder of the composite. Finally, thermal decomposition of
the complex to form the structural phases is carried out by calcination of the synthesized powder

at 700 °C for 15 h. This is followed by milling of powder in a planetary ball mill for 48 h at 175
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rpm to eliminate any agglomerates and achieve fine homogenous particle distribution of the
composite. Thus, CeygGd20,.5 - FeCo,04 (CGO-FCO) composite powder is synthesized by

Pechini process.

| A ‘ B ‘ Deionized water ‘

Stirring

Clear solution

Heat up to 50 °C +Stirring

Complex formation Citric acid

~30 min after CA

Heat @100 °C 24 h H Ethylene glycol

Polymerisation/Gelation

Heat @350°C 24 h+450°C 1h

Drying gel

Heat @600 °C 1 hl,

‘ Precalcination |

Heat @700°C 15h

Calcination

Milling 48 h\L

Powder synthesized

Figure 14 Flow chart of powder synthesis by Pechini process

Solid state reaction + reactive sintering (“SSR™)

The solid state reaction is the most common synthesis process to produce conventional ceramic
powders. The method involves ball mill mixing of the precursor oxides on a micrometer level,
carbonates, hydroxides or salts dispersed in solvent, which reduces and homogenizes the particle
size (Cousin '90). After the milling, the powder is separated from the zirconia balls and dried.
Then, the dried powder is subjected to reactive sintering at temperatures of at least two thirds of

its melting point for a period of time to obtain the dense composite with intended phase.

22



3 Experimental Methods

In this work, 100 g of 85:15 wt% CGO-FCO was synthesized by conventional solid state
reaction. 85 g of commercially available CeysGd 2019 (CGO) (Treibacher Industrie AG, 99%),
10.12 g of Co304 (Merck, 99%) and 5.06 g of Fe;0O4 (Merck, 99%) were mixed and milled in a
planetary ball mill for 24 h at 175 rpm to obtain CGO-FCO.

Spray Pyrolysis (SP)

Spray pyrolysis or spray drying is a process in which a thin film of powder is deposited by
spraying a aqueous nitrate solutions on a heated surface, where the constituents react to form the
desired chemical compound (Mooney '82). The spray dried powder is then subjected to
calcination at different temperatures to form the crystalline phase solid powder. The process is
particularly useful for the deposition of oxides. Flow chart of the spray drying method is shown

in Figure 15.

Metal Salts
nitrates

7

Dissolving
distilled water

!

Mixing and stirring
room temperature

I

Spray drying
170-180°C

1

Calcination
700°C15h

Figure 15 Flow chart of spray drying process (Kountouros '95).

CGO-FCO powder is synthesized by preparing an aqueous solution of Ce(NOs3);.6H,0,
Gd(NOs3)3.6H,0 (Alfa Aesar, Germany), Fe(NO3);3.9H,0 and Co(NO3)3.6H,0 (Merck, Germany)
dissolved in distilled water. The mixture was stirred to form a homogenous solution, which was
then passed through the spraying nozzle in to the drying chamber. Spray drying was performed

using GEA Niro A/S with inlet and outlet temperatures of about 300 °C and 180 °C respectively.
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The ejected fine droplets are solidified in hot air from the air disperser. The spray dried powder

is then calcined at 700 °C for 15 h to obtain the desired CGO-FCO composite.

Uniaxial Pressing

Bulk membranes are uniaxial pressed in the form of discs and bars using model PW10 (Fa. Paul
Otto Weber GmbH, Remshalden). For oxygen flux measurements, discs are pressed out of 24
mm diameter dies from 1.25 g powder. Bars for electrical conductivity measurements are pressed
from 3 g of powder in a die of dimension 5 x 0.5 x 0.5 cm®. Both discs and bars are uniaxial
pressed at 80 MPa for 90 seconds to obtain green dense pellets. The pellets are subjected to
conventional sintering process at 1200 °C for 10 h with heating and cooling rate of +3 k/min.
The sintered dense disc samples are usually 18 mm diameter and 1 mm thickness. The sintered
samples are polished to 1 mm thickness with a P4000 SiC emery paper surface finish. The
samples are also subjected to grinding to obtain a 14.6 mm diameter sample to fit in the

permeation set up for oxygen flux measurements.

Hot pressing
Hot pressing is a high-pressure, low-strain-rate powder metallurgy process for forming of a

powder or powder compact at a temperature high enough to induce sintering and
creep processes. This is achieved by the simultaneous application of heat and pressure. The
loose powder or the pre-compacted part is in most of the cases filled in to a graphite mold that
allows induction or resistance heating up to temperatures of typically 2,400 °C (4,350 °F).
Pressures of up to 50 MPa (7,300 psi) can be applied (German '05, Taylor '33).

Hot pressing experiments were carried out in Vacuum hot press HPW 100/150 (FCT Systeme
GmbH, Rauenstein, Germany) with the use of graphite die at 50 MPa, up to 1200°C for 1 hr
under Ar atmosphere. Graphite dies with 13 mm and 18 mm diameters were used for pre-pressed

and pre-sintered samples.

Field-assisted sintering technique/Spark plasma sintering (FAST/SPS)

FAST/SPS is a low voltage, direct current (DC) activated, pressure-assisted sintering and
synthesis technique. Optionally, the DC current can be pulsed. This method can indeed be used
to synthesize new compounds and/or to densify materials in one step (Schwarz '13). FAST/SPS

is similar to hot pressing (HP), but the way the heat is produced and transmitted to the sintering
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material is different. If the green body is electrically conductive, energy is dissipated directly
within the sample and the electrically conductive parts of the pressing tool. Otherwise, an
electrically conductive tool must be used and the heat produced by Joule heating is transmitted
by conduction to the powder (Guillon '14).

CGO-FCO Pre-pressed pellet of 13 mm diameter was subjected to FAST using SPS furnace type
HP D5 (FCT Systeme GmbH, Rauenstein, Germany) at 900° C. The other parameters include
use of 13 mm diameter graphite die in Vacuum+ Argon atmposphere, 5 min dwell time and

100 K/min ramp rate with 50 MPa pressure.

Pulsed Laser Deposition (PLD)

Pulsed laser depositionis a physical vapor deposition technique where a high-power
pulsed laser beam is focused inside a vacuum chamber to strike a target of the material that is to
be deposited. This material is vaporized from the target (in a plasma plume) which deposits it as
athin film on a substrate (such as a silicon wafer facing the target). This process can occur
in ultra high vacuum or in the presence of a background gas, such as oxygen which is commonly
used when depositing oxides to fully oxygenate the deposited films ('94, Ferguson '09, Ohnishi
'08).

Dr. Alexander Opitz research group (Institute of Chemical Technologies and Analytics Research
Division Electrochemistry, TU Wien, Head Prof. Jiirgen Fleig ) assisted by PLD coating FCO
thin layers on CGO substrates. The FCO target is ablated by a Lambda COMPexPro 201 KrF
excimer laser (248 nm; 5 Hz repeat rate). The substrate temperature is around 650 °C (controlled
by a pyrometer); background pressure of pure oxygen in the chamber is 4x10 mbar, and

deposition time of ca. 25 min to obtain a film thickness of about 100 nm.

Screen printing

Screen printing is a simple coating technique used in several different applications. In this thesis
work, it has been used to coat porous catalytic layer over the dense membrane to overcome
surface exchange limitations in oxygen transport. Screen printing involves squeezing a viscous
paste through a sieve over the dense membrane layer. The thickness of the layer is controlled by
the mesh size of the sieve. Manual screen printing device was used in this work, Terpineol

(FLUKA) or BCA (2-(2-Butoxyethoxy) ethyl acetate as the solvent, ethylcellulose or Mowital
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SB 20H as the binder and NUOSPERSE FX 9086 (Fa. Elementis Specialties Inc., Cologne) as
the dispersant were mixed with LSCF powder in a three roll mill EXAKT 80E. The milling

process removes agglomerates and homogenizes the paste for the printing process.

A porous catalytic layer of LSCF screen printed over the dense dual phase membrane surface.
The screen printed LSCF layer (~ 20 pm) was dried at 80 °C and co-fired with the membrane at
1080 °C for 3 h to obtain a porous LSCF catalytic layer of ~10 pm.

Tape casting

Tape casting is a method used for the fabrication of thin ceramic sheets. The process involves a
moving doctor blade that limits the thickness of ceramic slurry with a resin binder being coated
over a belt. After drying, This thin film is strong enough to be stripped off, cut or punched out
into desired shape and fired (Howatt '47, R. E. Mistler '00). The basic schematic of the tape

casting process is shown in Figure 16.

Doctor Reservoir
Blade ™~

Carrier material:
/ Polymer foil

—

Carrier motion

Figure 16 The schematic of a typical tape casting process

The ceramic slurry is highly specialized with several additives to provide the necessary
formulation and handling. For this process tailored raw materials are necessary which ensure a
stable dispersion in the slurry. Most important parameter for a successful slurry development is
particle size and specific surface area of the ceramic powders. To get the desired surface area of
around 1-5 m%/g and to avoid sedimentation of the powder particles, the particle size should be in
the range of 1-2 pm (dependent on the materials density) with a compact grain morphology
(given based on TEK-1 in-house experience from development of BSCF and LSCF asymmetric
membranes by tape casting). The additives include solvents 34 m% Ethanol and 66 m%
Methylethylketon (MEK) that homogenize the solvent concentration throughout the tape during
drying. Next additive is the dispersant (NUOSPERSE FX 9086 or TEGO DISPERS 655 (Fa.
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Elementis Specialties Inc., Cologne)) that acts as the wetting agent. Polyvinylbutyral (PVB-98)
(Fa. Solutia Inc.) is the binder that provides the polymer matrix network to hold the entire
chemical system together. Plasticizer is another additive included in the slurry system to provide
the needed flexibility of the tape. Solusolv S-2075 (Fa. Solutia Inc.) and PEG400 are the two
types of plasticizers used for this purpose. Finally rice starch (Remy FG — Firma Remy) as pore

former is added only to support slurry for obtaining the necessary porosity in the support layer.

In this work, tape casting process is selected for scaling of the dual phase composite membrane
fabrication. Tape cast slurry is prepared by mixing the powder with the additives mentioned
above along with 1:0.5 ratio of powder to zirconia milling balls (size = 5 mm) in tumble mixer.
The optimized slurry recipe for both membrane and support are shown in Table 3, the complete
process of slurry optimization is explained in detail in the section 4.3.3. The step by step details
of slurry preparation and tape casting process are described in the flow chart shown in Figure 17.
The tape casting is carried out using Fa. Johann Fischer, Aschaffenburg, with movable casting
stand and fixed polymer film. The movable casting stand is set at a constant speed of 250
mm/min. The slurry is flowed into the movable casting stand which contains the doctor blade
that limits the thickness of the cast. The cast layers are dried and punched out into desired shapes

and sizes for sintering.

Table 3 Optimized recipe for 100 g of CGO-FCO powder into tape casting slurry for both
membrane and support layers.

Powder | Solvent | Dispersant | Binder | Plasticizer 1 | Plasticizer 2 | Pore former
Tape
P @ (8 ® (8 ® @ (8
Membrane | 100 | 457 3 7 6 7
Support | 100 | 457 3 7 6 7 30
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Milling balls Solvents Dispersant
Zr0,(5 mm) Ethanol+MEK TEGO DISPERS 655
Tumbling 1 h
Powder Pore former
CGO-FCO Rice starch
Tumbling 30 h“
Binder | | Plasticizerl | | Plasticizer2
PVB-98 52075 PEG400
Tumbling 48 h

y Sieved slurry resting 24 h
Degasing
200 mbar, 10 min

A 4
Tape casting - membrane
250 mm/min, L= 50 pm

Closed drying 1 h
r

A
Tape casting - support
250 mm/min, L= 1.9mm

i Closed drying 48 h

Supported membrane discs
punched out (dia =22 mm)

Figure 17 Flow chart of step by step procedure to make the tape casting slurry for CGO-FCO
membrane and porous support.
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3.2. Membrane Characterization

Particle Size Distribution (PSD)

The particle size distribution of the powder was determined by particle analyser HORIBA LA-
950. The LA-950 uses a static laser light scattering that interacts with the particles to provide the
light scattering patterns which are characterized into the particle size of the batch. The equipment

can measure over a range of 0.01 pm -3000 pm.

BET

Brunauer—Emmett—Teller (BET) theory aims to explain the physical absorption of gas molecules
on a solid surface and serve as basis for the measurement of the specific surface area of a
material.(Brunauer '38) The measurements were carried out using AREAMETER-Jung
Instruments GmbH based on the BET single-point method by low-temperature N2 adsorption

(equilibrium method) on the basis of DIN 66132.

ICP-OES

The stoichiometry of the materials was quantified by inductively coupled plasma optical
emission spectroscopy (ICP-OES). ICP-OES measurements were carried using the Thermo
Scientific iCAP7600 spectrometer with optical scale and CID semi-conductor detector, axial and
radial reflection, and wavelengths between 166 nm and 847 nm. This chemical composition
analysis was carried out at Zentralinstitut fiir Engineering, Elektronik und Analytik (ZEA-3). 100
mg of powder was dissolved in 30 mL HCI (5 %) and filled to 50 mL volume. This solution was
injected through the plasma, and the subsequent emission of light with certain frequency is
proportional to the concentration of elements in the sample measured by an emission
spectrometer. Thus, the weight percent of each element in the analyzed sample is obtained from

these measurements.

Dilatometer

Dilatometer is used to determine the Thermal Expansion Coefficient (TEC) of a material. In case
of dual phase membrane selection, TEC match between the two phases plays an important role in
choosing the suitable combinations. The measure of dimensional change AL from the reference
length L of the sample as a function of temperature is used to determine the thermal expansion

coefficient (TEC) given by:
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AL
LoAT

TEC = (15)

. AL .
From the dilatometer measurement, the slope of T versus the temperature plot gives the TEC
0

value(Maca '08). The sintering behavior of the material can also be determined using the
dilatometer, since during sintering the shrinkage of the sample is calculated as the % of the
dimensional change AL with respect to the reference length of the hand pressed pellet as a

function of temperature. The uniaxial pressed cylindrical pellet is subjected to the sintering

AL
temperature for a dwell time and the corresponding shrinkage data " is obtained in %. The
0

dilatometer experiments were carried out with a Dilatometer 402C and 402E from Netzsch.

Thermo-gravimetry/Differential Thermal Analysis (TG/DTA)

Chemical and thermal stability of materials can be studied by TG technique, which is commonly
used to investigate decomposition, dehydration, oxidation/reduction reactions, the purity and the
presence of humidity in a sample accompanied by a mass change(Haines '98). The TG device
registers the mass changes undergone by the sample as a function of temperature, time and
atmosphere. The TG is combined with DTA, which records exothermic (downwards peak) or
endothermic (upwards peak) processes that enclose transformations in the material when
compared with an inert reference material. DTA is mainly used for studying phase transitions,
chemical reactions, adsorption, crystallization and melting.

In this work, the TG/DTA analysis was carried out with the calorimeter STA449 F1 Jupiter
coupled to the mass spectrometer QMS 403C Aéolos from the company Netzsch. The powders
were analyzed in air atmosphere in the temperature range from room temperature to 1200 °C,

with heating and cooling rates of 5 °C/min.

Gravimetric (Buoyancy) Method of Density Determination

The relationships between the mass, the volume and the density of solid bodies immersed in
liquid as described by Archimedes form a basis for the determination of the density of
substances. The apparent weight of a body in a liquid, i.e., the weight as reduced by the
buoyancy force is measured. This value is used in combination with the weight in air to calculate

the density (DensityDeterminationManual_Sartorius).
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_ Mgy
Ps = P {—} (16)
Where ps is the relative density of the sample measured, py, is the theoretical density of the
composite calculated based on the volume of the composite. m,;; and mep are the measured mass

of the sample in air and ethanol in room temperature, used to calculate the density using equation
16.

X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique that allows the identification of the
crystalline phases and orientation of crystalline materials, their lattice parameters (10'4 A), strain,
crystallite size and thermal expansion, which define the fingerprint of the substance. XRD
measurements are based on the physical principle that a monochromatic X-ray beam with a
wavelength A comes in contact with the crystalline material at a particular angle. The diffraction
is produced only when the distance traveled by the reflected X-rays from successive planes

differs by a complete number of wavelengths (Compton 23).

incoming reflected
X-rays __— wave front -~ X-rays
h

Figure 18 Scheme of the diffraction geometry on a crystalline materia 1 (ChemUCDavisWeblink ,
Uni_GottingenPhysikWeblink).

As shown in Figure 18, the diffracted angle from the family of crystallographic planes (/ & /) has
a value of 20, which is employed to determine the distance between layers of atoms in a sample
using the Bragg's law:

nd = 2dpy,; sin 6 17)
where d is the 4 & /inter-planar spacing (nm), 6 is the angle of incidence of X-rays (rad), A is the

wavelength of X-rays (m); and #zis an integer representing the reflection order. By combining the
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Bragg condition with the plane spacing for a system, it is feasible to directly obtain the positions
of atoms in the unit cell. For example, in a cubic system the diffraction peaks satisfy the
following equation:
sin@ A?
hZ+k2+12 | 4a? (18)
where a is the cell parameter and h, k, and 1 are the Miller indices defining the plane (Bragg '12,
Miao '99, Sir '21). The phases of the composites as synthetized powders and sintered pellets were
analysed by X-ray diffraction (XRD). The X-ray analyses were carried out with the
diffractometer D4 ENDEAVOR from the company Bruker. A standard measurement programme
was used; the parameters of this programme were the range of diffraction angle 26 from 10° to
80°, increments of 0.02° for 20 and 0.75 second of measurement time per step. The data were
analysed with the programme package X’Pert HighScore (PANalytical B.V., version 3.0.5).
In this work, the lattice parameters and phase quantification of the membranes were determined
using the Rietveld method. The XRD patterns can be described as the combination of a smooth
curve consisting of Gaussian peaks (sometimes overlapping or superimposed) on top of a smooth
background and the Rietveld refinement consists of a complex curve fitting program to separate

out the peaks and identify the corresponding phase with more accuracy (Rietveld '69).

X-ray diffraction analysis of FCO thin films PLD coated on CGO substrates were carried out on
a PANalytical Empyrean diffractometer with CuKa radiation (@ TU Wien). XRD measurements
were conducted with 2° incident angle and diffraction pattern was recorded at 15° < 26 > 90°.
Data analysis was performed with the software Highscore Plus in combination with ICDD

powder diffraction database (PDF4+) (Kabekkodu '10).

Scanning electron microscopy (SEM)

In a typical SEM, focused beam of electrons interact with atoms of the sample to provide
compositional and surface topographical details in the form of images. An SEM allows for high-
resolution imaging of surfaces by using high-energy electrons (1.5-20 KeV) generated by a
heated tungsten filament. The SEM has a magnification up to 106 x and great depth of field. For
that purpose, an incident beam of monochromatic electrons causes a secondary emission across
the sample surface, which is collected to form an image of the surface. The quality and contrast

obtained in the image depends mainly on the conductivity and surface topography of the sample
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(McMullan '95). By detecting different emissions of the sample, it is possible to obtain diverse
contrast images, ie., backscattered electrons (BSE), Auger electrons (AES) and Energy
dispersive x-ray spectroscopy (EDS). BSE causes different contrast subjected to the atomic
number, Z, of the elements, so changes in composition can be distinguished; EDS is a qualitative
and quantitative chemical microanalysis technique to characterize the elemental composition of
the volume analyzed. It is performed in conjunction with an SEM, but uses the X-rays that are
emitted from the sample due to the electron beam. The combination of SEM with EDS allows
the analysis of the sample morphology and the composition of the different phases that are
present. The minimum detection limits are about 0.1 weight percent, depending on the element
and matrix (Williams '05). Conducting materials that allow the transport of the incident beam
electrons do not need any handling of the sample. However, for poor conductors or insulators, a
conducting layer that does not modify the topography needs to be added. This is achieved by
coating the sample in vacuum with gold or platinum (for EDS) using a sputter coater. The SEM
pictures were taken with a Zeiss Ultra 55 and a Zeiss Supra 50 VP! (Carl Zeiss NTS GmbH,
German). The electronic conductivity of the samples was enhanced by sputter deposition of a
thin platinum layer prior to the analysis. HITACHI S4800 SEM at ORNL was also used for the

analysis of the stability tested samples.

Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) utilizes energetic electrons to provide morphological,
compositional and crystallographic information on samples. The beam of electrons is transmitted
through an ultra-thin specimen (< 200 nm), interacting with it as the beam passes through. The
electrons that are not absorbed by the sample are detected forming a two dimensional image,
which is magnified and focused onto an imaging device (Ruska '87). Two different TEM sources
were used for the investigation of the dual phase membranes as listed below; Scanning
transmission electron microscopy high angle annular dark field (STEM-HAADF) imaging and
electron energy loss spectroscopy (EELS) was performed by using Cs probe corrected FEI-Titan
80-300 operating at 300 kV. Electron-transparent specimens were prepared from as-sintered
pellets using the traditional approach which includes ultrasonic drilling, mechanical polishing

and Ar’ ion milling at 5 keV. The scanning transmission electron microscopy (STEM) images
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were acquired using Zeiss Libra 200FE equipped with a cold FEG source operated at 200 KV,
HAADF detector from Fischione and X-Flash EDS detector from Bruker. ESPRIT software was
used to analyze and build the EDS elemental maps. TEM lamellas were prepared by means of a

FIB (Focused-Ion Beam).

Time of Flight - Secondary Ion Mass Spectroscopy (ToF-SIMS)
Secondary Ton Mass Spectroscopy is a surface analysis technique where the thin film is sputtered
with a focused primary ion beam. The emitted secondary ions are accelerated into a mass

spectrometer and their time of flight (t) from the sample surface to the detector over a distance

(L) is given by
m \1/2
t=L (zzvac) ’ (19)

where m/z is mass-to-charge ratio of the ions and V. is the accelerating voltage (Benninghoven
'94, Williams '85). The SIMS method was used to identify the phase interaction and
transformation encountered between the fluorite substrate and spinel thin film during the
annealing process to form the third phase, an orthorhombic perovskite. The depth profile mode
of analysis in ToF-SIMS is used to determine the distribution of difference chemical compounds
as a function of depth from the surface. The depth profile of FCO coated CGO substrate to a
penetration depth estimate of about 0.5 pm (assuming 3 pm per hour sputter rate) was carried out
using ToF-SIMS 4 (IonTOF, Germany) with Cs ion beam for sputtering (2 KeV) and Bi gun
(25KeV) for analysis.

3.3. Membrane Performance

Electrical conductivity

The ambipolar conductivity can be calculated from the oxygen flux permeation measurements
done experimentally. But in order to investigate whether ionic or electronic conductivity is the
limiting factor on overall bulk diffusion rate of the dual phase compound, it is necessary to
calculate the total conductivity of the compound as well. According to equation 20:

Otot = 0; + 0¢ (20)
Electrical/total conductivity is the sum of ionic and electronic conductivity of a compound. In

case of single phase MIEC or dual phase composite materials containing both ionic and
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electronic conductivity, the calculated ambipolar conductivity and measured total conductivity
can be assumed to represent the ionic and electronic conductivity of the materials. These values
help understand the conductivity limitations on oxygen flux of OTMs irrespective of parameters
such as T, pop and L (Czyperek '09, Sunarso '08). Electrical conductivity measurements are
conducted by standard Four-point DC technique. Compared to two-point measurements, this

configuration eliminates the influence of the contact resistance and wiring.

R
~ o

V\ /V'

Figure 19 Four point configuration for DC conductivity measurements (Ramirez '13).

Rectangular bar sample configuration is used in DC-conductivity measurement. The sample
preparation involves, uniaxial pressing of powders at 80 MPa for 2 minutes into rectangular
probes (5 x 0.5 x 0.5 cm®) and subsequently sintering at 1200 °C for 5 h in air atmosphere. The
rectangular bars are then contacted using silver wire and paste, as shown in Figure 19. The
measurements are carried out in a temperature range from 600 to 850 °C by heating and cooling
down at 3 °C/min in atmospheric air in a tubular oven. The I-V slope provides the resistance
imposed by the sample, from which the electrical conductivity (o) is extracted by applying the
Ohm’s law:
I 1

Otot = "R (21)
Where /is the distance between contacts, a is the width and 5 is the thickness of the sample and
R, the resistance of the material. The conductivity measurements are done by varying the
temperature in the range of 600 — 900 °C and the activation energy E, was analyzed on the basis

of Arrhenius behavior

o(T) = (A/T) exp(—=Eq/kT) (22)
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In case of dual phase compounds such as CGO-FCO which is a combination of an ionic and
electronic conducting phase, the measured total conductivity predominantly represents the

electronic conductivity of the compound.

He-leak test
The gas tightness of the membranes was evaluated by He-leak test. He-leak test is based on
measuring the amount of helium gas passing through a leak in the sample for a period of time
and depends on the pressure difference as well as the size and geometry of the leak path. Helium
is added to one side of sample, and a vacuum is drawn on the other side of the sample. The
container is pumped as long as a constant pressure p is set using two vacuum pumps. In this
equilibrium, He-flow was measured using a He-leak detector (Qualytest HTL 260, Pfeiffer
Vaccum GmbH, Asslar, Germany). He leak rate R is calculated from the measuring area of the
sample A as follows:
L paw

R=—. 23

A At 23)
where p, v and t are pressure, volume and time respectively. The He Leak test of the sintered
pellets showing values close to 10™- 10 mbar I/cm?s confirm gas tightness appropriate for

permeation test.

Oxygen flux permeation measurement

Oxygen permeation measurements can be carried out using a 3-end mode or 4-end mode set up.
In this work, I have used 4-end mode permeation set up as shown in Figure 20. In this set up, the
feed side has an inlet for the feed gas air and an outlet for the oxygen depleted air. Similarly on
the sweep side, an inlet for the sweep gas (e.g. Argon) and an outlet for the oxygen enriched
sweep gas or permeate gas. The permeate gas is then passed through a mass spectrometer or
oxygen analyzer to obtain the oxygen concentration addressing N, leakage if any to obtain the

oxygen flux of the membrane.
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4-End mode
Feed gas depleted Feed

mEEEEEEEEEEEEEEEEEEEEEEEEEE, gas

sweep gas
Pe enriched sweep gas

Figure 20 A schematic of a 4-End mode permeation set up

Dense membrane disks were subjected to 4-end mode permeation measurements on a cylindrical
two chambers quartz reactor schematized in Figure 21. The inner chamber is 16 mm diameter
with a flat holed bottom that supports the membrane. The dense membranes of 14.6 mm
diameter are sealed with the help of 15 mm gold rings on both sides. Gold being inert and ductile
was chosen to seal the membrane when heated at temperature >1000 °C and pressed by a spring
sited in the lid. Oxygen was separated from feed gas air using argon as sweep gas. The flow rate
of all gas feed streams was controlled using mass flow controllers (MFCs). The standard flow
rates (F) used were 50 mL min ™" for feed and 250 mL min~" for sweep. The mass spectrometer
(Omni Star, Pfeiffer vaccum US) measured the gas content of the peremate. The oxygen
concentration x(0O;) is calculated addressing the leakage correction of N, concentration in the
peremate gas. Hence oxygen flux permeation is calculated from O, concentration in Ar flow for
an effective area (A) of the membrane by the following equation:

J(0;) =

%0, (permeate) Far
100-%0,(permeate) = A

24)
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Permeate

Retentate

Figure 21 Quartz experimental setup and its schematic 4-end mode permeation measurement.

High pressure permeation measurement

High pressure is one of the attribute of the harsh ambience in an industrial application. Thus
when high pressure application oxygen permeation measurement was possible at ORNL,
utilizing the opportunity, a steel version of 4-End mode permeation setup, designed and made at

IEK-1 as shown in Figure 22, was taken to ORNL during the second visit.

Figure 22 The 4-End mode steel permeation setup (left), CGO-FCO sintered pellet soldered to
Crofer 22 APU gasket using AgTiCu based alloy, heat treated at 900 °C, SEM image of the cross
section (right)

Apart from the permeation setup design, obtaining gas tight samples sealed to steel gaskets to

withstand this high pressure application was a challenge. Addressing the issue, the sintered
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sample was sealed along the edges to a Crofer® 22 APU (ThyssenKrupp VDM GmbH,
Germany) steel gasket. Crofer® 22 APU is a high-temperature ferritic stainless steel which is
thermodynamically very stable at temperatures up to 900 °C and its low thermal expansion
coefficient matches with CGO-FCO (12-14 x 10 K'l) (Data_Sheet_VDM_Crofer_22_APU).
The Crofer 22 APU steel gasket of outer diameter 25 mm and inner diameter of 10 mm is
soldered to the sample along the edges using AgTiCu alloy paste followed by heat treatment at
900 °C as shown in Figure 22. The 4-End mode permeation setup was connected with mass flow
controllers (MFCs) and pressure gauges on both sides to control the feed and sweep gas flow and
pressure during the permeation measurement. Feed gas of Air was supplied at the flow rate of
250 ml/min with 5 bar pressure application. On the sweep side, Ar was allowed to flow at the
rate of 100 ml/min in atmospheric pressure (1 bar), while output flow was directly passed
through an oxygen analyzer to monitor O,% periodically through the course of the experiment

(Figure 23).

Furnace

. 4-End mode .
Oxygen depleted air Oxygen enriched argon
2 -5 bar
= B [
Air Argon
250 ml/min 100 ml/min

Figure 23 A sketch of the peremation measurement set up. PG — Presssure gauge, MFC — Mass
flow controllers, OA — Oxygen analyzer

Stability Testing

OTMs require long term stability in presence of aggressive atmospheres such as high pressure,
flue gas containing CO,, SO, H,O and dust at operating temperature on application in oxyfuel
combustion. Thus stability testing in the presence of gases such as combinations of CO,, SO,
H,0 and O, were investigated. The samples were ground to the size 10 mm diameter to ensure

optimal fitting into the apparatus available at our colloborative project partner, Oak Ridge
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National Laboratory. 4 sets of the samples were prepared for carrying out the stability testing in

varying combinations of gas mixtures as listed below;

1.

2
3.
4

Pure CO,

250 ppm of SO, in CO;,

250 ppm SO; + 5 vol% O, in CO,

250 ppm SO; + 5 vol% O, + 2.5 vol% H,O (saturated at room temperature) in CO,

The samples were annealed in the furnace at 850 °C for 16 h allowing the above mentioned gas

mixtures to flow through for the dwell time of the furnace. The samples were characterized post

annealing test for their phase stability.
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4. Results and Discussion

4.1. Material Selection

In the pre-selection Material review section, all the past literatures were accumulatively
compared evaluating their performance and stability, to identify the most significant ionic
conductor (Phase A) and electronic conductor (Phase B) combination. Doped ceria with its high
ionic conductivity superior stability was chosen as the ionic conducting phase or Phase A of the
dual phase membrane (Fagg '09). In case of Phase B, a choice of either a pure electronic
conductor or MIEC material is possible. Hence for Phase B, spinels, perovskites and MIEC
perovskites were investigated. Nevertheless, most of these materials possess electronic
conductivity predominantly orders of magnitude higher than the ionic conductivity of doped
ceria. Thus, a material with reasonable electronic conductivity (equivalent to ionic conductivity
of doped ceria) with high stability was the main criteria for selection. Phase A - CegGdy202-5
(CGO) combined with different Phase B materials investigated in this section are shown in Table

4.

Table 4 Dual Phase membranes with 60 wt % ionic conducting phase and 40 wt % electronic
conducting phase were pechini synthesized and investigated.

Compound Name Chemical Composition PSD in pm

D10 D50 D90

CGO-FCO CeGdp202-5 - FeCo,04 0.54 0.77 1.14
CGO-MCO Ce3Gdy203.5 - MnCo0,04 0.59 0.85 1.37
CGPO-FCO CepGdy1Pr.102.5 - FeC0,04 0.58 0.78 1.04
CGPO-MCO Ceo.8Gdg.1Pr9102-s - MnCo,04 0.55 0.80 1.18
CGO-LNO Ce8Gdp202.5 —LazNiO4 0.48 0.67 0.92
CGO-LNC CeGdy203.s —LazNig5C0503 0.53 0.72 0.99
CGO-FCrO Cep8Gdp203.5 - FeCr,04 0.80 1.19 1.9
CGO-CoO CepGdp 20,5 - CoO 0.90 1.50 2.52
CGO-STF35 Ce.8Gdo202-s - SrTigesFeq 2503 0.60 0.91 1.37
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4.1.1. CEOQBGdo.zoz_g -M(C0204), M=Fe, Mn

Gd doped ceria was chosen as the Gd dopant provides the high ionic conductivity while Pr was
also added (not in all samples), as it exhibits electronic conductivity to a certain extent (Fagg '09,
Schmale '11). Initial experimentation work started with Fluorite — Spinel combination powders
based on in house experience (Kringe '10, Lipinska-Chwatek '15). These compounds were

synthesized by Pechini process, pressed and sintered to obtain dense pellets.

CGPO-FCO|

CGPO-MCO

J CGO-FCO

CGO-MCO

Ce,,Gd,.0,,

| | | | 1 i
| FeCo,0,

| | 1 | 1 1 | | Lt L 11

| | MnCo,0O,

1 | 1 | L [ |
20 40 60 80
20(°)

Intensity (a.u.)

Figure 24 XRD plots of the sintered dual phase pellets CGO-FCO, CGO-MCO, CGPO-FCO and
CGPO-MCO (the compounds are mixed in 60 wt% fluorite to 40 wt% spinel proportion).

XRD analysis of the sintered dual phase compounds showed presence of additional peaks apart
from the spinel and fluorite phases as shown in Figure 24. The crystallographic phases matching
the peaks of the XRD plots are listed in Table 5 for each dual phase compound. In case of CGO-
FCO and CGPO-FCO compounds, presence of Gd and/Pr rich Fe oxide phase might contain
traces of Co and Ce due to slight shift of the intensity peaks identifying the orthorhombic
perovskite (GdFeOs) phase in XRD analysis. Similarly for CGO- MCO and CGPO-MCO, Gd
and/Pr rich Co and Mn mixed oxide match the peaks of orthorhombic perovskite obtained

through XRD analysis.
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Table 5 Crystallographic phases identified by XRD analysis of the sintered dual phase pellets
(mixed in 60 wt% fluorite to 40 wt% spinel proportion). Green and purple cells indicate presence
of peaks matching additional phases.

Compound Phase 1 Phase 2 Phase 3 Phase 4

CGO-FCO | Cubic ceria Cubic spinel Cubic rock salt Orthorhombic perovskite

CGO-MCO | Cubic ceria Cubic spinel Cubic spinel Orthorhombic perovskite

CGPO-FCO | Cubic ceria Cubic spinel Orthorhombic perovskite
CGPO- . . . . . .
MCO Cubic ceria Cubic spinel Orthorhombic perovskite

The XRD plots were zoomed between 26 = 20 — 50 ° to get a closer look at the additional peaks
(Figure 25). The peaks between 26 = 20 — 30 ° and at 33 ° indicate the presence of an
orthorhombic perovskite phase (Green). While the peak at 20 = 44 ° (Purple) indicate the

presence of rock salt phase (spinel decomposition to rock salt) in case of Fe, Co Spinel.

CGO-FCO
-
3
o CGO-MCO
>
=
(73]
©
'E | ] Ceo EG|do 202—5
| FeCo,0,
| ] | 1
| MnCo 0O,
I I 1
20 30 40 50

20(°)

Figure 25 XRD plots of CGO-FCO and CGO-MCO sintered pellets. Green box — orthorhombic
perovskite peaks and purple box —rock salt phase observed in CGO-FCO.
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Cross section of the sintered samples was further investigated by SEM analysis. CGO-FCO
compound shows the presence of Gd rich third phase (grey) in addition to Ceria based fluorite
phase (white) and (Fe, Mn) Co based spinel phase (dark grey) as shown in Figure 26. Similarly,
presence of Gd and/or Pr rich perovskites phase was observed in addition to the fluorite and

spinel phases for the other three dual phase compounds as well.

Figure 26 SEM images of the four dual phase composites mixed in 60 wt% fluorite to 40 wt%
spinel proportion after sintering at 1200°C for 10 h. Phase 1 — CGO, Phase 2 — (Fe, Mn) Co, Phase
3 — Perovskite.

The He Leak test of the sintered pellets had values close to 10°%°- 10 mbar I/cm’s confirming
gas tightness appropriate for permeation test. The permeation results of the four dual phase
compounds are shown in Figure 27. LSCF permeation results are also included in the plot as
reference O, flux, considered more as a reference and target output expected from the dual phase
material to be selected for the future experimentation work. At the intended operating
temperature of 850 °C, O, flux of CGO-FCO, CGO-MCO, CGPO-FCO and CGPO-MCO

compounds are relatively similar and almost half of O, flux measured in LSCF sample. Dual
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phase membranes are more prone to surface exchange limitations in comparison to single phase
LSCF MIEC membrane and hence the measured flux is expected to increase with surface
activation. Addressing the surface limitations, the short listed dual membrane were surface
activated and the results will be discussed in the later part of this chapter. Avoiding Pr and Mn
dopants in the composite would enhance the stability of the dual phase membrane. Hence CGO-
FCO composite was short listed among these four composites though the performance and

microstructure of all four composites were similar.
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Figure 27 Permeation test of CGO-FCO, CGO-MCO, CGPO-FCO and CGPO-MCO dual phase
pellets (mixed in 60 wt% CGO to 40 wt% spinel proportion) compared to LSCF for reference.

4.1.2. Ceo_ngo_zoz_s - CoO

Though CGO-FCO seems to be the composite of interest among the materials investigated so far,
the spinel decomposition to rock salt phase and formation of perovskite phase by interacting with
fluorite phase lead the path to explore alternate electronic conductors. This rock salt phase or
monoxide phase has the NaCl type crystal structure. CoO is a high temperature stable phase in a
Co-O system with p-type semi-conductivity and cation deficiency making it a good electronic
conductor (Chen '03). In reference to electrical conductivity measurements of transition metal
group based oxides and spinels, the total conductivity of CoO was high enough to be substituted

for FeCo,0, spinel phase in the dual phase composite to avoid multiple phase formation (Kiefer
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'08). Hence the idea of combining CGO with CoO was realized experimentally for achieving

equally efficient dual phase membrane with single electronic and ionic phases as required.
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Figure 28 The Fe—Co oxide phase diagram in air at 1000-2100 K. x is 2 in Co x Fe 3-x O 4+ 5 for
the dual phase compound of our interest (Hansson '05),

CGO-CoO dual phases composite was Pechini synthesized calcined at 700 °C for 15 h and ball
milled for 24 h. The XRD analysis of the powder showed presence of CGO and Co30, phases.

a)

Figure 29 60 wt% CGO - 40 wt% CoO sample a) Sintered @1200 °C with cooling rate 3 K/min, b)
Sintered @1200 °C with cooling rate 0.5 K/min, c¢) Powder calcined @1000 °C in Ar and sintered
@1200 °C 1hin Ar
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On sintering at 1200 °C CoO was expected to be formed as identified in Figure 28. Sintering
attempts were made at 1200 °C for 10 h with both fast (3 K/min) and slow (0.5 K/min) cooling
rate, but the samples cracked severely as shown in Figure 29 a & b. XRD analysis showed only
traces of CoO in addition to Co30, spinel phase after the sintering process. The visible cracks are
attributed to volume expansion during rocksalt to spinel and vice versa phase transformation
during the sintering process (Bahlawane '09). The major conclusion from these results is the
difficulty to arrest the intended CoO phase during sintering process in accordance with Figure 28
and volume expansion that accompanies the phase transformation causing the samples to crack.

Another approach was calcining the powder at 1000 °C in Ar atmosphere to arrest rock salt
phase and avoid phase transformation due to lack of oxygen availability, this also means
sintering the pellet in reducing atmosphere to hold onto to the rock salt phase. This approach
failed since the calcined powder was coarse and was not densified after sintering. Also
considering the application of the membrane is oxygen separation; this approach would not be a
viable option to manufacture even if it had been successful. Based on all the failed approaches

listed above, this dual phase combination was also shelved.

4.1.3. CeOOBGdo.zoZ_g - FeCr204

In contrast to avoiding Fe to eliminate multiple phase formation in the previous case, Cr was
used as a replacement option for Co to avoid the secondary phase observed in case of CGO-FCO
composite. Pechini synthesized CGO-FCrO powder was calcined at 700 °C for 15 h (similar to
CGO-FCO synthesis procedure). The pressed pellets were sintered at temperatures ranging from
1200 °C to 1400 °C in air and 1200 °C in Ar atmosphere as well, in an attempt to obtain gas tight
samples, but were proven to be unsuccessful. XRD analysis also indicated that required spinel
phase was not formed in any of the above mentioned sintering conditions (Figure 30). Many
peaks matching different unintended perovskite phases were observed (Green shaded region),
while some spinel peaks disappeared (purple shaded region). Problem of densification and
formation of unintended and undesirable phases has led to discontinuation of future focus on this

dual phase composite.
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Figure 30 XRD plot of 60 wt% CGO-40 wt% FCrO composite as powder, sintered in air and argon

at 1200 °C. Green region — uninteded perovskite phase peaks and purple region — spinel peaks
disappear.

4.1.4. CeogGdy 0,5 - SrTig esFeg 3503

MIEC materials in place of pure electronic conductors could be a significant combination with
ionic conductor in a dual phase composite. Based on prominent mixed conductivity of STF along
with its good chemical and thermal stability (Schulze-Kiippers '15), CGO-STF was considered a
potential dual phase composite to exhibit substantial O, flux. The Pechini synthesized powder

was calcined at 900 °C for 10 h and ball milled for 48 h.
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Figure 31 XRD plot of 60 wt% CGO — 40 wt% STF as powder and sintered (1400 °C for 5 h)
pellet with the intended phases.

The pressed pellets were sintered at 1400 °C for 5 h to obtain gas tight samples. XRD of the

powder and sintered pellet confirmed the presence of fluorite and perovskite phase as expected,

shown in Figure 31.

Figure 32 SEM image of 60 wt% CGO — 40 wt% STF pressed pellet sintered at 1400 °C for 5 h.
Left — Varying grain size of phases, Right — inhomogenous distribution of phases.
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SEM images also confirmed the presence of only 2 phases distributed through the sample,

though the grain size of the phases were not homogeneously distributed as shown in Figure 32.
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Figure 33 oxygen flux of 60 wt% CGO — 40 wt% STF compared to 60 wt% CGO — 40 wt% FCO,
single phase STF and LSCF.

The O, flux of the CGO-STF seemed to be in par with CGO-FCO (the other dual phase
composite of interest) as shown in Figure 33. Interestingly, STF35 as single phase MIEC pellet
had higher O, flux than the dual phase composite which is not clear, since the ionic conductivity
of CGO is higher than STF (Molin '12). Hence permeance and permeability are calculated from
their O, flux measurements, normalizing the impact of pressure gradient and membrane
thickness. The Arrhenius behavior of the permeance clearly depicts the ambipolar conductivity

as the driving force of normalized permeation rate, thus equation (7) can be written as:

]
Permeance = ——; (25)
p 0,
In—22
P o,

]Oz
plo
111"—2

P'0,

Permeability =

* [,

Q

o,T (26)

Permeance and permeability of the composite were calculated using the O, flux measurements of
the CGO-STF membrane. In the permeability plot Figure 34 is shown to normalize the flux value

taking into account the partial pressure and thickness since STF was of thickness 0.15 cm while
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CGO-STF was 0.13 cm. Enhancement factor n was calculated from the ratio of permeability of

CGO-STF and STF to understand the influence of CGO in case of the dual phase compound.
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Figure 34 Permeability plot of STF and 60 wt% CGO — 40 wt% STF along with their enhancement
fator

At high temperatures above 850 °C, the reduction of enhancement factor is in accordance with
the vol % of CGO present in the composite. And at lower temperatures, enhancement factor
further reduces potentially due to surface exchange problems. Single phase STF material is found
to be unstable in CO,, SO, and H,O gas mixtures conducted as a parallel experiment. Hence it
can be concluded that STF as Phase B in the dual phase membrane for oxyfuel combustion is not
a viable option. Nevertheless, STF as single phase MIEC membrane can be applied tomembrane

reactor applications as it is CO stable.

4.1.5. CeOQBGdQ.zoz_g - LazNi0.5C00.503

Strontium free perovskite material with fluorite was another possible dual phase combination
worth exploring with chemical stability as an important criterion; Hence dual phase compound of
60 wt% CGO with 40 wt% LNC (LayNipsCop503) perovskite , a pure electronic conductor (Tietz
'16) was investigated. The powder was synthesized by Pechini route from their nitrates followed
by calcination at 900 °C for 4 h and ball milled for 24 h. The synthesized powder was subjected

to XRD analysis as shown in Table 6. Unfortunately expected phases were not formed. NiO and
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Gd,03 were identified from the additional peaks indicating the decomposition intended phases
which might eventually affect the oxygen transport. Obtaining these compounds with only
desired two phases via Pechini process have proven to be unsuccessful. Hence this combination

was not further investigated.

Table 6 XRD analysis of Pechini processed 60 wt% CGO with 40 wt% LNC dual phase
compound as powder

Compound Phase 1 Phase 2 Phase 3 Phase 4
LaCoy sNig 50; -

CGO-LNC CeQ, - Cubic Gd,0; - Cubic NiO - Cubic
Rhombohedral

Thus, these powders were not further investigated considering the multiple phases in the powder

form in addition to reactivity of lanthanum with other compounds.

4.1.6. CEo_ng0_202_5 - LazNiO4

Alternative option as a significant electronic or MIEC phase was K,NiF, structure material. So,
dual phase composite CGO with Lanthanum Nickelate (LNO) was investigated. Pechini route
synthesized powder calcined at 900 °C did not possess the expected phases due to reactivity of

La with Ce and Gd and NiO formation similar to behavior observed in CGO-LNC composite.

Table 7 XRD analysis of Pechini processed 60 wt% CGO with 40 wt% LNO dual phase
compound as powder

Compound Phase 1 Phase 2 Phase 3 Phase 4
La3NiO7 -
CGO-LNO CeO, - Cubic Gd,03; - Cubic NiO - Cubic
orthorhombic

The possible reason for more than 2 phases formed by Pechini process could be inadequate
calcination temperature since Lanthanum Nickelate has a tendency to easily form more than one
phase that is only stable at temperature above 1000 °C in air (Bannikov '06, Gauquelin '09, Rice
'93).

In an effort to control the reactivity of the compounds observed in Pechini route, CGO-LNO dual

phase compound was synthesized by conventional solid state reaction method. Commercially
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available individual phase powders 60 wt% CGO and 40 wt% LNO (Treibacher Industrie AG,
99%) were mixed by milling in a planetary ball mill for 48 h. The synthesized powder was
pressed and sintered to obtain dense samples. Gas tight CGO-LNO pellet was obtained when
sintered at 1400 °C for 5 h. XRD analysis showed presence of only CesO; and NiO phases on
both sides of the pellet. Figure 35 shows the SEM analysis indicating about 20 pm from surface
into sample was leached off the second phase on one side (left) whereas the other side of the

surface seems to have second phase (right).

Figure 35 SEM images of 60 wt% CGO with 40 wt% LNO sample sintered at 1400 °C. Side a —
Leached 2™ phase (grey), side b — 2™ phase (grey) visible.

To better understand potential decomposition of Lanthanum Nickelate phase, a sintering study
was carried out from 1200 ° to 1400 °C with every 50 °C increment and the samples were
analyzed by XRD as shown in Figure 36. XRD analysis showed that Ce,O; was formed under
varying sintering temperature which contributes to the ionic conductivity. But Lanthanum
Nickelate tends to form nickel rich Ruddlesden-Popper phase (LaszNiO7) (Gauquelin '09) which
transforms to La,NiO,4 phase with increasing sintering temperature as reported in Table 8.
However, with further increase in sintering temperature, LasNiO; and La,NiO,4phases (decompose
to NiO (green region) around temperatures 1300 °C and higher as shown in Figure 36 and Table
8. Since 1400 °C is necessary for obtaining gas tight pellets, sintering at temperature above 1300

°C is critical.
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Figure 36 XRD plot of 60 wt% CGO with 40 wt% LNO sintering study. NiO (green shaded
region) formed around temperature >1300 °C, LNO peaks ( purple shaded region) only visible in
powder, 1250 °C to 1350 °C

Table 8 Crystallographic phases identified by XRD analysis of 60 wt% CGO with 40 wt% LNO
sintering study samples

CGO-LNO sintering
Phase 1 Phase 2 Phase 3
Temperature (°C)
1200 Ce,;0; - Cubic La3;NiO; - Orthorhombic
LazNiO4 =
1250 Ce40; - Cubic LazNiO; - Orthorhombic
Tetragonal
1300 Ce,0O; - Cubic La,NiO, - Tetragonal NiO - Cubic
LazNiO4 =
1350 Ce,0; - Cubic NiO - Cubic
Tetragonal
1400 Ce,0O; - Cubic NiO - Cubic
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Permeation test of CGO-LNO sintered at 1400 °C for 5 h showed very low O, flux in
comparison to CGO-FCO as shown in Figure 37. The poor O, flux could be explained based on
the unstable phase transformation and secondary phase formation during sintering process, as
well as the inhomogeneous distribution of the phases observed in SEM analysis affecting the

percolating network of the membrane.
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Figure 37 Permeation test of 60 wt% CGO with 40 wt% LNO sintered at 1400 °C

Thus considering the complications addressed during development of Fluorite - Lanthanum

Nickelate based membranes, these combinations will not be investigated further.

4.1.7. Conclusion on Section 4.1

Summarizing the material selection section, several pure electronic conductors and MIEC
materials were screened in combination with CGO for selecting the most promising dual phase
composite. Pure electronic conductors such as CoO, FeCr,0,4 and La;Nips5Coys503 mixed with
CGO involved process difficulties in obtaining the desired dense dual phase membranes. In case
CGO combination with MIEC, CGO-LNO again showed processing difficulties and poor oxygen
permeation performance. However CGO-STF had reasonable oxygen permeation though phase
interaction would still be a concern. Nevertheless, with chemical stability as one of the main
criteria, avoiding Pr and Sr containing combinations would be more advantageous. Hence CGO-

FCO has been chosen as the material of interest for the research objective of this PhD thesis.
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4.2. Cey3Gdy ;0,5 - FeCo,0, Dual Phase Composite

The 60 wt% CGO combined with 40 wt% FCO to form the dual phase composite was chosen as
the OTM material of interest. This dual phase membrane was subjected to detailed
characterization to identify the phases present, understand the phase interaction and secondary
phase formation. The impact of such interactions and additional phase formations on the oxygen
permeation of the membrane was further investigated. In this section, optimization of composite
microstructure has also been focused by experimenting different powder synthesis routes and

alternate pressure induced sintering processes of the chosen dual phase membrane.

4.2.1. CGO-FCO Phase Evolution

The XRD plot of the CGO-FCO dual phase pellet after sintering at 1200 °C for 10 h, showed
presence of the CGO and two cubic spinel phases, matching Co rich and Fe rich spinels, in
addition an orthorhombic perovskite (GdFeO3s), and a Co rich rocksalt phase (CoO) were also

present (Figure 38).
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Figure 38 XRD plot of 60 wt% CGO — 40 wt% FCO as powder, sintered at 1200 °C for 10 h,
annealing sintered sample at 850 °C for 100 h (marked as 2S-850 °C) and sintering at 1200 °C for
10 h with additional slow cooling from 900 °C to 800 °C (marked as SC)
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A post annealing test of the sintered sample in
air at the targeted operation temperature of
850 °C for 100 h showed disappearance of
the rocksalt phase, while the two spinel
phases as well as the perovskite remain in
accordance with Figure 28. The phases were
quantified by Rietveld refinement as shown in
Table 9. At 850 °C two spinel phases with
different Co-doping concentrations are in
equilibrium, differing in the lattice parameter

due to the different Co/Fe-ratio. The lattice

parameters of both the spinel phases are

determined from the Rietveld refinement of

the sintered sample. Using the calculated

lattice parameters in the Vegard’s plot (Figure

39), the doping concentration of Co is estimated as 1.85 and 2.65 for the larger and smaller unit

cell, respectively.

Table 9 Quantification of the phases formed in 60 wt% CGO — 40 wt% FCO composite after
sintering using Rietveld analysis.

Sintered at 1200 °C, 10 h Annealed at 850 °C, 100 h
Crystal system-structure | Fraction wt | Lattice parameter | Fraction wt | Lattice parameter
% a(d) % a(d)
CGO (Cubic — Fluorite) 58 5.417 73 5.418
14 8.309 11 8.300
FCO (Cubic - Spinel)
18 8.147 7 8.159
(Co, Fe)O (Cubic -
3 4.260 - -
Rock salt)
GdFe (Ce,Co) O3 a=5.337 a=5.336
Orthorhombic - 7 b =5.612 9 b=5.613
Perovskite c=17.653 c=7.656
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However, the phase equilibrium of the CGO W k"? A ‘\
phase in the composite is affected because of
the formation of the additional perovskite
phase, GdFeO3. Therefore, the spinel phases
show Fe depletion. Moreover, the phases

might change during cooling and particularly

in the sintered sample do not represent the
thermal equilibrium at sintering and

annealing temperature, respectively. Figure

40 shows the backscattered electrons SEM
Figure 40 SEM image of 60 wt% CGO — 40 wt%

image of the sintered (1200 °C, 10 h) FCO marked with Phase 1 —Fluorite, Phase 2 —

composite with the presence of three phases Perovskite and Phase 3 — Spinel.

marked. These results confirm the formation of a Gd, Fe rich perovskite phase (medium grey)

besides the desired CGO (light grey) and spinel (dark grey).

Electron Image 1

Tum CoKal

Figure 41 SEM image with elemental mapping of the compounds present in 60 wt% CGO — 40
wt% FCO composite.
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The SEM elemental mapping of the zone in Figure 41 shows the presence of Gd and Fe in the
same medium grey grains, while spinel grains show strong Co with deprived Fe in most places.

Nevertheless, the different spinel phases cannot be resolved with SEM/EDS.

CeGdO

Pore
GdFeCeCoO

:‘ 20 nm

Figure 42 STEM-HAADF image of the 60 wt% CGO — 40 wt% FCO sample showing the presence
of additional phases (left). Higher magnification image of the boundary phase present in FCO grain

(right)

For more detailed analysis STEM-HAADF imaging and EELS was performed on as-sintered
sample which further confirmed the presence of the orthorhombic perovskite phase (GdFeO;
with traces of Ce and Co). Moreover, STEM-HAADF image shows the presence of grain
boundary phase located only in the grain boundary between fluorite and spinel or perovskite and
spinel, but not between two spinel grains (Figure 42). EELS analysis identified that the grain
boundary phase is reduced in oxygen content as shown in Figure 43. Apparently, this is the
rocksalt phase identified in XRD. Summarizing the structure investigation revealed that an
orthorhombic perovskite phase forms at sintering temperature of 1200 °C that remains stable.
Although this phase formation was not intended, it forms single grains that are not blocking any
ion or electronic conducting pathways (Shaula '04). This might tend to slightly reduce the
effective cross section for permeation. On the other hand, the presence of Ce and Co in the

GdFeO; lattice might introduce certain conductivity that is clarified in the following section. Lin
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et al have stated the presence of the third phase, orthorhombic perovskite which provided added

ionic conductivity to the dual phase composite (Lin '15).
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Figure 43 Characteristic EELS spectra recorded from the grains in 60 wt% CGO — 40 wt% FCO
sample

The major conclusion is that the percolating phases exist enabling simultaneous ionic (CGO) and
electronic (spinel, rocksalt) conduction. Hence, the composite can still be considered as a MIEC

material (Ramasamy '16).

Gdy g5Cey.15F€0.75C00.2503 (GCFCO) perovskite phase

The STEM-HAADF and EDS element mapping of CGO-FCO sample revealed the presence of
GdFeO3 perovskite phase, in which a minor content of Ce and Co was also dissolved. Hence a
semi-quantification of the perovskite phase was determined from the EDS element mapping of a
particular region in the composite. This semi quantified values of each element for a particular
perovskite grain as shown in Figure 44 were taken into account to frame a stoichiometric
composition Gdp gsCeg 15Feg.75C00.2503. Since Ce and Gd peaks overlap making the quantification
of the elements difficult. The CL factor calculated from Cliff-Lorimer method is used for the

quantification of the elements in the EDS mapped image.
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Spectrum
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Figure 44 STEM-HAADF image, EDS element mapping and semi-quantitative results of 60 wt%
CGO - 40 wt% FCO sintered sample annealed at 850 °C for 100 h in air.

This Gdg gsCep 15Fep75C002503 (GCFCO) individual phase was synthesized by Pechini process,
pressed and sintered into dense samples at 1400 °C for 5 h. The performance of the individual

phase along with the dual phase membrane is discussed in section 4.2.2.

Optimized Conventional sintering

DTA/TG analysis (Figure 45) of the CGO-FCO powder showed mass loss associated with
endothermic reaction while heating up between 900-1000 °C, this confirms the phase
transformation of spinel into rocksalt phase as shown in the phase diagram of the Fe-Co-O
system. The reversible phase transformation of rocksalt phase to spinel phase associated with
balancing mass gain occurs during cooling down between temperatures 900-800 °C again
supporting the phase diagram of the Fe-Co-O system. This mass loss and gain during the heating
and cooling process can be attributed to the change of cobalt valence state and resulting oxygen

exchange with the gas phase associated with the phase transformation.
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Figure 45 DTA/TG analysis of 60 wt% CGO — 40 wt% FCO powder subjected to sintering cycle at
3 K/min upto 1200 °C and back in air.

The composites sintered at 1200 °C with standard heating and cooling rate tend to show
distributed micro-cracks on both sides observable after polishing. These micro-cracks could be
related to the phase changes observed in the DTA/TG analysis. The post annealing experiment in
air at the targeted operation temperature of 850 °C for 100 h, revealed the absence of rocksalt
phase, while the two spinel phases as well as the perovskite remain. Thus, the sintering cycle was
modified to include slow cooling rate (0.5 K/min) between 900-800 °C in order to accommodate
the time necessary to reach thermal equilibrium of the phases. Indeed, micro-cracks were no
longer observed following this procedure. In addition, the XRD plot of such sintered pellet
showed no traces of rocksalt phase resembling the post-annealed sample thus validating the

modified sintering procedure.

Phase interaction study

In order to investigate the phase interaction noticed in the composite with more depth, a
systematic study was performed with support from Christian Doppler Laboratory project group.
The experiment involves PLD coating FCO thin layers on polycrystalline CGO substrates,

performing annealing experiments and analyzing the pre and post annealed samples by X-ray
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diffraction. Polished CGO pellets, PLD coated with FCO were subsequently subjected to
different annealing temperatures for varying dwell times to investigate the phase interaction and
hence the formation of the orthorhombic perovskite phase. In XRD measurements directly after
PLD-deposition, the samples show patterns of CGO, as well as two spinels — nominally Co-rich

and Co-lean phases.
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Figure 46 STEM-HAADF image of a CGO substrate PLD coated with FCO layer (100 nm) as
deposited and tungsten coated on top during FIB lamellar sample preparation for STEM analysis
(left). Annealing experiements with varying temperature and dwell time (right)

Taking into account the sintering temperature of the composites investigated above, samples
were first annealed at 1200 °C for various times as mentioned in the Figure 46. The X-ray
diffractograms clearly show that already after 1 h all of the spinel phase disappears and only two
main phases — CGO and Gd(Fe,Co)Os-perovskite are present. In case of lower annealing
temperatures (Figure 47), the onset of Gd(Fe,Co)Os-perovskite phase in XRD pattern seems to
occur at different dwell times such as a) at 1100 °C after 1 h, b) 1050 °C for 3 h and c) 1000 °C
for 15 h. The three main phases — CGO, Co rich spinel, and Gd(Fe,Co)O; - perovskite are

observed.
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Figure 47 Diffraction pattern measured on thin film samples after annealing at
(a) 1100 °C 1 h (b) 1050 °C 3 h and (c) 1000 °C 15 h. The vertical lines indicate literature pattern
from PDF database: CGO (red), FeCo,0; (blue), Gd(Fe,Co)Oj3 (pink)

In case of the EDS mapping in STEM as shown in Figure 48, the onset of phase interaction can
already be observed after 3 h of annealing time at 1000 °C. (Please note: Absent perovskite
signals in the XRD pattern of samples being annealed shorter than 45 h can most likely be
explained by the low incident angle in XRD leading to lower sensitivity for signals from phases
at the film-substrate interface.) Figure 48 (a) depicts the broader area of the sample with few
grains of spinel and perovskite phase non-homogenously distributed over the CGO substrate.
This scarce distribution could attribute to contraction of the spinel layer associated with high
reactivity of Fe cations with Gd in comparison to the Co cations at the annealing temperature.
While Figure 48 (b) looks into one particular enlarged grain and the corresponding EDS mapping

confirms the presence of Gd and Fe rich perovskite with traces of Ce and Co adjacent to
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Fe,Co0Oy spinel phase. Also due to non-uniformity of the coating thickness, the intensity of
interaction may vary from sample to sample as observed by the STEM analysis. At elevated
temperature obviously the Fe is preferentially removed from the spinel phase(s) forming the

perovskite phase, leaving behind the Co-rich spinel phase.

Figure 48 (a) EDS net count mapping of the 1000 °C 3 h (b) EDS mapping of enlarged image of
yellow box area marked in HAADF image in (a).
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Based on the XRD and STEM results it is evident that the perovskite is formed at 1000 °C and
above, while the distribution of phases depends on the dwell time to a certain extent. Hence for
investigation by SIMS (Secondary Ion Mass spectrometry) analysis, samples annealed at 1050
°C for 6h and their as deposited counterpart were chosen as shown in Figure 49. The profiling of
both the samples to a penetration depth estimate of about 0.5 pm (assuming 30 pm per hour
sputter rate) was carried out to observe the phase transition. The as deposited sample clearly
separates the spinel phase by the FeO and CoO high intensity profiles dominating for a certain
depth followed by CeO and GdO profiles representing the flourite phase for the remaining depth
of the analysis. However the annealed sample shows high intensity CoO profile for a certain
depth, whereas the FeO profile is much lesser intensity proving its higher diffusivity in this

material system. Moreover, GdO and CeO profiles now are present upto the surface of the

sample.
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Figure 49 SIMS plot of as deposited (left) and 1050 °C 6 h annealed (right) samples.
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The results support the former results leading to the conclusion that Fe is preferably extracted
from the spinel phase forming a new perovskite phase rich in Gd and Fe with traces of Ce and

Co. The remaining spinel phase in consequence is rich in Co.

4.2.2. CGO-FCO Performance

Electrical Conductivity

Bar shaped samples of the individual phases and dual phase composite were prepared by uniaxial
pressing and sintering at 1200 °C for 10 h for DC four point conductivity measurements between
600 and 850 °C. The total or electrical conductivity of the samples measured is plotted as a

function of the exposed temperature, shown in Figure 50.
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Figure 50 Electrical conductivity of individual phases and dual phase composite 60 wt% CGO - 40
wt% FCO .

It is evident from the results that pure electronic conductor FCO shows the highest conductivity
as electronic conductivity is usually 2 orders of magnitude higher than the ionic conductivity of
pure ionic conductors. The total conductivity of CGO-FCO composite falls well below FCO
indicating the influence of the two phase mixture proportion. The results also show that the total
conductivity of the GCFCO perovskite is close to CGO-FCO composite. Thus, the perovskite

phase can be assumed to contribute to the percolating network of the composite as MIEC or pure
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ionic or electronic conducting phase. The GCFCO perovskite was subjected to permeation
measurement to calculate the ambipolar conductivity of the sample. In this case there was
negligible to zero oxygen flux measured. The partial substitution of Gd** by Ce*" act as donor
doping leading to a partial reduction of Fe and/or Co from 3+ to 2+ to the same extent. This
would lead to low amount of oxygen vacancies and hence permeation, but the presence of
B**/B*"-couples enabling polaron hopping makes it a good electronic conductor (Maier '94,
Ohnishi '08). Hence the measured electrical conductivity of GCFCO can be categorized as pure
electronic conduction. Thus in case of CGO-FCO composite, combination of spinel and
perovskite phase contributes to the electronic conductivity, while the fluorite phase takes care of

the ionic transport through oxygen vacancies providing the oxygen flux.

Oxygen permeation measurements

CGO-FCO permeation result was briefly discussed in section 4.1.1 along with other dual phase
combinations and LSCF as a reference membrane. It was observed that the oxygen flux was
almost half of LSCF membranes’ performance which was attributed to surface exchange
limitation. In most cases, only part of the surface of the dual phase membrane might be effective
towards oxygen exchange. But on the contrary, the whole surface area of the single phase MIEC
LSCF membranes are activated and not restricted only to the triple phase boundaries. Hence
surface exchange limitation is countered by porous catalytic layer such as LSCF screen printed
over the dense dual phase membrane surface. The screen printed LSCF layer (~ 20 pm) was
dried at 80 °C and co-fired with the membrane at 1080 °C for 3 h to obtain a porous LSCF
catalytic layer of ~10 pm. The additional porous coating facilitates the surface exchange, which
results from an increase of the surface exchange area between gas and the membrane layer.
LSCEF proves to be an effective catalyst to eliminate the limitation of surface exchange (Balaguer

'13) based on its well-known performance as SOFC cathode (Adler '04).

The oxygen permeation behavior of the composite was determined by oxygen permeation
measurements using pellets with and without porous activation layers. In the case where the
electronic conductivity is dominating as indicated in the electrical conductivity measurements,
the ambipolar conductivity can be set equal to the ionic conductivity. Hence permeance is
calculated from their O, flux measurements, normalizing the impact of pressure gradient. The

permeance of the sintered CGO-FCO pellet polished to a thickness of 1 mm is shown in Figure
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51 as a function of temperature range 700 - 1000 °C. The change in activation energy between
850 °C and 900 °C indicates a change in the dominating transport process. The activation energy
at high temperature (850 - 1000 °C) of EA = 70 kJ/mol can be attributed to the bulk transport,
therefore to the ionic conductivity of CGO, supporting the assumption that this is the major
permeation rate limiting process (Samson '14). At lower temperatures (650 - 850 °C), however,
the activation energy is much higher, i.e. 140 kJ/mol, indicating rate limitations due to surface

exchange kinetics.

In order to confirm the rate limiting processes, the permeance of an identical CGO-FCO pellet
with porous LSCF activation layers of approx. 10 pm thicknesses on both sides of the membrane
was measured. In this case, the activation energy is 66 kJ/mol over the whole temperature range
of 650-1000 °C. Furthermore, the permeance is also higher at high temperatures indicating that
even at 1000 °C the permeation is mainly though not completely limited by bulk diffusion, but
surface exchange kinetics still plays a certain role although minor in the overall transport
process. Compared to a standard LSCF pellet of the same thickness, i.e. 1 mm, the permeance of
the activated dual phase membrane is higher at temperatures below 850 °C due to the much
lower activation energy. Considering the high permeation rates obtained by using thin supported
LSCF membranes (Schulze-Kiippers '14, Serra '13), the severe surface exchange limitation is

overcome by extending the Triple Phase Boundary (TPB) in the membrane’s microstructure.
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Figure 51 Arrhenius plot as a function of permeance and temperature of the composite with and
without porous LSCF coating

Hence the surface limitation was minimized after both sides of membranes had been coated with
LSCF porous layers. However, considering the reason for developing a stable dual phase
membrane is the lack of stability in single phase LSCF membranes, LSCF catalytic layer has
been used only to validate the presence of surface exchange limitation in the composite. In the
future a suitable catalytic layer material replacing LSCF will be investigated in detail by Green-

CC project partners.

Varying Spinel content

The dual phase membranes investigated so far consisted of 60 wt% CGO and 40 wt% FCO,
which is 54 and 46 vol%, respectively. Permeation tests revealed that the ionic conductivity is
the limiting step in the bulk transport if surface exchange is facilitated by catalytic active porous
coatings. Therefore, an increase in the CGO-content would be beneficial. On the other hand, the
proportion of both phases in a dual phase composite must be high enough to form continuous
phases in the bulk and surfaces, i.e. both phases need to reach a state of percolation (Sun '13). To
reach the percolation threshold, the volume fraction of the minor phase is usually no less than
30% for dual-phase materials (Zhu '08).
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Table 10 CGO-FCO composite ratios investigated, in wt% and vol% for comparison

CGO-FCO ratios CGO-FCO ratios
in wt % in Vol %
60:40 54:46
65:35 59:41

70:30 64.5:35.5

75:25 70:30
80:20 76:24
85:15 81.5:18.5
90:10 87.5:12.5

Nevertheless, this is not necessarily applicable for composites that tend to have phase interaction
and grain boundary phases. The secondary phases formed are conducting, contributing to the
overall percolating network of the composite impacting the oxygen transport. Hence, the spinel
content is reduced from 40 wt% to as low as 10 wt% in the composite as shown in Table 10 for

this investigation and powders were synthesized by the one pot Pechini process.

Microstructure analysis
The XRD plots of the composites with varying spinel content are shown in Figure 52. The
decrease in spinel content is evident from the decrease in intensity of the spinel peaks of the

composites particularly at 20 = 38 °.
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Figure 52 XRD plot of the composites with varying spinel content from 40 wt% to 10 wt%

sintered at 1200 °C for 10 h

In addition, the interesting observation is the presence of orthorhombic perovskite peaks in all

the ratios indicating the secondary phase formation with as low as 10 wt% of spinel phase in the

composite. These results are further supported by the SEM images as shown in Figure 53.
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Figure 53 SEM images of CGO-FCO composites with ratios (in wt%) 60:40 (top left), 70:30 (top
right), 80:20 (bottom left) and 90:10 (bottom right). Phase 1 — CGO, Phase 2 — FCO, Phase 3 —

GCFCO.

CGO-FCO_90-10

CGO-FCO_90-10

Figure 54 STEM-HAADF and EDS element mapping of CGO-FCO 90:10 ratio (in wt%)

composite sintered at 1200 °C for 10 h.
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The images show the presence of fluorite phase with decreasing distribution of the spinel phase
corresponding to the ratio and the presence of GCFCO perovskite phase in all four cases (Lin
'15). The phases were also verified by the EDX mapping of the samples. STEM-HAADF and
EDS element mapping of 90:10 ratio composite was carried out with intention to investigate the
detailed microstructure in case of spinel content as low as 10 wt%. Figure 54 shows that the
grain boundary phase does not form in case of 90:10 ratio which was observed for 60:40 ratio
sample and identified to be the rock salt phase. But the presence of GCFCO perovskite phase is
clearly seen from the EDS element mapping image which also contributes to the electrical

conductivity of the sample as a MIEC material.

Electrical Conductivity

Bar shaped samples of varying spinel ratio composites were prepared and subjected to electrical
conductivity measurement by four point DC method. The elcetrical conductivity results at 800
°C for the dual phase composite are compiled as a function of its FCO wt% content into one plot

as shown in Figure 55 for direct comparison along with the individual phases of the composite as

well.
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Figure 55 (a) Electrical conductivity of CGO-FCO composite with varying spinel content from 35
wt% to 10 wt%, (b) Electrical conductivity of individual phases and dual phase composite 60 wt%
CGO - 40 wt% FCO.
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The total condcutivity of FCO is dominating as expected, followed by the reference 40 wt%
sample and 30 wt% indicating that the electronic conductivity is still dominant in these
composites too. The conductivity decreases consistently with decreasing spinel content down to
10 wt%. Interestingly lowest spinel content (90:10) sample still shows a value marginally above
the electrical conductivity of pure CGO. This signifies the presence of a percolating network
contributed by both electronic and ionic conductors even with as low as 10 wt% of spinel

content.

Oxygen permeation measurements
The composites with the varying spinel content were subjected to permeation measurements. The
results showed that 15 wt% spinel content composite had the highest permeation rate compared

to the rest of the ratios measured including the standard CGO-FCO 60:40 wt% ratio as shown in

Figure 56.
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Figure 56 Plot as a function of Permeance for varying spinel content and their corresponding
calculated activation energy between 800-1000 °C

In order to eliminate surface exchange limitation of the membrane, all the composites were
screen printed with catalytic LSCF layers on both sides. The screen printed samples were post
sintered at 1050 °C for 3 h replicating the same process as for the standard composite in the past.
The oxygen permeance gradually increases with decrease in spinel content upto 85:15 which has

the highest peremance of all the ratios. Then the permeance drops for 90:10 ratio indicating the
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lack of necessary electronic conductivity that is required for efficient oxygen transport in the
composite. Figure 56 includes the activation energy E, of the varying ratio composites. From 20
to 40 wt% of spinel in the composite, the E, is consistently above 60 kJ/mol indicating that the
ionic conductivity of CGO is the rate limiting step. Below 20 wt% spinel phase the activation
energy decreases, indicating a change in the limiting transport process, potentially electronic
conductivity. Thus 15 wt% spinel content can be regarded as the appropriate proportion at which
the limiting factor is shifting from ionic conduction to electronic conduction, but suffient to
provide the highest oxygen flux among the varying proportion of CGO-FCO composites. From
the microstructure analysis of these composites, it is evident that the presence of GCFCO phase

contribute substantially to the oxygen transport.

4.2.3. CGO-FCO Stability

Phase Segregation

In this section, phase segregation noticed in the dual phase composite after oxygen permeation
measurements are investigated. The post-permeation measured samples were noticed to have
different color shades on the surface of both sides. SEM Analysis revealed that there are large
dark crystals on the surface at the high po,side of the composite. While the argon feed side
surface of the membrane showed clustered white grains widely distributed. The large dark
crystals attribute to Fe and Co cations drift (spinel phase segregation) towards the high p,,side.
This behavior is attributed to the segregation of the cations with enrichment of the faster cations
(in this case Fe, Co cations are faster compared to Ce and Gd) at the high pg,side of the
membrane (Belova '03, J. O. Hong '06, Martin '03). In general, transport works via cation
diffusion in the FCO (cation deficient) spinel. The cation deficiency accelerates faster diffusion
of Fe and Co cations in comparison to Ce and Gd cations. Additionally, Fe Co cation enrichment
on higher partial pressure side can also explained by the Gibbs-Duhem relation that the gradient
of oxygen chemical potential is not in balance with the chemical potential of the cations
(Schlehuber '10). This segregating behavior of the cations might significantly impact long term
oxygen permeation of the membrane since the percolating path of both oxygen ions and electrons

eventually might be hindered by the enrichment of cations, if this is continued.
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Figure 57 Surface images by SEM investigation of 60:40 and 70:30 ratio (in wt%) CGO-FCO
composites post permeation measurement at temperature range 700 - 1000 °C with air/Ar gradient.

Thus all the CGO-FCO composites with varying
! spinel content from 10 wt% to 40 wt% were
investigated for this behavior. Figure 57 shows

the SEM images of surface on both high py,side
_ and low pg,side of the membrane for CGO-FCO
60:40 and 70:30 ratios that showed predominant

- segregation. Figure 58 shows the cross section of

CGO-FCO 60:40 ratio on the feed side of the
Figure 58 SEM image of the cross section on .
the feed side of 60 wt% CGO — 40 wi% FCo ™Mmembrane after permeation measurement. The
membrane post permeation measurement at dark large grains are clearly seen in the image.
temperature range 700 - 1000 °C with air/Ar
gradient.
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Figure 59 Surface images by SEM investigation of 80:20 and 85:15 ratio CGO-FCO composites
Ppost permeation measurement at temperature range 700 - 1000 °C with air/Ar gradient.

Interestingly, CGO-FCO composites with lower spinel content (80:20 and 85:15) showed
reduced segregation of cations at the high py,side of the membrane as shown in Figure 59.
Absence of enrichment on the surface in lower spinel content composites can be attributed to the
phase interaction between CGO and FCO to form GCFCO perovskite phase which might slow
down the movement of faster cations to the high pg,side. This additional advantage further
supports the strategy to focus more on the lower spinel content in the CGO-FCO membrane

development moving forward.

Chemical Stability
Dual phase membranes require long term stability in presence of harsh atmospheres such as flue

gas containing CO», SO», H,0, dust and high pressure at operating temperature on application in
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oxyfuel combustion. Thus stability testing in the presence of gases such as combinations of CO,,
SO,, H,O and O, was investigated for high and low spinel content composites. Samples of the
composites tested were:

1. CeygGdo20,.5- FeC0204(60:40 wt%)

2. CepgGdp20;.5- FeCo0,04(85:15 wt%)
Stability testing was strategically planned with varying combinations of gas mixtures as listed
below;

1. Pure CO,

2. 250 ppm of SO; in CO,

3. 250 ppm SO; + 5 vol% O, in CO,

4. 250 ppm SO; + 5 vol% O, + 2.5 vol% H,O (saturated at room temperature) in CO,
The important reason to choose this concentration level of each gas is based on the information
collected from industries who are project partners in Green-CC project partially funding this PhD
research work. There are lots of publications available concerning the impact of CO, on OTMs,
but very little on impact of SO, and H,O gases though these gases also constitute to recirculated
flue gas stream in power plants (Engels '11). The order of mixing these gases and repeating the
experiment would help to identify the impact of each gas element on the stability of the
membrane.
The samples were annealed in the furnace at 850 °C for 16 h allowing the different gas mixtures
to flow through for the dwell time of the furnace. These experiments are considered as
preliminary tests that would enable strategic planning of long term tests combined with the
permeation measurements. The tested samples were then characterized by SEM along the surface
to investigate the stability in these gaseous atmospheres.
The SEM images (Figure 60) show the surface of the CGO-FCO 60:40 sample before and after
exposure to the gas mixtures. In case of pure CO; and 250 ppm of SO; in CO,, the samples do
not show any variation in comparison to the reference indicating the stability of the composite in
the pure SO,, CO, gas mixture. Upon inclusion of 5 vol% O, the spinel phase (dark grey) grains
seem to have segregated to the surface in comparison to the fluorite phase (bright/white) grains
in addition to flakes of sulfur as identified by EDS of the sample. Lastly, passing the gas mixture
through a water bubbler adds ~ 2.5 vol% H,0O (Saturated steam at room temperature calculated),

worsens the segregation of the cations (Fe, Co Spinel). Sulfur containing flakes due to possible
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interaction of condensed SO, with dust and/or galled steel debris inside the setup observed in the
SEM image (Figure 60-4). In order to further investigate this scenario, both sides of the
membrane surface after exposure to 250 ppm SO; + 5 vol% O, + 2.5 vol% H,0 were analyzed in

SEM as shown in Figure 61.

Figure 60 SEM images of CGO-FCO 60:40 composite before ( reference) and after exposure to 1)
Pure CO; 2) 250 ppm of SO, in CO; 3) 250 ppm SO; + 5 vol% O, in CO, and 4) 250 ppm SO, +
5 vol% O, + 2.5 vol% H,0 (saturated at room temperature) in COs.
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In these back scattered images, the spinel grain shows the tendency of segregation as observed in
the permeation tested sample. The presence of 5% O, + 2.5% H,O might lead to different oxygen
activity at the surface in comparison to the bulk sample possibly causing a gradient similar to the
case of permeation measurement causing the phase segregation. EDX mapping of the composite
on side a, is shown in Figure 62. From the mapping, it can be noticed that the Co rich spinel
grains are predominantly visible and are mapped along with sulfur mapping. The back scattered
image portrays the layered distribution of sulfur containing flakes on spinel grains segregated on

the fluorite grains. The flakes are visible independent of spinel and fluorite grains eliminating the

probability of sulfur interaction with the phases of the composite.

Figure 61 SEM images of 60 wt% CGO - 40 wt% FCO composite both sides of the
membranceafter exposure 250 ppm of SO, in CO; + 5% O, + 2.5% H,0 at 850 °C for 16 h
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Figure 62 EDX mapping of 60 wt% CGO — 40 wt% FCO composite after exposure 250 ppm of
SO; in CO; + 5% O, + 2.5% H,0 at 850 °C for 16 h

The experiments were repeated for 85:15 wt% CGO-FCO samples as well to determine their
behavior under the similar conditions. Figure 63 shows the SEM surface images of the 85:15
CGO-FCO samples after exposure to the four gaseous mixtures during the annealing process for
16 h in a tube furnace. The SEM images in this case do not show any obvious cation segregation
on the surface as observed in 60:40 ratio post treated samples. Nevertheless, addition of 5 vol%
O, marks the presence of sulfate flakes and the condition intensifies with 2.5 vol% H,O

inclusions, similar behavior to that observed on the 60:40 wt % ratio samples.
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Figure 63 SEM image of 85 wt% CGO — 15 wt% FCO composite after exposure at 850 °C for 16 h
1) Pure CO; 2) 250 ppm of SO, in CO; 3) 250 ppm SO, + 5 vol% O; in CO, and 4) 250 ppm SO,
+5vo0l% O; + 2.5 vol% H,0 (saturated at room temperature) in CO,. Flakes marked in red circles
The main observation is the sulfur containing flakes formation on the surface of both
compositions of CGO-FCO composite on exposure to SO, and CO, gases in presence of O, and
H,0. But these flakes are not identified as sulfates by interaction with the phases of the
composite. Thus it can be stated that both these dual phase composites are stable in these
conditions. However, the surface level sulfur containing flakes accumulation over a long run
might contribute to adverse effect on the effectiveness of the oxygen transport, hence long term
tests might shed light on such speculations. It is important to consider that these are specific
experiments where these flakes may be attributed to interaction of SO, with dust or galled steel
debris in the presence of O, and H,0. Therefore these preliminary results will be used to
strategically plan long term stability testing experiments in the future. As a matter of fact power
plant contains dust (e.g. fly ash) in flue gas (including debris) which has to be included in long
term stability test combined with permeation measurements as it has not been reported or

investigated yet (planned by Green-CC project partners).
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High pressure permeation measurement
High pressure is another attribution to the harsh ambience when subjected to power plant
application; however the pressure is not fixed. Steam power plants are operated at atmospheric
pressure. The air pressure for the membrane comes from the necessary driving force since the
atmospheric sweep shall be enriched in O, up to 30%. Thus the pressures discussed are between
5 and 20 bar and are a free parameter in the overall efficiency/cost optimization.
The samples were subjected to He leak test to ensure they are gas tight for permeation
measurements. The gas tight 85:15 samples (dense without leaks at the sealed edges or surface of
measurement) were subjected to 2 experimental cycles at the operating temperature of 850 °C. In
GREEN-CC project, pressure of 5 bar (max 10 bar) is the preferred testing parameter. Thus
preliminary high pressure application up to 5 bar for oxygen permeation measurements were
carried out at ORNL.
Unfortunately 60:40 samples with traces of micro-cracks were not gas tight for this high pressure
measurement.
1. 85:15 sample coated with LSCF on both sides tested, Operating temperature — 850 °C,
Pressure — 5 bar, dwell time — 17 h
2. 85:15 sample coated with LSCF on both sides tested, Operating temperature - 850°C,
Pressure - ~2.5 bar ( Weld leak at the feed side hindering the control of high pressure)

a. Feed gas: Air, dwell time ~ 12 h

b. Feed gas: Air+ 250 ppm SO,+CO,+5%0,, dwell time ~5 h

c. Feed gas: Air, dwell time ~ 55 h
The weld leak in the experiment 2 made control of pressure at 5 bar not possible. Thus only 2.5
bar of pressure was possible on the feed side. The oxygen permeation of the samples measured is
plotted versus the dwell time as shown in Figure 64. The flux values are compared to 85:15
sample measured in TEK-1 (marked as Atm. Pressure in the plot) using quartz setup without
pressure influence and 50 ml/min flow rate of Ar on the sweep side. Experiment 1 (5 bar - green)
is considered as the perfect run with no complication during the test in comparison to the other
experiment. The flux values for experiment 1 (5 bar) is almost 4 folds higher than the
measurement conducted with atmospheric pressure (1 bar - purple). In case of experiment 2 (2.5

bar - red), the inclusion of 250 ppm SO,+CO,+5%0,; gas mixture on the feed side for 5 h (blue
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dotted circle area), consequently causes the drop of flux for the same time. Then the flux value
rises back to a slightly lower value for rest of the experiment with air as the only feed gas. This
reduction of flux value after change of feed gas and back can be attributed to the competitive

adsorption of the CO; and O, on the membrane surface (Serra '13).
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Figure 64 Oxygen flux of the 85 wi% CGO — 15 wt% FCO with LSCF active layer. Atm.
Pressure plot is measurement from IEK-1 setup at 1 bar, 2.5 and 5 bar plots are measured at
ORNL. Blue dotted circle denote change of feed gas to air+ 250 ppm SO;+CO>+5%0; for 5 h.

The results obtained with 2.5 bar pressure also point to the influence of the partial pressure
gradient in agreement with the results of 5 bar pressure experiment that the oxygen flux increases
with increasing oxygen pressure gradient. Thus it can be concluded that, the oxygen flux is
influenced by the driving force of partial pressure gradient in improving the oxygen permeation.
Additionally these experiments also indicate the mechanical stability of the membrane to
withstand the air pressure up to 5 bar on a 10 mm diameter free standing membrane area for a
certain period of time. Moving forward similar experiments will be set up by Green-CC project

partners to facilitate long term high pressure applied oxygen permeation measurements.
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4.3. Processing and Microstructure Optimization

On model samples it has been proven that, CGO-FCO composite so far are promising oxygen
transport membranes with good stability in harsh conditions. The complete investigation of the
membrane was carried out using Pechini synthesised powder and conventional sintering process.
In order to upscale the membrane fabrication technology, large scale powder synthesis routes
have to be explored as pechini method is only feasible for lab scale powder synthesis. On the
other hand, coventional sintering process has proven to be efficient in obtaining dense membrane
samples, however it is worthwhile to experiment alternate densification techniques such as
pressure induced sintering methods that are time efficient as well. These methods are also helpful
to understand their influence over microstructure and oxygen flux performance of the membrane.
Therefore, in this section large scale powder synthesis routes and pressure driven high
temperature sintering processes are investigated. Moreover, an important milestone of upscaling
membrane developmemt technology is manufacture of supported asymmetric membranes by
sequential tape casting process. Thus tape casting slurry and sintering profile optimization are

extensively discussed in asymmteric membrane by tape casting section.

4.3.1. Alternative Powder Synthesis

85:15 wt% CGO-FCO composite has been chosen for up scaling of powder production due its
highest oxygen flux compared to other investigated compositions. Pechini powders with their
high surface area and small primary particle size are not optimal for scale up (Cousin '90).
Hence, to establish a suitable synthesis process, two alternative powder production routes were
investigated. Firstly 85:15 wt% CGO-FCO was synthesized by conventional solid state reaction.
These mixed powders are referred as CGO-FCO 85:15 SSR as the reactive sintering of the
pressed pellets [“solid state reaction (SSR)”] results in the same phases as for Pechini
synthesized composite. Secondly, powder synthesis via spray pyrolysis (powders are referred as
CGO-FCO 85:15 SP) was also considered to manufacture powders with small primary particles
for good percolation in an adequate batch size. Table 11 details the advantages and

disadvantages of both upscale powder production routes in comparison to pechini process.
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Table 11 Overview of the different powder processing methods with pros and cons of each method
listed.

Pechini SSR Spray Pyrolysis
Specific surface area - high + low - very high (needs to be
optimized)

Potential for wup | - low (smal batch | + good (if raw materials | Medium (all nitrate salts

scaling powder | size) are available in needed | available are expensive)
production microstructure and

grade)
Availability / batch | - small batches | + good (raw material | + good (raw materials
size (~50 g) commercially available) | commercially available)

+ kg batch size possible | + process in kg batch size

+ low cost available at IEK-1

Table 12 PSD and Specific surface area of powders by different synthesis route

Powder | Fluorite | Spinel PSD in pm Specific surface Calcination
process | (wt %) (wt %) D10 D50 D90 area (mz/g) temperature °C
Pechini 85 15 0.52 | 0.71 | 0.96 8 700

SSR 85 15 0.47 0.62 0.82 7 -

SP 85 15 11.09 | 23.46 | 45.30 9 700

The powders synthesized by the three routes are compared based on their particle size, specific
surface area as shown in Table 12. The table indicates high particle size distribution of the SP
powders which is not very advantageous for tape casting process. The SEM images of the SP
powders also show (Figure 65) the grain morphology and high level of agglomeration. Hence
before introducing this powder for tape casting, the particle size distribution and specific surface
area need to be optimzied. One option would be subjecting the powder to additional milling step
to break the agglomerates and reduce the particle size distribution as needed. The other option
would be, calcining the powder at a higher temperature to influence the particle size distribution

and surface area of the powder.
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Figure 65 SEM images of SP (spray pyrolysis) synthesized powder.

The sintered dense pellets obtained from powders of different synthesis routes are compared for
their microstructure and oxygen flux measurements. The formation of the desired phases takes
place only during the final sintering step in case of CGO-FCO 85:15 SSR samples. The XRD
plots indicate that in all three cases the desired phases are formed with identical peaks

throughout the measurement range (Figure 66).
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Figure 66 XRD scan of CGO-FCO 85:15 samples sintered at 1200 °C for 10 h. Powders were
synthesized by Pechini, SSR and SP route as marked.
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Due to the change of the powder synthesis, a change in the membranes’ microstructure is

observed as shown in Figure 67 by SEM images of sintered (1200 °C, 10 h) membranes in all

3 cases.
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Figure 67 SEM images of the cross sectioned sample, sintered at 1200 °C for 10 h, made from
a)Pechini powder, b) “mixed powder (SSR)” and c) Spray pyrolysis (SP). (some pores are marked
in red circles to distinguish from spinel phase)

Sintered pellet of Pechini route show a fine distribution of the different phases with minimal
closed pores(~98 % relative density). The SSR route sample is completely dense (>99% relative
density) with dark (Fe-Co- containing spinel) phase that appear coarser in comparison to Pechini
and SP route samples. While the SP route (not milled powder) sintered sample (~93% relative
density) shows large closed pores throughout the sample, which can be attributed to the high

level of agglomerated particles shown in Figure 65. The sintered pellets of Pechini, SP and SSR
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route powders are compared based on their functional property quantified by oxygen permeation
measurement. To facilitate surface exchange, both membrane sides were screen printed with a

porous layer of a mixed electronic-ionic conductor (LSCF58). The membrane thickness was 1

mm in all three cases and the measurement took place under an air/argon gradient.
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Figure 68 Oxygen flux (left) and Arrhenius plot of the oxygen permeability (right) through 1 mm
CGO-FCO 85:15 membranes activated on both sides by porous LSCF layer, under air/argon
gradient.

The result shows a decrease in oxygen permeation of 36 % at 1000 °C for the SSR route
membrane compared to the Pechini route membrane, while SP route membrane performed in the
mid range between the other two (Figure 68 left). This percentual decrease in flux becomes
larger with decreasing temperature due to the higher apparent activation energy of the SSR
membrane below 800 °C (Figure 68 right). Above 800 °C the activation energy is almost similar
for all membranes, indicating the ionic conductivity as limiting factor for oxygen transport. At
lower temperatures, the higher activation is mainly attributed to the surface exchange limitation
albeit active layer on both sides. The lower permeation or relative higher activation energy of
both SP and SSR route membranes in comparison to pechini can be reasoned as possibly due to
higher tortuosity of the ionic conducting phase. The good distribution of the two phases
apparently has a positive effect on oxygen permeation, as seen for the Pechini powder samples.

Therefore, the coarser spinel phase and its distribution in SSR route membrane may be
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speculated to limit the electronic conductivity for oxygen transport. On the other hand, the large
closed pores of SP membrane are believed to impact the tortuosity and hence the efficiency of

the oxygen transport.

Summarizing this alternative powder synthesis section, SSR powder provides the dense packing
and good oxygen permeation in comparison to SP powder making it the most suitable option for
upscaling membrane manufacture technology. Nevertheless, SP powder with suggested
optimization options could be an alternative as well which will be focussed in the future research

work of this project.

4.3.2. Alternative Sintering techniques

Albeit proven success with the conventional sintering of CGO-FCO membranes, the process is
time consuming. Additionally, the scientific motivation behind investigation of these alternative
sintering techniques is, to alter the microstructure and understand its influence on the oxygen
flux of CGO-FCO membrane. Though GCFCO perovskite phase has proven to not hinder the
oxygen permeation, an effort to restrict the membrane from undergoing phase interaction and
secondary phase formations can prove to be beneficial. Also making sample without GCFCO
phase could also help to clarify its influence by comparison with the conventionally sintered
sample. Thus alternative densification techniques were explored, considering the possibility and
opportunity available at TEK-1 to experiment pressure and electric field assisted sintering
techniques. 60 wt% CGO - 40 wt% FCO composition was used for this portion of the

investigation to obtain dense dual phase membranes.

Hot pressing of CegGdy202-5- FeCo,04
a) Graphite die

Hot pressing experiments were carried out using a graphite die at 50 MPa, 1200 °C for 1 h under
argon atmosphere. Two different approaches of sample preparation were considered. 1) 13 mm
diameter pre-pressed sample and 2) 21 mm diameter pre-sintered (950 °C for 20 h) sample. In
case of pre-pressed pellet, the hot pressed sample melted on to the graphite die, the sample had to
be cut from the die using a saw blade. Thus the sample was cross sectioned and the SEM images

of dense dual phase membrane with homogeneous distribution of phases are seen in Figure 69.
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The SEM image also shows the presence of micro cracks throughout the sample. EDX analysis
indicate the presence of CGO and Fe, Co metallic phase, the reduced metallic phase is the

outcome of reducing Ar atmosphere (p(O;) ~ 10 bar) and the use of graphite die for hot

pressing.

Figure 69 SEM images of pre-pressed 60 wt% CGO — 40 wt% FCO sample after hot pressing at 50
MPa, 1200 °C for 1 h in argon.

In case of pre-sintered pellet, Figure 70 a) and b) are the images of pre-sintered sample with and
without graphite residue at the end of the hot pressing process. This hot pressed sample had
reduced in thickness up to 0.5 mm compared to its pre-sintered thickness of ~1.4 mm. The
diameter of the pellet had increased from 18 mm to ~ 21 mm after the hot pressing in a graphite

die with punches size 20 mm.

b

Figure 70 Pre-sintered 60 wt% CGO — 40 wt% FCO pellet hot pressed at 50 MPa, 1200 °C for 1 h
in Ar atmosphere a) polished to remove b) the graphite residue that had attached to the pellet.

The sample had thicker edges surrounding the punch of graphite die as it exceeded the size by 1

mm and looked very similar to pre-pressed sample after hot pressing. This behavior can be
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attributed to the creep of the membrane although CGO’s creep behavior is very low. Creep
properties lower when Co is doped to ceria but CGO-FCO dual phase membrane is not clearly
known (Lipinska-Chwatek '15). However, the combination of high pressure and temperature in
reducing atmosphere could induce creep behavior earlier than expected. Figure 71 shows the
XRD plot of the pre-pressed and pre-sintered samples (polished to remove the graphite residue)
after hot pressing. The plot shows the presence of stable fluorite phase (CGO), while the spinel
phase decomposed into Fe, Co metallic phase. The results are very much similar for both hot
pressed samples. It is also clear that carbon traces are present after polishing the sample, but no

hint on interaction with carbon forming any carbonate was observed.
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Figure 71 XRD plot of 60 wt% CGO — 40 wt% FCO pre-pressed and pre-sintered (950 °C for 20
h) pellets, subjected to hot pressing at 50 MPa, 1200 °C for 1 h in argon atmosphere using graphite

die are compared to conventional sintered sample. Samples differentated by marking PS for pre-
sintered and HP for hot pressing

Figure 72 shows the SEM images of pre-sintered pellet after hot pressing. The two phases
present confirm the 2 phases identified by XRD analysis. Interesting observation is the dark
grain boundary of oxygen deficient spinel phase, though EDX identifies it as oxygen deficient

Fe, Co metallic phase as well.
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Figure 72 SEM images of 60 wt% CGO — 40 wt% FCO pre-sintered pellet after hot pressing at 50
MPa, 1200 °C for 1 h in Ar atmosphere.
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Figure 73 XRD plots of 60 wt% CGO — 40 wt% FCO hot pressed samples post annealed in air at
1000°C for 5 h. Samples differentated by marking PS for pre-sintered and HP for hot pressing.
Both hot pressed sample were later subjected to annealing in air at 1000°C for 5 h to investigate

the phase change and accompanied sample deformation if any, due to presence of oxidizing
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conditions. The Fe, Co metallic phases in both the cases were transformed into spinel phases as
shown in the XRD plot of the same (Figure 73). In any case flux measurable dense membranes
could not be obtained using this approach. Similar to the conventionally sintered sample, pre-
pressed sample also has rock salt phase while the pre-sintered sample does not show any rock
salt phase peak. Also it can be stated that the third phase (orthorhombic perovskite) peaks are not
visible in both the cases.
b) Al,0;Die

Use of Al,O; die in place of graphite die was considered as an alternate option to control the
reduction of spinel phase to their metallic phase. CGO-FCO powder pre-pressed into 13 mm
diameter pellet placed between two cylindrical Al,O3; dies was subjected to hot pressing with
identical process parameters as before. Figure 74 shows the image after the hot pressing process.
The pellet was attached to the die on both sides to form a strong sandwich and had to be

separated with some mechanical load application.

Figure 74 60 wt% CGO — 40 wt% FCO hot pressed at 50 MPa, 1200 °C for 1 h using Al,Oj3 die in
argon atmosphere

This is due to interaction between the pre-pressed pellet and the die when exposed to reducing
atmosphere at relatively high pressure. Figure 75 shows the XRD plot of the pellet along with the
Al,0O; die to possibly see the level of interaction between the die and the pellet. XRD analysis of
the sample showed presence of fluorite phase, rock salt phase, spinel phase and perovskite phase
as observed in CGO-FCO samples conventionally sintered. In addition, there were Al,O3 and
traces of CeAlOj; clearly depicting the interaction between the composite and die to a certain

extent.
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Figure 75 XRD plot of 60 wt% CGO — 40 wt% FCO pre-pressed pellet hot pressed at 50 MPa,
1200 °C for 1 h using Al,0Os die in argon atmosphere.

Comparing previous hot pressing experiments using graphite die versus the Al,O; die
experiment, it is evident that spinel in CGO-FCO composite does not reduce to its metallic form
(Figure 75).
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Figure 76 SEM images of 60 wt% CGO — 40 wt% FCO pre-pressed pellet hot pressed at 50 MPa,
1200 °C for 1 h using Al,O3die in argon atmosphere. Phase 1 — CGO, Phase 2 — FCO and Phase 3
— GCFCO.

96



4 Results and Discussion

But, the XRD analysis also shows higher match to rock salt phase peaks compared to the
conventional sintering process indicating the lack of oxygen (caused by Ar atmosphere) required
to sustain the spinel phases during cooling according to Figure 28. Figure 76 shows the SEM
images of the cross sectioned sample. The EDS spectrum of the SEM image clearly indicates that
the segregated dark phase is rich in Co and Fe with Al followed by inclusion of traces of Ce and
Gd in the dark and lighter gray phases. Further into the surface, all three phases of the composite
similar to conventionally sintered sample were observed and confirmed by EDS spectrum as
well. Thus the sustained oxygen due to use of Al,O; die does not allow complete decomposition
of spinel into their metallic phase as in the other two cases of hot pressing experiment with

graphite dies.

Summarizing the hot pressing experiment section, it is difficult to produce CGO-FCO oxide
membranes in reducing atmosphere as the phases tend to reduce to their metallic phases by the
use of Ar atmosphere and graphite die. Graphite, when not in direct contact with the composite
helps less reduction of spinel but Al,O; interaction with ceria and perovskite formation is still a
concern. Thus use of ceramic dies in oxidizing atmosphere would help overcome the issues faced
in the above experiments. Also reducing the hot pressing temperature would be an interesting
approach for future work since high pressure application might lower the sintering temperature

required for densification.

SPS/FAST Technique

Another attempt to obtain dense dual phase CGO-FCO membrane, FAST/SPS method for the
fabrication of this composite at lower temperature of e.g. 850-900 °C was investigated. Literature
study revealed that attempts have been made to obtain individual phases (CGO and FCO) by SPS
method. According to these authors, spinel with higher iron content tend to decompose into
spinel and rocksalt phase at as low as 700 °C by SPS method (Imine '11, Millot '07) whereas
CGO phase would need at least 1100 °C to densify.

During the SPS process, gas pressure showed slight increase (up to 3.25 mbar) between
temperature 830 to 900 °C and then decreased again to standard value (~ 3.08 mbar). This slight
increase in gas pressure is related to the spinel decomposition (oxygen release) during the
process. The sample showed no traces of interaction with graphite and was retrieved in pieces as

it was brittle and broke while attempting to separate it from the graphite foil.
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Figure 77 XRD plot of 60 wt% CGO — 40 wt% FCO conventionally sintered (CS) at 1200 °C,
SPS/FAST sintered at 900 °C (SPS) and SPS/FAST sintered sample annealed (A) at 1000 °C.

The XRD analysis of the sample after SPS/FAST showed presence of 3 phases: Fluorite (CGO),
spinel (FeCo,04) and rocksalt (CoO) as shown in Figure 77. The SPS sample was subjected to
annealing in presence of air at 1000 °C for 5 h. The sample was shattered into small pieces inside
the furnace. The reducing atmosphere by the use of graphite dies during SPS shifts the stability
limit of the rocksalt phase to lower temperatures. Thus when re-oxidized during annealing, the
rock salt phase transforms to spinel which leads to large stress and volume expansion causing the
violent rupture of the sample. However, the XRD plot of the annealed powder does show clear
peaks of any phases as shown in Figure 77 due to the less availability of the sample after the
destruction inside the furnace during the annealing process. In order to avoid CoO phase, it may
be necessary to reduce the temperature, but this might further compromise the dense packing in
the composite making it not suitable for application. Another promising option would be to use

non-graphite ceramic dies for the SPS/FAST technique.
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Table 13 Alternative sintering techniques and their outcomes

Hot Pressing
Graphite die Graphite die + Pre- LA
Alumina die
sintered
Dense pellet Dense pellet Pellet melted to Not dense, brittle and
(melted to the die) (deformed) the die cracked (when annealed in air)
Fluorite + Fluorite +
Fluorite + spinel + | Fluorite + spinel + rock salt
metallic Co, Fe metallic Co, Fe
rock salt phase phase
phase phase

No third phase No third phase No third phase Orthorhombic perovskite

Summarizing the effort to identify an alternative sintering technique, it can be stated that
achieving dense membranes with desired phases have not been successful. There have been
several set backs such as deformation of sample, reduction of spinel to its metallic phase, micro-
cracks and more as described in Table 13. Thus, optimized conventional sintering with the slow
cooling rate between 900 - 800 °C has proven to be the favorable option for producing dense
dual phase composites. Reducing the sintering temperature in case of hot pressing and use of non
graphite ceramic dies for both hot pressing and SPS/FAST would be interesting options for

future investigations.
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4.3.3. Asymmetric Membrane by Tape Casting

Thin film dense membranes exhibit siginificantly improved oxygen permeation. But with
decreasing thickness, limiting step for permeation change (L>L.) from bulk to surface exchange
kinetics. Thus upscaling of membrane fabrication involves manufacture of supported thin film
membranes by tape casting process. Further flux improvement is addressed by overcoming
surface exchange limitation by introducing additonal porous catalytic layer on the membrane and

catalyst infiltration in the porous support.

CGO-FCO 85:15 wt% ratio has been chosen as the composition for asymmetric membranes
development due its highest permeance of all investigated CGO-FCO ratios. Additionally, by the
formation of the electronic conducting GCFCO perovskite phase, the segregation of cations in a
Poz gradient seems to have reduced. Lastly, the composite also proves to be stable in different
gas mixtures and high pressure (extended up to 5 bar on a ¢ 10 mm sample proven) application.
Thus, next logical step of progress is the development of asymmetric membrane by tape casting

to achieve the maximum oxygen flux.

Membrane Layer

Based on physical properties such as theoretical density, particle size distribution, shape, surface
area, sintering behavior of the composite combined with extended tape casting expertise in house
from several other materials, a basic slurry system was adjusted to the powder and cast into thin
layers (~50 pm) as functional membrane layer. Pechini synthesized powder was used for dense
thin membrane layer fabrication, Table 14 details the list of slurry preparation involved for
optimization of the process. Each slurry preparation was carried out with 30 g of the composite
powder mixed with binder, dispersant and plasticizers as explained in Table 14 in terms of their
solid content weight %. Initially, the dense thin membrane layer had pinholes, bubbles and
cracks. These defects were attributed to an insufficient dispersion of powder. With modification
in the slurry recipe and the mixing procedure, it was overcome and a defect free and flexible thin
layer foil was achieved. However, on contact with solvent during the sequential tape casting of

the support layer, the membrane layer disintegrates into cracks as shown in Figure 78.
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Table 14 Slury development for tape casting of a dual phase membrane starting from CGO-FCO
85:15 powders prepared via pechini route.

Recipe (Wt %) | Slurry1 | Slurry2 | Slurry 3 Slurry 4 Slurry 5 Slurry 6
Mixer Thinky Tumbler
Solid content 22 20 25 22 22 20 (SSR)
Dispersant
(Nuosperse FX9086) 2 3 3 3 3
Binder (pvBog) 10 10 7 7 7
Plasticizer 1
(52075 7.5 8 6 5 6
Plasticizer 2
(PEG400) 6 6 3 5 5 7
(drying .
Cracks, Crack Crack . controlled (drying
- . . Wettability controlled
Pinholes, | formation | formation | . by a cover)
issue and . by a cover)
Issues Bubbles on on - foil good, .
shrinkage . foil good,
after solvent solvent L sintered
S variation dense after
sintering | contact contact membrane L
sintering
not dense

This defect was mainly attributed to the wettability of the particles, in other terms as concerns

related to formation of a polymer network which ensures the necessary mechanical stability and

flexibility required of the fabricated green membrane layer. This meant optimizing the binder

and plasticizer content to obtain dense thin layer, free of visible defects. In parallel CGO-FCO

85:15 SSR route powder was also used for preparing the slurry slight modification to the recipe

based on the powder morphology. The resulting membrane layer appeared to be defect free in

comparison to the Pechini route thin film.

. .
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Figure 78 Defects observed in CGO-FCO 85:15 Membrane layer produced with pechini synthesized
powder. a) Pin holes and Cracks after sintering b) Crack propagation of green tape in contact with
solvent
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Support layer

Development of the support layer is very critical as it provides the necessary mechanical stability
for the thin dense membrane layer. Its porous structure must enable the efficient feed gas flow to
the membrane layer thus 30 to 40% porosity is required in the support layer. Co-precipitation of
CoO co-doped CGO was investigated as a potential porous substrate material since CoO has
proven to be a good sintering aid that reduces the sintering temperature of CGO (Schmale '11).
Thus, it is expected to match with CGO-FCO membrane layer during the co-sintering process of
the asymmetric membrane structure. The cobalt addition is done over the dried precursor powder
by incipient wetness impregnation. In this method, Co (NO3),-6H,0 is dissolved in deionized
water (volume according with the pore volume) and mixed with the commercially available
CGO powder (Guizard). NOx evaporates and CoO in CGO mixture is retained. Finally, the
powder is calcined for 15 h in air atmosphere at 700 °C (Similar to Pechini synthesized CGO-
FCO composite) to decompose the residual nitrates and carbonates and to favor the retaining of
fluorite phase (Fagg '09, Schmale '11). A study to identify the optimal sintering aid content was
carried out by adding 2, 5 and 10 mol% of CoO to CGO. Based on the sintering behavior curve
of all the three combinations, the addition of 2 mol% CoO was sufficient to lower the sintering
temperature of the CGO powder, down to 1200°C. Also an increase in CoO content did not
improve the sinter ability of the CGO further (Kleinlogel '00). CoO grains are distributed
throughout the support layer as shown in SEM images (Figure 84).

Pore former is an important ingredient in the slurry for support layer as it tailors the
microstructure to improve the gas exchange through the pores it introduces in the structure.
Starch is a suitable pore former and type of starch depends on pore size and shape suitable in the
structure. Based on the % of porosity necessary, starch content is decided in relation with
ceramic powder mass (Schulze-Kiippers '13). Support slurry development started from a
standard slurry system. Table 15 indicates number of slurry preparations to optimize the system
as we encountered several difficulties in achieving the desired slurry and defect free support
layer. Though the support layer witnessed several defects including crowfoot cracks and boating
(Figure 79), some defects were also attributed to consequence of the high binder content in the
membrane layer in the sequential casting process. Boating is attributed to the fast evaporation of

solvent at the tape-air surface that causes bending of edges during drying.
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Table 15 Slury development for tape casting of support starting from CGO +CoO powders. Corn
starch (CS), graphite (GR) and rice starch (RS)

Recipe Slurry 1 Slurry 2 | Slurry 3 | Slurry 4 | Slurry 5 | Slurry 6
(Wt%)  [2%]5% | 10% 2% CoO
Solid 28 20 18 20 20 20
content
Pore Former 20(CS) 20(GR) | 30(RS) | 30(RS) | 30(RS) 30 (RS)
Dispersant
(Nuosperse 3 3 3 3 3 3
FX9086)
Blnder 7 7 7 7 7 7
(PVB98)
Plasticizer 1 6 6 6 6 6 6
(5-2075)
Plasticizer 2
e 3 3 3 5 10 7
Thick and Brittle . . Crow Controlleq drying
Issues and Boating | Boating foot by covering the
cracks
cracks cracks | tape, good results

Here a dry skin forms hindering the homogenous evaporation of solvent through the entire tape
thickness. This leads to high lateral shrinkage of top layer compared to the bottom while the
adherence of the particles of the complete chemical system is strong enough not to form cracks.
Main alterations involved replacement of corn starch to rice starch, solid weight content of CGO-
FCO powder and Plasticizer 2 (PEG400). Increasing PEG400 content increases flexibility of the
polymer network, this embeds the ceramic particles and avoids high lateral shrinkage. Finding a
balance between binder and plasticizer content and initiating slow/controlled drying proved to be

successful.
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Figure 79 Defects observed in CGO -2 mol% CoO Support layer such as boating, crowfoot cracks
and sintering cracks

CGO-FCO 85:18 (SSR) powder was also made into slurry for support layer casting as an
alternate option. The cast showed traces of crowfoot cracks but replacing Nuosperse FX9068

dispersant by TEGO DISPERS 655 (polyetherphosphate) proved to be successful.

Table 16 slurry prepared for tape casting of support layer from CGO-FCO 85:15 SSR powder.

Recipe Solid Pore Dispersant Binder | Plasticizer 1 | Plasticizer
(S-2075)
(Wt %) content | Former | (TEGO DISPERS 655) (PVB98) 2 (PEG400)
CGO-FCO 20 30(RS) 3 7 6 7
85:15 (SSR)
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After sintering at 1200 °C for 5 h, samples showed traces of cracks, bubbles and delamination
that could be due to fast debinding and/or sintering process and hence heat treatment
optimization is essential. The defect free sintered samples obtained were subjected to
microstructure analysis. An overview of the investigated CGO-FCO membrane — support
asymmetric membrane system is given in Table 17. The development of dense membrane layers
starting from Pechini powder was not successful. The sintered membranes showed severe
leakage caused by pinholes and cracks in the membrane layer. Cracks are a result of sintering
activity mismatch between the membrane and support attributed to the high surface area of
Pechini powder. In addition, the Pechini powder agglomerates exhibit a high inner porosity that
does not densify during sintering leaving pinholes in the thin layer. Contrary to the results of the
Pechini powder, sintered membranes made from the SSR route powder showed excellent gas

tightness on both types of supports.

Table 17 list of membrane / support tape cast combinations subjected to microstructure
investigation.

Membrane Pechini powder Mixed oxide powder (SSR)

starting powder

Support starting | Mixed oxide | 2 mol% CoO - | Mixed oxide | 2 mol% CoO -
powder powder (SSR) CGO powder (SSR) CGO
Microstructure | Figure 80 Figure 81 Figure 82 Figure 83

Figure 80 Tape cast asymmetric CGO-FCO 85:15 (Pechini) membrane with porous CGO-FCO
85:15 (SSR) support sintered at 1200 °C for 5 h.
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Figure 81 Tape cast asymmetric CGO-FCO 85:15 (Pechini) membrane with porous 2 mol% CoO-
CGO support sintered at 1200 °C for 5 h.

Figure 82 Tape cast asymmetric CGO-FCO 85:15 (SSR) membrane with porous CGO-FCO 85:15
(SSR) support sintered at 1200 °C for 5 h.

Figure 83 Tape cast asymmetric CGO-FCO 85:15 (SSR) membrane with porous 2 mol% CoO-
CGO support sintered at 1200 °C for 5 h.
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Due to the homogenous particle size distribution and the dense powder morphology, no pinholes
were formed. Sintering activity of support and membrane layer seems to be closely matching to
avoid cracks in the membrane layer. Membrane layer thickness and support porosity was
determined by quantitative image analysis. The manufacturing of thin layers with thickness
below 20 pm, in combination with manufacturing of above 40 vol% porous supports is possible
(Table 18).

Table 18 Microstructural parameters of the asymmetric membranes manufactured by sequential
tape casting, determined by quantitative image analysis.

Membrane Support SEM Membrane layer Support | Gas
images thickness [m] porosity [%] | tight

CGO-FCO CGO-FCO 85:15

85:15 (Pechini) (SSR) Figure 80 14.0 £ 1.5 409+ 1.5 no
CGO-FCO 2 mol% CoO-

85:15 (Pechini) CGO Figure 81 183+14 455+23 | No
CGO-FCO CGO-FCO 85:15
85:15 (SSR) (SSR) Figure 82 11.3+0.3 51.8+1.7 | yes
CGO-FCO 2 mol% CoO-
85:15 (SSR) CcGO Figure 83 11.1+0.9 484+ 1.4 | yes

The diffusion of spinel cations into the support layer was investigated on the CGO-FCO
membranes with 2 mol% CoO-CGO support. No iron or larger segregations of Co were detected

in the support layer, as shown in Figure 84.
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Figure 84 EDX analysis of CGO-FCO 85:15 (Pechini) membrane / 2 mol% CoO-CGO support
interface of the tape cast membrane sintered at 1200 °C for 5 h.

Permeation measurement

The CGO-FCO SSR membrane with 2 mol% CoO-CGO support layer sample was not tested for
oxygen permeation, though the sintered sample was gas tight. The sample showed traces of
warping that made sealing for oxygen permeation measurement not possible. CGO-FCO 85:15
SSR membrane + support structure was tested for oxygen permeation measurement in air/Ar
gradient using the test setup described in section 3.3. A porous LSCF layer (5 pm thickness) was
coated on the membrane side (sweep side) that facilitates surface exchange to the thin membrane
film (~11 pm). Limitations of surface exchange on the support side can be expected due to
absence of catalytic activation. The comparison of oxygen permeation between a 1 mm bulk
membrane with both sides activated and the asymmetric membrane with one side activated is as
shown in Figure 85 (left). Permeation measurements of the membrane showed an oxygen flux of
1 ml cm™ min™ @1000 °C in air/Ar gradient. The oxygen permeation increases by a factor of 3.7
at 1000 °C when using an 11 pm asymmetric membrane compared to the 1 mm bulk membrane.
The decrease of this factor with temperature is due to the insufficient activation of the thin

membrane at the support side, where surface exchange becomes more limiting with decreasing

108



4 Results and Discussion

temperature. This is supported by the increasing apparent activation energies with decreasing
temperature as shown in Figure 85 (right). The apparent activation energy of the thin film
membrane at high temperature is above the E, of the ionic conductivity for the bulk membrane
(~ 60 - 70 kJ/mol), indicating that the ionic conducting phase is not the only rate limiting factor.
At temperatures below 900°C, E, is 148 kJ/mol and below 800°C, E, is 215 kJ/mol, indicating

the rate limitation by surface exchange.
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Figure 85 Comparison of oxygen flux (left) and permeability (right) between 1mm bulk membrane
(2 sides activated) and the asymmetric membrane (1 side activated). Both membranes were made
from CGO-FCO 85:15 SSR powder sintered at 1200 °C for 5 h.

Sintering Profile

As mentioned in the support layer sub section, heat treatment optimization has been carried out
since 75% of the sintered samples were cracked with the past sintering profile (Figure 87 red)
after obtaining defect free tapes of supported asymmetric membranes with optimized slurry made
from CGO-FCO SSR as the starting powder for both membrane and support layers successfully.
DTA/TG analysis of membrane, support and membrane + support layers combined (all made
from CGO-FCO SSR powders) were carried out. Figure 86 clearly indicates severe mass loss
between temperatures 200 — 500 °C corresponding to organics burn out (binder, plasticizer and

pore former). Membrane layer (red) alone does not show such severe mass loss when compared
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to support layer (pink) and membrane + support combined layers (black) organics burn off. This
means pore former burning is quite rapid which needs to be controlled by having a very slow
heating rate between that temperature ranges. Additionally, dwell time of 5 h at 1200 °C was not
sufficient to obtain gas tight membranes with the optimized slurry so it has been increased to 10

h consistent with the sintering temperature and dwell time for bulk membranes.
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Figure 86 DTA/TG of membrane, support and membrane+support layers combined subjected to
sintering cycle at 3 K/min upto 1200 °C in air. powders made from CGO-FCO 85:15 SSR route for

both membrane and support layers
Therefore optimized sintering profile (Figure 87 blue) has provided defect free dense asymmetric

membrane with porous support successfully.
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Figure 87 Heat treatment profile for porous asymmetric membrane by tape casting, sintered at
1200°C. powders made from CGO-FCO 85:15 SSR route for both membrane and support layers.

Summarizing the asymmetric membrane development section, the result has been very positive
and has set the benchmark for development of asymmetric dual phase membranes in the future.
Starting with the powder synthesis, SSR route has proven to be the most potential powder
production option for up scaling the CGO-FCO membrane manufacture. Secondly, process
optimization led to manufacture of defect free tapes of porous asymmetric membrane made from
CGO-FCO 85:15 SSR powder successfully. It is also important to investigate SP powders for
manufacture of asymmetric membranes by tape casting to compare the microstructure and
performance with its counterpart SSR powder. Finally achieving the milestone of 1 ml cm™ min™
oxygen flux @1000 °C using porous asymmetric membrane in air/Ar gradient benchmarks the
performance of a dual phase membrane amidst very few literatures reporting the possibility of up
scaling such dual phase membrane development. There is high potential for obtaining 1 ml cm™
min™ at a lower temperature (850 °C — operating temperature in power plants) by addressing the

surface limitations at the interface between membrane and support layer in the near future.
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5. Summary and Outlook

This PhD thesis work involves development of dual phase oxygen transport membrane for
oxyfuel combustion. The dual phase membrane is expected to have good thermal expansion
match between the phases, provide high oxygen transport and enhanced chemical stability
compared to more established single phase OTMs like LSCF and BSCF in flue gas streams of
power plants. Combination of Phase A - ionic conducting phase (CesGdy,025 - CGO) with
Phase B - a promising pure electronic or MIEC phase defines the intended dual phase membrane.
Material screening is followed by identifying the suitable proportion of the phases and proof of
concept powder synthesis route. Phase interactions are investigated in detail to evaluate their
influence on the membrane performance. Thermochemical and mechanical stability are tested by
start of the art preliminary experiments at ORNL. Process optimization involving lab scale
conventional densification and pressure enhanced sintering of membranes are explored. Finally,

potential for up scaling of the membrane development by tape casting process is investigated.

CGO-FCO (Ce 3Gd20,.5 - FeC0,0,) identified as the most promising dual phase membrane in
which, FCO a pure electronic conductor was screened among several pure electronic and MIEC
materials. Dense bulk membranes of 60 wt% CGO - 40 wt% FCO were achieved by
conventional sintering at 1200 °C for 10 h in air. Formation of a third phase, GdFeO3 perovskite
with traces of Ce and Co (abbreviated as GCFCO) has been proved by XRD, SEM and TEM
investigations. Additionally, Co rich spinel phase decomposes to form a rock salt phase CoO
causing micro-cracks in the membrane. This decomposition is reversible and can be avoided by
including a slow cooling step between the temperatures 900-800 °C thus eliminating crack

formation

Detailed investigation of the perovskite phase formation was conducted by PLD coating a thin
film of FCO layer (~100 nm) on CGO substrates and performing annealing experiments between
1000 - 1200 °C. This phase interaction and GCFCO phase formation in the annealed samples
were identified by electron microscopic analysis that was further validated by the ToF-SIMS
depth profiling analysis to conclude the same. The GCFCO perovskite phase is formed around
1000°C and is unavoidable in CGO-FCO dual phase combination. This GCFCO phase is

identified as a pure electronic conductor by its electrical conductivity and oxygen permeation
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measurements as an individual phase. Therefore, the GCFCO phase formed as individual grains

provides additional electronic conductivity to the dual phase composite.

Oxygen flux of CGO-FCO 60:40 wt% measured was lower than single phase OTM based on
LSCEF due to surface exchange limitation. The high activation energy at lower temperatures (850
°C - 700 °C) ~140 kJ/mol was attributed to the surface exchange limitation even for a Imm thick
dual phase membrane. Therefore, CGO-FCO membranes were surface activated by porous LSCF
coating to improving the oxygen flux. Porous LSCF layers were coated on both side of the
membrane improving the oxygen flux and reducing the activation energy throughout the
measurement temperature range 700 °C - 1000 °C. Consequently, ionic conductivity became the
rate limiting factor for permeation at high temperatures. Thus optimization of CGO-FCO ratio
was schematically experimented by lowering the spinel content between 40 wt% and 10 wt%.
CGO-FCO 85:15 wt% identified as the optimum dual phase composition with the highest
oxygen permeation. A surface activated CGO-FCO 85:15 wt% bulk membrane (1 mm thick)

exhibit an oxygen flux of 0.16 ml cm™ min™ at 850 °C in air/Ar gradient.

Thermo-chemical stability of CGO-FCO membranes were evaluated by state of the art annealing
experiments at 850 °C in the presence of varying gas mixtures comprising of CO,, SO, and H,0O,
carried out at ORNL. These preliminary short term tests proved CGO-FCO membranes as very
stable materials. Additionally, harsh ambience in power plants also includes high pressure; hence
the membranes were subjected to high pressure (up to 5 bars) permeation measurements. The
measurements clarified the influence of increased partial pressure gradient as a driving force in
improving the flux and its mechanical stability. The high flux combined with superior
thermochemical stability proven in specialized flue gas mixtures replicating power plant
ambience (a novel testing condition) fulfills the objective of this PhD work. Thus CGO-FCO
85:15 wt% membrane can be categorized as the most promising dual phase material compared to

most dual phase membranes reported in the literature (Table 1).

Identifying a suitable powder synthesis route for future up scaling of the membrane technology
was investigated with Pechini, Solid State Reaction (SSR) and Spray Pyrolysis (SP) route
powders. SSR powder was promising in comparison to SP and Pechini route powders. The
process optimization section looked into pressure enhanced sintering techniques such as Hot

Pressing (HP) and SPS/FAST methods for producing dense CGO-FCO membranes with
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modified microstructure. Use of graphite dies and argon atmosphere reduce the oxide phases and
destructs the sample. Asymmetric membrane by tape casting was another approach for process
optimization. CGO-FCO supported dense asymmetric membranes were successfully
manufactured from 85:15 wt% SSR route powders by optimizing the slurry, casting process and
sintering profile. An oxygen flux of 1.08 ml cm™ min™ at 1015 °C in air/Ar gradient has been
achieved from the surface activated CGO-FCO dual phase supported asymmetric membrane

successfully.

Achieving oxygen flux of 1 ml cm™ min” in an asymmetric membrane is considered as the
milestone of Green-CC project proposal. It also benchmarks the performance of a dual phase
membrane amidst less reported literatures on up scaling of such membranes so far. Nevertheless,
there is high potential for improving the flux even at lower temperature (850 °C — operating
temperature in power plants) by addressing the surface limitations at the interface between

membrane and support layer.
OUTLOOK

Following the development of dual phase membrane with significant oxygen permeation
successfully, there is a lot of process improvement planned to enhance oxygen flux within the
scope of Green-CC project. One of the key factors would be addressing surface limitations of the
supported asymmetric membrane. Open membrane side has already been surface activated with
porous LSCF layer, hence catalytic infiltration at the interface between the membrane and the
porous support would be the next approach to manage surface limitations. This process will
impregnate catalyst grains in the pores of the support that extend the triple phase boundary
(TPB) along the length of the membrane surface at the interface overcoming surface limitations.
Parallel efforts for the catalytic infiltration process are on-going among two Green-CC project
partners (Dr. Jose Serra’s research group at ITQ, Valencia and Dr. Peter Vang Hendriksen’s
research group at DTU). First level experimentation of infiltration process will be carried out at
IEK-1 as well in the near future. Surface activation by porous LSCF layer over dense dual phase
membranes has only been considered as a preliminary test to identify the presence of surface
limitations. However considering LSCF OTMs instability in exhaust flue gas streams of power
plants, an alternative stable material will be investigated as porous catalytic layer in the near

future.
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http://physik2.uni-goettingen.de/research/2_hofs/methods/XRD.
http://physik2.uni-goettingen.de/research/2_hofs/methods/XRD.
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