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SUMMARY

Among the gas membrane separation technologies, inorganic dense membranes, like
oxygen transport membranes (OTMs), are regarded as one of the most potential and
promising methods and gain considerable attention over the past decades. OTMs
represent an energy-efficient and economical alternative to conventional cryogenic air
separation for producing pure oxygen for oxyfuel combustion technologies as they
provide high oxygen selectivity in a single-step process. OTMs require high
permeability as well as chemical and mechanical stability under harsh ambient
conditions, like CO2- or SOx - containing atmospheres. Mixed ionic-electronic
conductors (MIEC) are applied mostly as materials for OTMs. Compared to diverse
single-phase materials, dual-phase composite materials, i.e., pure ionic-conductor
Ce0.8Gdo.202-5 (CGO20) and electronic-conductor FeCo204 (FCO), may potentially
fulfil these requirements completely. The transport properties of the MIEC system are
closely related to the composition and conducting properties of the individual phases
in the composite, as well as microstructure features, such as density, porosity, grain
size, and the presence of defects. Therefore, the objective of this work is to determine
the relationship between the composition as well as the morphology of the permeation

properties in the fluorite-spinel ceramic composite.

Chapter 1 introduces the fundamental concept of a membrane reactor with integrated
OTM, where the main process of oxygen separation takes place. It describes the basis
of the oxygen transport mechanisms in the membrane addressing the charge carriers'
transport in the bulk and surface of the Mixed lonic-Electronic Conductors (MIEC).
Moreover, conventional single-phase and dual-phase materials used for OTM and the
components for the dual-phase composite material, investigated in this study, are

outlined.

As the first step in this work, a potential best-case scenario of the oxygen flux for ceria-
based composite materials under perfect conditions without any limitations is defined
in Chapter 1. An oxygen flux of 1 ml/cm2 min is considered to be the technically
relevant minimum flux requirement. By varying the parameters, such as membrane
thickness and partial pressure, the temperature-related permeance level for the dual-
phase composite can be estimated. Although a technically relevant minimum flux

requirement (1 ml/cm? min) cannot be achieved in reality, the studied material system



of Ceo0.8Gdo.202-5 -FeC0204 (CGO20-FCO) can be evaluated in the context of potential

application conditions at intermediate temperatures (<850°C).

Chapter 2 reports the optimization of the sintering profile for the CGO20-FCO
composite aiming towards improved microstructural features and transport properties.
The characterizations reveal the multi-phase composite structure with the fluorite
CGO20 structure, two spinel types: inverse iron-rich and normal cobalt-rich, and
emerged Gdo.ssCeo.15Fe0.75C002503 (GCFCO) phase with perovskite structure,
independent of the dwelling time. The presence of the high-temperature CoO phase is
found only for the long dwelling time (100 h), which is the result of incomplete
oxidization. An additional step in a cooling cycle at 850°C helps to facilitate the
oxidization of CoO and to get rid of this phase, resulting in the stable Co304 phase.
The morphological properties, such as density, grain size, and porosity are strongly
dependent on the dwelling time at 1200°C for the 60CGO20-FCO composite.

Permeation properties of the basic composite (100-x) wt. % CG020 — x wt.% FCO with
10 < x =40 are studied in Chapter 3. The permeance maximum is found for the 80:20
wt.% ratio at 850°C. At the low FCO fraction (<25 wt.%) in the composite, a sufficient
percolation with the targeted 30 vol.% of the electronic (e)-conducting phase is
achieved, thanks to phase interaction and formation to the perovskite phase. This
emerged donor-doped GdFeOs phase contributes to the electronic conductivity
providing additional paths for the charge carriers. Utilizing the empirical models for the
fluorite and spinel phases the composition of the newly formed perovskite phase could
be estimated in relation to the different amounts of spinel in the initial powder
mixture. Furthermore, this GCFCO phase was synthesized separately and exploited
as an electron-conducting phase and added to the commercially available CGO20.
This approach reveals a dual-phase structure after sintering, which is expected to be

more chemically stable compared to FCO in particular at low poz.

In Chapters 4 and 5 the designing of the composite by varying the electron-conductor
and ion-conductor is performed. First, the Fe3xCoxO4 spinel system with x= 0, 1, and
3 was investigated and was compared to x=2, regarding the morphological and
permeation properties. In the absence of one of the cations (iron or cobalt), a significant
drop in oxygen permeance as well as limited stability is observed. Moreover, in the
cobalt-free composite, no phase interaction takes place, resulting in a dual-phase

composite, whereas in iron-free the emerged GdsFes3O12 with the garnet structure is
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formed, which conducting properties are not as good as by GCFCO. The best
performance was found for the composites with x=1 and 2 in Fe3xCoxO4, where both
cations are present, due to the formation of the GCFCO phase. Thus, the FCO and

F2CO are the most attractive candidates from the FesxCoxOas spinel system for OTM.

As alternative ion conductors from the material system Ce1-xRExO2-5 (where RE= Gd
or Sm and x= 0.1 or 0.2) were investigated, namely Ce0.9Gdo.102-5 (CGO10) and
Ce0.8Smo.202-5 (CSO20) were selected and analysed in Chapter 5. Both composite
rows exhibit the dense (~95%) close-packed microstructure with fine grain size 0.5-0.7
pm. A type of fluorite plays a crucial role, emphasizing the importance of the dopant
fraction in the fluorite. So CGO10-based composite reveals the dual-phase structure,
without phase interaction, due to a lack of gadolinium for the perovskite phase
formation. Along the grain boundaries segregation of the gadolinium, iron, and cobalt
is found, which role in the percolation process is still not fully understood and needs to
be further investigated. For composites with reduced FCO fraction (<25 wt.%) the
microstructure features are crucial, in particular volume fraction and the grain size of
the individual phases. The morphology determines ionic and electronic contiguity and
hence the permeance performance of the composite. As a result, the maximum oxygen
flux joz of 0.28 and 0.14 ml/cm? min was found at 1000°C and 850°C respectively in
the 1 mm thick membrane of 80CGO10-FCO composites.

The CS020-based composite reveals similar morphological properties to the CGO20-
based composite, with a multi-phase structure and quite similar grain size. Composite
80CS020-FCO reaches the oxygen flux maximum of 0.26 and 0.12 at 1000°C and
850°C, respectively, which is slightly improved compared to the CGO20-based

composite.

Chapter 6 focuses on the reduction of the thickness in the bulk pellets from 2 mm to
0.4 mm since the thin dense membranes generally exhibit significantly enhanced
oxygen flux. The bare and surface-modified membranes were analysed using
Wagner's model. This Lc value was estimated by utilizing the modified Wagner’s
equation, underlying that the LSCF coating is proven to be effective to overcome the

surface limitation in the CGO20-FCO composite, especially at low temperatures.

It was postulated that the reaction of incorporation and extrapolation are different on
the feed and sweep sides, so the investigation of the surface modification was

performed. The segregation of the spinel phase at one side of the membrane is
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indicated, which possibly can act as a block for the continuous e- and ion- paths without

coating.

At high temperatures (950-1000°C) the difference in the one- or two- side activation is
insignificant, showing that even in a bare membrane the transport process is governed
by bulk diffusion. By lowering temperatures, the surface kinetics influence gets more
pronounced. Surface modification by applying the Lao.sSro.4Coo.2Fe0.803-5 (LSCF) layer
is important to overcome the surface limitations and focus on bulk transport at low

temperatures (<850°C).

The step-by-step procedure for the development of asymmetric configuration for the
60 CGO20-FCO is described in Chapter 7. Each manufacturing step, including slurry
formulation for both layers, heat treatment, and post-processing faced some
challenges. The microstructural defects, mechanical instability, and density issues
were addressed to their nature and discussed in detail. Finally, careful analysis and
the possible ways to overcome the problems are given to ensure sufficient mechanical

stability and simultaneously transport properties of the asymmetric membrane.

Chapter 8 summarizes all obtained results, reflects overall findings, and further
determines a direction for future research. It shows that the promising dual-phase
composite with a dominating fluorite structure can provide the necessary stability and
permeation performance for application in membrane reactors. The formation of an
emerged GdFeOs perovskite phase with traces of cerium and cobalt has been proven
by XRD, SEM, and TEM investigations, which effectively contributes to electronic
transport. This phase is determined as a pure electronic conductor and, thus, can be
used as a potential electron-conducting phase mixed with the commercially available
Ce0.8Gdo.202-5 for the development of the thin supported membrane. Finally, the test of
the obtained membranes in the membrane reactor in aggressive atmospheres is

required to evaluate the membrane stability and permeance performance.
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SAMENVATTING

Van alle scheidingstechnologieén met gasmembranen worden anorganische dichte
membranen, zoals zuurstoftransportmembranen (OTM's), beschouwd als een van de
meest potentiéle en veelbelovende methoden. OTM's vormen een energie-efficiént en
economisch alternatief voor conventionele cryogene luchtscheiding voor de productie
van zuivere zuurstof bij oxyfuelverbranding, aangezien ze een hoge
zuurstofselectiviteit bieden in een eenstapsproces. OTM's vereisen een hoge
permeabiliteit en chemische en mechanische stabiliteit onder moeilijke operatie
condities, zoals CO2- of SOx-houdende atmosferen. Gemengde ionisch-elektronische
geleiders (MIEC) worden meestal toegepast als materialen voor OTM's. Vergeleken
met diverse enkelfasige materialen kunnen composietmaterialen met twee fasen,
d.w.z. zuivere ionengeleider Ceo08Gdo.202s (CGO20) en elektronische geleider
FeCo204 (FCO), mogelik volledig aan deze vereisten voldoen. De
transporteigenschappen van het MIEC systeem zijn nauw verbonden met de
samenstelling en de geleidende eigenschappen van de individuele fasen in het
composiet, evenals met de microstructuurkenmerken, zoals dichtheid, porositeit,
korrelgrootte en de aanwezigheid van defecten. Daarom is het doel van dit werk het
bepalen van de relatie tussen de samenstelling en de morfologie van de permeatie-

eigenschappen in de fluoriet-spinel keramische composiet.

Hoofdstuk 1 introduceert het fundamentele concept van een membraanreactor met
geintegreerde OTM, waar het belangrijkste proces van zuurstofscheiding plaatsvindt.
Het beschrijft de basis van de zuurstoftransportmechanismen in het membraan,
waarbij het transport van ladingsdragers in de bulk en aan het oppervlak van de
Gemengde lonisch-Elektronische Geleiders (MIEC) aan de orde komt. Bovendien
worden conventionele enkelfasige en tweefasige materialen die worden gebruikt voor
OTM en de componenten voor het tweefasige composietmateriaal dat in deze studie

wordt onderzocht, geschetst.

Als eerste stap in dit werk is een potentieel bestcasescenario van de zuurstofflux voor
composietmaterialen op basis van ceria onder perfecte omstandigheden zonder
beperkingen gedefinieerd in Hoofdstuk 1. Een zuurstofflux van 1 ml/cm? min wordt
beschouwd als de technisch relevante minimale vereiste flux. Door de parameters,

zoals membraandikte en parti€le druk, te variéren kan het temperatuurgerelateerde
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permeantieniveau voor de composiet met twee fasen worden geschat. Hoewel een
technisch relevante minimale fluxvereiste (1 ml/cm? min) in werkelijkheid niet kan
worden bereikt, kan het bestudeerde materiaalsysteem van Ceo.8Gdo.202-5 -FeC0204
(CGO20-FCO) worden geévalueerd in de context van potentiéle

toepassingsomstandigheden bij middelhoge temperaturen (<850°C).

Hoofdstuk 2 beschrijft de optimalisatie van het sinterprofiel voor de CGO20-FCO
composiet met als doel verbeterde microstructurele eigenschappen en
transporteigenschappen. De  karakteriseringen onthullen de meerfasige
composietstructuur met de fluoriet CGO20-structuur, twee spineltypen: omgekeerd
ijzer-rijk en normaal kobalt-rijk, en naar voren gekomen Gdo.ssCeo.15F€0.75C00.2503
(GCFCO) fase met perovskietstructuur, onafhankelijk van de verblijftijd. De
aanwezigheid van CoO bij hoge temperatuur wordt alleen gevonden bij de lange
verblijftijd (100 uur), wat het resultaat is van onvolledige oxidatie. Een extra stap in een
koelcyclus bij 850 °C helpt om de oxidatie van CoO te vergemakkelijken en deze fase
kwijt te raken, wat resulteert in de stabiele Co304-fase. De morfologische
eigenschappen, zoals dichtheid, korrelgrootte en porositeit zijn sterk afhankelijk van
de verblijftijd bij 1200°C voor de 60CGO20-FCO composiet.

Permeatie-eigenschappen van het basiscomposiet (100-x) wt. % CGO20 - x wt.% FCO
met 10 < x < 40 worden bestudeerd in Hoofdstuk 3. Het permeantiemaximum wordt
gevonden voor de verhouding 80:20 bij 850°C. Bij de lage FCO-fractie (<25 wt.%) in
het composiet wordt voldoende percolatie met de beoogde 30 vol.% van de e-
geleidende fase bereikt, dankzij fase-interactie en vorming naar de perovskietfase.
Deze opgekomen donor-gedoteerde GdFeOs fase draagt bij aan de elektronische
geleidbaarheid en biedt extra paden voor de ladingsdragers. Met behulp van de
empirische modellen voor de fluoriet- en spinelfasen kon de samenstelling van de
nieuw gevormde perovskietfase worden geschat in relatie tot de verschillende
hoeveelheden spinel in het oorspronkelijke poedermengsel. Bovendien werd deze
GCFCO-fase apart gesynthetiseerd en geéxploiteerd als een electronen (e)-
geleidende fase, en toegevoegd aan het commercieel beschikbare CG020. Deze
benadering onthult een tweefasenstructuur na sinteren, die naar verwachting

chemisch stabieler is in vergelijking met FCO, in het bijzonder bij lage poz2.

In Hoofdstuk 4 en 5 wordt het ontwerp van het composiet uitgevoerd door de e-

geleider en ionengeleider te variéren. Eerst werd het Fes.xCoxO4-spinelsysteem met



x= 0, 1 en 3 onderzocht en vergeleken met x=2 wat betreft morfologische en
permeatie-eigenschappen. Bij afwezigheid van een van de kationen (ijzer of kobalt)
werd een significante daling in zuurstofpermeantie en een beperkte stabiliteit
waargenomen. Bovendien vindt er in het kobalt -vrije composiet geen fase-interactie
plaats, wat resulteert in een composiet met twee fasen, terwijl in ijzer -vrij het ontstane
GdsFesO12 met de ,garnet® structuur wordt gevormd, waarvan de geleidende
eigenschappen niet zo goed zijn als bij GCFCO. De beste prestaties werden gevonden
voor de composieten met x=1 en 2 in Fe3xCoxOa4, waar beide kationen aanwezig zijn,
door de vorming van de GCFCO-fase. FCO en F2CO zijn dus de meest aantrekkelijke

kandidaten van het FesxCoxO4 spinelsysteem voor OTM.

Als alternatieve ionengeleiders van het materiaalsysteem Ce1xRExO2-5 (waarbij RE=
Gd of Sm en x= 0.1 of 0.2) werd onderzocht, namelijk Ceo.9Gdo.102-5 (CGO10) en
Ce0.8Smo.202- (CS0O20) werden geselecteerd en geanalyseerd in Hoofdstuk 5. Beide
samengestelde rijen vertonen de dichte (~95%) gesloten microstructuur met een fijne
korrelgrootte van 0.5-0.7 um. Het type fluoriet speelt een cruciale rol en benadrukt het
belang van de doteringsfractie in het fluoriet. De composiet op basis van CGO10
vertoont dus een tweefasige structuur, zonder fase-interactie, door een gebrek aan
gadolinium voor de vorming van de perovskietfase. Langs de korrelgrenzen wordt
segregatie van gadolinium, ijzer en kobalt gevonden, waarvan de rol in het
percolatieproces nog niet volledig wordt begrepen en verder moet worden onderzocht.
Voor composieten met een gereduceerde FCO fractie (<25 wt.%) zijn de
microstructuurkenmerken cruciaal, in het bijzonder de volumefractie en de
korrelgrootte van de individuele fasen. De morfologie bepaalt de ionische en
elektronische contiguiteit en dus de permeantieprestaties van het composiet. Als
resultaat werd het maximum van de zuurstofflux jo2 van 0.28 en 0.14 ml/cm? min
gevonden bij respectievelijk 1000°C en 850°C in de 80CGO10-FCO composieten. De
composiet op basis van CSO20 vertoont vergelijkbare morfologische eigenschappen
als de composiet op basis van CG020, met een meerfasenstructuur en een behoorlijke
korrelgrootte. Composiet 80CSO20-FCO bereikt het maximum van de zuurstofflux van
0.26 en 0.12 bij respectievelijk 1000°C en 850°C, wat iets beter is vergeleken met

composiet op basis van CGO20.

Hoofdstuk 6 richt zich op de vermindering van de dikte in de bulkmembranen van 2
mm naar 0.4 mm omdat de dunne dichte membranen over het algemeen een

aanzienlijk grotere zuurstofflux vertonen. De kale en oppervlaktegemodificeerde
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membranen werden geanalyseerd met behulp van het model van Wagner. Deze Lc-
waarde werd geschat met behulp van de gewijzigde vergelijking van Wagner, wat erop
wijst dat de LSCF-coating effectief blijkt te zijn om de opperviaktebeperking in het
CGO20-FCO-composiet te overwinnen, vooral bij lage temperaturen. Er werd
verondersteld dat de reactie van incorporatie en extrapolatie verschillend zijn aan de
voedings- en veegzijde, dus werd de opperviaktemodificatie onderzocht. De
segregatie van de spinelfase aan één zijde van het membraan is aangegeven, wat
mogelijk als een blokkade kan werken voor de continue e- en ionpaden zonder coating.
Bij hoge temperaturen (950-1000°C) is het verschil in activering aan één of twee zijden
verwaarloosbaar, wat aantoont dat zelfs in een kaal membraan het transportproces
wordt beheerst door bulkdiffusie. Bij lagere temperaturen wordt de invioed van de
opperviaktekinetiek sterker. Oppervliaktemodificatie door toepassing van de
Lao.sSro.4Coo.2Fe0.803-5 (LSCF) laag is belangrijk om de oppervilaktebeperkingen te

overwinnen en te focussen op bulktransport bij lage temperaturen (<850°C).

De stapsgewijze procedure voor de ontwikkeling van de asymmetrische configuratie
voor de 60CGO20-FCO wordt beschreven in Hoofdstuk 7. Elke productiestap,
inclusief slurryformulering voor beide lagen, warmtebehandeling en nabewerking, had
te maken met een aantal uitdagingen. De microstructurele defecten, mechanische
instabiliteit en dichtheidsproblemen werden naar hun aard aangepakt en in detail
besproken. Tot slot worden een zorgvuldige analyse en de mogelijke manieren om de
problemen op te lossen gegeven om voldoende mechanische stabiliteit en tegelijkertijd

transporteigenschappen van het asymmetrische membraan te garanderen.

Hoofdstuk 8 vat alle verkregen resultaten samen en geeft de algemene bevindingen
weer, en bepaalt verder de richting voor toekomstig onderzoek. Het toont aan dat het
veelbelovende dual-phase composiet met dominante fluorietstructuur de nodige
stabiliteit en permeatieprestaties kan leveren voor toepassing in membraanreactoren.
De vorming van een opkomende GdFeOs perovskietfase met sporen van cerium en
kobalt is aangetoond door XRD-, SEM- en TEM-onderzoeken, die effectief bijdraagt
aan het elektronische transport. Deze fase wordt bepaald als een zuivere elektronische
geleider en kan dus worden gebruikt als een potentiéle elektronische geleidende fase
gemengd met het commercieel beschikbare Ceo.sGdo.202-5 voor de ontwikkeling van
het dun ondersteunde membraan. Tot slot moeten de verkregen membranen getest
worden in de membraanreactor in agressieve atmosferen om de stabiliteit van het

membraan en de permeantieprestaties te evalueren.
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Chapter 1

1. Introduction

1.1 Technologies for oxygen separation

Oxygen is one of the most used chemicals in the world, accounting for about 4 of the
world market of industrial gases [1,2] and it is deployed in many industrial areas
(combustion processes, steel industry, health care, chemical processes). The use of
pure oxygen or oxygen-enriched air offers a variety of technical applications compared
to the use of air with considerable technological, economic, and ecological advantages.
For example, the use of oxygen in combustion processes leads to emissions reduction
and an increase in efficiency. Accordingly, the interest lies in producing pure oxygen

as cost-effectively as possible [3,4].

Nowadays pure oxygen is mainly produced on a large scale by cryogenic distillation.
This method separates the oxygen from the gases by using the difference in the boiling
temperatures of oxygen and nitrogen [5]. Since the boiling points of oxygen and
nitrogen are very close to each other (-183 and -196°C for oxygen and nitrogen
respectively) and because of the very low operating temperature, the separation of
oxygen and nitrogen is complex and energy-intensive (energy demand of ca. 225 kW
h ton™") [2]. New technologies should be introduced to maintain the effectiveness of
production and simultaneously reduce COx emissions. Hence, the continuously
expanding demand for oxygen evokes interest in developing new methods for oxygen
production, such as membrane technologies. Oxygen permeable ceramic membranes
were found as a reliable alternative to conventional processes, helping to reduce
production costs by as much as 35 % compared to cryogenic distillation [3,4]. The
methods based on inorganic dense membranes, including oxygen-permeable ceramic
membranes are regarded as a potential and promising methods among the gas
membrane separation technologies and gain considerable attention over the past
decades [6]. The oxygen transport membranes can be integrated into a chemical
reactor device — catalytic membrane reactor (CMR), which has attracted considerable

attention from scientists and engineers in different fields [7].
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The CMR enables simultaneously two processes in a single step: the separation
process through the membrane and the chemical reaction at one or both sides of the
membrane. The permeable membrane serves as a selective barrier, allowing only
specific molecules to pass the membrane, whereas others are blocked [8]. This
combination of the separation and reaction processes creates synergies between
them. The technical concept exhibits a lot of advantages, such as lower pollution, green
and sustainable chemistry, less energy consumption, and improved performance in
terms of selectivity and separation. Furthermore, the membrane reactor can be applied
for different tasks regarding the desired product, i.e., hydrogen, syngas (mixture of Hz
and CO), higher hydrocarbons (C2+ -hydrocarbons, ethane, ethylene), methane (CHa),
ammonia (NHs3), or different process [9]. There are known different types of membrane
reactors addressing its concepts (extractor, contractor, and distributor concept) or
configuration (disc/flat sheet, tubular and hollow fibres) [7,8].

Depending on the type of reaction and operating conditions in CMR, different
membrane materials, such as metal, polymers, and ceramics can be used. Moreover,
the CMR could be classified regarding membrane type, which is designed to be
selective for certain charge carriers, i.e., oxygen ions or protons, while retaining others.
For example, the membrane reactor with mixed ion-electron conducting membranes
and mixed proton-electron conducting membranes are shown schematically in Figure
1.1 [8].

Air (0;+N,) - . e
0, Depleted Air ) 202 Depleted Air ; P Air (0,+N,) O, Depleted Air .

0.50, +2e~ -0~

Q‘o NN
o ® ®

l CH,+H,0 l

H,+CO H,+CO Sn CH,+H,0

Figure 1.1 Reactions for oxidative coupling of methane with a mixed ion-electron

conducting membrane
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The properties of the material for the permeable membrane are crucial for the effective
separation process, where some reactants or reaction products diffuse through the
membrane material, separating it from the mixture. That is why many researchers
focus on the development of these ceramic materials, improving their chemical and
mechanical properties. These materials could be used for the production of pure

oxygen by means of an oxygen transport membrane (OTM).

As an example, the oxyfuel process realization employing the OTM and this is one way
for the utilization of carbon capture and storage technologies [10]. The technology with
OTM is less energy intensive [2,11] and provides many economic and environmental
benefits, such as the capability to realize the efficiency of oxygen production with high
oxygen quality, due to high oxygen selectivity, which is in ideal case almost 100 %
(>99.999%) [2,12]. The oxygen transport membrane technology can offer a sufficient
and economically beneficial solution for different oxygen-intensive industrial sectors
such as production of non-ferrous metallurgy, steel, cement, and glass, where heating
can be done by the oxyfuel combustion process. The implementation of the membrane
oxygen separation technology is done by means of dense mixed ionic-electronic
ceramic conducting membranes (MIEC) [2,13], which are commonly made of both

types of conductors: ionic and electronic conductors.

1.2 Mixed lonic Electronic conductors (MIEC)

As it is already mentioned, there are known two types of mixed conductors: single and

dual (multi-)-phase for the application as a bulk material for OTM.
1.2.1 Single-phase MIEC

Single-phase OTM can be represented as various structures such as perovskite
(ABO3) or fluorites (AOz), brownmillerites (A2B20s), and pyrochlores (A2B207) name a
few, which conduct oxygen ions through their crystal lattice [2,10,13,14]. Due to high
ionic conductivity, the perovskite and fluorite structures are the most studied. Unlike
fluorite, perovskite provides simultaneously sufficient electronic conductivity at
targeted conditions, thus it makes perovskite more attractive. The perovskite single-
phase materials typically have cubic symmetry and can be described with the ABOs3
formula, the structure is shown in Figure 1.2. To enable ionic conductivity in a single-
phase material, it is necessary to introduce some oxygen vacancies by partial
substitution of the A-site cation with a lower oxidized one [15]. At the B site, there is

always a cation with variable valence. Typically, metals such as Fe or Co are good
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candidates for the B site and provide high hole or electronic conduction to the
composite. The Lao.sSro.4Coo.2Fe0803-5 (LSCF) and Bao.sSrosCoo.sFe0.2035 (BSCF)
single-phase mixed conductors show exceptional permeability at experimental
conditions [16—25], however, all of them suffer from poor chemical and thermal stability
[26-34].

Figure 1.2 a) A cation b) B cation as an individual centre in ideal cubic perovskite
structure ABO3

Moreover, the application of the operating conditions, such as flue gases containing
SOx and COx, is quite questionable for single-phase materials, due to possible

irreversible reactions i.e., carbonating reaction [35,36].
1.2.2 Dual-phase MIEC

The dual-phase materials have been intensively investigated in order to overcome
single phase limitations and yield a chemically and mechanically stable composite.
Both phases in the material coexist and provide a continuous network, contributing to
the different types of the transport. As a rule, the ionic conductor serves as a
continuous phase and the electronic conductor is uniformly dispersed, but networked
in the whole membrane volume, hence facilitating oxygen permeation. This dual- or
multiphase membrane concept gives rise to additional opportunities in the selection of
materials and fabrication methods for the oxygen transport membranes, and thus it is
an interesting alternative to the known conventional materials. The typical example is
the combination of the fluorite and spinel phases as ion- and electron-conducting
phases, respectively. Both phases should meet some requirements regarding stability
and provide sufficient compatibility with each other. The dual-phase materials offer
higher stability in acidic atmospheres than single-phase ones, however, the

permeation performance could be further improved [37-39].
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The permeation process through the ceramic membrane is implemented via ionic and
electronic conductance, which should be realized in the separate phases. The
presence of both phases is key to ensuring good percolation, providing connected
ways for both types of charge carriers, the constant oxygen flux, and thus, the sufficient
performance of the composite [40—42]. Since the electron conductivity is generally
higher compared to the ionic one, the ion-conducting phase should be as high as
possible, while the electron-conducting phase amount is as low as possible to form an
interconnected network of continuous pathways for electrons and ions. This means
that the concentrations of the individual phases should be above the percolating

threshold, which is generally reported to be 30 vol. % [43,44].
1.3 Basic transport principle in Oxygen Transport Membranes (OTM)

1.3.1 Membrane configuration

Nowadays there are two known types of oxygen transport membranes (OTM) referring
to their configuration. The asymmetric OTM performs better than the symmetric ones.
The asymmetric membrane assembly, consisting of the LSCF catalytic activation layer,
and a dense membrane layer applied on the porous support to ensure mechanical
stability is shown schematically in Figure 1.3. There are two known variations of
asymmetric membranes: with support at the oxygen-rich or with support at the oxygen-
lean sides [21,45,46].

a) b
po: ) ) Dual-phase Single-phase
Feed p o Air O, lean Air 0, lean

m \ L\ > Feed side L \
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- i d A )
= R \ ST T oy o 'i' oot
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Figure 1.3 a) Schematic representation of the rate-limiting steps in MIEC material
over the partial pressure b) Zoom-in of the dense layer with two different MIEC
types: dual- and single-phase one (red filled grains are representing the electron-

conducting phase, the remainder is the ion-conducting phase)
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The OTM consists of the MIEC, which enables the transport of oxygen ions in the
material via oxygen vacancies, whereas electrons move via polaron transport in the
crystal lattice, hence resulting in a pure oxygen flux. The partial pressure gradient over
the membrane serves as the driving force for oxygen transport. It provides ion diffusion
and helps with the oxygen surface exchange, where Oz molecules leave the gas phase
and assimilate into oxygen vacancies in the mixed conducting layers. Such
membranes found application mostly at temperatures over 600°C since the ion

diffusion process is temperature dependent and it is rate-limiting.

Oxygen transport is a quite complex process and involves several transport
mechanisms, which can be rate-limiting and can hinder transport in some way, hence

can be considered as resistances (see Figure 1.3a).
These resistances correspond to

o The lattice diffusion in the bulk membrane, where oxygen ions diffuse through
the solid membrane via vacancies or other defects under a pressure gradient
between the feed and permeate side (zone lll), while the electrons move in

opposite directions to maintain electrical neutrality.

« Two surface exchange reactions, where the oxygen molecules ionize and

dissociate to oxygen ions (zone Il)
1
=02+ V5> 05 + 2k

and oxygen ions associate with oxygen molecules (zone IV) according to

equations 1 and 2.
1
0% + 2h —>§02 + Vs

e Concentration polarization in the gas phases (zone | and VI)

e Pores in the porous support (zone V) [47].

The dependence on the oxygen partial pressure at the zone boundaries is varied from
step to step [16]. Mass transfer of the gaseous O:2 to the surface of the membrane
occurs at the high-pressure side, going through the bulk membrane and support
accompanying the pressure loss and finishes at the low partial-pressure side [48].
Compared to the transport mechanisms in the bulk membrane and surface exchange

the resistance of gas phase polarisation (zone | and VI) is often negligible [49,50]. The
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transport processes in zones lll, Il, and 1V should be taken into account, thus they are

explained further in detail.
1.3.2 Surface modification

Oxygen transport in MIEC membranes needs good ionic and electronic conductivity.
The presence of both ionic and electronic continuous paths is key for good
performance during the oxygen permeation process. Figure 1.3b shows the two types
of MIEC materials and transport paths for the electrons and ions. In the single phase
MIEC, the whole surface area participates in the transport process, enabling the almost
obstacle-free movement of electrons and ions. In the dual- or multi-phase membranes,
however, only part of the surface takes part in the charge carrier transport process.
Thus, the concentrations of ionic and electron-conducting phases should be above the
percolating threshold, which is usually assumed to be 30 vol.% [43,44]. However, in
real conditions, interconnectivity between particles is far from ideal and only part of the
surface sufficiently contributes to the oxygen exchange process [51]. The surface
exchange process at low temperatures is a rate-limiting factor in dual- or multi-phase
membranes compared to single-phase due to randomly distributed phases, as shown
in Figure 1.3b. To form an effective percolation network in the composite the interface
involving the gas phase, electronic conductor (electron holes), and ionic conductor
(oxygen vacancies) is required. This interface is known as the triple-phase boundary
(TPB). Generally, the amount of the triple-phase boundaries in the composite is very
small [52]. The TPB and the potential electron and ion paths in dual-phase material

are schematically represented in Figure 1.4.

Dissociation and reduction processes take place on the surface, followed by the
diffusion process of O2 ions in the bulk. Released electrons need to be transported to
the high partial pressure side. Significantly enhanced transport of charge carriers and
hence the permeation in dual-phase materials can be reached by applying a catalytic
activation layer (for our material is LSCF) either on one or both sides of the membrane,
as reported elsewhere [52-56]. In this case, the potential triple-phase boundaries can
be prolonged by a coating of MIEC with a conducting porous activation layer, which
facilitates the oxygen incorporation over the entire membrane surface and gives the

possibility of electron distribution to the ion-conducting phase.
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Figure 1.4 Schematic representation of the TPB in the dual-phase material, (red
filled grains are the electron conducting phase, the orange open grains are the

ion-conducting phase)
1.3.3 Transport in Bulk

If transport in the bulk membrane itself is assumed to be free from surface limitations,
the oxygen permeation process in dense membranes can be described by a widely
accepted model developed according to Wagner’s theory and written as a standard
Wagner’s equation [57]:

PR o 1
Joz = 1oz " Oamb "

n Ploz Equation 1.1
P02

With &4, ambipolar conductivity is a function of the electronic ¢, and a;,,ionic of one
material. In the case of the compound, the ambipolar conductivity is different and

should be corrected.

o, = Ji% Equation 1.2
amb = 5. + o,
And
c,D;z2F? Equation 1.3
Oion =" pr

Where oxygen anions are characterized by Ds - self-diffusion coefficient with the
valence charge zo= -2, other constants have the usual meaning. The co is the volume
concentration of oxygen anions at equilibrium and ks is the surface exchange
coefficient, derived from the data of '80-'8Q isotopic exchange. Generally, bulk
diffusion is the lattice diffusion in oxides and involves some point defects such as
vacancies, interstitial atoms, and others [49,58]. Transport in the bulk corresponds to
oxygen ion diffusion from the high partial pressure side to the low pressure, while
electrons move in the opposite direction to maintain electrical neutrality as

schematically illustrated in Figure 1.3b.
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1.3.4 Transport in Surface

At both oxygen-reach and oxygen-lean sides the MIEC undergoes the row of surface
exchange reactions: oxygen adsorption, dissociation, and charge transfer (Figure 1.5).
The overall surface exchange reaction can be limited by them. So, in Zone Il at the
high-oxygen partial pressure side, the row of reaction steps enables the oxygen

surface exchange process: oxygen reduction, dissociation and incorporation into the

oxide lattice.
0, te" 07 D o v 20% + 2V - 20§
07 + e~ — 03" Mo [\ O 207 +2e”-20%"
03--20" 02--20~
207 +2e” 20 05 +e~— 03"
207 + 2V 5208 e . 0, +e~ =05
1 P p o 1
202+ V505 + 2k " we 0542k 550,475

Figure 1.5 Principal overview of the ion transport through dense ion-electronic
conducting membrane inclusive the reactions oxygen reduction, dissociation
and incorporation into the oxide lattice at the one side and oxidation,

association, and desorption of oxygen molecules on the other side of membrane

These reactions happen to occur only in the triple phase boundary, where air, ionic,
and electronic conducting phases provide molecular oxygen Oz, oxygen vacancies V;,

and electrons e respectively.

It is also assumed that the same reaction takes place in the opposite direction [51,59],
so in Zone IV at the low partial pressure side, all listed reactions occur in the opposite
order, starting with the oxidation, association, and desorption of oxygen molecules.
From Wagner’s equation, it can be concluded that the oxygen flux is inversely
proportional to the thickness of the membrane. Based on this the performance of the
membrane can be managed and the dominating transport mechanism is determined.
In the MIEC with large thicknesses, bulk diffusion is dominant over surface exchange
mechanisms. Interface reactions, on the other hand, are quite limiting in the case of a
very thin membrane. However, both contribute equally to the resulting oxygen flux
through the membrane at a certain thickness. This parameter is introduced as

characteristic thickness Lc for the membranes under mixed controlled kinetics:

RT 1 Equation 1.4

LC=W'O—amb'jeTx
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In conditions near to equilibrium (steady state) and absence of the oxygen potential
gradients the oxygen exchange is represented as:

. o VHGY Equation 1.5
Joz2z = —Jex RT

Where j2, is the balanced exchange rate on both membrane surfaces and can be found
asjd, = % - kg - c,. The value VuiY is the gas-solid interface chemical potential gradient.
Using all these values is modified into [51]:

. RT o0, 1 P o2 Equation 1.6
Joz = 2" ' “In "
16F+ o0;+ o0, L+ 2L, P o2

Based on the knowledge that most MIEC are predominantly electronic conductors the
Nernst-Einstein relationship according to Equation 1.3. After all this modification and

introduction of these parameters, Equation 1.4 can be rewritten as:

D Equation 1.7

According to the inverse relationship between these two parameters in Wagner’s
equation, the reduction of the membrane thickness leads to an increase in oxygen flux,
however, it is valid only until a certain value. Lc value is temperature dependent and

by utilising the Arrhenius relation could be express as:

E Equation 1.8
D, Do exp(——p) Ey d
LD = =———F =1, exp(- )

E
kso - exp(—757)
1.4 Material selection

Dual- and multi-phase material development focus is the design of the material with
the optimized composition, and phase fractions resulting in a connected network for
the realization of ionic and electronic transport. As already mentioned, to sustain a
sufficient percolating network for both types of particles, the separate phase should be
carefully chosen regarding connectivity and compatibility, to produce a reliable mixed-
conducting composite. Moreover, these materials should provide sufficient quality,
namely the conducting properties, thermal, phase, and chemical stability, and
mechanical properties. Since many requirements need to be fulfilled at the same time,

the selection of the components for the composite material is a very critical point.
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Nowadays, the composites of acceptor-doped ceria in combination with mixed or
electronic conducting materials are under close attention and have been recently
intensively investigated for application at the intermediate temperature range (600-
850°C) [2,10,13,60-62].

1.4.1 Electron-conducting materials

There are two relevant types of electron conductors for the OTM application for
selected conditions: perovskite and spinel type electron conductors. An easy control of
the composition, structure, valence, and morphology has made the spinels suitable in
various reactions [63]. The spinel is generally known as a pure electron conductor,
while the perovskite material, i.e., BSCF or LSCF, exhibits predominantly electronic
conductivity with low ionic conductivity [64]. The principal difference is in the paths for
the oxygen ions since the perovskite is also able to conduct oxygen ions and electrons

as shown in Figure 1.6.

Figure 1.6 Possible electron and ion transport ways in dual-phase composite a)

ionic and mixed conductor b) ionic and pure electron conductor

Spinels with a general formula ABO4 and cubic structure attracted attention as a
suitable electron conductor. There are various known spinels for the composite
material. To name a few NiFeO4, Mn15C01.504, and Fe3xCoxO4 systems [63,65—-68].
The O-ions form an FCC lattice, while the 1/8 tetrahedral sites and %z octahedral sites
are taken by metal atoms. In other words inside a big FCC O-ion lattice the two types

of cubic building units, filling all 8 octants are presented as illustrated in Figure 1.7.
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Figure 1.7 Spinel crystal structure (AB204)

For the current work as an electron-conducting phase, the spinel system FesxCoxO4
with various x is of particular interest. This system is intensively investigated and
showed quite comparable functional properties, conducting properties as well as
stability, especially at reducing atmospheres [62,66,68—70]. With respect to the Fe-Co
phase diagram, several members of that system were mixed with ion-conducting
materials, resulting in forming of dual- or multi-phase ceramic composites and reported
somewhere [40,61,62]. The Fe fraction in the spinel phase and the whole dual-phase
system has an impact on electronic conductivity [42,71]. Furthermore, it is found that
the influence of the Fe/Co ratio in the spinel phase is significant in the context of the

phase interaction at the sintering temperature, revealing different final microstructure.
1.4.2 lon-conducting material

The fluorite-type crystal structure is considered to be the most conventional fast oxide-
ion conducting material [2,72,73]. can be described by the AO2 formula, where A is
tetravalent cations. Principally anions are placed in eight tetrahedral sites and the
cations occupy face-cantered positions in cubic unit cells. The ceria-based oxides with
RE -dopant are a good ion-conducting phase for the dual-phase composite, benefiting
from the oxygen vacancies generation by doping. The majority of defects in ceria
materials are oxygen vacancies, which amount is closely related to dopant content.
Furthermore, the oxygen vacancies define the final conductivity, which can be

described as:

RE,05 — 2RE, + 30% + V;
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Figure 1.8 The fluorite type crystal structure, green spheres are 0% oxygen ion

sites and blue spheres are A** cation sites

The RE-doped ceria system occupies a central position among the fluorite materials
and is intensively investigated for application as OTM [2,74,75]. Pure ceria has limited
ionic conductivity [76], however, with the addition of a dopant, the conductivity is
significantly improved [77-80]. Chemical expansion is expected, due to the
introduction of oxygen vacancies, which start to expand the lattice [81]. Recent
modelling and experimental efforts showed a high level of conductivity of RE-doped
materials, depending on the type of dopant [2,78]. Many works have been devoted to
correlating the dopant type and its amount with the final conducting and structural
properties [79,82—84]. The highest conductivity was found for Nd, Sm, and Gd in the
range between 10 and 20 mol.% [77,78], where only the fluorite structure is present
[85-87]. Since Nd is reported to be a quite rare and critical element [88], two types of
dopants have been tested in this work: Gd and Sm. A new approach regarding co-
doping of ceria with samarium and gadolinium was published recently, aiming to lower
the activation energy and further improve the structural as well as conductive
properties [89-91].

1.4.3 Selected Composite

The recent years of OTM development show that dual-phase ceria-dominated
materials have more potential for oxygen separation than perovskite membranes. So,
the fluorite-spinel composite system has been developed as a promising candidate
material. As an ion conductor, the Ce1-xRExO2-5 (where RE= Gd or Sm and x= 0.1 or
0.2) was selected due to good chemical stability [60,70,75,92-97] and excellent ion-
conducting properties (~0.075-0.1 S-cm™') [65,70,98,99]. To select a suitable electron-

conduction material the following requirements should be fulfilled:

. Enhanced electronic conductivity (~0.85-19 S-cm™") of the single phase [64]
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e Comparable conductivity to achieve sufficient ambipolar conductivity of the
compound. [12]

e Similar expansion coefficients to prevent the cracks and other defect formation
and propagation, due to increased residual stresses [96]

o Stability in the aggressive atmospheres [66].

So, the various electron conductors of FexCo3-xO4 (0 < x < 3) spinel systems are found
to be most suitable and promising for the targeted application. Moreover, these spinels
act as a sintering agent for doped-ceria, reducing sintering temperature and increasing
the density of the final material [70,71,100,101]. In the current work, the fluorite-spinel
composite with various ion- and electron conductors was systematically investigated
in the context of the microstructure features and the transport properties. For the future
upscale the cost-efficient solid-state reaction with subsequent one-step sintering was

utilized for the dual-phase membrane fabrication [102].
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1.5 Scope of the thesis

Oxygen Transport Membrane (OTM) used for oxygen separation from the air or other
oxygen-containing gas mixtures is a widely studied topic in the oxyfuel combustion
process nowadays. The technology with OTM provides many economic and
environmental benefits, such as the capability to realize the efficiency of oxygen
production with high oxygen quality and simultaneously reduce the cost of production
compared to the other processes. Dual-phase materials for the OTM exhibit great
potential, due to high stability under harsh conditions. The combination of a fluorite
material as an ion-conducting phase with a spinel as an electron conductor is one of
the most promising candidates for OTM. The in-depth understanding of the multi-phase
nature of the composite membranes based on Ceo.8Gdo.202-5 (CGO20) and FeCo0204
(FCO) synthesized by solid-state reactive sintering (SSRS) is the main goal of this
work. The fluorite-spinel system is intensively investigated and gives a possibility to
obtain a high permeable membrane material with sufficient stability. The dual-phase
materials development is aiming to minimize the amount of the electron conducting
phase and simultaneously have no loss in the percolation of this phase and thus the
permeation performance. A potential performance estimation for the chosen CG0O20-
FCO system in perfect conditions is done, revealing that the permeation potential is

sufficiently high for its deployment in membrane reactors.

As an initial step, a “best-case estimation” of the oxygen flux should be performed in
order to investigate the applicability and potential performance of a CGO-based dual-
phase composite system, which is discussed in the final part of Chapter 1. Assuming
the perfect conditions without any surface limitations and/or porous support influence
for the asymmetric configuration. Oxygen flux of 1 ml/cm? min is considered to be the
technically relevant minimum flux requirement, and by varying the thickness and partial
pressure parameters it could be estimated temperature-related permeance level for
the dual-phase composite. Even if the “best case" cannot technically be achieved in
reality, the chosen composite can be evaluated in the context of potential application

conditions.

Chapter 2 is devoted to the optimization of the sintering profile for dual- / multi-phase
composites. The chosen sintering temperature is 1200°C for all studied composites,
many studies have been done on the temperature influence on the microstructure

features of the dual- and multi-phase composites, namely the grain and pore size,
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relative density, and porosity. However, the effect of the dwelling time has not been
systematically investigated for the CGO20-FCO system so far. Thus, the dwelling time
was varied between 0 and 100 h at 1200°C. The cooling rate is also critical, especially
for the spinel phase, where the residual Co/Fe monoxide phase can be eliminated by
optimization of the cooling process. The suitable sintering profile with sufficient
dwelling time was defined and will be further utilized for the upscaling for OTM

production.

The investigation of the basic CGO20-FCO composite with FCO fraction from 10 to 40
wt.% is discussed in Chapter 3. The microstructure features including the structural
properties and fraction of each phase were analysed via TEM, SEM, and XRD with
Rietveld refinement. Utilizing the empirical models for the fluorite and spinel phases
the composition of the newly formed donor-doped GdFeOs phase could be estimated
in relation to the different amounts of spinel in the initial powder mixture. Sufficient
percolation can be reached even at the low amount of nominal FCO in composite (<25
wt.%), thanks to phase interaction and the formation of an emerged phase. Maximum
permeation is observed for the 80 wt.% CGO20 with 20wt. % FCO combination at
850°C. Moreover, the CGO20-based composite with GCFCO as an electronic
conductor, reveals indeed dual-phase morphology and significantly enhanced

permeation.

The design of the dual-phase composite system and explanation of the ion- and
electron-conducting phase choice, based on the microstructure and performance is
discussed in Chapter 4 and Chapter 5.

The Fe/Co ratio in the multi- and dual-phase composite material, coming from the
spinel phase is crucial for the determination of the final morphology and permeation of
materials. The systematic study of the effect of the Fe/Co ratio of FexCo3xO4 (0<x<3)
in CGO20-FCO composite is performed in Chapter 4. The phase interaction, third
phase formation, fraction, and lattice parameter of each phase after phase interaction,
as well as morphology, including grain size and porosity, are discussed. Fe/Co ratio
affects the third phase quality, resulting in either the donor-doped GdFeOs or
GdsFes012. It was postulated importance of the both cations' presence in the fluorite-

spinel composite system, to ensure sufficient percolation.

Chapter 5 focuses on the selection of the ion-conducting phase Ce/-«RE«O.-s with a

different type of dopant (RE= Gd or Sm) as well as the amount of this dopant (x= 0.7 or
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0.2) in the fluorite structure, followed by a discussion of its effect on the final
morphology of the ceria-based material. Due to the different conductivity of Sm- and
Gd-doped ceria, the final permeation performance is different in investigated
composites. The amount of dopant in the initial ceria-based composite system has an
impact on the final microstructure, resulting in dual- or multi-phase morphology The
correlation between the volume fraction of the electronic-conducting phases,

microstructure, and permeance of CG0O20 and CS0O20 composites is discussed.

The optimized material was then utilized to prepare a membrane with an asymmetric
configuration in order to decrease the thickness of the dense layer but ensure a stable
structure for the potential application in harsh conditions. Chapter 6 compares the
permeation performance of dense CGO20-FCO multi-phase membranes with varying
thicknesses from 0.4 to 2 mm. The impact of surface exchange kinetics is analysed
and quantified in terms of the different bulk membrane thicknesses. The experimental
data of bare and coated membranes was compared with Wagner’s equation and the
modified one, which considers the Lc value of transition thickness from bulk-limited
permeation to surface exchange-limited one. The Lc characteristic thickness and
specific oxygen flux were estimated, as a function of the temperature in the range of
700-1000°C. The Lc value seems to be almost constant for both types of membranes
at high temperatures, while at low temperatures the L. differs significantly for coated
and uncoated samples. Furthermore, the effects of the surface-exchange kinetics on
the oxygen-permeation properties have been studied in terms of surface modification.
The importance of the catalytic layer application has been analysed in detail, regarding
the rate-limiting mechanisms. The impact of the sample configuration with the
application of a catalytic activation layer on either one or both sides of the membrane

on the final oxygen flux is discussed.

The chosen dual-phase composite system (60 wt. % CGO20 - 40 wt.% FCO), is
developed into an asymmetric membrane configuration by a sequential tape-casting
process described in Chapter 7. The quality analysis of the green tape as well as the
sintered samples was continuously performed, to recognize and overcome potential
problems. Additionally, the discussion of the occurrence of bulk and surface defects,
addressing their nature and possible solution to improve the tape quality, is done. To
get a defect-free thin membrane with a mechanically stable support structure further
optimization steps are required, such as the process of slurry optimization, in particular

the variation of the additives. Further, the sintering profile was adjusted by varying the
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temperature to get a well-densified and stable microstructure of the composite

membrane.

A summary of the scientific contribution of this work and the conclusions for the
development and application of the CGO20-FCO composite system for the OTM is
given in Chapter 8. This part also gives perspectives for future development of the
multi-phase CGO20-FCO composite material for application in an OTM based

membrane reactor, including stability tests under harsh conditions.
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1.6 Best-case performance of ceria-based composite

Due to complexity of the selected composite system in context of the various phase
interactions and other factors, as an initial step of the material investigation the

prediction of the “best-case performance” addressed to permeance is done.
Current analysis is the part of the published work [2].

As a first step to investigate the applicability and potential performance of a dual-phase
composite system, a “best-case estimation” of the oxygen flux should be made. Even
if the “best-case scenario” cannot technically be achieved, this approach has the
benefit to assess if the selected dual-phase composite can in theory reach the

performance required by the targeted application.

An example of such an estimation for a dual-phase OTM is described below. As “best
case situation” it is assumed that the Wagner equation (Equation 2) is valid in the entire
parameter range i.e., neglecting surface exchange limitation as well as any impact of

porous supports required for thin membranes.

Dual-phase OTMs typically show permeation rate limitations by the ionic conductivity.
Therefore, a maximum portion of the ionic conductor is beneficial. In consequence, a
best-case situation exists if the (hypothetical) dual-phase membrane consists only of
the ion conducting phase, and assuming an infinite electronic conductivity. In this case

the ambipolar conductivity equals the ionic one.

As ion conducting phase 20 mol% Gd-doped ceria (CGO20) is chosen as an example
due to its high ionic conductivity at intermediate temperatures, i.e. 500-600 °C [103].
The targeted permeation rate value (benchmark) considered the technical relevant
minimum flux requirement by the OTM community varies from 1 to 10 ml cm™2 min™'
[104,105].

Using reported data for CGO20 (o #1° *C ionic = 8,15 x 10™* S cm™"; Ea = 70 kJ mol™)
[79], the upper bound of the oxygen permeation rate can be calculated according to

Equation 2 [2] considering the thickness L, the absolute temperature T, and the driving

feed,

p . . . .
force Ln—eme as parameters. Here, p' (corresponding to poz ™¢d) is fixed to air at
P

02

ambient pressure, ie., p' = 0.21 bar. For p” (corresponding to po2 Pe™Meate) two

concentrations are chosen arbitrarily, i.e., p”" = 0.005 bar mimicking typical oxygen
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permeation tests using air and inert gas (Ar or He) as feed and sweep gases,

respectively and p" = 107"® bar exemplarily for membrane reactor applications.

In Figure 1.9 the dependency of the oxygen flux on pressure gradient, thickness and
operating temperature is illustrated in an Arrhenius plot. The orange line represents
the hypothetical oxygen flux across a 1 mm thick membrane lab operated in a
0.21/0.005 partial pressure gradient. It should be noticed that both thickness and
pressure gradient are the most common test conditions reported, as shown in Table 1
(2.

The reduction of the membrane thickness to 50 um leads to significant improvement
of the hypothetical oxygen flux as illustrated by a shift along the Y-direction (green
line). The same tendency occurs by reduction of the sweep side partial pressure from
0.005 bar to 107"® bar (brown line). As expected, the highest fluxes can be achieved
with a thin membrane operated at high driving force (violet line). In these hypothetical
cases the “best-case estimation” equals the benchmark performance of 1 ml cm™

min~" already at temperatures above 470 °C.

For comparison, Figure 1.9 also shows experimental data of 1 mm thick membrane
pellets (single phase perovskite Lao.sSro.4Coo.2Feo0sOs-5 (LSCF) and CGO20-based
surface activated dual-phase composite). The experimental data were driving force
normalized to p” = 0.005 bar (an average value of O2 concentration measured by mass
spectrometry during the permeation test). At 1000 °C, LSCF comes close to the
benchmark (coincidently equal to the upper bound of CGO) and utilizing thin supported
membranes it is reported that it can easily exceed the benchmark value at
temperatures above 800 °C [21,106]. However, due to a relatively high activation
energy, LSCF reaches only 2.5% of the upper bound of CGO at 650 °C. The second
material (black squares, Figure 1.9), a CGO-based composite using FeCo0204 spinel
as second phase (CGO-FCO) [53,60], shows significant lower activation energy.
Below 800 °C a better performance compared to LSCF, reaching approx. 30% of the
upper bound at 650 °C, can be observed. Please note, that this specific membrane is
given here as an example for illustration, and the authors consider it as one out of
many applicable composites. However, the benefit of CG0O20-based dual-phase
membranes in comparison to single-phase perovskites at lower temperature is

considered to be systematic.
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Figure 1.9 The modelling of best-case performance of CGO20 for L = 0.05 and 1
mm, p ‘o2= 0.005 and 10-'5 bar, dashed line represents oxygen flux of 1 ml cm2

min~! as well as experimental data of LSCF and CGO-FCO 1 mm thick pellets.

While for thicker membranes, i.e., 1 mm, the experimentally measured performance
and the “best case estimations” are in reasonable agreement, large discrepancies can
be found for thinner membranes. As example, the experimental data for an 11 pm thin
supported CGO-FCO composite membrane (prepared by tape casting) is shown in
Figure 1.10. While the measured performance exceeds the benchmark at higher
temperatures, the gap between the respective upper bound (orange coloured line) and
experimental values increases significantly. Moreover, the activation energy drastically
increases below 900 °C. This is strongly indicating surface exchange limitations, as
discussed in Sub-section 1.3.3 [2]. In particular the surface activation of the membrane
support interface, a place which is not easily accessible for catalyst integration, seems
performance limiting. In consequence, an advanced activation using a Ce/Pr-based
catalyst infiltrated into the support as well as a porous composite top-coating was
carried out. A clear performance improvement at intermediate temperatures (Figure
1.10, green square symbols) was achieved, but nevertheless there is obviously still

dramatic need for optimization.
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Figure 1.10 Left: 11 ym thin asymmetric membrane made of Ce0.sGdo.202-5—
FeCo0204 composite (CGO-FCO) right: performance of asymmetric CGO-FCO
with porous LSCF top-coating as well as advanced surface activation using
(Ce,Tb)O2—-NiFe204 composite porous top coating and a Ce/Pr-based catalyst
infiltrated into both top coating and porous CGO-FCO support.
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Chapter 2

2. Impact of the sintering parameter on the
microstructural and transport properties of
60 wt. % Ce0sGdo.202-5 — 40 wt. % FeCo0204
composites

Abstract

The dual-phase composite 60 wt. % Ceo0.8Gdo.202-5 - 40 wt. % FeCo0204 (60CGO20-
FCO) shows to be an excellent Oxygen Transport Membrane (OTM) with sufficient
stability and oxygen permeance. To achieve a mechanically and chemically stable
composite material an optimised microstructure should be designed. In general, the
modification of the sintering profile is a classical way of microstructure optimization as
well as optimization of the functional properties of ceramic materials. Moreover,
optimization of the sintering program would be beneficial to minimize the increase in
porosity and achieve maximum densification with minimum pore and grain growth
during sintering. Thus, the chosen 60CG0O20-FCO composite has been subjected to
different heat treatments to determine its impact on the main morphology
characteristics, such as grain size, pore size, relative density, and porosity. The dwell
time was varied between 0 and 100 hours at 1200°C and seems to have an influence
on the fraction of the resulting phases, revealing the formation of a high-temperature
CoO phase after 100 hours. In other samples fired for 0 - 50 hours at 1200°C fluorite,
spinel, and perovskite phases are prevailing. To eliminate the undesired CoO phase
the cooling rate has been varied. The results reveal that the 5-hour dwell time at 1200
°C is the most suitable one for the chosen composite material, resulting in a sufficiently
dense membrane with well-distributed phases, and can be further utilized for scaling

up OTM production.

This Chapter is submitted for publication to Materials Advances Journal in December 2023
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2.1 Introduction

Recently the development of ceramic dual-phase materials for Oxygen Transport
Membranes (OTM) attracts much attention in the scientific community as mixed ionic-
electronic conductors (MIEC) are very promising for gas separation [1-5] at elevated
temperatures and have the potential for improving performance and reducing the cost
of several industrial processes [6,7]. MIEC materials can be used for oxygen
separation from mixed gases, such as air. The oxygen separation process can include
exposure to flue gases containing CO2, SOx, dust, and steam [8—10]. Nowadays, dense
dual- and multiphase composite materials with separate ionic and electronic
conductors are among the most promising and efficient materials regarding stability for
application in membrane reactors [11-16]. However, these material systems are quite
complex and affected by many factors, such as sintering temperature and dwell time.
Thus, because of the complexity of this composite system a systematic study of the

microstructure-related features is required.

Rare earth doped ceria with the fluorite structure showed to be an excellent ion-
conductor [17-19], in particular for application at temperatures <850°C [20,21]. The
FexCo3-xO4 (0 < x < 3) spinel system is found to be most suitable and promising for the
targeted application due to its stability in aggressive atmospheres and good electronic
conductivity [22—24]. The fluorite-spinel composite Ceo.sGdo.202-5-FeC0204 (CGO20-
FCO) is a suitable example of such a material, providing a stable structure and
sufficient oxygen permeability [25,26]. The presence of both phases is key to ensure
good percolation, which leads to a stable oxygen flux, and sufficient performance of
the composite [14,15]. This means that the concentrations of the individual phases
should be above the percolating threshold, which is generally reported as 30 vol. %
[27,28]. Under ideal conditions, all selected phases should stay separate and not
interact during the heat treatment. However, recent studies reported the formation of
an additional emerged orthorhombic phase of the GdFeOs-type after phase interaction

[13,14,29-31]. This phase contributes effectively to electronic conductivity [11,14,31].

Generally, to ensure a stable and functional dual- or multi-phase material for long-term
gas separation processes, the quality of the connectivity and compatibility of the two
phases is crucial. Hence, a defect-free membrane with optimized phase morphology
should be targeted. Under real conditions, interface between particles is imperfect and

can depend on different factors, such as powder particle size, synthesis and sintering
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parameters. The control of the microstructure via modification of the heat treatment
plays an important role in the solid-state sintering process and defines the properties

of the material, such as density, strength, and transport features [18,32—34].

In general, a temperature range of 1100-1500 °C is used to prepare the dual- and
multiphase composites for the OTM [18,33-35]. At lower temperatures, a lack of
densification can be expected, and one may obtain a material with poor mechanical
properties. A temperature up to 1600 °C is necessary to yield a dense functional single
phase ceria membrane [36]. However, the addition of the other oxides (i.e. Fe203) as
sintering aids can lower the sintering temperature and reach sufficient densification of
the dual-phase material [37]. For the CGO20-FCO system, the optimal sintering
temperature is 1200 °C. Above 1300 °C undesired effects, such as increased grain
growth, can be observed, which in turn can affect the mechanical and transport
properties of the material in negative way [32,38]. Grain growth is a known
phenomenon in ceria-based materials at elevated temperatures [39,40]. The effect of
the temperature on the CGO20-FCO composite materials is already investigated in the

context of phase interaction [33,41-44].

However, some questions related to the phase interaction as well as the morphology
of the CGO20-FCO dual-phase composite are still open. When is the phase interaction
completed in the CGO20-FCO composite, considering the complexity of this system?
Is there an influence of the cooling rate on the phase composition? What is the dwell
time requirement for the densification and pore removal processes at 1200 °C for the
studied MIEC materials? To clarify all these aspects the correlation between the dwell
time and phase interaction, final morphology, and permeation performance should be

investigated.

The current study aims to present detailed characterization of the 60CGO20-FCO
composites, including the quantification of all phase constituent volume fractions, grain
and pore size, and density as well as the porosity, and reveal the relationships between
the microstructure features with the applied heat treatment and cooling methods.
Furthermore, comparatively little research has been conducted on the effect of the
dwell time on the morphology features and the permeation performance of the CGO20-

FCO composite, which will be presented here.
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2.2 Experimental
2.2.1 Sample preparation

Ce0.8Gdo.202-5 (CGO20) (Cerpotech, >99%, Tiller, Norway), Fe203 (FO) (Merck, 99 %)
and Co304 (CO) (Merck, 99 %) powders used for the experiments were synthesized
by the Solid-State Reactive Sintering method (SSRS). Fe203 and Co304 were mixed
in a Fe: Co 1:2 ratio, resulting in spinel FeCo204 (FCO), which was added to
commercially available Gd-doped ceria. Respective amounts of powders were
weighed to create Ceo.8Gdo.202-5 - FeC0204 (CGO20-FCO) compositions with wt. % -
ratios of 60:40 and 80:20. The powder mixtures were ball milled in polyethylene bottles
over 48 h using zirconia balls on a roller bench at a speed of 175 rpm. After drying for
48 h in ambient air at 70 °C, powder mixtures were pressed using a uniaxial press in
disc-shaped membranes in a 20-mm stainless steel die and then sintered at 1200 °C
for different dwell times in air with a heating rate of 5 K min-! as listed in Table 2.1. At
this sintering temperature, the spinel partially reduces into a high-temperature
monoxide phase with a rock salt structure. To ensure complete reoxidation of the high-
temperature Co/Fe-monoxide phase to a spinel phase that is stable at operating
temperatures (600-1000 °C), a slow rate of 0.5 K min~! between 900 and 800 °C was

implemented in the cooling step. This rate was chosen by referring to [45,46] .

Table 2.1 Selected dwelling time (t, h) at 1200°C for the investigated composites

Composite 0 0.16 0.5 1 5 20 50 100
60:40 CGO20-FCO \ N N N N N N N
80:20 CGO20-FCO N N

After the sintering step, all samples were ground to 1 mm thick discs in two steps, by
applying SiC papers with different grits from P 800 to P 1200 (by WS FLEX 18C). The
surface of the membrane can contribute to the oxygen exchange process in an
important, though more limited way. Modifying the surface by applying a catalytic layer
is required to maximize surface area, participating in the process, and minimize all
possible surface limitations. On both sides of the discs, a porous
Lao.s8Sro.4Coo.2Fe0.803-5 (LSCF) catalytic activation layer with a thickness of 5 ym was
applied using a screen-printing technique. The resulting discs were then calcined in
the furnace at 1100 °C for 5 hours.
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The impact of the cooling method on the microstructural properties of the 60CG0O20-
FCO composite sintered at 1200 °C for 100 h was performed and used heat treatment

parameters are listed in Table 2.2.

Table 2.2 Heat treatment and cooling methods of the 60CG020-FCO composites
sintered at 1200°C

Heat treatment and cooling method Named further
Sintered at 1200 °C for 5 h and cooled with standard 0.5 K min™"

between 900 and 800 °C in the furnace 5h
Sintered at 1200 °C for 100 h and held additionally at 850 °C for
100h then cooled in the furnace with 0.5 K min~' between 900 - Slow
800 °C
Sintered at 1200 °C for 100 h and cooled with standard 0.5 K s
min~" between 900 and 800 °C in the furnace tandard
Sintered at 1200 °C for 100 h and cooled freely in the air outside

Fast
the furnace
Sintered at 1200 °C for 100 h and quenched in water Quenching

2.2.2 Characterization methods

Crystal structure

The crystal structure of the materials was determined using an X-ray diffraction (XRD)
diffractometer D4 ENDEAVOR (Bruker, Karlsruhe, Germany). The diffraction angle
was chosen in the range of 26 from 10° to 80°, with increments of 0.02° for 26 and 0.75
seconds of measurement time per step. Analysis of the measured data was performed
with X'Pert HighScore (PANalytical B.V., version 3.0.5) software. Phase quantifications
and associated crystal structure analyses were carried out by Rietveld refinement
using the software Profex (Version 4.2.2) software. A low error Rwp was held <4 % for
all samples, which also indicates a good fitting. The errors of each fit were calculated

individually and are reported in Table 2.3.

Microscopy

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS) were used to study the morphology of the prepared materials. SEM images were
taken with a Zeiss Ultra 55 and a Zeiss Semini SEM 450 (Carl Zeiss NTS GmbH,
German) at different magnifications. The electronic conductivity of samples was

enhanced by sputter deposition of a thin platinum layer prior to the measurement.
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Further image analysis-based method was conducted via Imaged software on all
composite samples including ~1000 grains utilizing so-called isodata threshold method
[47], which helped to estimate the average grain size of all phases as well as area
fraction of pores. However, the limited number of characterized grains/pores might

induce large inaccuracy in the grain size and pore size calculations.

For Transmission Electron Microscopy (TEM) analysis, all specimens were cut from
composite pellets by focused ion beam (FIB) milling using an FEI Strata 400 system
with a gallium ion beam. Further thinning and cleaning was performed using an argon
ion beam in a Fischione Nanomill 1040 at beam energies of 900 eV and 500 eV. TEM
and energy-filtered TEM (EFTEM) imaging was performed using an FEI Tecnai F20 at
200 kV. For high-resolution high-angle annular dark-field (HAADF) imaging and
Energy-dispersive X-ray spectroscopy (EDS) chemical mapping an FEI Titan G2 80-
200 ChemiSTEM microscope equipped with an high brightness field emission (XFEG)

gun and a probe Cs corrector was used [48].

Oxygen permeation measurements

All composite materials were subjected to oxygen permeation experiments. The
experimental setup consisted of a vertical quartz glass housing, where the membrane
pellets were sealed with two gold rings with an inner diameter of 13 mm. The
separation of the oxygen from ambient air fed with 250 mIN min~! was performed in a
temperature range between 650 °C and 1000 °C. As a sweep gas argon was used with
50 mIN min~" flow rate using mass flow controllers (Bronkhorst, Germany). A mass
spectrometer (Omnistar, Pfeiffer Vacuum GmbH, Germany) was used to detect
concentrations of oxygen and nitrogen in the permeate gas, i.e., oxygen enriched
argon. With the help of the measured nitrogen concentration in the argon sweep gas,

air leakage through either membrane or the sealing was calculated according to

1
Xo, — 7 X 1
% 47N Equation 2.1
1- XOZ - XN2 Amem

joz = Fpr(

Here Faris argon flow rate, i.e., 50 min min~', Xo2 and Xn2 the oxygen and nitrogen
concentration in the permeate gas, respectively. The membrane area available for

permeation is Amem=1.33 mm?2. The factor  reflects the O2/N2 ratio in the air feed

assuming that the leak is not gas selective.

Since the oxygen partial pressure in the permeate gas is temperature dependent, the

driving force for permeation is not constant during the measurement. Additionally, the
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sample thickness deviation after the grinding process was 8 % from the target
thickness of 1 mm. Therefore, the permeance, i.e., driving force normalized
permeation rate, normalized to the reference thickness Lo = 1 mm is calculated
assuming Wagner’s behaviour using

Permeance = ]LLmﬂ
Pz Lo Equation 2.2

Here, p(}2 and p(','2 are the oxygen partial pressures in the retentate and permeate gas,

respectively, and Lmem is the actual membrane thickness. The overall experimental

error is assumed to be £10 %, which is well accepted in the literature.
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2.3 Results and discussion

Based on the realization of the complex but important microstructures of dual-phase
oxygen transport membranes, the standard composite 60CG020-FCO was subjected
to sintering at 1200 °C for different dwell times and further analysed to clarify the
connection between the dwell time and phase interaction, morphology as well as

permeation.
2.3.1 Microstructure analysis
60CGO20-FCO at 1200°C for different dwelling time

The resulting XRD pattern of each as-sintered sample and before heat treatment is
shown in Figure 2.1. The as-pressed pellet showed the presence of the three starting

oxides: Fe203, Co304, and 20 mol. % Gd-doped ceria.

Intensity

Prior sintering

GdFeOS h | I ||I L leI_..LJ___A_l_‘A__n__;A_.._..A_..__L.M
Fe,Co,,0,/ | || : ) |
Ce0.9Gdo.101.95 | l | 1 .

10 20 30 40 20 (°) 50 60 70 80

Figure 2.1 The XRD patterns of the 60CG0O20-FCO composite sintered at 1200 °C
with various dwell times, including an unsintered pellet. CoO rock salt phase
peaks are marked as a triangle. At the bottom, reference reflections are shown

for the perovskite in blue, spinel in red and green, and fluorite in black

In all sintered samples the final microstructure consists of three phases after phase
interaction: a cubic fluorite structure with space group Fm3m, a donor-doped
orthorhombic GdFeOs (GCFCO) perovskite structure with space group Pnma, and
Fe/Co rich phases with a cubic spinel structure with space group Fm3m. This is in
agreement with [44] since the formation of the Fe-Co spinel in CGO20-FCO composite
starts at 900 °C and perovskite at 1050 °C. An exception is the 100 hours sintered
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pellet, where an additional CoO rock salt phase with space group Fm3m was
observed, which is a result of incomplete re-oxidization during cooling. This has already
been observed in earlier research [26,45,49,50]. The CoO phase is difficult to
distinguish in the XRD patterns since they can hardly be separated from the GCFCO
and Co304 patterns, however, several peaks are marked are assigned to the CoO
phase in Figure 2.1. Moreover, with respect to the Fe-Co oxide phase diagram [46], a
coexistence of the two spinel phases is detected in all samples: the nominal and
inverse spinel. According to the Fe-Co phase diagram, which shows that the FeC0204
spinel is only stable in a narrow temperature range [51], it can be concluded that Fe-

rich spinel is likely the CoFe204 structure in the final microstructure.

Table 2.3 Lattice parameter (a) and fraction (F) of the phases after quantification
by Rietveld refinement analyses of the 60CGO-FCO composites sintered at
1200 °C

CGO(Fluorite), FCO (Spinel), Co0304(Spinel), GCFCO (Perovskite), CoO
Fm3m Fd3m Fd3m Pnma Fm-3m
) F
F, a=b=c, a=b=c, F, a=b=c, F, Lattice parameter, A Y
t wt.% A Fwt.% A wt% A wt.% s b . wt%

CGO20 100.0  5.424[3]
Oh  539[3] 5417[1] 17.7[3] 8.286[3] 20.3[6] 8.146[0] 8.1[6] 5.336[3] 5.609[4] 7.652[6]
0.16h  55.4[5] 5417[3] 17.6[3] 8.297[1] 19.6[6] 8.146[3] 7.5[9] 5.333  5.606[1] 7.641[3]
05h  545[4] 5419[9] 17.3[6] 8.297[7] 19.6[2] 8.146[2] 8.6[3] 5.337[3] 5.609[2] 7.652[7]
1th  53.1[3] 5.419[2] 23.1[7] 8280[6] 15.3[3] 8.146[0] 8.5[7] 5.337[1] 5.610[2] 7.654[8]
5h  521[2] 5418[5] 22.3[1] 8.287[3] 16.6[0] 8.125[1] 9.0[3] 5.336[3] 5.608[6] 7.639[7]
20h 5363 5417[3] 15.7[0] 8.298[3] 22.1[2] 8.140[3] 8.5[3] 5.339[0] 5.611[5] 7.649[8]
50h  52.3[4] 5.416[8] 18.1[6] 8.309[2] 20.0[9] 8.138[8] 9.7[5] 5.337[6] 5.612[3] 7.653[3]
100h  54.7[3] 5.417[2] 17.1[3] 8.330[3] 17.4[7] 8.161[3] 7.9[3] 5.341[7] 5.618[5] 7.635[3] 2.8[9]

Further Rietveld refinement quantified the composition of the dual-phase composites,
which are listed in Table 2.3. The unit-cell parameters of the pure phases are known
from the literature  a(Feco204)=0.8244 nm,  a(Fe2c004=0.8385 nm [24,51,52]
a(c0304)=0.8142 nm [52,53] and a(cc020=0.54209 nm [54,55]. The lattice parameter of
CGO20 used in our composite before phase interaction was a=0.54246 nm and it was
found to decrease by the addition of the spinel resulting in a(cco20) =0.5418+0.0001 nm.
It can be concluded that the fluorite phase contains 10 mol.% of Gd, instead 20 mol.%,
due to phase interaction and formation of a GCFCO emerged phase, which is in
accordance with previously published work [11,56]. There was no remarkable change

in CGO lattice parameter along the whole investigated time range. The influence of the
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dwell time on the lattice parameter seems to be stronger for the inverse and normal
spinel phases.

The weight fraction of the fluorite remains almost unchanged, revealing a slightly lower
amount for samples >1 hour dwell time, compared to <1 hour. The amount of GCFCO
also remains almost constant in the range of 8.5+1 wt.%, regardless of the dwell time.
The GdFeOs-based perovskite phase that is formed during the sintering process can
be considered as a pure electron conductor according to Ramasamy, Fischer et al
[11,14], and its contribution leads to an increase in the amount of total electron
conducting phase, that in turn takes place at the expense of the of ion-conducting
phases. All studied samples were subjected to the analysis described in Fischer et al.
[14], and the resulting volume fraction of individual phases was estimated and
graphically represented in Figure 2.2b.
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Figure 2.2 a) Lattice parameter and b) volume fraction of observed phases in

60CG020-FCO composites sintered at 1200 °C (solid lines are a guide to the eye)

The percolation threshold of 30 vol. % (shown as a red dashed line in Figure 2.2b) has
been achieved for all samples: the sum of volume fraction of all present electron
conducting phases (spinels and perovskite) shown in green lays in the range of
50.5+1 vol. %. That explains the relatively high oxygen flux for the composites. The
amount of additional CoO phase is ~2.8 vol. % in a 100 hours fired sample, which likely
contributes to electronic conductivity, too [56]. Due to the long dwell time the amount
of CoO is increased within the composite, which in turn has not enough time for its
complete reoxidation to a spinel phase.

Back scattered electron (BSE) SEM images of the surface in Figure 2.3 reveal the

distribution of the phases in samples fired at 1200 °C for various dwell times, including
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fluorite, spinel, and perovskite grains distinguished by different grey scales. It is known,
that an emerging GCFCO phase appears at 1050 °C [44]. In all studied samples fired
at 1200 °C the perovskite phase is fully formed as indicated in light grey, dark spinel
grains possess a rather uneven grain size, being coarsely distributed among white
CGO grains.

0
log t [h]

Figure 2.3 a-h) BSE-images of 60CG0O20-FCO surface morphology of the

samples sintered at 1200 °C with two magnifications i) Graph of grain size of

individual phases as a function of the dwell time (solid lines are a guide to the
eye)

Generally, there are two stages of grain growth. The initial coarsening stage is between
room temperature and the sintering temperature. During this stage coarsening can be
responsible for grain growth, but not a conventional boundary migration. Since the
grain boundaries are possibly pinned by the open pore channels in as-pressed sample.
At this stage, the density of the sample is quite low, but the particle rearrangement and
surface diffusion can lead to some grain growth. After reaching the sintering
temperature at the typical density above 90 % the second stage of grain growth begins,
where grain boundary migration via a diffusion process is likely to be dominating
mechanism [57]. The grains grow rapidly, and pores become closed and isolated,
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leading also to the pore coarsening. Densification, grain, and pore growth are the three

main processes that occur during sintering in the ceramic composite [44].

Grain and pore size

The first visual analysis of the surface morphology by SEM reveals that an increase in
dwell time occurring across the dwell time range of 0-1 h results in a surface with rather
small grain size. Between 5-100 hours, the surface is quite plain and smooth with
enlarged grains. The grain size of each phase as well as the pore size and area fraction
of pores were analysed by an image analysis-based method with Imaged software for

all samples[47,58].

In the not single-phase composites, the uniform distribution of the one phase in the
uniformly packed matrix of the second phase is required [57]. Our powder mixture
consists of more than one solid prior firing process, so the grain growth is probably
limited because of the second phase in the grain boundaries. Thus, in the investigated
composite, the grain growth is not homogeneous and depends on the type of grains;

spinel grains are slightly larger compared to the fluorite and perovskite grains.

The mean grain size of the four phases increases with increasing dwell time, as
displayed in Figure 2.3i. Below 1 hour, the grain growth is less pronounced, with an
almost constant value of 0.57 um, followed by a gradual increase in the grain size to
0.77 ym at 50 hours. Then a drastic increase can be seen at doubling the dwell time,
resulting in the largest grain size of 1.13 um at 100 h. In general, the sintering process
involves the competition of both main processes: coarsening and densification and
probably depends on the dwell time at 1200°C. It is likely that grain growth is the
dominant process for the samples sintered for 50 and 100 h, while below 50 h other
processes are dominant. The increased grain size in ceramic materials might lead to

enhanced crack formation and poor mechanical properties [59].

Figure 2.4 shows the grain and pore size, density, and porosity as a function of
isothermal holding time. Three well-defined regions can be identified concerning the
dominating process as a function of time. Densification is usually driven by pore
agglomeration and pore-removing processes. When the grain growth is faster
compared to pore growth, which naturally accompanies the grain growth, the material
undergoes densification. For the analysis, the pore/grain ratio was introduced and its
change describes coarsening and densification, which also helps to distinguish the

regimes along the time range [38].
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Figure 2.4 a) Estimated relative density and porosity over the dwell time; b)

Average grain, pore size and the pore/grain ratio dependency on the dwell time
in the 60CG0O20-FCO composites sintered at 1200 °C (solid lines are a guide to
the eye)
Density

An increase in density with an accompanying moderate grain growth is known for Gd-
doped ceria during the first step of densification [60]. Sintering at 1200 °C for dwell
times between 0 and 100 hours led to a densification level between 82 and 93 % of
the theoretical density. It is clear that all samples undergo some densification process
already at the heating phase, as the 0 h sintered sample shows a relative density
>80 %. In our case the samples held isothermally for less than 5 hours showed
densification as the dominant process (I). The relative density of the samples gradually
increases until a maximum of 93 % at 5 h. Between 5 and 50 hours grain and pore
growth develop concurrently with slight pore growth domination, where possibly de-
densification occurs resulting in a relative density reduction (1) (similar to [41]). At
100 hours again a decrease in densification is observed (lll). This suggests that a
sufficient dwell time for the 60CGO20-FCO composite at 1200 °C is 5 hours, where a

fast and effective densification process takes place. Since the relationships between
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relative density and grain size are not linear, the densification processes and grain
growth likely proceed via different diffusion routes in surface and volume, possibly due
to the large difference in Ea of these diffusion mechanisms [61].
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Figure 2.5 a-f) SE-images of cross-section 60CG020-FCO composite sintered at
1200 °C for different dwell time i) pore size and porosity as a function of the dwell

time (solid lines are a guide to the eye)

The density of the 20 h and 50 h-fired samples rapidly decreased to a minimum (82 %
of the theoretical density) at 20 hours, where probably the de-densification
phenomenon occurs. The observed loss in the density of the dual-phase composite
could be attributed to a loss of weight as a result of oxygen gas production, with a
reduction of Ce** to Ce®* in the fluorite phase. In the spinel phase, the reduction of iron
and cobalt also leads to a release of oxygen and the formation of a rock salt phase,
which increases pore volume and size at elevated temperature [62].

Porosity

Porosity is also affected by various dwell times, as pore growth is related to both
aforementioned processes during sintering: grain growth and densification. The

surface images with higher magnification in Figure 2.3 display an intergranular porosity
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in all samples. The intragranular porosity level is relatively low for all samples, which
is advantageous and gives a possibility to remove pores during the final stage of
sintering for this composite. The surface image analysis is, however, incomplete since
it cannot reveal distribution in the bulk, due to the “skin” layer formed on the surface.
The cross-section images in Figure 2.5 a-i illustrate the dependency of the pore size
and pore distribution on the dwell time in the bulk. The pore growth, migration and
accumulation in connection with the dwell time are shown. There are many trapped
pores along grain boundaries and in interior of the individual grains in the investigated

samples.

The porosity of the samples has been estimated from the SEM images via ImageJ
software [47], while the relative density was estimated geometrically. The resulting
values are in agreement and depicted in Figure 2.4. The porosity lies between 5-6 %
for all samples, except peaks at 0 h, 20 h, and 50 h, with 15 %, 13 %, and 14 %

respectively.

All samples fired below 5 hours exhibit a slightly higher level of open porosity with a
homogeneous distribution of pores, corresponding to a densification ratio of 84-90 %.
Pores are also present in samples fired for >5 h, however, most of them are closed
and large, which could be due to the clustering of the pores: the longer sample was
held in the furnace, the more pores were united into larger ones, building a connected
network. The grain size difference, comprehensive stress on pores, and surface
tension drive pore growth in ceramic materials [38,61]. For dwell times between 0 and
50 hours pores are thermodynamically stable, so the grain growth process takes place
via mass transport, and thus densification occurs. At dwell times >50 hours the pores
are possibly unstable and hence both grain growth and pore removal can be observed,
similar as was observed elsewhere [38]. With a dwell time below 5 hours there is no
significant influence on the pore size, it remains almost constant (0.1 yum) and
afterwards increases up to 0.5 ym at 50 h dwell time, followed by shrinkage of the pore
size t0 0.27 ym at 100 h dwell time. Such behaviour points out that by reaching 1200 °C
the process of pore clustering starts from 5 h dwell time, with simultaneous loss in

material density. Based on the analysis, three main regions corresponding to the
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governing process can be distinguished: densification, pore-growth, and drastic grain

growth, as shown in Figure 2.4.

Figure 2.6 Energy-filtered TEM (EFTEM) analysis of 60CGO20-FCO composite
sintered at 1200°C for 1 h, 5 h and 100 h, identifying three main phases: Gd-
doped ceria (red), Fe/Co-oxide (green) and the GdFeOs-based perovskite (bright
magenta)

Fluorite, spinel, and orthorhombic perovskite phases are homogeneously distributed
in three samples sintered for 1, 5, and 100 hours at 1200 °C as identified by TEM
(EFTEM) analysis shown in Figure 2.6. According to the EFTEM elemental mapping,
the Fe and Co maps show a non-uniform distribution in the spinel phase, which can be
subdivided into two spinel types: a normal Co-rich and an inverse Fe-rich spinel, which
is in agreement with the fact that two spinel phases coexist in the composite after the
phase interaction, regardless of the dwell time. The high-temperature CoO grains are
seen on the elemental map of a 100 hours fired sample. Grains are mostly situated
nearby the Co-rich spinel phases, while Fe-rich spinel phases are neighbours to
GCFCO-like grains.

Further electron diffraction analysis performed on samples sintered for 1 and
100 hours only in the 100 hours sintered sample, as shown exemplarily in Figure 2.7.
Together with the element mapping, the crystal structure fitting the best with our
experimental results is the rock salt phase with the cubic structure. All observed CoO
grains are contiguous to the spinel grains, namely cobalt-rich ones, and do not form
any connected network for potential transport. CoO is the product of the Co30a4
reduction and this transformation starts already at 400 °C [63,64]. At sintering
temperature (1200 °C) CoO and Co30O4 are in equilibrium according to the phase
diagram [46]. However, below approx. 950 °C a coexistence of Co3z04 and FCO is

thermodynamically favoured. Please note, that Co3O4 here refers to the crystal



60

structure and that Fe is partly substituting Co. Since the Fe/Co-ratio in both Co30O4 and
FCO varies with temperature, rearranging of the cations must occur during the cooling

process, which obviously is not completed in this composite [63,64].

5 1/nm

5 1/nm 5 1/nm

Figure 2.7 Diffraction analysis of the 60CG020-FCO composite sintered at
1200 °C for 100 h, a) overview of investigated sample with fluorite (red), Fe/Co
spinel (green), perovskite (blue) and rock salt (orange) phases, b-f) individual

analysis of each grain
2.3.2 Cooling method

Since CoO is the product of incomplete reduction of the spinel phase, some further
investigation was performed to study the connection of cooling conditions with the
remaining monoxide fraction. Four 100 hours sintered samples were cooled differently
and analysed by XRD and Rietveld refinement. Prior to describing the results of the
microstructural characterization of the 100 h sintered samples, it is important to clarify
the terminology which is summarised in Table 2.2 in experimental section. The Slow
cooling sintering program includes an additional step at 850 °C for 100 h; Fast cooling

is the program, where the sample was taken out of the furnace after 100 hours sintering
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and cooled in ambient air, and Quenching is the sample quenched in water at room

temperature after holding it for 100 hours at 1200 °C.

SEM analysis in Figure 2.8 shows rather large islands of the spinel phase within the
microstructure and unevenly large grains of a GCFCO emerged phase in all
investigated samples sintered for 100 h with different cooling cycles. In all 100 hours
fired pellets the grains are closely packed and uniformly distributed. The samples are
free of cracks or any other visual defects. The difference in the phase distribution is

minor for all 100 h sintered samples as well as the average grain size, which is in the

range of 1.2 £ 0.1 ym for all samples.

treatment in the furnace at a) 1200 °C for 100 h and subsequent 850 °C for 100 h
with standard cooling; b) 1200 °C for 100 h with free cooling in air ¢) 1200 °C for

100 h with quenching in water

All samples sintered for 100 hours show a low level of porosity (1-5.5 %) with quite
small pores (0.1-0.2 ym). There is no significant influence of the cooling method on the
pore size, see Figure 2.9. The sample with an additional step at 850 °C for 100 h has
slightly larger pores and grains, but, however, a significantly lower level of porosity
(~1 %) compared to other samples, resulting in a slightly improved relative density of
94.8 %, while others have ~92-93 %.

The porosity has been estimated from the SEM images via image analysis, while the
relative density was estimated geometrically from the dimensions and weight of the as-
sintered pellets. Moreover, the limited number of characterized images might however
induce inaccuracy in the porosity calculations. The character of the pores is also
slightly different. All 100 h fired samples contain both types of pores intergranular and
intragranular (predominantly located in the spinel phase), while the pellet with the
850 °C dwell step contains pores located along the grain boundaries. Due to slow
diffusion kinetics the removal of the pores in the grain core is almost impossible, while

the reduction of the pores along the grain boundary is still possible via grain boundary
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diffusion at the latter sintering stage. Hence this additional step helps to eliminate pores
in the grain core and along the grain boundaries, improving the quality of the final

microstructure.
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Figure 2.9 Grain, pore size, relative density and porosity of the 100 h sintered

samples cooled differently (solid lines are a guide to the eye)

According to the Fe-Co-O phase diagram [45,46], the partial reduction of the spinel
into a high-temperature Co/Fe monoxide phase with a rock salt structure can occur at
1200 °C sintering temperature [11,65]. In the Co-O phase, the most thermodynamically
stable phases are the cubic CoO and Co304 oxides and the transition between these
two oxides is reversible [63,64,66]. A slow rate of 0.5 K min~' between 900 and 800 °C
was implemented in the cooling cycle to ensure its complete reoxidation to a spinel
phase that is stable at target operating temperatures (600-1000 °C). Generally, this
slow cooling helps the reoxidation process and Co/Fe monoxide is no more detectable
(<1 wt. %), as can be seen for the sample sintered for 5 hours. The resulting XRD
patterns are shown in Figure 2.10. The CoO peaks were observed in the 100 hours
fired samples subjected to quenching, cooling in ambient air, and the standard cooling
program. Additionally, in the Slow cooling program, Co monoxide is completely
oxidized and only fluorite, spinel, and perovskite phases are present, which is almost
identical to the 5 hours sintered sample. Thus, this additional step in the sintering
program helps to eliminate this high-temperature CoO phase and preserve normal and

inverse spinel structures.
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Figure 2.10 XRD patterns of 60CGO20-FCO composite subjected to different heat
treatment and cooling methods. At the bottom, reference reflections are shown

for the perovskite in blue, spinel in red and green, and fluorite in black

XRD and Rietveld refinement of the surface and bulk of each sample shows a small
difference in the amount of fluorite phase. In the electron-conducting phases, however,
the difference is more significant across the sintered pellet. While a higher amount of
GCFCO can be found in the bulk, the spinel amount is higher on the surface. The
Rietveld refinement confirmed the presence of the CoO in all samples fired for 100 h,

except the sample cooled slowly as depicted in Figure 2.11.

In this pellet, only 0.2 vol. % and 0.5 vol. % of the monoxide was estimated on the
surface and in the bulk, respectively, which is below the detection limit and thus will
further be neglected. As expected, the maximum CoO fraction is found in the quenched
sample and the fast cooled pellets, followed by the sample subjected to standard
cooling in the furnace. The oxidation process of CoO on the surface and in the bulk
encompasses different reactions and strongly depends on the diffusion paths [66]. The
volume fraction of CoO in the bulk is higher compared to that on the surface in pellets
cooled slow, standard, and fast, as shown in Figure 2.11b. Due to lack of diffusion time
for the CoO oxidation reaction, a certain amount of CoO remains unoxidized in the
bulk.

The rock salt phase itself was probably completely oxidized into Co3O4 during the slow
cooling process, due to free access to the oxygen in the air [45]. In contrast, the
quenched sample, where the oxidation process was terminated after 100 hours,

contains a higher amount of the CoO on the surface, compared to that in the bulk.
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These results again support the theory that too drastic cooling gives no time for the
reaction in the CoO-Co304 system, ending up in the high amount of 20 vol.% of residual
high-temperature CoO in the surface skin layer. The amount of the Co304 phase is
strongly affected by heat treatment and the fraction of the rock salt: the amount of CoO
increases, while Co304 decreases. Based on our observation, the rearranging of the
ions happens in the cooling phase until the high-temperature phase is completely
oxidized. Hence, slow cooling with an additional step is required in the sintering profile,

to control the phase transformation and final morphology of the dual- or multi-phase

composite.
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Figure 2.11 Volume fraction of 60CG020-FCO composite subjected different heat
treatment and cooling methods in a) Co304 and b) CoO amount comparison in

the bulk and surface

The fluorite lattice parameter remains constant independent of the cooling cycle. While
the fluorite and CoO lattice parameter is almost identical for all samples in the bulk and
surface, the spinel lattice parameter shows some differences, pointing out a clear
trend, as shown in Figure 2.12.

An increase in the cooling rate leads to an increase in the lattice parameter for the iron-
rich spinel and a slight increase in the cobalt-rich spinel phases, which can be
attributed to the oxidation reactions upon the cooling process [67]. The larger lattice
parameter indicates a higher iron content in the Fe-Co spinel phase according to
Vegard’s law, hence by an increase in the cooling rate an increase of the iron-rich
spinel fraction in the bulk is observed with a maximum in the quenched sample. This
can be explained by the difference of the cations’ mobility [68]. Cobalt cations are
diffusing faster so they are migrating to the surface forming CoO or/and Co304 resulting

in an increase of the Co-containing phases at the surface (Figure 2.12b). In
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consequence, the Fe-containing phases (FCO and GCFCQ) are more present in the

bulk and increase with a faster cooling rate.
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Figure 2.12 a) Lattice parameter difference and b) volume fraction of spinels and

CGO in the bulk and surface (solid lines are a guide to the eye)
2.3.3 Functional properties

The temperature-dependent oxygen permeation of the composites with nominal
60CGO020-FCO sintered at 1200 °C for different times below 1 h and above 1 h are
shown along with their activation energies in Figure 2.13 a and b, respectively. At short
dwell time (<1 hour) all Arrhenius plots of the examined composites show a kink at
880 °C indicating a change in the rate limiting process. At 1 and 5 hours, dwell time
the change in activation energy is at lower temperature, i.e., 800 °C, and much less
pronounced. It completely disappears at longer dwell times = 20 hours. Typically, in
OTM this behaviour is ascribed to a change from bulk diffusion limitation at high
temperature to surface exchange limitation at lower temperature. At high temperatures
(>800 °C) the permeation rates for all examined composite membranes are almost
identical with Ea in the range of 61-76 kdJ/mol, which indeed can be attributed to the
bulk transport, i.e. the ionic conductivity of the fluorite (Eacco20=72 kdJ/mol [54,69]). The
lower Ea of ~ 55 kdJ/mol for the 0 h sintered sample might be due to insufficient sintering
and increased porosity impeding electronic conductivity. At low temperatures (650-
800 °C) Ea is much higher 112-117 kJ/mol for short dwell time (<1 hour), indicating rate
limitations due to surface exchange kinetics although all membranes were coated with

porous LSCF activation layers on both sides.

The resulting oxygen permeances of the coated membranes are mostly within the

estimated experimental error of £ 10 %. Along the time range between 0 and 5 h dwell

Olvol.%]

CG



66

time, there is a very slight increase in permeation until 1 hour followed by a slight
decrease until 50 hours dwell time. But, at 100 h dwell time a sharp increase in oxygen
permeation is observed with the maximum of jo2=0.13 ml/cm?*min at 950 °C, Figure

2.14, which correlates with the grain growth shown in Figure 2.4.
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Figure 2.13 Arrhenius-type plots of oxygen flux density of the 60CGO20-FCO
composite sintered at 1200 °C for a) 0, 1 h and 10, 30 min b) 1, 5, 20, 50 and 100 h
(solid lines are a guide to the eye)
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Figure 2.14 Permeation and contiguity of the phases in the 60CG0O20-FCO
composite sintered at 1200 °C with activation energy of the permeation

depending on the dwelling time (solid lines are a guide to the eye)

The main challenge of the dual- and multiphase materials design is maximizing the
ionic conducting volume without losing too much electronic conduction determined by
the electronic conductivity of the selected phases as well as continuous percolation
paths for the transport. While percolation is considering solely the volume fractions,

the “contiguity” was introduced in [70,71] additionally accounting for the grain sizes of
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the individual phases. It can be expressed as the fraction of the total interconnected
surface area of one phase shared with particles of the same phase and helps to
estimate percolation and conducting properties within the dual-phase OTM composite
[72]. Therefore, the contiguity of both the ionic conducting phase as well as the sum of

electronic conducting phases was determined and shown in Figure 2.14.

Gi+C, =1 Equation 2.3
Vi+V, =1 Equation 2.4
Vi * R
= ion 2.
i TV AR+, Equation 2.5

with R=%, Vi and Ve are the volume fraction of the ionic- and electron-conducting

phases, respectively.

Indeed, the contiguity of electron conducting phase for the short dwell times is lower
compared to higher dwell times, Figure 2.14, which might be due to not fully sintered
phases. However, it cannot explain the high permeance after 100 hours sintering,

where the contiguity remains stable compared to 1-5 hours sintering.

The permeation of all composites at 850 °C with respect to the electron-conducting
phase volume fraction is shown in Figure 2.15. Among the various dwell times, the
best results are found for the 100-h sintered sample of 60:40 ratio, which shows a
stable dense microstructure with large grains and a low level of porosity. The large
grains size is favourable in this case because less grain boundaries are involved, which

typically act as barrier for the transport of charged carriers in particular ions [13].

Although the oxygen permeance of the 100 h fired sample is the best among the
differently sintered multiphase 60CG0O20-FCO samples, comparison of the
performance with other composite variations [14] shows the importance of the
microstructure design. In general, the oxygen flux comparison of 60:40 with 80:20
fluorite: spinel weight ratio (Figure 2.16), sintered at 1200 °C for 5 hours shows, that
the reduction of the electron conducting phase volume effectively helps to improve
permeation performance, reaching maximum jo2=0.12 and 0.22 ml/cm?*min for the
80 wt. % CGO20 in composite at 850 °C and 1000 °C respectively.
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hours showed a drastic drop in the

oxygen flux. While in a 60:40 ratio, the amount of e-conducting phase is sufficient to

provide continuous paths, regardless of the grain size, in 80:20 the large grains with a

size of approx. 1.1 ym possibly lead to the insulation of the electron-conducting phase.

Obviously, the coarser microstructure leads to lower electronic contiguity and overall

percolation. In this case, the lower number of gra

in boundaries plays only a minor role.
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2.4. Conclusions

Dual-phase dense 60 wt.% Ceo0.8Gdo.202-5- 40 wt.% FeCo204 membranes were
successfully synthesized by solid-state reactive sintering with one-step thermal
processing at 1200 °C using commercially available Ceo.s8Gdo.202-5, Co304 and Fe203
as raw materials. The influence of the sintering parameters was systematically studied

by varying the dwelling time and cooling methods.

It was found that already at 0 h dwell time, the phase interaction was completed, and
all phases were present: fluorite, spinel, and perovskite. All samples sintered <1 h
dwell time, however, reveal insufficient densification, i.e., high porosity and not
connected matrix of the phases. That emphasizes that a longer dwell time is required
to obtain a close-packed and uniformly distributed microstructure. The 100 hours
sintered sample shows the best permeation performance with jo2= 0.078 ml/cm2*min
at 850 °C thanks to the improved microstructure with enlarged grains. However, the
implementation of such conditions is not reasonable for future scale-up towards
potential commercialization, due to very long dwell time. Although the 80:20 composite
sintered for 100 h has a similar grain size, its performance is very poor. Apparently,
the isolation of the minor phase (electron-conducting phase) occurs, which negatively

affects the percolation and hence oxygen flux.

The influence of the sintering profile on the microstructural features such as grain size
distribution, pore volume and size, as well as density were discussed. The initial mix
of the oxides undergoes some modification during the sintering process and results in
a multi-phase microstructure with the coexistence of fluorite, perovskite, and two spinel
types, except the 100 hours fired pellets, where an additional high-temperature CoO
phase is observed. The grain growth as well as pore growth are dependent on the
dwell time. The mean grain size increased moderately from 0.57-0.77 pym between 1
and 50 hours dwell time and reached its maximum of 1.13 ym in a 100 h fired sample.
The relative density maximum of 93 and 94 % were obtained for the 5 and 100 h
sintered samples. The de-densification phenomenon is observed for the 20 and 50-h

sintered samples, where intensive grain and pore growth occurs simultaneously.

TEM analysis indicated a few CoO grains located next to Co3O4 spinel grains in the
100 h fired sample. In this case, residual high-temperature CoO is identified due to the
long dwell time, where a higher amount of CoO is formed and does not have enough

time to re-oxidize during cooling completely. The control of the cooling rate can thus



70

govern the process of the Co rearranging between the Co304 and CoO phases until
the equilibrium is reached. Moreover, it was observed that slow cooling with an
additional step for 100 hours at 850 °C helps to eliminate the CoO phase and preserve
the desired fluorite, spinel, and perovskite phase mixture. This emphasizes the

importance of the slow cooling for the Fe-Co spinel within our composite system.

Among all chosen conditions, the intermediate time of 5 hours at 1200 °C sintering
temperature is the most suitable for the CGO20-FCO multi-phase composite showing
good structure-related properties with optimised grain size and low porosity and
oxygen permeation with oxygen flux of jo2= 0.06 ml/cm?*min at 850 °C. Moreover, a
cooling rate of 0.5 K min-! between 900 and 800 °C is sufficient to re-oxidize the CoO
phase to get the desired spinel structure.
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Chapter 3

3. Phase formation and performance of solid
state reactive sintered

Ce0.8Gdo.202-5 - FeC0204 composites

Abstract

Reactive sintering of dual phase composites for use as oxygen transport membranes
is a promising method enabling lower sintering temperatures as well as low-cost raw
materials. CeosGdo.02--—FeC0.04 composites with different nominal weight ratios from
60:40 to 90:10 are processed by reactive sintering of commercial CeosGdo20:-5,
Fe:»0s, and CosO. powders. The phases formed in situ during sintering are investigated
qualitatively and quantitatively by means of XRD and Rietveld refinement as well as
transmission electron microscopy. Besides gadolinia-doped ceria, two Fe/Co-spinel
phases are in equilibrium in agreement with the phase diagram. Moreover, a donor-
doped GdFeOs-based perovskite (Gd,Ce)(Fe,Co)Os showing electronic conductivity is
formed. Due to these intense phase reactions, the composition of each individual
phase is assessed for all composites and their functional properties are discussed. The
oxygen permeation performances of the composites are measured including their
dependence on temperature and the potential limiting steps are discussed. The results
reveal that the phase reactions support the formation of the desired mixed ionic
electronic conductivity achieving percolation at low nominal spinel contents. The
specific microstructure plays an extremely important role in the membrane
performance and, thus, special attention should be paid to this in future research about

dual phase membranes.

This Chapter has been published as: Fischer, L.; Neuhaus, K.; Schmidt, C.; Ran, K.; Behr, P.;
Baumann, S.; Mayer, J.; Meulenberg, W.A. Phase formation and performance of solid state
reactive sintered CesGdo202-5-FeCo0204 composites. J. Mater. Chem. A 2022, 10, 2412—
2420, DOI: https://doi.org/10.1039/D1TA05695F
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3.1 Introduction

The development of ceramic dual-phase materials for Oxygen Transport Membranes
(OTMs) has attracted much attention in the scientific world. These mixed ionic-
electronic conductors (MIECs) are operated at elevated temperatures, i.e. 700—-900
°C, and have the potential for improving the performance and reducing the cost of
several industrial gas separation processes due to high energy efficiency [1,2]. If the
membrane separates two gas phases with different oxygen partial pressures po2,
oxygen molecules will be reduced to oxygen ions at the surface of the high poz-side
taking up in sum four electrons. The ions diffuse through the membrane to the low poz-
side where they recombine to form oxygen molecules releasing the electrons again.
These electrons transfer back to the high poz-side simultaneously due to the MIEC
character of the membrane material [3]. However, classical single phase MIEC
materials, mainly perovskites, suffer from stability issues under operating conditions.
Therefore, composite membranes, a combination of both ion and electron conducting
ceramic phases, have attracted major interest in recent years [4-8]. Such composites
provide the major advantage that two inherently stable materials can be selected
provided that their properties such as conductivities, thermal expansion behaviour, and
inertness match well. The phase mixture in the composite has to provide separate but
continuous pathways for both oxygen ions and electrons and, thus, a percolation of the
phases is required. The number of excellent oxygen ion conductors is limited mainly to
doped zirconia or ceria, whereby Gd-doped ceria (CGO) shows the highest ionic
conductivity in particular at lower temperatures [9]. In contrast, there is a lot of choice
of ceramic electronic conductors, which typically crystallize in perovskite or spinel
structure both consisting of transition metal elements typically providing electron hole

conductivity via small polaron hopping [10-15].

Normally, phases are selected that do not react with each other during sintering and
operation in order to maintain these conductive pathways. Recent studies, however,
revealed that CGO mixed with Fe/Co-spinel (Fes-xCoxO4) forms an additional
orthorhombic perovskite phase during sintering, which even improved the overall
performance [16—18]. It turned out that the perovskite phase is GdFeOs-based with Ce
and Co on the A-site and B-site, respectively. The Ce** substituting Gd** acts as a

donor and, thus, electronic conductivity is introduced [19-22].
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This orthorhombic perovskite phase is quite stable and forms distinct grains rather than
being a grain boundary phase as speculated in the literature [10]. Obviously, the
perovskite phase does not have significant negative effects on the ion- or electron-
conducting pathways, i.e., ambipolar conductivity. Obviously, this unintended
formation of the perovskite phase is not undesired and in contrast might even have
positive effects. Lin et al. [17] hypothesized an increase in ionic conductivity of the ceria
phase due to the extraction of Gd, which otherwise would be segregated at the ceria—
ceria grain boundaries resulting in ion transport blocking space charge layers. The
maximum performance was observed at a low nominal spinel concentration of 15 wt.%,
[19] which is well below 30 vol% often referred to as the percolation threshold.
However, percolation is affected by many factors [23] in particular in real
microstructures. Considering uncorrelated equal-sized spheres in the so-called “swiss-
cheese” model the percolation limit is calculated to be 28.95 vol% [24]. Therefore, 30
vol% appears to be a useful guideline although it does not represent a sharp limit.
Certain percolating paths can occur well below that. Nevertheless, sufficient electronic
conduction requires enough “strong” paths with certain conductivity. On the other hand,
the perovskite formation takes place at the expense of the ceria volume fraction
reducing oxygen ion conductance, which is considered rate limiting, and increasing the
volume fraction of the electronic conducting phases compared to the nominal

composition.

Therefore, in order to better understand the influence of the several phases formed
during solid state reactive sintering, various nominal combinations of Ce0.8Gdo.202-5
(CGO) and FeCo204 (FCO) are investigated in this work. The resulting phase mixtures
are analysed qualitatively and quantitatively based on X-ray diffraction and Rietveld
refinement, respectively. Individual phase compositions are determined and their
influence on the functional properties, i.e., conductivity and oxygen permeance, is

discussed.
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3.2 Experimental
3.2.1 Sample preparation

Ce0.8Gdo.202-5 (CGO), Fe203 and Co30s4 powders were used for the Solid-State
Reactive Sintering (SSRS) process. Respective amounts of powders were weighed for
nominal CGO-FeCo0204 compositions with wt.%-ratios of 60:40, 65:35, 70:30,
75:25,80:20, 85:15 and 90 : 10. The powder mixtures were ball milled in ethanol for
48 h on a roller bench with 175 rpm. After drying in ambient air at 70° the powder
mixtures were pressed with a uniaxial press in disc-shaped membranes with d = 20
mm. The discs were sintered with a heating rate of 5 K min™" to 1200 °C and a dwell
time of 5 hours. At sintering temperature, the spinel partially reduces into a high
temperature monoxide phase with rock salt structure. Therefore, a slow rate of 0.5 K
min~" between 900 and 800 °C is implemented in the cooling cycle in order to ensure
complete reoxidation of the high temperature Co/Fe-monoxide phase to the spinel
phase stable at operating temperatures according to the Fes3-xCoxO4 phase diagram
[16].

The sintered discs were ground to approx. 1 mm thickness in 2 steps (by WS FLEX
18C) with SiC papers of P 800 and P 1200 grit, respectively. Subsequently, porous
LSCF (Lao.58Sro.4Coo.2Fe0.803-5) catalytic activation layers with a thickness of approx.
5 um were applied via screen printing on both sides of the discs and calcined at 1100

°C for 5 hours.

Single-phase powders of spinel as well as the resulting perovskite, i.e.
Gdo.s5Ceo.15Fe0.75C00.2503, were synthesized by gelation and complexation of an

aqueous solution of metal nitrates known as the Pechini-method [25].
3.2.2 Characterization methods

The crystal structures are determined via X-ray diffraction (XRD) using a D4
ENDEAVOR (Bruker, Germany). The diffraction angle is varied in the range of 10° to
80° 26 with increments of 0.02° 20 and 0.75 seconds of measurement time per step.
Measured data were analysed with help of the program package X'Pert HighScore
(PANalytical B.V., version 3.0.5). Crystal structure analysis and associated phase
quantifications were carried out by Rietveld refinement using the software Profex
(Version 4.2.2). The errors of each fitting are calculated individually and given in Table
3.1.
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Microscopy

The morphology of the materials is analysed by Scanning Electron Microscopy (SEM)
and Energy Dispersive X-ray Spectroscopy (EDS). The SEM images with different
magnifications are taken with Zeiss Ultra 55 and Zeiss Supra 50 VP1 (Carl Zeiss NTS
GmbH, Germany) equipment. The electronic conductivity of the samples was

enhanced by sputter deposition of a thin platinum layer prior to the analysis.

TEM specimens were cut from the CGO-FCO pellets by focused ion beam (FIB) milling
using an FEI Strata 400 system with a Ga ion beam. Further thinning and cleaning
were performed with an Ar ion beam in a Fischione Nanomill 1040 at 900 eV and 500
eV beam energy respectively. TEM, energy-filtered TEM imaging and electron
diffraction were performed using an FEI Tecnai F20 at 200 kV. High-resolution high-
angle annular dark-field (HAADF) imaging was conducted with an FEI Titan G2 80-200
ChemiSTEM microscope equipped with an XFEG and a probe Cs corrector [26].

Table 3.1 Lattice parameter and weight fraction F of the phases of the CGO-FCO
composites with a nominal FCO content of 10-40 wt.% sintered at 1200 °C for 5
h. The space groups of the phases are given in the headline. Numbers in square

brackets give the calculated uncertainty of the last digit

Fluorite (CGO), Fe-rich spinel Co-rich spinel GCFCO (Perovskite),
Fm3m Fd3m Fd3m Pnma
FCO F a=b= F a=b= Wt S b= F Lattice parameter [A]
wt. %
Wwt%] [wt%] c[A] wt%] clA] c[Al  [wt%] a b c
10 82.1[3] 5.4213[5] 0 — 7.1[3] 8.1309[2] 107 5.3370[3] 5.6121[4] 7.6467[8]

2
15 73.5[3] 5.4215[5] 7.8[2] 8.2483[8] 5.1[2] 8.1321[3] 13.6[2] 5.3376[4]  5.6147[5] 7.6492[8]
20 69.4[3] 5.4221[4] 4.2[2] 8.2426[9] 14.5[2] 8.1795[2] 11.9[2] 5.3421[4] 5.6191[4] 7.6583[7]
25 62.5[3] 5.4227[5] 9.2[2] 8.3032[8] 13.3[2] 8.1436[2] 12.9[2] 5.3404[3]  5.6163[4] 7.6549[7]
30 61.3[3] 5.4220[4] 15.5[2] 8.2994(8]  11.8[2]  8.1490[2] 11.4[2] 5.3399[3] 5.6141[5] 7.6576[8]
35 56.3[3] 5.4201[4] 16.4[2] 8.2967[8] 17.0[2] 8.1580[2] 10.3[2] 5.3409[3]  5.6121[4] 7.6368[8]
40 51.7[3] 5.4211[5] 20.3[2] 8.2966[9] 18.2[2] 8.1461[3] 9.8[2] 5.3395[3] 5.6121[4] 7.6410[8]

Electrical conductivity

The total conductivity of the single-phase perovskite samples was determined by an

analysis of temperature dependent impedance spectra using a Novotherm HT 1200

frequency analyser. The samples were coated with a Pt resinate paste (RP 070107,

Heraeus GmbH, Germany) and Pt sheet contacts were attached at both sides of the

sample. The samples were measured in air. An AC voltage peak-to-peak amplitude of

40 mV was applied for all measurements. As the electronic conductivity of all

composites was very high, no splitting in separate contributions from the grain bulk and
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grain boundary was possible, and only a straight line (ohmic resistor) was visible in the
Nyquist plots. The temperature dependent electronic conductivity of the composites
was measured using a DC measurement setup (Keithley 2600B): the top of the sample
pellet was in contact with a Pt micro contact with a diameter of about 200—400 nm and
the bottom was in contact with a Pt sheet. Additionally, Pt resinate paste (RP 070107,
Heraeus GmbH) was applied on the sheet to reduce the contact resistance. The exact
size of the micro contact was determined by measuring its imprint on the sample after
the measurements using light microscopy and comparing it with light microscopy

images of the contact itself.

In order to distinguish the oxygen partial pressure dependent electronic conductivity
contribution from the total conductivity, Hebb—Wagner measurements [27,28] were
conducted. The Pt micro contact described above was additionally surrounded by a
gas tight encapsulation (IP 041 glass paste by Heraeus GmbH), using the same
measurement setup as for the standard DC measurements. The experimental error of
both methods is +5%.

Oxygen permeation measurements

The oxygen permeation experiments were performed in a vertical quartz glass
housing, where the membranes were sealed with two gold rings with an inner diameter
of 13 mm. The separation of the oxygen from ambient air fed with 250 min min~" was
performed between approx. 650 °C and 1000 °C by using argon as a sweep gas with
50 min min~' flow rate using mass flow controllers (Bronkhorst, Germany). The oxygen
and nitrogen concentration in the permeate gas, i.e., oxygen enriched argon, was
detected with a mass spectrometer (Omnistar, Pfeiffer Vacuum GmbH, Germany).
With help of the measured nitrogen concentration air leakage through the membrane

or the sealing is considered using

1
on - ZXNZ 1

- XOZ - XNZ Amem

Jo, = Far(3 Equation 3.1

with Far being the argon flow rate, i.e., 50 min min~', Xo2 and Xn2 the oxygen and

nitrogen concentration in the permeate gas, respectively, and Amem the open
membrane area, i.e., 1.33 mm2. The factor % reflects the O2/N2z ratio in the air feed

assuming that the leak is not gas selective.



82

Since the oxygen partial pressure in the permeate gas is temperature dependent, the
driving force of the permeation rate is not constant during the measurement. Moreover,
the sample thickness after grinding has a deviation from the target, i.e., 1 mm, of +8%.
Therefore, the permeance, i.e., driving force normalized permeation rate, normalized
to the reference thickness Lo = 1 mm is calculated assuming Wagner behaviour using
sz Lo Equation 3.2
Po,

Permeance =
In

With pbz and pg;z being the oxygen partial pressures in the retentate and permeate gas,

respectively, and Lmem the actual membrane thickness.

The overall experimental error cannot be calculated precisely. It is assumed to be

1£10%, which is well accepted in the literature.

3.3 Results and discussion
3.3.1 Microstructure

The phase identification has been performed via XRD. All samples consist of ceria
(Ce0.8Gdo.202-5) and spinel-type (FeCo204) phases with the additional orthorhombic
perovskite structure GdFeO3s as expected without the formation of any other phases,
Figure 3.1. The change in the spinel fraction in the composite is evident by the
decrease of the intensities of the corresponding reflections in the XRD patterns in the
region of 35 < 26 < 38°. Moreover, reflection splitting is visible revealing two coexisting

spinel phases in accordance with the phase diagram [16].

The phases are homogeneously distributed as indicated in Figure 3.2. The three
crystallographic phases are confirmed as fluorite (Ce1-xGdxOz), spinel (Fes-xCoxOa)
and perovskite (GdFeOs) and exemplarily shown by the HAADF images in Figure 3.3
for the 60:40 CGO-FCO composites. The weight fractions and lattice parameters of
each phase were determined by Rietveld refinement as shown in Table 3.1. In
agreement with the phase diagram of the FexCo3-xO4 system two types of spinels are
present in the range of 0.65 < Fe <1.07, i.e., Co-rich (normal spinel) and Fe-rich

(inverse spinel). Indeed, both spinels are detected for all composites except 90:10
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proportion, in which only of the Co-rich normal spinel is found. The resulting weight
fraction of each phase is plotted versus the nominal spinel content in Figure 3.4.
CGO-FCO Sintered at 1200°C for 5h

90:10
18515
180:20

75:25

70:30

65:35

—
60:40

I
GdFeOs |I
FeCo0204

Ce0.9Gdo.101.95 |

Intensity

20 40 29 (%) 60 80

Figure 3.1 XRD patterns of the CGO-FCO composites in a row with various FCO
contents sintered at 1200 °C for 5 h. At the bottom, reference reflections are
shown for the perovskite (01-072-9909) in blue, spinel (01-074-3417) in red, and

Figure 3.2 Energy-filtered TEM (EFTEM) analysis identifying three main phases:

Gd-doped ceria (red), Fe/Co-oxide (green) and the GdFeO3-based perovskite
(bright magenta)

As expected, the CGO weight fraction after sintering steadily decreases with increasing
nominal FCO content in the primary powder mixture, whereas the weight fraction of
both spinel phases increases. In contrast, the perovskite phase weight fraction remains

relatively constant in the range of 11 £ 2% for all composites. However, due to the
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intense phase interactions the chemical compositions of the respective phases

change, which is reflected by a change in lattice parameters in Table 3.1.

It

g

H
g

Figure 3.3 High-resolution HAADF images of single grains of CGO (left), FCO
(middle) and GCFCO (right) recorded along the [101], [101] and [110] zone axis,
respectively. Upper left/lower right insets are the corresponding structural

models/diffraction patterns measured in the TEM mode. Oxygen is not shown
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Figure 3.4 Weight fraction of detected phases in the CGO-FCO composites
sintered at 1200 °C for 5 h according to Table 3.1

3.3.2 Phase composition

The exact chemical composition of the different phases in the sintered composite is
not accessible with methods such as EDS. Therefore, lattice parameters are used to

determine the chemical composition of all detected phases after sintering.
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Spinel and fluorite phases

The spinel system FexCo3-xO4 with Fd3m structure can be well analysed with the help
of Vegard's law [29]. According to this rule of mixtures the linear relationship between
the Fe-content and lattice parameter is given in that binary solid solution. The resulting
Fe-content in the spinel phases is listed in Table 3.2. In contrast, the fluorite structure
of Ce1-xGdxO2-x2 does not obey Vegard's law [30] although there is a nearly linear
relationship between the lattice parameter and Gd-content x in the region of interest,

i.,e.x<0.2.

Table 3.2 Fe- and Gd-content in spinel and fluorite phases, respectively, after

reactive sintering

Nominal spinel x in Cos-xFexO4 x in Cos-xFexOa4 .
content [wt.%] Fe-rich spinel Co-rich spinel X in CezxGdxOz-a
10 - 0.14 0.15
15 0.97 0.15 0.152
20 0.92 0.48 0.162
25 1.34 0.23 0.17
30 1.32 0.27 0.16
35 1.30 0.33 0.13
40 1.30 0.25 0.146

Hong and Virkar [31] derived an equation for the lattice parameter of doped ceria

considering the ionic radii of the different components
a= % X [xry 4+ (1 — 0)ree + (1= 0.25%)7, + 0.25x1,] % 0.9971 Equation 3.3

where x is the concentration of the dopant in pure CeOz, here Gd, so rvm = rca = 0.1053
nm, rce = 0.097 nm is the radius of the cerium ion, ro = 0.138 nm and rvo = 0.1164 is
the radius of the oxygen ion and vacancy, respectively. The resulting Gd-content x is
listed in Table 3.2.

The GdixCexFe1-yCoyO3 system is much less investigated and, thus, the
determination of the perovskite composition from the lattice parameter is not reliable.
Therefore, it is calculated assuming a constant mass of the respective cations, i.e., no
significant evaporation or similar effects occur during sintering. A mass balance is done
using cation stoichiometry used for the synthesis and the calculated amount and

composition of spinels and fluorite after sintering, Table 3.3.
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Table 3.3 Calculated composition of the Gdi-xCexFe1-yCoyO3 perovskite phase

after reactive sintering

Nominal spinel content [wt.%] Gd Ce Fe Co
10 0.61 0.39 0.68 0.33
15 0.58 0.42 0.69 0.31
20 0.50 0.50 0.58 0.42
25 0.43 0.57 0.42 0.58
30 0.52 0.48 0.42 0.58
35 0.75 0.25 0.41 0.59
40 0.63 0.37 0.45 0.55
Perovskite phase

3.3.3 Composite composition

With knowledge of the composition and weight fraction of the individual phases the
actual volume fractions of those coexisting phases can be calculated. The required
densities of the different phases are calculated for each composite individually using

MpZN,

v Equation 3.4

with Mr being the molecular weight of one formula unit according to Table 3.2 and Table
3.3, Z the number of formula units per unit cell, Na the Avogadro constant, and V. the

unit cell volume according to the lattice parameters given in Table 3.1.

100+ —=—v0l% Spinel (Fe- and Co-rich)] 100
---0---vol.% GCFCO Perovskite
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Figure 3.5 Volume fraction of detected phases in the CGO-FCO composites

sintered at 1200 °C for 5 h.
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The average densities in g cm™ are 5.55 + 0.064, 5.89 + 0.041, 7.22 + 0.005, and 7.39
1 0.059 for the Fe-rich spinel, Co-rich spinel, fluorite, and perovskite, respectively,
revealing only gradual changes of the density with composition. Figure 3.5 shows the
volume fraction of the fluorite, perovskite and spinel phases versus the nominal weight
fraction of FCO in the initial powder mixture. Indeed, there is a linear dependence of
the total spinel amount, which exceeds the percolation threshold, i.e., 30 vol%, above
30 wt.% nominal FCO content. Since the perovskite phase contributes to the electronic
conductivity the cumulative volume fraction of all electronic conducting phases is
plotted, too. This volume fraction already exceeds the percolation threshold >15 wt.%
nominal spinel content. This explains the excellent performance of the composite at
low nominal FCO contents. Nevertheless, even below that threshold significant oxygen
permeation can be measured down to 10% nominal spinel content, i.e., 18 vol%

electronic conducting phases.

3.3.4 Performance

Individual phases

The phase changes during reactive sintering need to be considered to assess the
composite performance. For Ce1-xGdxO2-xz2 it is well known that the ionic conductivity

is hardly affected for 0.1 < x < 0.2. This is confirmed by own measurements of different
CGO powders, Figure 3.6.
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Figure 3.6 lonic conductivity of CGO with 10 and 20 mol% Gd-substitution,

respectively. The experimental error is 5%

In contrast, the chemical composition of the electronic conducting phases determines

their conductivities. Two spinels are synthesized exemplarily, i.e., Fe2CoO4 and
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FeCo204. Figure 3.7 shows that the Fe-richer spinel shows lower conductivity.
According to Table 3.2, the maximum Fe-content in the spinel phases is 1.34, well
below that of Fe2CoOs and, thus, the electronic conductivity can be regarded as
sufficiently high. In the perovskite system single phase Gdo.s5Ceo.15Fe0.75C00.2503
(GCFCO) shows very similar conductivity, Figure 3.7. Hebb—Wagner measurements
of the electronic partial conductivities with variable poz of this perovskite (exemplarily
shown for poz = 0.21 bar as open symbols in Figure 3.7) showed a similar dimension
like the total conductivities from impedance spectroscopy. In addition, oxygen
permeation was negligible, i.e., below the detection limit, revealing that the chosen
GCFCO is a pure electronic conductor and does not possess significant oxygen non-
stoichiometry, i.e., 8 = 0. Moreover, Hebb—Wagner measurements down to poz = 10710
bar did not show any change of transport mechanisms indicating that the non-

stoichiometry remains close to zero in that poz-range.
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Figure 3.7 Electronic conductivity of phases identified in the composite. The
legend gives nominal compositions, because some samples are not single

phase. The experimental error is +5%.

Co-free perovskites, in contrast, show very low conductivities. However, these
materials did not show phase purity, but additional phases such as Gd-doped ceria,
magnetite, and GdsFes012, which are not present in the composites. Apparently, Co
substitution on the B-site of GdFeOs supports perovskite phase formation. Ce
substitution on the A-site acts as the donor and enables electronic conductivity. The

GdFeOs-based perovskites detected in the composites show Co- and Ce-substitution
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of 31-59% at the B-site and 25-57% at the A-site, respectively, Table 3.3. Therefore,

those phases are considered as good electronic conductors.

Composites

The composites show good performance, Figure 3.8, as expected from previous
reports [19]. For better comparison the oxygen permeance is normalized to the
membrane thickness according to Equation 3.2. As a result, the activation energy Ea
of the permeance is equal to that of the ambipolar conductivity. Data from Figure 3.8
reveal an Ea of 60-80 kJ mol~! indicating that the ionic conductivity of the ceria phase
is rate limiting. Only for the composite with nominal composition 90: 10 wt.% Ea = 101
kJ mol™! indicating a change in the rate limiting process probably due to the lack of

electronic conductivity.
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Figure 3.8 Arrhenius plot of the permeance of CGO-FCO composites normalized

to a thickness of 1 mm. Error bars represent £ 10% of the measured values.

Figure 3.9 shows a comparison of this work with previously reported data on
composites of the same nominal compositions, but differently synthesized, i.e. by the
Pechini method, [19] a sol-gel technique starting from an aqueous precursor solution.
The permeance follows the same systematic process. However, the Pechini
synthesized composites show higher performance for low FCO-contents. This might
be attributed to the typically finer microstructure with highly homogeneous cation
distribution achieved by the sol—gel synthesis. Even if there are some percolating
paths, these need to be “strong” enough to ensure sufficient electronic conduction. The

comparison of microstructures (Figure 3.10) indicates similarly small ceria grains in the
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sub-micron range and slightly coarser spinel agglomerates for SSRS compared to that
obtained by the Pechini method and, thus, no drastic difference. Unfortunately,
quantification is not possible due to the low differences in grey scale contrast between
the several phases.
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Figure 3.9 Permeance of differently synthesized composites depending on the

nominal FCO-content. Error bars represent * 10% of the measured values.

But, as analysed above the phase interactions during sintering lead to an increase in
electronic conducting phases. However, this takes place at the expense of the ceria
content, i.e., ionic conducting volume, which is rate limiting and thus not desired. Figure
3.11 shows the permeance versus the volume fraction of the sum of electronic
conducting phases. In comparison to the CGO-FCO series CGO-GCFCO composites
were synthesized using commercially available CGO and pre-synthesized
Gdo.s5Ceo.15Fe0.75C00.2503. In this case no phase interactions during sintering are
observed and, thus, indeed dual phase membranes are achieved. At low and high e™-
conductor content, respectively, the permeance is quite similar. Above 40 vol% an
identical behaviour can be expected because the ionic conductivity, i.e., ceria content,
is the rate limiting factor. Around 30 vol% of e™-conductor content the SSRS CGO-FCO
series shows higher performance over the CGO-GCFCO series. This, again, reveals
the importance of the phase distribution, i.e., microstructure, inside the composite
close to the percolation threshold. It seems to be even more important than the phase
itself, in this case perovskite or spinel, or actually both together, as long as the

electronic conductivity of these individual phases is sufficiently high.
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Figure 3.10 Microstructure of a sintered 60:40 CGO-FCO composite (a)
synthesized by SSRS (SEM of surface, this work) and (b) synthesized by the
Pechini method previously (SEM cross-section. Reproduced with permission.
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3.4 Conclusions

MIEC composites with nominal composition Ceo.8Gdo.202-5 (CGO) — FeC0204 (FCO)
can be successfully synthesized by the cost-efficient solid state reactive sintering
(SSRS) technique using commercial powders of CGO as well as Fe203 and Co30a4.
During sintering several phase interactions occur resulting in a mixture of four phases
after sintering, i.e., CGO, two Fe/Co-spinel phases and a GdFeOs-based perovskite.
The composition of the individual phases depends on the nominal CGO-FCO ratio
defining the mixture of the raw powders. Nevertheless, their functional characteristics,
i.e., ionic or electronic conductivity, remain. For the perovskite formation during
reactive sintering approx. 5 mol% of Gd is extracted from the initial CGO, which does
not affect its ionic conductivity significantly. But the ceria volume fraction is reduced
and, thus the ion conducting pathways. The two spinel phases are in equilibrium
according to the Fes-xCoxO4 phase diagram and provide electronic conductivity, just
like the perovskite Gd1-xCexFe1-yCoyOs, which is a donor doped GdFeOs and, thus, a
pure electronic conductor with a similar conductivity to the spinel. Consequently, the

electronic conducting volume fraction is increased.

In MIEC composites typically the ionic conductivity is rate limiting provided that
sufficient electronic conduction is achieved, which is a combination of the electronic
conductivity of the selected phase(s) and the presence of sufficient percolating paths.
This represents a typical optimization task, i.e., maximizing the ionic conducting

volume without losing percolation of the electronic conduction.

In comparison to a two-phase system without reactive sintering made from pre-
synthesized CGO and GCFCO (Gdo.s5Ceo.15Fe0.75C00.2503) the CGO-FCO SSRS
shows higher performance close to 30 vol% of the electronic conducting phases, which
is often considered as the percolation threshold. The phase interactions during SSRS
obviously help achieving significant percolation of electronic conductors at high ceria
content enhancing ambipolar conductivity compared to the CGO-GCFCO series solid
state sintered without phase reactions. In the Pechini synthesized CGO-FCO series
reported previously comparable phase interactions as in SSRS series occur. Even
higher performance at the same nominal composition close to that percolation
threshold was found, which might be attributed to the finer particles synthesized by the
Pechini method. Moreover, the potential role of grain boundaries needs more attention.

These results reveal the importance of tailoring the microstructure of composite
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membranes by materials engineering, which seems to be even more important

compared to the investigation of more and more novel material mixtures.

Summarizing, SSRS of CGO-FCO is an attractive route — even though slightly less
performing compared to the Pechini synthesized variant — due to its suitability for
industrialization using cheap and abundant oxides. Further developments should
concentrate on tailoring the resulting microstructure closing the gap with the Pechini

synthesized composites.

Nevertheless, the in situ formed perovskite system (GdCe) (FeCo)Os represents an
interesting alternative candidate as an electronic conductor in ceria-based composite
membranes. It is expected to provide higher chemical stability compared to FCO in
particular at lower po2. Moreover, there might be a chance to introduce oxygen non-
stoichiometry, which would lead to mixed conductivity supporting ionic transport and
facilitating surface exchange not investigated here. Therefore, the GCFCO system
should be further investigated.
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Chapter 4

4. Role of Fe/Co ratio in dual phase
Ce0.3Gdo202-5 - FeC0204 composites for

oxygen separation

Abstract

Dual-phase membranes are increasingly attracting attention as a solution for
developing stable oxygen permeation membranes. Ceo0.8Gdo.202-5 - Fe3-xCoxO4 (CGO-
F(3-x)CxO) composites are one group of promising candidates. This study aims to
understand the effect of the Fe/Co-ratio, i.e., x= 0, 1, 2, and 3 in Fe3xCoxOs, on
microstructure evolution and performance of the composite. The samples were
prepared using the solid-state reactive sintering method (SSRS) to induce phase
interactions, which determines the final composite microstructure. The Fe/Co ratio in
the spinel structure was found to be a crucial factor in determining phase evolution,
microstructure and permeation of the material. Microstructure analysis showed that all
iron-free composites had a dual-phase structure after sintering. In contrast, iron-
containing composites formed additional phases with a spinel or garnet structure which
likely contributed to electronic conductivity. The presence of both cations resulted in
better performance than that of pure iron or cobalt oxides. This demonstrated that both
types of cations were necessary to form a composite structure, which then allowed
sufficient percolation of robust electronic and ionic conducting pathways. The
maximum oxygen flux is jo2 =0.16 and 0.11 ml/cm?*s at 1000°C and 850°C respectively
of the 85CGO-FC20 composite, which is comparable oxygen permeation flux reported

previously.

This Chapter has been published as : Fischer, L.; Ran, K.; Schmidt, C.; Neuhaus, K;
Baumann, S.; Behr, P.; Mayer, J.; Bouwmeester, H.J.M.; Nijmeijer, A.; Guillon, O. Meulenberg,
W.A.; et al. Role of Fe/Co Ratio in Dual Phase Ceo.sGdo.202.5-FeC0204 Composites for Oxygen
Separation. Membranes 2023, 13, DOI: https://doi.org/10.3390/membranes13050482
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4.1 Introduction

Oxygen separation using oxygen transport membranes (OTMs) is a good alternative
to cryogenic air separation for producing pure oxygen in oxyfuel combustion. These
ceramic membranes are more economically beneficial than other known gas
separation methods, consume less power, and produce high quality oxygen in a single
step process. Therefore there is increasing interest in the development and application
of OTMs for industrial processes, e.g., for oxyfuel combustion and syngas production
[1,2]. Mixed ionic-electronic conducting materials (MIEC) can be used for oxygen
separation from air or the oxygen separation process can include exposure to flue
gases containing CO2, SOx, dust, and steam [3-5]. In general, oxygen transport in
dual- and multiphase membranes is implemented by using both ionic and electronic
conducting phases. The presence of both of these phases is key to ensure good
percolation and thus performance of the material. This means that the concentrations
of individual phase should be above the percolating threshold, which is generally
reported as 30 vol. %. For dual-phase material the ionic conductivity is normally the
rate-limiting property. Accordingly, the main target in this field is to enable the reduction
of the electron conducting phase without negatively affecting the final percolation
properties of the material. Moreover, these materials should be sufficiently stable at
the operating conditions, e.g., in flue gases at high temperatures and with an oxygen
partial pressure gradient [6] Since the fluorite: spinel ratio has a significant influence
on performance [7] the 85:15 combination is chosen, based on the previous
investigations of the Ceo.8Gdo.202-5 - FeC0204 (CGO-FC20) multi-phase material [8,9].
Additionally, as a reference, the 60:40 ratio is used, which is very common in literature
due to the high amount of the electron-conducting phase avoiding any problems with
percolation. To produce a reliable, mixed-conducting composite, the quality of the
connectivity and compatibility of the two phases is crucial. Under real conditions,
interconnectivity between particles is imperfect and can be dependent on many
different factors. In addition, the surface can also contribute to the oxygen exchange
process in an important, though more limited way [10,11]. Modifying the surface by
applying a catalytic layer is required to maximize surface area and to eliminate all

possible surface limitations.

Composites of acceptor-doped ceria in combination with electronic conducting

materials are of great interest and have recently been widely investigated in the
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intermediate temperature range (600-850°C) [2,4,12—16]. For the electron conducting
material, oxides from aliovalent transition metals in particular iron and cobalt are well
studied. This includes perovskites revealing dependence on the microstructure, phase
constituents, conducting properties as well as permeation performance [17-19].
Furthermore, the spinel system Fes3xCoxO4 with x= 0, 1, 2, and 3 is of particular interest
[20]. The mixed Fe-Co spinel structure is reported to have higher thermal stability
compared to the normal Co304 spinel, illustrating that Fe substitution affects positively
thermal stability and stability at reducing atmospheres, which is advantageous for the
potential application in membrane reaction. The functional properties of the pure Fes-
xCoxO4 system have been well reported [20-27] and several members of that system

were mixed with doped ceria forming dual- or multi-phase composites.

The solubility of the end member Co304 (CO) in CGO is less than 1 %, and higher
concentrations lead to Co304 segregation. With addition of >5 mol % of Co304 to the
ceria, Co304 remains as a separate phase after sample preparation and sintering
processes and leads to an improved electrical conductivity. It has also been reported
that a three-dimensional interconnection of the phases in a dual-composite forms only
when the amount of cobalt oxide exceeds 10 mol %. Adding Co304 also increases the
surface exchange coefficient effectively, increasing the connected transport pathways
[27,28].

The addition of the other end member Fe203 (FO) often is used as a sintering aid for
sample densification and, in some cases, can even reduce the sintering temperature
by 100-150°C [22,29,30]. When added to the CGO, iron oxide also has a positive effect
on the total conductivity of CGO [22]. The presence of the iron in the CGO matrix
reduces the lattice parameter of CGO [31]. The solubility of Fe20s3 in ceria reported in
the literature ranges from 1 to 2 %, which may be due to variations in preparation
methods and operating temperatures [22,30,32]. It was also reported that the addition
of FO to CGO increases the grain boundary and total conductivity of the material. High
conductivity is expected due to the possible formation of a Schottky type potential
barrier at the grain boundaries within the high temperature range. This can enhance
electron transport along the grain boundaries but at the same time be an obstacle for
ionic transport across them [33]. It also increases the density of materials and leads to
grain growth [29,34].
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The addition of FeCo20 [8,35] and Fe2Co0 [15,36] has been also been published
revealing significant phase interactions at sintering temperature. However, a
systematic study of the role of Fe/Co-ratio on phase evolution and permeation
performance is missing, amongst others because different fractions of ionic and

electronic conducting phases in the composites were investigated.

Since the phase evolution in the composite CGO-FC20 (x=2 in Fe3xCoxOa4) has been
previously investigated in detail [33], three more members from the system Fe3xCoxO4
with x=0, 1, and 3, will be discussed here., i.e., Fe203, Fe2Co04 (F2CO) and Co0304.
Based on the previous work, nominal ceria/spinel ratios of 60:40 wt.% and 85:15 wt.%
were selected, respectively, for microstructural and performance analyses. In the
former case (60:40) good percolation of the electronic pathways is given, while the

latter (85:15) is close to the percolation threshold.
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4.2 Materials and Methods
4.2.1 Sample preparation

Ce0.8Gdo.202-5 (CGO) (Cerpotech, >99 %), Fe203 (FO) (Merck, 99 %) and Co304 (CO)
(Merck, 99 %) powders used for the experiments were synthesized by the Solid-State
Reactive Sintering method (SSRS). Fe203 and CosO4 were mixed, so Fe:Co in a 2:1
ratio, resulting in spinel Fe2CoO4 (x=1), which was added to commercially available
ceria. Respective amounts of powders were weighed to create CGO-F2CO
compositions with wt. % -ratios of 60:40, 80:20, and 85:15. Cobalt-free and iron-free
composites were performed with ratios of 60:40 and 85:15. Over 48 h the powder
mixtures were ball milled in polyethylene bottles using zirconia balls on a roller bench
at a speed of 175 rpm. After drying for 48 h in ambient air at 70° C, powder mixtures
were pressed using a uniaxial press in disc-shaped membranes with d=20 mm and
then sintered at 1200°C for 5 h in air with a heating rate of 5 K min-1. At this sintering
temperature the spinel partially reduces into a high temperature monoxide phase with
a rock salt structure. To ensure complete reoxidation of the high temperature Co/Fe-
monoxide phase to a spinel phase that is stable at operating temperatures (600-
1000°C), a slow rate of 0.5 K min™' between 900 and 800 °C was implemented in the
cooling cycle. This rate was determined by referring to the Fes—xCoxO4 phase diagram.
After the sintering step all samples were ground down to 1 mm thick discs in 2 steps,
applying SiC merge papers with different grits from P 800 to P 1200 (by WS FLEX
18C). On both sides of the discs a porous Lao.ssSro.4Coo.2Fe0.803-5 (LSCF) catalytic
activation layer with a thickness of 5 um was applied using a screen-printing technique.

Discs were then calcined in the oven at 1100 °C for 5 hours.

4. 2.2 Characterization methods

Crystal structure

Crystal structure was determined using the X-ray diffraction (XRD) diffractometer D4
ENDEAVOR (Bruker, Karlsruhe, Germany). Diffraction angle was chosen in the range
of 20 from 10° to 80°, with increments of 0.02° for 26 and 0.75 seconds of
measurement time per step. Analysis of the measured data was performed with X’'Pert
HighScore (PANalytical B.V., version 3.0.5) software. Phase quantifications and
associated crystal structure analyses were carried out by Rietveld refinement using
(Version 4.2.2) software. The errors of each fit were calculated individually and are
reported in Table 4.1, -2 and -3.
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Table 4.1 Lattice parameter and fraction (F) of the phases after quantification
by Rietveld refinement analyses of the CGO-CO composites sintered at 1200°C
for5h

FCO, % CGO(Fluorite) Co304(Spinel)
F, wt.% a=b=c, A F, wt.% a=b=c, A
0 100.00 5.4246[0] 0 -
15 83.50[5] 5.4249[0] 16.50[5] 8.0808[5]
40 - - - -

Table 4.2 Lattice parameter and fraction (F) of the phases after quantification by
Rietveld refinement analyses of the CGO-FO composites sintered at 1200°C for
5h

FCO,wt.% CGO (Fluorite) GdsFes012 Fe,0;

Lattice parameter, A

F, wt.% a=b=c, A Fwt% a=b=c,A F,wt%

a=b c
0 100.00 5.4246[0] 0 - 0 - -
15 74.30[3] 5.4154[5] 20.75[2] 12.47[2] 4.96[2] 5.0351[4] 13.7358
40 55.00[3] 5.4155[4] 15.33[2] 12.47[2] 30.7[3] 5.0366[6] 13.7359

Table 4.3 Lattice parameter and fraction (F) of the phases after quantification by
Rietveld refinement analyses of the CGO-F2CO composites sintered at 1200°C
for5h

FCO,

Wt% CGO(Fluorite) F2CO (Spinel) CGFCO (Perovskite)
b= Lattice parameter, A
Fwts% 23°% Fwt% asb=c A F,wt% P
a b c
0 100.00 5.4246[0] 0 - 0 - - -

15  74.00[1] 5.4185[1] 13.50[1] 8.3688[2] 12.30[2] 5.3429[8]  5.8099[1]  7.658[1]
20  69.00[2] 5.4181[8] 18.90[1] 8.3699[1] 12.00[1] 5.3433[8]  5.6097[1]  7.662[5]
40  51.60[1] 54179[4] 37.40[9] 8.3835[1] 11.00[9] 5.3485[2] 5.6103[5]  7.669[3]

Microscopy

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDXS) were used to obtain material morphology. SEM images were taken with a Zeiss
Ultra 55 and a Zeiss Supra 50 VP1 (Carl Zeiss NTS GmbH, German) SEM at different
magnifications. The electronic conductivity of samples was enhanced by sputter

deposition of a thin platinum layer prior to measurement.

For the Transmission Electron Microscopy (TEM) analysis, all specimens were cut

from composite pellets by focused ion beam (FIB) milling using an FEI Strata 400
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system with a Gallium ion beam. Further thinning and cleaning were performed using
an Argon ion beam in a Fischione Nanomill 1040 at beam energies of 900 eV and 500
eV. TEM and energy-filtered TEM (EFTEM) imaging were performed using an FEI
Tecnai F20 at 200 kV. For high-resolution high-angle annular dark-field (HAADF)
imaging and EDXS chemical mapping an FEI Titan G2 80-200 ChemiSTEM

microscope equipped with an XFEG and a probe Cs corrector was used [37].

Electrical conductivity

The total conductivity of the single-phase perovskite samples was determined by
analysing the temperature-dependent impedance spectra with the help of a Novotherm
HT 1200 frequency analyser. All samples were coated with a Pt resinate paste (RP
070107, Heraeus GmbH, Germany) and on both sides of the sample Pt sheet contacts
were attached and measured in air. For all measurements an AC voltage peak-to-peak
amplitude of 40 mV was applied. As the electronic conductivity of both spinels was
very high, no division into separate contributions from the grain bulk and grain
boundary was visible. Nyquist plots instead only showed a straight line (ohmic

contribution from electron conducting phase).

The temperature-dependent electrical (total) conductivity of the composites, which was
also dominated by the electron conductivity of the electron conducting phase, was
measured using a DC measurement setup (Keithley 2600B): the top of the sample
pellet was in contact with a Pt microcontact with a diameter of about 400 nm and the
bottom was in contact with a Pt sheet. Additionally, Pt resinate paste (RP 070107,
Heraeus GmbH) was applied to the sheet to reduce contact resistance. By using light
microscopy to measure the imprint on the sample, the exact size of the micro-contact
was determined. This was then compared to light microscopy images of the contact

itself.

Oxygen permeation measurements

The oxygen permeation tests of all materials were performed in a vertical quartz glass
housing, where the composite membranes were sealed with two gold rings with inner
diameters of 13 mm. The separation of the oxygen from ambient air fed with 250 mIN
min~" was performed between 650 °C and 1000 °C. Argon was used as a sweep gas
with a 50 mIN min~" flow rate using mass flow controllers (Bronkhorst, Germany). A
mass spectrometer (Omnistar, Pfeiffer Vacuum GmbH, Germany) detected the oxygen

and nitrogen concentrations, in the permeate gas, i.e., oxygen enriched argon. Using
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the measured nitrogen concentration, the air leakage through either the membrane or

the sealing was determined according to:

Equation 4.1

with Farbeing the argon flow rate, (50 mIN min~"), Xoz2 and Xn2 the oxygen and nitrogen
concentration in the permeate gas, respectively, and Amem the open membrane area
(1.33 mm?). The factor 1/4 reflects the O2/N2 ratio in the air feed, assuming that the

leak is not gas selective.

The driving force of the permeation rate was not constant during the measurement,
since the oxygen partial pressure in the permeate gas is temperature dependent.
Additionally, the thickness of the discs after grinding deviates +8% from the target
thickness of 1 mm. Consequently, the driving force normalized permeation rate, also
referred to as permeance, was normalized to the reference thickness Lo= 1 mm and
was calculated assuming Wagner behaviour using following equation

j 0 Lmem

Permeance = I
Po, *o Equation 4.2

Here, pé,z and pgzare the oxygen partial pressures in the retentate and permeate gas,
respectively, and Lmem is the actual membrane thickness. While the overall
experimental error cannot be calculated precisely, it is assumed to be £10%, which is

well accepted in the literature.
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4.3 Results and discussion

4.3.1 Microstructure evolution

The spinel system Fes3-xCoxO4 with the Fd3m structure was analysed according to the
Fes-xCoxO4 phase diagram illustrated in Fe-Co phase diagramm from [38]. There are
generally considered to be two known spinel types, iron-rich and cobalt-rich. The
difference between the two spinel structures is the distribution of divalent and trivalent
cations. To preserve the Fd3m symmetry in the normal spinel structure, divalent
cations (Co?*) occupy all tetrahedral A sites, while all octahedral B sites are occupied
by trivalent cations (Fe3*). This is in contrast to the inverse spinel structure, where the
A sites as well as 50 % of the B sites are occupied by trivalent cations, the remaining
50 % of the B sites contain divalent cations [39—41]. Thus the normal and inverse spinel
structures can be expressed as AB204 and B(AB)O4respectively [42]. There are three
spinel regions on the Fe-Co phase diagram. Where concentrations of iron-doping are
low, the Co30a4-like structure is found. This has a normal spinel structure. At high iron-
doping concentrations (x=1.2) conditions are favourable for the FesOas-like structure,
which has an inverse spinel. In this case only one spinel phase (inverse spinel) can be
observed in the composite whose lattice parameter increases with the amount of
incorporated iron. Pure Fe3Os exists only at 1300 °C in accordance with the Fe-Co
phase diagram. In the intermediate range (0.65 < x <1.07) coexistence of both spinel
types is possible with clear predominance of the inverse spinel structure [20]. This
section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental

conclusions that can be drawn.

Fe-free composites (x=3 in Fe3.xCox04)

Two iron-free composites with 60:40 and 85:15 ratios were subjected to microstructural
and performance analyses (abbreviated later as 60CGO-CO and 85CGO-CO). During
the fabrication and sintering steps several problems appeared. The first sintering
attempt under standard conditions of 1200°C for 5 h, resulted in all 60CGO-CO
samples breaking and/or showing visual cracks as shown in Figure 4.1. This may have
been due to the formation of an additional rock salt phase at 1200°C, which is a known
phenomenon in dual-phase materials [43]. In such a phase transformation, the volume
expansion may cause the sample to crack. Macroscopic fractures were not observed

for 85CGO-CO samples, but all samples had insufficient gas tightness.
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Modifying the sintering programme to reduce the sintering temperature to 1100 °C with
a 0.5 K/min cooling rate helped to reduce cracking, as according to the phase diagram,
it helps the transformation of CoOx to Co3O. However, it was still not possible to

produce samples with sufficient gas-tightness for the permeation tests.
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Figure 4.1 a) The XRD patterns of CGO-CO materials sintered at 1200°C for 5 h
and single-phase CGO sintered at 1400°C for 5 h as well as peak positions of
phases, b) SEM image of CGO-CO morphology of the samples sintered at 1200°C
for 5h

SEM analysis shows a mixture of the two phases in both composites, ceria (white) and
cobalt oxide (dark grey). A mean grain size of 0.68 um can be estimated for both
phases from the SEM. In the 60:40 composite, intergranular cracks were detected
along the grain boundaries, primarily between CGO-CGO grains, as can be seen in
Figure 4.1b. The reason for the cracks is likely to be the internal stress resulting from
either thermal expansion or the difference in chemical expansion of some localized
CGO grains during sintering [43]. The character of the cracks in the 85:15 composite
was slightly different. While fewer cracks were observed, they were found both along

the grain boundaries as well as within the CGO grains.
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Due to the low solubility of cobalt oxide (<1 %), CosOs-swas found as a separate phase
in the samples [27,28]. It was also thermodynamically unfavourable to get gadolinium
ions from the fluorite structure (CGO) and move them into the ABO3 phase structure
at sintering temperature. Thus, perovskite Gd**Co3*O3 phase formation is likely not
possible at 1200°C sintering temperature and instead only cobalt oxide is produced.
The amount of added CO (15 and 40 wt. %) did not have much effect on grain size and

phase distribution.

The presence of two phases was also confirmed by XRD analysis: CGO with cubic
fluorite-type structure and Co30O4 with cubic spinel structure as shown in Figure 4.1a.
With further Rietveld refinement, the main phase characteristics were analysed.
Weight percentages and lattice parameters for this series of composites are listed in
Table 4.1. The CGO lattice parameter remained almost unchanged with the addition

of CO to the acceptor-doped ceria, illustrating no phase interaction.

Other sintering attempts of the CGO-CO samples failed. Since most of the 60CGO-CO
samples were broken at the fabrication stage, and most permeation tests were not

successful, the composite was not used in further analyses.

Co-Free Composite (x = 0 in Fe3-xCoxO4)

Similarly, two cobalt-free composites with 60:40 and 85:15 ratios were fabricated and
subjected to microstructure analyses. The room-temperature XRD patterns revealed
the presence of three main phases in both cobalt-free composites CGO-FO: CGO with
a cubic fluorite structure, Fe203 with a rhombohedral structure, and cubic GdsFesO12
(GCFO), as shown in Figure 4.2a.

Subsequent Rietveld refinement shows that, among these composites, the third phase
accounted for 15-20 wt.%, listed in Table 4.2. The lattice parameter of CGO was
reduced by 0.17% after addition of Fe20s3 to the acceptor-doped ceria, probably due to

the substitution of smaller Fe3* ions for Ce** in the fluorite matrix.

The XRD results were confirmed by SEM analysis, where three phases with a mean
grain size of 0.5 ym were observed, as shown in Figure 4.2b: FO (dark grey), GCFO
(light grey), and CGO (white). There were no visual defects or cracks after the sintering

process.

In contrast to CO, the addition of FO to the nominal composite leads to a phase

interaction during sintering at 1200°C and the formation of a third phase GdsFesO12.



108

This is called gadolinium iron garnet, has a cubic structure, and is in the space group
la3d, with respect to the Fe-Co phase diagram [44]. According to the literature the
solubility of iron oxides is a bit higher than Co3O4, which likely provides better
compatibility with the phases in the CGO-FO composite. As a result, a GdsFesO12-
based phase is formed, consisting of gadolinium cations from the fluorite phase as well
as iron cations from the Fe203 phase. It is also likely that this phase contains traces of
cerium cations on the A site. The third phase remains in the range of 15-20 wt. % and
seems to be greatly affected by the amount of the FO in the nominal composite: the
more FO the less GdsFes012 phase is formed. This tertiary phase was also observed
and mentioned by Lin et al., who claimed that it had low conductivity compared to the
perovskite-like structure [15]. According to these observations it can be concluded that
the presence of iron cations in the composite is a necessary condition to form a tertiary
phase during the sintering process, namely a cerium doped GdsFesO12 phase in a
CGO-FO composite.

(a)

Intensity

10

‘f o ‘3‘* T
. § L

2 ¥ *""-tﬁ,: ZHAROE

Figure 4.2 a) The XRD patterns of the cobalt-free CGO-FO materials with 60:40

(green) and 85:15 (blue) ratios sintered at 1200 °C for 5 h and single-phase CGO

(black) sintered at 1400 °C for 5 h as well as peak positions of phases. (b) SEM

image of CGO-FO morphology of the sample sintered at 1200 °C for 5 h.
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When comparing the fraction of the electron conducting phases in these composites
with the permeation threshold, some assumptions were made. Since the exact
composition and conducting properties of GdsFesO12 were not clear, we could only
assume that the GdsFesO12phase provided some electron conducting properties to
support e-transport [44—46]. In this case it was clear that while the permeation
threshold of 30 vol. % was not reached by the CGO-CO composite, the CGO-FO

composite reached this threshold at 17 wt. % FO.

Iron Rich Spinel (x = 1 in Fes-xCox04)

After investigating the composites with CO and FO, it was interesting to see how the
combination of these two oxides in different proportions affected the microstructure
and transport properties of dual-phase composites. The first candidate mix of Fe203
and Co304, where Fe/Co held in a 1:2 ratio, resulting in a spinel FeCo0204 (x=2) phase
has been previously published [8]. Here Fe203 and Co30O4 with Fe/Co in a 2:1 ratio,
resulting in a spinel Fe2CoO4 (x=1) phase was added into the ceria-based composite.
In this study, three composite dual-phase membranes in combinations 60:40, 80:20
and 85:15 (abbreviated later as for example 60CGO-F2CO, etc.) were prepared using
the SSRS method.

After investigating the composites with CO and FO, it was interesting to see how the
combination of these two oxides in different proportions affected the microstructure
and transport properties of dual-phase composites. The first candidate mix of Fe203
and Co304, where Fe/Co held in a 1:2 ratio, resulting in a spinel FeC0204 (x=2) phase
has been previously published [8]. Here Fe203 and Co304 with Fe/Co in a 2:1 ratio,
resulting in a spinel Fe2CoO4 (x=1) phase was added into the ceria-based composite.
In this study, three composite dual-phase membranes in combinations 60:40, 80:20
and 85:15 (abbreviated later as for example 60CGO-F2CO, etc.) were prepared using
the SSRS method.

During the sintering process, several phase interactions took place which resulted in a
mixture of the three phases. X-ray diffraction in Figure 4.3 clearly confirmed that all
materials from the CGO-F2CO row had the following phases: CGO with a cubic fluorite
structure, F2CO with a cubic spinel structure, and GdFeOs with an orthorhombic
perovskite structure. In the formation of the tertiary phase, approximately 10 % of the

gadolinium is taken from CGO and successfully incorporated at the A sites in the ABO3
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structure [35]. For the B sites iron is more favourably incorporated compared to cobalt.

This perovskite phase may contain the cerium as well as cobalt traces.

Although all three phases can be distinguished by their X-ray diffraction patterns, the
intensities of the spinel and perovskite phase peaks change with respect to the amount
of nominal F2CO in the initial composite. In the SEM images in Figure 4.3b, where
contrast of various phases can be distinguished, in combination with the further EDX
analysis fluorite (white), spinel (dark grey), and perovskite phases (light grey) are

found. These results are in a good agreement with the XRD.
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(green), 80:20 (red) and 85:15 (blue) ratios sintered at 1200 °C for 5 h and single-
phase CGO (black) sintered at 1400 °C for 5 h as well as peak positions of fluorite,
spinel, and perovskite phases; (b) SEM image of the surface dual-phase
composite 60CGO-F2CO. White is CGO, light grey is GFO, and black is F2CO.

Further Rietveld refinement quantified the composition of the dual-phase composites,
which are listed in Table 4.3. In CGO-F2CO composite only one spinel type has been
found. Similar to the CGO-FC20 (x=2) composite described in [8], the weight fraction

of the fluorite phase decreased as F2CO increases in the initial powder mixture.



111

The amount of GCFCO remains constant in the range of 12+1 wt. %, regardless of the
amount of F2CO in the nominal composite. Since the GdFeOs-based perovskite that
is formed can be distinguished as a pure electron conductor according to [8], the
increase in the total electron conducting phase in the composite occurs at the expense
of the number of ion-conducting phases, which is the rate limiting factor. The unit-cell
parameters of the pure phases are known from literature Fe2CoO4 (0. 8385nm) [47]
and CGO (0.54209 nm) [48]) and were measured before phase interaction. In our case
there was no remarkable change after SSRS and the sintering steps for the dual-phase
material fabrication (F2CO: 0.837 nm, CGO: 0.5418 nm), as indicated in Table 4.3.
This indicated that we had an F2CO spinel structure in the composite after mixing the
Fe203 and Co304 with Fe/Co in a 2:1 ratio.

Similar to the analysis performed on the CGO-FC20 (x=2) composite, described in [8],
the compositions of the three individual phases were also estimated. The resulting

volume fractions of each phase graphically represented in in Figure 4.4.
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Figure 4.4 Volume fraction of detected phases in the CGO-F2CO composites

The percolation threshold of 30 vol.% (shown as a red dashed line in Figure) can be
achieved at 25 wt.% of nominal F2CO in the composite (black line). Spinel and
perovskite are responsible for e-transport, providing well-connected paths for the
electrons in the material. The sum of the volume fraction of F2CO and GCFCO is
shown in the graph in green. As can be seen that the threshold was reached already
at 15 wt.% of the nominal F2CO in the composite material. This explains the relatively
high oxygen flux for the CGO-F2CO (x = 1) composite material even at a low F2CO
content (<20 wt.%).



112

Using TEM analysis, the presence of other phases was excluded. During the sintering
process, the perovskite-like phase fraction was formed mostly between CGO grains,
providing a well-connected network of the electron conducting phases and thus
continuous pathways for electrons, which can be seen in Figure 6. The presence of

this connected e-path helped to reach a sufficient percolation network in this composite

and thus good oxygen flux.

Figure 4.5 Distribution of the three phases: CGO (red), F2CO (light green) and
GCFCO (dark green) in 60CGO-F2CO composite
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The HAADF image and EDXS chemical mapping in Figure 4.6a were recorded around
a junction of two CGO grains and one GCFCO grain, where the two phases could be

clearly separated based on the elemental maps.

As indicated by the arrow labelled as A, intensity profiles across the CGO2 and
GCFCO were extracted and then plotted in Figure. All the elements smoothly
transferred between the two phases, and no abrupt enrichment and/or depletion of any

element was noticed.

Arrow B indicates the grain boundary between CGO1 and CGO2 grains, where also a

smooth chemical transfer across the boundary can be observed.

In the CGO-F2CO composite, three different phases formed during the sintering
process. This allowed the observation of six interface types, which resulted in different
types of transport within the material. Interfaces between two spinel grains (F2CO-
F2CO) and between spinel-orthorhombic (F2CO-GCFCO) as well as two orthorhombic
(GCFCO-GCFCO) structures provided electronic transport, whereas CGO-CGO and
CGO-GCFCO interfaces enhanced ionic transport.

Typical grain boundaries in the 60CGO-F2CO dual phase membranes are shown in
Figure 4.7. All the grains are closely packed without any intergranular structures.
Around the grain boundaries, the crystal structures of each grain are resolved down to
the atomic scale, indicating no significant segregations or defects along the grain

boundaries.

Figure 4.7 HAADF image of the grain boundary between different types of grains,
(a) F2CO and F2CO, (b) CGO and CGO, (c) CGO and F2CO, and (d) CGO-GCFCO
in the 60CGO-F2CO system

The influence of the Fe/Co ratio (x = 0—3) on the composite structure is investigated.
The lattice parameter of pure CGO without phase interaction was 0.54246 nm and it

was found to decrease after phase interaction due to Gd extraction (Table 4.1-3). The
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residual gadolinium content in CGO (Figure 4.8) ) was calculated with help of the lattice
parameter [8,49]. The iron-free composite (x = 3) reveals almost the same CGO lattice
parameter compared to the pure CGO, because no phase interaction takes place. In
contrast the pure Fe203 (x=0) extracts most gadolinium so that only approx. 5 mol%
remain in the ceria, which reduces its ionic conductivity [50]. A mixture of iron and
cobalt (x =1 or 2) a plateau with approx. 10 mol% residual gadolinium is observed,

which shows still high ionic conductivity [50].
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Figure 4.8 Residual gadolinium amount in fluorite dependent on Fe/Co ratio in

CGO-based composites after sintering

The grain size of each phase as well as the pore size is analysed with ImagedJ software
on all samples [51] (Figure 4.9a). The spinel grains are slightly larger compared to the
CGO and third phase, i.e., perovskite or garnet and all grain sizes slightly increase with
increase in cobalt content x. The mean grain size value of the four composites is in the
range of 0.48—0.68 um.

The porosity (image analysis) does not vary significantly, which is in good agreement
with the relative density values obtained geometrically (Figure 4.9b). The CGO-F2CO
composite reveals a low number of larger pores, while CGO-FO has a higher number
of pores with a small size << 1 ym. The highest densification > 91% relative densities
was achieved with both F2CO and FC20-added composites.
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CGO020-based composite; (b) porosity and relative density dependency
4.3.2. Permeation of the Composites

Figure 4.10 shows the temperature-dependent oxygen permeation rates of the
composites with nominal CGO-FCO wt.-ratio of 60:40 and 85:15, respectively. In case
of 60:40, the amount of the electronic conductor is high enough to ensure good
percolation and the ionic conductivity of the ceria is rate-limiting. In consequence, the
composites with the spinel phases, i.e., x = 1 and x = 2, show identical oxygen flux
(Figure 4.10a). In contrast, the composite with pure iron oxide, x = 0, shows
significantly lower flux because the resulting phases after sintering, i.e., Fe203
(hematite with corundum structure) and GdsFesO12 (garnet structure) are known to
have much lower electronic conductivity compared to the spinel and perovskite phases
present in the other composites [15]. As described above, the composite with pure
cobalt oxide, x=3, could not be prepared and measured successfully. with pure cobalt

oxide, x = 3, could not be prepared and measured successfully.

The amount of electronic-conducting phases in the composites with 85:15 nominal wt.-
ratio is around the percolation threshold as analysed above. Now, the choice of the

electronic conducting phase(s) becomes relevant and, thus, the oxygen fluxes vary

significantly (Figure 4.10b). Again, the pure iron oxide (x = 0) shows the lowest
performance due to lack of electronic conductivity. In case of Co304 (x = 3), the
electronic conductivity is known to be high. However, since no phase interactions
occur, the volume fraction of Co3Os is too low to enable sufficient electronic transport.
In consequence, the ambipolar conductivity and, thus, permeance is limited, too. The
total (i.e., electronic) conductivity of FC20 measured by impedance spectroscopy is

higher compared to F2CO as shown in Figure 4.11, which is in accordance with
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literature [23]. Therefore, composites with FC20 (x = 2) show approx. 30% higher
oxygen flux compared to that with F2CO (x = 1) at high temperatures. In addition, close
to the percolation limit the phase distribution within the composite will have certain
impact on its performance.
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Figure 4.10 Oxygen permeation rates of the ceria-based materials for the (a)
60:40 and (b) 85:15 ratios

3/°C
5 800 700 600 500 400
P . 1
2 L] .
~ _2_ |
‘5 !
b"’ ®
8 -3 1
= Fe,Co0, ;[
* FeCo,04
-4 ‘ ;
1 1.25 1.5
1000/7/K

Figure 4.11 Total conductivity of spinel phases measured by impedance
spectroscopy.

Permeance dependency on the electron conducting phase fraction of all studied
composites is depicted in Figure 4.12. In summary, at high nominal spinel fraction in
the composite, i.e., 40 wt.%, the Fe/Co-ratio in the spinel phase plays a minor role for
the permeance (Figure 4.13), because the ionic conductivity of the ceria phase is rate-
determining. Hence, an improvement in the composites’ permeance can only be
achieved by developing better ion conductors rather than electron conductors.
However, pure iron oxide crystallizes in corundum structure rather than spinel structure

providing significantly lower electronic conductivity and, thus, permeance. Addition of
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cobalt stabilizes the spinel structure, but pure cobalt oxide leads to cracking due to

severe phase changes during sintering cycles.
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Figure 4.12 Permeance of the CGO-based composites depending on the
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Figure 4.13 Dependency of the permeance on the cobalt amount in the
composites with 60:40 and 85:15 ratios at T = 850 °C and 950 °C

At low nominal spinel fractions, i.e., 15 wt.%, the Fe/Co-ratio in the spinel phase plays
a significant role in determining its electronic conductivity. Still pure iron oxide shows
poor performance. Pure cobalt oxide on the other hand is below the percolation
threshold and, thus, does not provide sufficient electronic pathways. An enhanced
permeance can be achieved in ceria-based composites by both improving electronic
conductivity of the second phase as well as optimization of the microstructure, i.e.,
phase distribution, in order to provide sufficient electronic pathways. The best
composite in this study was nominally composed of 85 wt.% CGO and 15 wt.% FC20.
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Table 4.4 Comparison of the measured oxygen flux with the oxygen flux of the

ceria-based dual-phase membranes reported in the literature.

Membrane Material Weight Jo, T, (°C) Thickness Atmos Synthesis Coat- Ref.
Ratio (mL/min/cm?) (mm) phere ing

Ce0.8Gdo.202¢—-FeCo0204  85:15 0.16 850 1 Air/Ar  one-pot + [24]
Ce0.8Gdo.2020—CoFe204  60:40 0.1 850 1 AirlHe  SSRS + [15]

Ce0.9Gdo.1024—Fe203 60:40 0.06 900 0.5 Air/He  Pechini [52]
Ce0.8Gdo.202¢—CoFe204  75:25 0.28 1000 1 Air/He  Pechini [63]
Ce08Gdo.2020-FeC0204  85:15 0.11 850 1 Air/Ar SSRS + [35]
Ce08Gdo.2020—Fe2C00s  80:20 0.08 850 1 Air/Ar SSRS +  This work
Ce0.8Gdo.2020—Fe2Co04  80:20 0.16 1000 1 Air/Ar SSRS +  This work
Ce08Gdo.2020—FeCo0204  80:20 0.11 850 1 Air/Ar SSRS +  This work
Ce08Gdo.2020—FeC0204  80:20 0.20 1000 1 Air/Ar SSRS +  This work

Direct comparison of published permeation data is in general difficult due to non-
standardized sample geometry as well as measuring conditions. Nevertheless, the
permeation rates of CGO-FCO composites investigated here are comparable to the
literature data of other ceria-based membranes as shown in Table 4.4. This is expected
because the permeation typically is limited by the ionic diffusion in the ceria phase in
particular if percolation of both phases is guaranteed, e.g., commonly used 60:40 wt.%.
The actual electronic conductivity of the second phase is of minor importance as long
as it remains significantly higher compared to the ionic one. Therefore, increasing the
amount of ceria is a straightforward strategy for enhancing permeation rates provided
that sufficient electronic conduction is maintained. Thus, close to the percolation limit
the microstructure as well as the actual electronic conductivity of the second phase

becomes increasingly important.
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4.4. Conclusions

MIEC composites based on commercially available Ceo0.s8Gdo202-5 powder in
combination with spinel Fe3-xCoxO4 (x = 0, 1, and 3) can be successfully synthesized
using a cost-efficient solid state reactive sintering (SSRS) technique. During the
sintering process, several phase interactions occur in CGO-FO (x = 0) and CGO-F2CO
(x = 1) composites resulting in a mixture of three phases. For the cobalt-free composite,
the CGO, FO, and the GdsFesO12 garnet structure have been indicated, while in CGO-
F2CO fluorite CGO, Fe-rich spinel, and a GdFeOs-based perovskite were detected.
For x = 2 the spinel appears in two coexisting phases, which agrees with the phase
diagram, while for x = 1 only one iron-rich spinel is indicated. In contrast, the composite
CGO-CO (x = 3) has only two phases, CGO and Co304, and does not form a perovskite
phase. In addition, it is difficult to produce crack-free samples of this composite. As a
result, these iron-free and cobalt-free composites cannot be utilized as MIEC materials

for use in an oxygen separation membrane.

A sufficient percolating network of ionic and electronic conducting phases in the
investigated dual- (multi-)phase materials could only be achieved using both types of
cations, iron and cobalt, fostering tertiary phase formation in the composite. This
tertiary phase improved percolation and, accordingly, final permeance of material.
Furthermore, the spinels Fe2Co0O4 (x = 1) and FeCo204 (x = 2), made from Fe3O4 and
Co304 in Fe/Co-proportions 2:1 and 1:2 respectively, provided adequate conductivity
as a single phase. Consequently, the materials with FeCo0204 (x = 2) and Fe2C004 (x
= 1) remain the most attractive dual-phase materials for use as OTM. In the absence
of one of the cations (iron or cobalt), a significant drop in oxygen permeance as well
as limited stability is observed. The maximum oxygen flux is jo2 = 0.16 and 0.11
mL/cm?*s at 1000 °C and 850 °C, respectively, of the CGO-FC20 composite, which is
comparable oxygen permeation flux reported previously. The main challenge in the
development of dual-phase materials remains in maximizing the amount of the ionic
conducting phase without losing the percolation of the electronic conducting phase.
Thus, the spinel system Fes3xCoxO4 (1 < x < 2) presents a particularly high potential
for high- and intermediate-temperature applications in the MIEC materials, ensuring
adequate thermal stability and microstructural as well as transport properties.

However, while the mechanical properties in air in particular for the CGO-FC20
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composite are thoroughly studied [16,25,43], application-oriented testing, e.g. of
chemical expansion, for targeted operation conditions is required.
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Chapter 5

5. Lanthanide element variation in rare earth
doped ceria - FeCo204 dual phase oxygen

transport membranes

Abstract

The increased interest in dual-phase membrane materials for oxygen separation leads
to the continuous optimization of their composition. Rare-earth doped ceria is a
promising candidate as the ion-conducting phase in the membrane. Spinel-structured
FeCo204 was investigated as an electronic conducting phase forming an additional
electronic conducting perovskite-structured phase during sintering when combined
with Ces-xLnxO2-5. The influence of rare-earth lanthanide elements, i.e., Gd and Sm,
as well as their concentration, i.e., x=0.1 and 0.2, on the final phase composition and
microstructure as well as its related functional properties in particular oxygen
permeation is analysed. 20 mol.% doping of either Gd or Sm reveals a multi-phase
microstructure after sintering. Moreover, segregation of Gd/Sm, iron, and cobalt is
found at the ceria-ceria grain boundaries in Ce0.8Smo.202-5- and Ceo.9Gdo.102-5-based
composites. In contrast, 10 mol.% Gd—doping leads to a dual-phase membrane
material without the formation of any other phase. In all cases, the percolation
threshold is reached at approx. 20 vol.% of the electron-conducting phase in the
system leading to similar maximum permeation rates determined by the ionic

conductivity of the ceria phase.

This Chapter has been published as: Fischer, L.; Ran, K.; Schmidt, C.; Neuhaus, K.; Baumann,
S.; Behr, P.; Mayer, J.; Bouwmeester, H.J.M.; Nijmeijer, A.; Guillon, O. Meulenberg, W.A.; et
al. 5. Lanthanide element variation in rare earth doped ceria — FeC0204 dual phase oxygen
transport membranes. Open Ceramics 2023, DOl:
https://doi.org/10.1016/j.oceram.2023.100519
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5.1 Introduction

Oxygen is an important gas for various technical applications such as combustion
processes, partial oxidations in the chemical industry, or medical applications.
Although oxygen is freely available in the air, its separation is a complex and energy-
consuming process. Due to lower energy demand, ceramic membranes offer a good
alternative to other known gas separation methods, such as cryogenic distillation,
reducing operation costs and energy consumption [1—4]. These ceramic membranes
consist of mixed ionic—electronic conducting (MIEC) oxides [5-7]. At high temperatures
(typically 850-950°C), these MIECs show high oxygen permeation involving both

oxygen ionic conductivity and electronic conductivity.

There are several known Oxygen transport membrane (OTM) materials with high
oxygen flux, e.g., BaosSrosCoosFeo2035 and LaosSro4Cooz2FeosOs-5 [8-11].
However, these single-phase materials suffer from limited mechanical and chemical
stability, especially under acidic (e.g. CO2, SOx) or reducing (e.g. Hz2, CO) conditions,
which makes them low performing in numerous industrial applications [12-17].
Therefore, dual-phase material systems, utilizing two inherently stable ionic- and
electronic-conducting phases, have again attracted attention from the scientific
community [1,5,6]. Nowadays, dual- and multiphase membranes with separate ionic
and electronic conductors are among the most promising materials regarding stability

for the application in membrane reactors [18].

The dual-phase Ceo08Gdo.202-5 —FeCo0204 (CGO20-FCO) composite has been
previously investigated in the context of the microstructure design and structural
properties, mechanical properties as well as permeation performance and showed to
be a good candidate for application in a membrane reactor at intermediate
temperatures (<800°C) [19,20]. It was estimated that during the phase interaction,
approximately 10 mol. % of gadolinium remains in the ion-conductive fluorite phase
[21,22] the remainder is used for perovskite phase formation, which is an additional
electron conductor. The ionic conductivity is still the limiting factor in this material, thus
the investigated doping content of the rare earth-lanthanide element in the fluorite
system Ce1-xLnxO2-5 can be narrowed to a range of 10-20 mol.%, where the fluorite
structure is stable [23,24]. Within the family of Ln-doped ceria, Gd- and Sm-doped

systems are the most efficient, so the these doped ceria are the most prominent
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candidates due to their good chemical stability [25-29] and excellent ionic
conductivities (~0.075-0.1 S-cm™") [30-35].

According to the literature, the ionic conductivities of 10 mol.% Gd-doped ceria
(CGO10) or 20 mol% Sm-doped ceria (CSO20) are higher than the previously
investigated CGO20 and, thus, are good candidates as ceria-FCO composites [36].
Comparison of the modelled conductivity of the rare-earth doped ceria at 500 °C
reveals that the Sm-doped material has the highest ionic conductivity at approximately
10 mol.% of samarium [37]. In those calculations, apart from the acceptor dopant
concentration also the interaction between dopant cations and mobile oxygen
vacancies is taken into account [35,37]. Koettgen et al. [37] performed Kinetic Monte
Carlo simulations (KMC) at 400°C, suggesting that 10 mol% Gd-doped ceria has a
higher ionic conductivity compared to 20 mol.% Gd-doped ceria. This is assigned to a
larger oxygen ion mobility in the CGO10 material, whereas the high ionic conductivity

in CGO20 is reached due to the higher concentration of oxygen vacancies [38—40].

The computed ionic conductivity of neodymium and samarium doped ceria is even
higher compared to the gadolinium doped ceria at 400 °C [35]. Neodymium on the
other hand is regarded as critical within RE-elements mainly due to its importance in

permanent magnets [41]. Therefore, it is not considered in this study.

The experimental data at 600°C shows that both, gadolinium and samarium doping,
leads to a plateau in the total ionic conductivity between approximately 10-20 mol.%
dopant, as discussed by Koettgen et al. [37]. That makes both dopants really attractive
for the ceria materials. Moreover, the resulting permeation performance of a dual- or
multi-phase composite membrane is not only dependent on the individual
conductivities of the single phases, but bulk and grain boundary contributions to the

conductivity could also be affected by e.g., phase interactions.

The grain boundaries in the doped-ceria ceramics can be highly resistive and serve as
a barrier to oxygen ion transport across them. Avila Paredes et al. [42] reported that
the activation energy Ea of the grain boundary conductivity decreases with decreasing
dopant concentration in the fluorite. As a summary, the higher lattice conductivity and
lower grain boundary resistance makes CGO10 more appropriate for application at
intermediate temperatures [43]. Moreover 10 mol. % doped ceria shows better stability

in reducing atmospheres compared to CGO20 [29,44].
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Therefore, in this study we investigate the phase interactions of CGO10 and CS0O20
with FeCo0204 in comparison to formerly reported CGO20 [19]. Composite membranes
were synthesized by solid state reactive sintering in varying weight ratios. The resulting
phase composition and microstructure as well as functional properties are analysed

and its relationships are discussed.
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5.2 Experimental

5.2.1 Samples fabrication

Commercially available Ce0.9Gdo.102-5 (CGO10) (Solvay), Ceo.s8Smo.202-5 (CSO20)
(Kceracell,), Fe203 (FO) (Merck, 99 %) and Co304 (CO) (Merck, 99 %) powders were
synthesized by Solid-State Reactive Sintering method (SSRS). Respective amounts of
powders were weighted for nominal CGO10-FCO and CS020-FCO compositions with
wt. % -ratios 60:40, 70:30, 80:20, 85:15, and 90:10. During 48 h the powder mixtures
were ball-milled on a roller bench with a speed of 175 rpm. After drying in ambient air
at 70° C for 48 h powder mixtures were pressed with a uniaxial press in disc-shaped
membranes with d=20 mm and sintered at 1200°C for 5 h in air with the heating rate 5
K min-'. At sintering temperature, the spinel partially reduces into a high-temperature
monoxide phase with a rock salt structure. To ensure complete reoxidation of the high-
temperature Co/Fe-monoxide phase to the spinel phase stable at operating
temperatures according to the Fes-xCoxQOs phase diagram a slow rate of 0.5 K min™’
between 900 and 800°C is implemented in the cooling cycle. The membranes are
considered to be sufficiently dense to exclude leakage since the leaked oxygen flux
calculated from the nitrogen leak rate is low. After the sintering step, all samples were
ground down to 1 mm-thick discs in 2 steps applying SiC merge papers with different
grits from P 800 to P 1200 (by WS FLEX 18C). On both sides of the discs a porous
Lao.s8Sro.4Coo.2Fe0.803-5 (LSCF) catalytic activation layer with a thickness of ~5 ym was
applied via a screen-printing technique and the final membrane was calcined in an

oven at 1100°C for 5 hours.

5.2.2 Characterization methods

Crystal structure

The X-ray diffraction (XRD) diffractometer D4 ENDEAVOR (Bruker, Germany) is
exploited for crystal structure determination. The diffraction angle 26 is in the range
from 10° to 80°, with increments of 0.02° 20 and 0.75 seconds of measurement time
per step. Measured data is analysed with the help of the program package X'Pert
HighScore (PANalytical B.V., version 3.0.5) software. Crystal structure analysis and
associated phase quantifications were carried out by Rietveld refinement using the
software Profex (Version 4.2.2). The errors of each fit are calculated individually and
given in Table 5.1 and Table 5.2 and Table 5.3.
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Microscopy

To obtain material morphology Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDXS) were used. SEM images were taken with a
Zeiss Ultra 55 and a Zeiss Supra 50 VP1 (Carl Zeiss NTS GmbH, German) SEM at
different magnifications. The electronic conductivity of the samples was enhanced by

sputter deposition of a thin platinum layer prior to the SEM measurement.

Further image analysis-based method was conducted via Imaged software on all
composite samples including ~1000 grains utilizing so-called isodata threshold method
[45], which helped to estimate the average grain size of all phases as well as area
fraction of pores. However, the limited number of characterized grains/pores might

induce large inaccuracy in the grain size and pore size calculations.

The Transmission Electron Microscopy (TEM) characterization was also performed on
both investigated materials. All specimens were cut from sintered composite pellets by
Focused lon Beam (FIB) milling using an FE| Strata 400 system with a gallium ion
beam. Further thinning and cleaning was done by using an argon ion beam in a
Fischione Nanomill 1040 at beam energies of 900 eV and 500 eV. TEM and energy-
filtered TEM (EFTEM) imaging was performed using an FEI Tecnai F20 at 200 kV. The
FEI Titan G2 80-200 ChemiSTEM microscope equipped with an XFEG and a probe
Cs corrector was used in order to obtain high-resolution high-angle annular dark-field

(HAADF) images and EDXS chemical mapping [46].

Electrical conductivity

The total conductivity of the single-phase fluorite samples was determined by
analysing the temperature-dependent impedance spectra with the help of a Novotherm
HT 1200 frequency analyzer. All samples were coated with a Pt resinate paste (RP
070107, Heraeus GmbH, Germany) and on both sides of the sample Pt sheet contacts
were attached and measured in air. For all measurements an AC voltage peak-to-peak
amplitude of 40 mV was applied. As the electronic conductivity of both spinels was
very high, no division into separate contributions from the grain bulk and grain
boundary was visible. Nyquist plots instead only showed a straight line (ohmic
contribution from electron conducting phase).

Oxygen permeation measurements

All composite materials were subjected to oxygen permeation experiments. The

experimental setup consisted of vertical quartz glass housing, where the membrane
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pellets were sealed with two gold rings with an inner diameter of 13 mm. The
separation of the oxygen from ambient air fed with 250 min min~" was performed in a
temperature range between 650°C and 1000°C. As a sweep gas argon was used with
50 min min~' flow rate using mass flow controllers (Bronkhorst, Germany). The mass
spectrometer (Omnistar, Pfeiffer Vacuum GmbH, Germany) detected concentrations
of oxygen and nitrogen in the permeate gas, i.e., oxygen enriched argon. With help of
measured nitrogen concentration, air leakage through either membrane or the sealing

was calculated according to

1
Xo, ~ 7w, ) 1 Equation 5.1
1- XOZ - XNZ Amem

Jo, = Far(

Here Faris the argon flow rate, i.e., 50 min min~', Xo2 and Xn2 the oxygen and nitrogen

concentration in the permeate gas, respectively, and open membrane area is
Amem=1.33 mm?2. The factor% reflects the O2/N2 ratio in the air feed assuming that the

leak is not gas selective.
Since the oxygen partial pressure in the permeate gas is temperature dependent, the
driving force of the permeation rate is not constant during the measurement.
Additionally, the sample thickness deviation after the grinding process was 8 % from
the target thickness of 1 mm. Consequently, the driving force normalized permeation
rate, also referred to as permeance, was normalized to the reference thickness of Lo =
1 mm and was calculated assuming Wagner behaviour using the following equation.
jnPo. Lo Equation 5.2
Po,

Permeance =

Here, pg)z and péz are the oxygen partial pressures in the retentate and permeate gas,

respectively, and Lmem is the actual membrane thickness. The overall experimental

error is assumed to be £10 %, which is well accepted in the literature.



132

5.3 Results and discussion

5.3.1 Microstructure evolution
CS020-FCO composite

Compositional and structural characterization is carried out for pellets with nominal
composition of (100-x) wt.% Ceo.8Smo2019 (CSO20) and x wt.% FeCo204 (FCO),
where 10 < x < 40. X-ray diffraction confirmed that during the sintering process, several
phase interactions take place resulting in the mixture of three structures: CSO with a
cubic fluorite structure, Fe3xCoxOs with a cubic spinel structure, and SmFeO3 with an

orthorhombic perovskite structure as shown in Figure 5.1.
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Figure 5.1 XRD pattern of CSO20-FCO composites and CS0O20 single phase

sintered at 1200°C for 5 h as well as three main defined phases

The intensities of the spinel reflections are increasing with the increase of the nominal
FCO amount in the composite. This is an identical result compared to the 20 mol.%
Gd-doped ceria (CGO20) composite, where the formation of the tertiary perovskite
phase was also reported [19]. However, there are reports for the CS020-based
composite addressing to the third phase formation, depending on the type of added
spinel and preparation methods [47,48]. Similarly to the CG0O20-based composites and
with respect to the Fe-Co oxide phase diagram: there are two spinel phases in
equilibrium, i.e., iron-rich (inverse spinel) and cobalt-rich (normal spinel) [49]. Both are
present in all CS0O20-based composites, except for the 90:10 ratio, where only the
normal spinel phase (Co30a) is observed. Probably, most of the iron is consumed by
the perovskite formation, so that the remaining Fe/Co-ratio decreases and only normal

spinel forms accordingly.
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Table 5.1 Lattice parameter and fraction (F) of the phases after quantification by
Rietveld refinement analyses of the CS020-FCO composites and single CSO
phase sintered at 1200°C for 5 h

CSO FCO Co30, CSFCO
Fd3m Fd3m Fd3m Pnma
=b= =b= Lattice parameter, A
FCO,  rwto D¢ Futn @0 Ewt%  asb=c, A F,wt%
wt.% A A a b c
0 100 5.4314[4]
10  80.24[3] 5.426[6] 0 # 10.956] 8.152[2]  8.81[7] 5.381[3] 5.597[6] 7.691[4]

15 76.94[1 5425[4] 065[7] 8312[4] 15.30[1] 8.174[3]  7.15[3] 5.385[4] 5.601[3] 7.696[6]
20  71.70[4] 5.425[7] 5.81[1] 8312[5] 16.22[7] 8.156[1]  6.27[2] 5.385[4] 560[1] 7.697[8]
30  63.46[9] 5.424[5] 8.31[4] 8312[2] 2270[2] 8.182[5]  552[4] 5.383[7] 5.601[3] 7.698[1]
40  5157[8] 5421[9] 16.96[6] 8.298[8] 25.90[4]  8.149[1]  5.55[4] 5.378[6] 5.598[8] 7.691[6]

Subsequent Rietveld refinement quantified the composition of CS020-based
composites, listed in Table 5.1. The lattice parameter of the CSO20 phase measured
before phase interaction is a=5.4314 A and decreases with increasing addition of FCO,
as for CGO20-based composite [19]. Since the solubility of iron and cobalt in ceria is
very limited (approx. 1-2 %) [50-53] this decrease in the lattice constant is accounted
to the extraction of Sm from the ceria lattice forming the tertiary SmFeOs-based
perovskite phase during sintering (where Sm takes the A sites in the formed ABOs
phase structure, while for the B sites iron cations are more favourable). In analogy to
the CGO20 composite Ce and Co are partly occupying the A- and B-site, respectively,
resulting in the formula (SmCe)(FeCo)Os (SCFCO).

The composition of individual phases is estimated via empirical models similarly to the
analysis performed on the CGO20-FC20 composite, described in [19]. About
10 mol. % of Sm forms the tertiary phase during the sintering process, resulting in the
residual 10 mol. % of Sm in CSO phase, what is similar to the CGO20-based

composite.

SEM analysis shows the homogeneous distribution of these phases (Figure 5.2a).
Three phases can be distinguished in different grey scale due to the material contrast
(different average atom number) detecting back scattered electrons, Figure 5.2b. The
image analysis, conducted on all CSO20-based samples including more than 1000

grains, revealed a mean grain size in the range of 0.5-0.85 pm.



Figure 5.2 SEM image of the surface of 60CS020-FCO sample sintered at
1200°C for 5 h with marked fluorite (light), spinel (black) grains, and perovskite

(grey)

Further TEM analysis accompanied by energy-filtered (EFTEM) elemental mapping
confirmed fluorite, spinel, and perovskite phases in all CSO20-FCO samples. The
distribution of the three phases in the composite 60CS020-FCO reveal a presence of
perovskite grains. According to the EFTEM elemental mapping, the iron and cobalt
show a non-uniform distribution in the FCO phase hence it can be subdivided into two
spinel types: normal cobalt-rich and an inverse iron-rich spinel. This agrees well with
the XRD analyses the phase diagram predicting two coexisting spinel phases.

The presence of the aforementioned three phases gives a feasibility to observe six
interfaces, which might contribute to different types of transport within the composite
material. The spinel and perovskite grains form a connected chain, which is
responsible for the e-transport, while CGO grains enable ionic transport. The analysis
of the interfaces by HAADF imaging is shown in Figure 5.3 for the 60CS020-FCO
composite. Most of the grain boundaries are clean without any visible defects or
precipitations. Generally, defects and disordered features along the interfaces are not
desired and quite unfavourable for any membrane materials, since they could strongly
affect both types of conductivities. Thus, there are no barriers that significantly hinder
or facilitate the transport of the oxygen ions or electrons/holes either via or across the
grain boundaries. Figure 5.3c shows further EDX mapping in atomic scale, confirming
that our results are fitting the best with the SmFeOs-based perovskite, which indeed
contains cerium and cobalt at the A- and B-site, respectively. The oxygen atoms are
placed between the cation columns and are not visible by HAADF imaging, due to

much smaller atomic number than cerium and samarium.
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Figure 5.3 HAADF image of grain boundaries between phases in the 60CS020-
FCO system (a) FCO- FCO; (b) CSO-FCO; (c) FCO-SFO inclusive the EDX
chemical mapping of perovskite grain along [010]

b) C€sO — CSO
——HAADF — Co

EDX intensity (a.u.)
HAADF Intensity (a.u.)

0o 1 2 3 4 5
Position [nm]

Figure 5.4 EDXS analysis of a ceria-ceria grain boundary in 60CS020-FCO a) The
simultaneously acquired HAADF image and EDXS chemical mapping from Ce L,
Sm L, Fe K, Co K, and O K peak. b) Line scans between two fluorite grains

marked as CSO grains based on the elemental maps

A closer look was taken to the ceria-ceria interface, Figure 5.4, at which often element
segregation occurs [20]. Line scans along the blue arrow are plotted in Figure 5.4b A
clear enrichment of samarium, iron and cobalt and a significant loss of cerium along
the CSO-CSO grain boundary is visible. This has been already previously reported in
similar CG0O20-based membranes, where the GdFeOs-phase is predominately
surrounded by ceria grains [54]. Therefore, these segregations might be an early stage

of the formation of an emerging perovskite-phase in both composites.
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Similar, to the CGO an excess of oxygen vacancies and samarium is expected in the
grain boundary core. As can be seen, the concentration of samarium is much higher

along the grain boundaries than samarium concentration in the grain.

CGO10-FCO composite

Compositional and structural characterization is carried out for pellets with nominal
composition of (1-x) wt.% CGO10 - x wt. % FCO, where 10 < x < 40. XRD patterns in
Figure 5.5 confirmed the presence of a cubic fluorite phase, i.e., ceria, and cubic spinel-
type phases, i.e., Co304 and FexCo3xO4. Again, there is a coexistence of the two spinel
types in all CGO10-based composites. The increase of the spinel reflections in the
region of 35<26<38° and approximately 63°26 with increasing nominal spinel fraction
in the initial composite can nicely be observed. However, no additional GdFeOs
perovskite phase can be detected. In contrast to composites with CG0O20 or CSO20,
there is no phase interaction during the sintering process, thus indeed a dual-phase

membrane material is achieved.

Intensity

Fe;,Co,0,/
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Figure 5.5 The XRD patterns of CGO10-FCO materials sintered at 1200°C for 5 h

and single phase CGO10 as well as peak positions of phases

Further Rietveld refinement quantified the weight fractions of each phase as shown in
Table 5.2. The resulting amount of fluorite fraction is reduced in each sintered
composite compared to the nominal CGO10 content in the initial powder mixture. The
lattice parameter of pure CGO10 measured in this work is 5.4172 A agreeing well with
literature reporting 5.418-5.42 A [55,56]. In the composites, the lattice parameter of
CGO10 is found to remain relatively constant after sintering confirming that no

significant gadolinium extraction. For comparison in CG0O20-based compounds the



137

lattice parameter reduces by approx. 0.12+0.02%% due to the loss in gadolinium,

which is consumed during the perovskite phase formation.

Table 5.2 Lattice parameter and fraction (F) of the phases after quantification by
Rietveld refinement analyses of the CGO10-FCO composites and CGO10 singe
phase sintered at 1200°C for 5 h

CGO, Fd3m FCO, Fd3m Co0304, Fd3m
FCO, % F, wt.% a=b=c, A F wt.% a=b=c, A F, wt.% a=b=c, A
0 100.0[0] 5.4172[7] N N - -
10 89.80[1] 5417533  8.07[2] 8.3260[8] 2.14[9] 8.14562]
15 84.95[8] 5.4173[9] 7.62[2] 8.3063[1] 7.43[6] 8.14678]
20 79.04[2)] 54179[3]  14.12[2]  8.3031[6] 6.84[2] 8.1457[1]
30 69.18[1] 54176[3]  16.07[8]  8.3041[2]  14.75[9] 8.146[0]
40 58.51 [4] 54179]6]  22.53[3]  8.299[22]  18.29]2]  8.1351[1]

SEM analysis confirmed the presence of two phases in CGO10 -FCO composites:
fluorite (light grains), and spinel (dark grains), without any other detectable phase. The
grains are closely packed and uniformly distributed, exemplarily shown for 60:40 wt.%-
ratio in Figure 5.6. The visual microstructure analysis of both surface and cross-section
images via ImagedJ software reveals the homogeneous distribution of the phases with

a mean grain size of 0.5 pym. The spinel grains, in general, are larger than fluorite grains

in both composites.

T Ao

‘ A W ) .' / ! .
Figure 5.6 SEM image of 60CGO10-FCO sintered at 1200°C for 5h a) overview; b)
detail with marked fluorite (light) and spinel (dark) grains

Image analysis was conducted on all samples of CGO10-, CGO20- and CS0O20-based
composites of both cross-section and surface images [57]. The average grain and pore
sizes are given in Figure 5.7. The relationship between the dopant amount and grain
size distribution in composites is seen by detailed analysis, included more than 2000

grains. The mean grain size of the two composites and reference CGO20-based
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composite is lying in the range of 0.5-0.68 um and slightly increases with the higher
dopant concentration. Both 20 mol.% doped composites reveal almost the same mean
grain size, which is larger compared to 10 mol.% Gd-doped ceria. This result is logical
since CGO10 powder was much finer, compared to 20 mol.% doped ceria. The grain
growth is inhomogeneous in CGO20 and CSO20 composites, while in CGO10
composite all grains have similar size. In 20 mol.%-doped composite FCO grains are

larger compared to the other phases, as can be seen in Figure 5.7a.

3) 1.0+ b ] CGO10 CG020 CSO
) —x— all 1.0 @ grain, ym 0.51 0.64 0.69
—a— GCFCO O pore,um 0.13 0.08 0.01
Reldensity,%  97.8#1.5  92.8+2.1  956+1.8
—084 " €GO 0.81  porosiy.% 12108  6.17:0.9  1.09:0.7
€ —e— FCO ?
- T
o 30.67
®0.61 o
N
s - 0.4+
004
1 0.2
D § ® CGo
02— ' ——
CGO10 CGO020 CS020 Dopant, [mol.%]

Figure 5.7 a) Grain size of various phases in CGO10-, CGO20- and CS0O20-based
composites b) Grain and pore size relationship with the dopant fraction in the

fluorite phase (solid lines for eye guidance only)

The porosity percentages have been estimated from the SEM images via image
analysis, while the relative density was estimated geometrically from the dimensions
and weight of the as-sintered pellets. The resulting values of both methods are well in
agreement, Figure 5.7b. The dopant seems to have no significant effect on the grain
and pore sizes, however the amount of the dopant (10 or 20 mol.%) seems to make a
difference. Both CS020 and CGO10-based composites reveal high level of relative
density (>95-97 %) and correspondingly very low level of porosity (~ 1-2 %), these

parameters are improved compared to the reference CGO20-FCO composite.

TEM analysis of the 10 and 20 mol. % Gd doped ceria composites reveal uniformly
distributed element maps, as illustrated in Figure 5.8. Taking a closer look, a difference
can be noticed in the Gd map: CGO10 has an evenly distributed intensity in composite,
free of any tertiary phase, while the several grains are revealed with the higher
gadolinium intensity in the CGO20-based sample, which confirms the presence of the

perovskite phase in the microstructure.
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The HAADF image and EDXS chemical mapping in Figure 5.9 contain a CGO GB in
the 60CGO10-FCO composite G1 and G2. Both fluorite grains are randomly oriented.
G1 appears brighter in the HAADF image as well as in the elemental maps most likely
because it is closer to a zone axis compared to G2. As indicated by the blue arrow,
intensity profiles across the grain boundary were extracted and plotted in Figure 5.9(b).

CGO10-FCO

33

Figure 5.8 Elemental mapping by TEM and EFTEM images of the CGO10-FCO
and CGO20- FCO with ratio 60:40

G1 — G2
Ce b)  HAADF  Gd
——Ce - - Fe
: O Co
Co . |

EDX intensity (a.u.)

HAADF Intensity (a.u.)

20 40
Position [nm]

Figure 5.9 EDXS analysis of the grain boundaries a) The simultaneously
acquired HAADF image and EDXS chemical mapping from Ce L, Gd L, Fe K, Co
K, and O K peak. b) Line scans between two fluorite grains marked as G1 and G2

based on the elemental maps

Along the grain boundary, the enrichment of the gadolinium together with the migrated
iron and cobalt was detected, while the Ce is significantly depleted. In addition, a slight
depletion in oxygen, i.e., segregation of oxygen vacancies, can be observed. This is in
agreement with literature about pure Gd-doped ceria, where excess of Gd3* and
depletion of oxygen ions in the grain boundary core appears, what can be also

considered as an accumulation of the oxygen vacancies [54,58,59]. Compared to the
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CGO020 and CSO20 composites, the segregation of the gadolinium in CGO10
composite is less pronounced, which can be attributed to the initial amount of the
gadolinium in the fluorite [60]. Additionally, an excess of electrons near the grain

boundary can be expected, as reported by Lei et al. [61].

The formed perovskite grains in the CGO20-FCO composites are mainly found
between the fluorite grains [19,60]. In contrast, the initial gadolinium would be
insufficient in CGO10-FCO, which possibly hinders the formation of a perovskite phase
and often leaves iron and cobalt segregation along the fluorite-fluorite grain
boundaries. Therefore, the segregation of iron and cobalt in the grain boundary of
CGO10-based composites might also indicate a very initial stage of perovskite phase
formation, which remains incomplete because of too low availability of gadolinium.
Summarizing, in CGO10 the gadolinium appears very strongly bound in the ceria
lattice, whereas the excess amount of gadolinium in CGO20 (as well as samarium in
CS020) can be extracted by Fe/Co-oxides forming the perovskite phase. The lattice
parameter of pure CG0O20 and CSO20 prior to phase interaction was 0.54246 nm and
0.54314 nm, respectively, and it was found to decrease after phase interaction due to
Gd/Sm extraction.

lon-conducting phase, wt.%

0.2 90 o - ’
““T—=—CG020-FCO | ‘
o] —=— CS0O20-FCO
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O
C><
) ﬂ\%
T _ j\ ey
<
0.0 ‘

10 20 30 40
FeCo,0,,Wt.%
Figure 5.10 Gd/Sm content in the fluorite phase of all investigated composites

(solid lines are a guide to the eye)

The residual doping content in the fluorite phase of the sintered composites was
calculated from the lattice parameter, and shown in Figure 5.10 In the case of the
CGO10-FCO composite, the amount of gadolinium is initially lower compared to the

CGO20-FCO gadolinium content in the system. This shows the influence of the initial
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gadolinium content in the composite on the formation of the emerging perovskite
phase. All composites end up at a dopant content of approx. 10 mol.% in the ceria
phase.

5.3.2 Functional properties

Figure 5.11 shows the total conductivity of single-phase ceria materials performed by
impedance spectroscopy in the temperature range of 400-800°C. The ionic
conductivity of the investigated materials is dominating in the entire temperature range
in air; thus, electronic conductivity can be considered negligible. At 500 C the Sm-
doped material shows the highest total conductivity followed by CGO10 and CGO20
as predicted by Koettgen et al. [35,37]. At higher temperatures, however, these

differences disappear, which was also reported earlier [62,63].
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Figure 5.11 lon (total) conductivity of CG0O20, CGO10, and CSO20 measured by
impedance spectroscopy in a temperature range of 400-800 °C. Data for CS0O20

was only analysable in a temperature range below 600°C

Figure 5.12 a and b show the temperature dependent oxygen permeation rates and
permeances of the composites with nominal fluorite-spinel wt.%-ratio of 60:40 and
80:20, respectively. The activation energies of thee composites agree well with those
of the ionic conductivity of doped ceria reported in literature (Ea cco1o = 60-66 kJ/mol
[29,43,64], Ea cc020=61-72 kJ/mol [29,43], Ea cs020=74-94 kJ/mol [30,43,62,65]), it is
concluded that the ionic transport is rate limiting. As a consequence, the permeation
rate increases with increasing ceria content in the composite. The data was measured
after the permeation has reached a steady state. The maximum permeation rates were
obtained with the 80:20 ratio at 1020°C, i.e., 0.28, 0.26, and 0.22 ml/(cm?min) for
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CGO010, CS020, and CGO20, respectively. At lower temperatures, the activation

energies slightly increase, which can be ascribed to an increasing contribution of

oxygen surface exchange to the overall transport. Therefore, despite the LSCF

coating, surface exchange can no longer be neglected for al composites.
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Figure 5.12 Temperature dependence a) of the oxygen permeation flux and b) of

the permeance of the ceria-based composites with 60:40 and 80:20 ratios (solid

and dashed lines are a guide to the eye)

Table 5.3 Activation energies Ea [kJ/mol] of the CGO10 and CS0O20-based

composites at temperatures >800°C

FCO wt.% CS020 CGO10 CGO20
10 103 102 101
15 76 66 74
20 79 68 58
25 - - 60
30 78 75 62
35 - - 80
40 95 74 80

The oxygen permeation of the three composites is evaluated as a function of the weight
fraction of FCO (5 %-point-steps from 10-40 wt.%) at 850°C in Figure 5.13 (left).

Principally the performance of all composites reveals similar behaviour along the

investigated nominal FCO range. Starting from 40 wt.

% FCO the permeance

increases with decreasing FCO content, revealing that ionic conductance is the rate

limiting process. A maximum permeance is found at approximately 20 wt. % nominal

FCO for all three composites. A significant drop is seen in performance for all
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composites with 10 wt. % of FCO probably due to lack of percolation in the electron
conducting phases. However, due to phase interactions during sintering, the nominal
weight fractions do not represent the actual volume fraction of the ionic and electronic
conducting phases, respectively. Therefore, volume fractions were calculated from
Rietveld-refined XRD-patterns as described in [19].

a) lon-conductors [wt.%)] b) lon-conductors [vol.%]
_ 9'0 8'0 7'0 6'0 -7 90 80 70 60 50
S , §
3 B e k=
E-8/ ) —3 | E-s
c / c
3 | 4 3
E ¢ £
& -9 L] —e— CGO20-FCO| & -9 " —e— CG020-FCO
o) —4—CS020-FCO| & —4— CS020-FCO
L T=850 °C —a— CGO10-FCO T=850 °C —a— CGO10-FCO
10 20 30 40 10 20 30 40 50
Nominal Fe3-xCoxO4 [wt.%] Ye-conductors [vol. %]

Figure 5.13 a) Permeance as a function of the nominal spinel amount for the
CS020-FCO, CG0O20- and CGO10-FCO and synthesized by SSRS technique at
850°C; b) and as a function of the volume percentage of the electron conducting

phase (solid lines are a guide to the eye)

Figure 5.13b shows that the maximum permeances of the different composites are
achieved at very different volume fractions of electron conductors. This can be
considered as percolation limit below which permeation decreases drastically due to
the lack of electronic pathways. Obviously 20-30 vol.% of electronic conducting phases
are required for sufficient percolation marked as red dashed lines in Figure 5.14, the
percolation level varies with respect to the composite system [66,67]. Close to this
percolation limit the permeance is presumably strongly dependent on the
microstructure of the composite such as phase distribution and grain size. Moreover,
the gadolinium, cobalt, and Iron enrichment along the grain boundaries might provide
additional paths for the transport, affecting positively the percolation and final

performance.

The better the compatibility, homogeneity, and uniformity of the phase distribution
within the microstructure, the higher oxygen permeation is expected [68]. Similar
results and the influence of components morphologies, such as grain size and
morphology on performance are reported in [69] where it is concluded that a smaller

grain size leads to a better percolation and, thus, oxygen permeation.
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Figure 5.14 Volume fraction of detected phases in the CGO10-, CGO20- and
CS020-based composites. Red dashed lines represent the region of effective

percolation achieving high permeation rates (solid lines are a guide to the eye)

Based on our observation the microstructure features play a crucial role for the low
amount of the electron conducting phase in the composite, especially under 25 wt. %
of the electron conducting phase in dual- and multi-phase composites. Now, the choice
of the ion-conducting phase becomes relevant and strongly depends on the amount of
the rare earth dopant. The dual-phase composite (10 mol.% of gadolinium) reveals no
phase transformation, while in both 20 mol.%-doped materials, the phase
transformation takes place, resulting in a multi-phase structure. Although the formed
perovskite phase in CGO20 and CS0O20 is a pure electron conductor and contributes
to the electronic transport, its conductivity is still not as high as it is for the FCO spinels
[19]. The presence of stronger electron-conductor FCO might be more effective, than
the mix of the FCO and GCFCO in the composite. Moreover, the transport across grain
boundaries between FCO-GCFCO might be not as fast as that for FCO-FCO grain

boundaries. Hence, it also can affect the transport process for charged particles.
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5.4 Conclusions

MIEC composites based on commercially available powders of Ce0.9Gdo.102-5
(CGO10) and Ce0.8Smo.202-5 (CSO20) in combination with spinel FeCo204 can be
successfully synthesized by the cost-efficient solid-state reactive sintering (SSRS)
technique. As a result, dense (~95 %) dual- and multi-phase materials with fine
microstructure (0.5-0.7 um) are produced for potential application in OTM. During the
sintering process, several phase interactions occur in the CSO20-FCO composite
resulting in a multiphase MIEC system, i.e., a cubic fluorite CSO, a cubic Fe/Co-spinel,
and a donor-doped SmFeOQOs perovskite. In contrast, the composite CGO10-FCO
reveals only two phases, i.e., a fluorite CGO10 and a Fe/Co-spinel, without the
formation of a tertiary phase, underlining the effect of the dopant amount (10 or
20 mol.%) in ceria. For both investigated in this study composites, there was
coexistence of two spinel types an iron-rich and a cobalt-rich spinel, according to the

Fe-Co-O phase diagram.

The detected enrichment of gadolinium or samarium, cobalt, and iron along grain
boundaries impacts the electronic or/and ionic transport and might enhance the total
conductivity of the composite, resulting in high oxygen permeation of the dual- and
multi-phase composites. This Fe/Co accumulation together with pre-existing Gd/Sm
segregation at the grain boundaries possibly acts as an initial state of the tertiary phase
formation in 20 mol% doped ceria samples. However, in CGO10-based composites,

the initial gadolinium fraction obviously is too low for the perovskite formation.

The main challenge of the dual-phase and multiphase materials design is maximizing
the ionic conducting volume without losing the percolation of the electronic conduction.
That's why to ensure sufficient percolating networks both conditions should be fulfilled:
high electronic conductivity of the selected phases and continuous percolation paths
for the transport. Investigated materials reveal an oxygen flux of 0.23 and
0.2 ml/(cm?min) at 950°C, for CGO10 and CS0O20-based composites with 20 wt.% of
FCO phase, respectively. Based on our findings, the microstructure plays a major role
in the low electron conducting phase content (<25 vol.%) in the ceria-based composite,
pointing out the importance of the phase distributions as well as the grain size of the
presented phases. Thus, the CGO10-based composite has an advantage over the
CGO020 and CS0O20-based ones concerning the microstructure, resulting in higher

oxygen permeance, particularly at low nominal FCO content. Microstructure-based
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modelling of the conductivity would be helpful in order to optimize the performance of
such complex composite materials.
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Chapter 6

6. Thickness influence on the permeation of
60 wt. %Ce0sGdo202-5 — 40 wt.% FeCo0204

composites

Abstract

The dual-phase composite 60 wt. % Ce0.8Gdo.202-5 -40 wt.% FeCo0204 (60CGO20-
FCO) is an excellent Oxygen Transport Membrane (OTM) with sufficient stability and
oxygen permeation performance. To study the effect of the bulk diffusion and surface
exchange kinetics, the thickness of the bulk disc-shaped membrane was varied from
0.4 to 2 mm. The oxygen flux through the membrane is increased with the LSCF layer
application at low temperatures, compared to the bare membranes. The characteristic
thickness Lc helps to distinguish the transport-limiting regimes in the dual-phase
composite. This Lc value was estimated by utilizing the modified Wagner’'s equation,
underlying that the LSCF coating is proven to be effective to overcome the surface
limitation in the CGO20-FCO composite, especially at low temperatures. The Lc=0.056
and 0.069 cm for coated and bare membrane at 800°C. Additionally, the impact of the
diverse surface modifications (one-, both-side and uncoated) on the transport in dual-

phase composite is discussed.

This Chapter is ready to submit to American Ceramic Society Journal in 2024



153

6.1 Introduction

The oxygen demand is gradually increasing from year to year since oxygen is
commonly used in various industrial applications. It is widely exploited for purposes
such as combustion, oxidation, and as a feed gas for various chemical reactions.
Oxygen transport membranes can enable oxygen separation from mixed gases
because they are designed to be selective to oxygen ions. The oxygen transport
membrane technology can offer a sufficient and economically beneficial solution for
different oxygen-intensive industrial sectors, due to enhanced oxygen quality [1-3].
The development of oxygen transport membranes based on mixed ionic-electronic
conducting (MIEC) ceramic materials is a promising alternative to the existing methods
for the intermediate operating temperature range (below 800°C). Operating at
intermediate temperatures might lead to a reduction in costs and an increase in the
system's durability compared to alternative high temperature membranes. Dual-phase
MIEC materials are attracting much attention due to their high selectivity for oxygen
and their significantly lower efficiency losses compared to the conventional cryogenic
distillation. Generally, a well-mixed mixed conductor should provide a high level of
ambipolar (total) conductivity and thus high ionic conductivity as well as considerable
electronic conductivity. However, meeting all the requirements in a single component

material is quite difficult.

Well-known examples of single-phase perovskite materials are BSCF and LSCF.
Exceptional high oxygen permeability makes them a good potential oxygen transport
material, [4—9]. However, the stability at intermediate temperatures is quite an issue
for these materials, especially in the CO2 or SOx-containing atmospheres [10-15].
Operating in CO2 and SO2 containing atmospheres leads to irreversible reactions, i.e.,
carbonating reactions. In dual-phase materials on the other hand it is possible to get a
chemically stable composite. Both phases in the material coexist and provide a
continuous network, contributing to the different types of transport. As a rule, the ionic
conductor serves as a continuous phase and the electronic conductor is uniformly
dispersed, but networked in the whole membrane volume, hence facilitating oxygen
permeation. This dual- or multiphase membrane concept gives rise to additional
opportunities in the selection of materials and fabrication methods for oxygen transport
membranes, and thus it is an interesting alternative to the known conventional

materials.
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Membrane thickness has generally a significant influence on the performance of
inorganic dense membranes. In order to investigate the influence of the membrane
thickness on the performance of dual-phase bulk membranes various gas-solid
interface modifications are done. The tablets with thicknesses from 0.4 mm to 2 mm is

fabricated for the investigation.
6.1.1 Transport mechanism

In general, a different partial pressure on both sides of the membrane plays a role as
the driving force for the permeation process [16]. lon transport is from the high po2 side
to the lower one, while the electrons are forced to move in the opposite direction to

maintain charge neutrality.

Transport of the oxygen through the membrane is quite complex and accompanied by
different transport mechanisms. Each of these steps might be rate limiting and can be
interpreted as a resistance as shown in Figure 6.1. This resistance model is described
in [17,18], and includes surface exchange reactions marked as Zones Il and IV, the
concentration polarisation in the gas phase in Zone |, the bulk diffusion in the thin
membrane layer (Zone lll) and the transport through the pores in the porous substrate
(Zone V and VI).
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Figure 6.1 a) Oxygen transport through asymmetric membrane, including rate

limiting steps and partial pressure gradient

Each zone represents the rate-limiting step or resistances, which reduces the oxygen
partial pressure. The loss of partial pressure across the asymmetric membrane profile
is due to oxygen depletion or accumulation in the gas phases, pores in the support as

well as the catalytic activation layer. Since the resistances in the gas phase are
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negligible [19]. The focus in this work is on the transport in the bulk and surface
exchange areas. (Zones I, Il and V) [6].

Zone lll. Bulk transport

Generally, bulk diffusion is the lattice diffusion in oxides and involves some point
defects such as vacancies, and interstitial atoms [19,20]. Transport in the bulk
corresponds to oxygen ion diffusion from the high partial pressure side to the low
pressure, while electrons move in the opposite direction to maintain charge neutrality

as illustrated in Figure 6.2.
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Figure 6.2 Principal overview of the ion transport through dense ion-electronic
conducting membrane inclusive the reactions oxygen reduction, dissociation
and incorporation into the oxide lattice at the one side and oxidation,

association, and desorption of oxygen molecules on the other side of membrane

To describe the oxygen permeation process in dense membranes, a well-known model
developed according to Wagner’s theory of the oxygen flux in solid oxides is widely

accepted. The transport in the bulk obeys the Wagner’s equation [21]:

RT 1 P02

Joz = gpz " Oamp T " In 7 Equation 6.1

02

with gas constant R, absolute operating temperature T, Faraday constant F,

membrane thickness is L, and p'o2 and p“'oz2 are oxygen partial pressure at the feed

0i0¢
oj+0e

is a

and sweep gas sides, respectively. The ambipolar conductivity o6, =

CoDsz3

function of the electronic o, and ionic g;,, = sz conductivity of the material. In the

case of the composite, the ambipolar conductivity is different and should be corrected.
For this case, it is assumed that ambipolar conductivity is constant across the
membrane thickness. However, it should be mentioned that ambipolar conductivity
represents the approximation since it is dependent on the oxygen partial pressure,

which is not constant and varies significantly [17].
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Zones Il and IV. Surface exchange processes

At both oxygen-rich and oxygen-lean sides the MIEC undergoes a range of surface
exchange reactions: oxygen adsorption, dissociation and charge transfer. It is also

assumed that the same reaction takes place in opposite direction [16,19].

At the high partial pressure side, the oxygen incorporation reaction takes place %02 +

Vs — 0% + 2k, while at the low partial pressure side is the release of oxygen in the gas

phase takes place: 0} + 2h’ —>%02 + V5

These reactions happen to occur only in the triple phase boundary, where air, ionic,
and electronic conducting phases provide molecular oxygen Oz, oxygen vacancies V;,

and electrons e respectively.

From Wagner’s equation, it can be concluded that the oxygen flux is inversely
proportional to the thickness of the membrane. Based on this the performance of the
membrane can be managed and the dominating transport mechanism is determined.
In the MIEC with large thicknesses, bulk diffusion is dominant over surface exchange
mechanisms. Interface reactions, on the other hand, are quite limiting in the case of a
very thin membrane. However, both contribute equally to the resulting oxygen flux
through the membrane at a certain thickness. This parameter is introduced as
characteristic thickness Lc for the membranes, and since this should be considered on
the both membrane sides the Wagner’s equation is corrected with 2Lc [16,21]. So, the

equation is modified into modified Wagner’s equation:

: RT 00, 1 P'oz ,

= : . -1 Equation 6.2
Jo2 = 16F2 6,40, L+2L, Doz q
Lc is also can be found as:

Dy .

L. = T Equation 6.3
S

E -

Dy Dso-exp(— %) E, Equation 6.4
Le(T) = k_s =————F—=Lcoexp(— ﬁ)

E
kso - exp(—

According to the inverse relationship between these two parameters in Wagner’s
equation 5, the reduction of the membrane thickness leads to an increase in oxygen

flux, however, it is valid only until a certain value. When Lc approaches zero or Ds <<Kks,
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the oxygen flux, and permeation become bulk-limited. Lc is known to be a temperature-

dependent value.

The characteristic membrane thickness Lc helps to differentiate the transport limiting
regimes in our dual-phase material with related characteristics. Lc is known to be a

temperature dependent value (equation 5).

(Lc <<L) Oxygen transport in the bulk-controlled regime generally obeys the Wagner’s
equation, under partial pressure gradient and written as equation 1. When L is much
larger than Lc, the ratio Lc /L approaches zero, thus the resulting oxygen permeance

curves are mostly showing the effect of the ionic conductivity.

(Lc >> L) Lc value in the regime, when both bulk and surface exchange kinetics are
limiting the oxygen flux can be expressed as a modified Wagner equation, with the
introduction of the Lc. Since this value is more significant in the case of surface

limitations, we cannot neglect it.

This performance of the oxygen permeation is determined by bulk diffusion and surface
exchange processes on the feed and sweep sides. On the feed side (high partial
pressure side), the oxygen reduction reaction occurs, where oxygen ions are
incorporated into oxygen vacancies of ceramic bulk and move to the sweep side of the
membrane (low partial pressure side). After oxygen ions migrate to the permeate side,
an oxygen evolution reaction takes place, where oxygen is released from the ceramic
bulk phase and released from the membrane. Thus, the effects of the surface-
exchange kinetics on the oxygen-permeation properties should be studied in terms of

surface modification.

In this study, the oxygen flux in the CGO20-rich dual phase membrane (60 vol%
CGO020: 40 vol% FCO) has been systematically investigated as a function of the
thickness of the membrane by applying the catalytic activation LSCF layer at one or
both sides to understand the effects of surface modification. Moreover, the surface
exchange kinetics impact on the oxygen transport have been done in terms of the
surface coating of the CGO20-FCO composite, by varying the membrane thickness.
To the best of our knowledge, there has been no detailed and systematic study of

thickness influence on the permeation in the CGO20-FCO dual-phase membrane.
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6.2 Experimental

6.2.1Sample preparation

Ce0.8Gdo.202-5 (CGO20) (Cerpotech, >99%, Tiller, Norway), Fe203 (FO) (Merck, 99 %)
and Co304(CO) (Merck, 99 %) powders used for the experiments were synthesized by
the Solid-State Reactive Sintering method (SSRS). Fe203 and Co304 were mixed, in a
1:2 Fe: Co ratio, resulting in spinel FeCo0204 (FCO), which was added to commercially
available Gd-doped ceria. Respective amounts of powders were weighed to create
Ce0.8Gdo.202-5 - FeC0204 (CGO-FCO) compositions with a weight ratio of 60:40. The
powder mixtures were ball milled in polyethylene bottles over 48 h using zirconia balls
on a roller bench at a speed of 175 rpm. After drying for 48 h in ambient air at 70° C,
the powder mixtures were pressed in a 20-mm stainless steel die using a uniaxial press
into disc-shaped membranes, which were then sintered at 1200°C for 5h. At this
sintering temperature, the spinel partially reduces into a high-temperature monoxide
phase with a rock salt structure. To ensure complete reoxidation of the high-
temperature Co/Fe-monoxide phase to a spinel phase that is stable at operating
temperatures (600-1000°C), a slow rate of 0.5 K min~! between 900 and 800 °C was
implemented in the cooling cycle. This rate was determined by referring to the
Fes-xCoxO4 phase diagram [22,23] After the sintering step, all samples were ground
down to 0.4, 0.6, 0.8, 1,1.5- and 2-mm thick discs in 2 steps, applying SiC merge
papers with different grits from P 800 to P 1200 (by WS FLEX 18C). On both sides of
the discs, a porous Lao.ssSro.4Coo0.2Fe0.803-5 (LSCF) catalytic activation layer with a
thickness of 5 um was applied using a screen-printing technique. Further sample with
different type of surface modification were prepared by applying LSCF layer at one or
both sides, as listed in Table 6.1. Discs were then calcined in the oven at 1100 °C for
5h.

Table 6.1 Samples for the surface modification investigation with the thickness
0.6 mm
Sample name Surface modification
A Both-side coated

B Feed side coated
C Sweep side coated
D

Bare
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6.2.2 Characterization methods

Crystal structure

The crystal structure of the samples was determined using the X-ray diffraction (XRD)
diffractometer D4 ENDEAVOR (Bruker, Karlsruhe, Germany). The diffraction angle
was chosen in the range of 26 from 10° to 80°, with increments of 0.02° for 26 and 0.75
seconds of measurement time per step. Analysis of the measured data was performed
with X’Pert HighScore (PANalytical B.V., version 3.0.5) software. Phase quantifications
and associated crystal structure analyses were carried out by Rietveld refinement
using (Version 4.2.2) software. The low error Rwp was held <4 % for all samples, which
also indicates the good fitting. The errors of each fit were calculated individually and

are reported in Table 6.2.

Microscopy

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDXS) were used to obtain material morphology. SEM images were taken with a Zeiss
Ultra 55 and a Zeiss Supra 50 VP1 (Carl Zeiss NTS GmbH, German) SEM at different
magnifications. The electronic conductivity of the samples was enhanced by sputter
deposition of a thin platinum layer prior to measurement.

Oxygen permeation measurements

All composite materials were subjected to oxygen permeation experiments. The
experimental setup consisted of vertical quartz glass housing, where the membrane
pellets were sealed with two gold rings with an inner diameter of 13 mm. The
separation of oxygen from ambient air fed with 250 min min~" was performed in a
temperature range between 650 °C and 1000 °C. As a sweep gas argon was used with
50 min min~" flow rate using mass flow controllers (Bronkhorst, Germany).Oxygen and
nitrogen concentrations in the permeate gas, i.e., oxygen enriched argon was detected
by the mass spectrometer (Omnistar, Pfeiffer Vacuum GmbH, Germany). Air leakage
through either membrane or the sealing was calculated based on the measured

nitrogen concentration in the permeate according to

1
Xo, — 75X 1
% 47% Equation 6.5
1 _X02 _XNZ Amem

joz = Fur (

Here Faris argon flow rate, i.e., 50 min min™, Xo2 and Xn2 the oxygen and nitrogen

concentration in the permeate gas, respectively, and open membrane area is
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Amem=1.33 mm?2. The factori reflects the O2/N2 ratio in the air feed assuming that the

leak is not gas selective.

Since the oxygen partial pressure in the permeate gas is temperature dependent, the
driving force of the permeation rate is not constant during the measurement.
Additionally, the sample thickness deviation after the grinding process was +8% from
the target thickness of 1 mm. Consequently, the driving force normalized permeation
rate, also referred to as permeance, was normalized to the reference thickness of Lo =
1 mm and was calculated assuming Wagner behaviour using the following equation.

Permeance = - .
. Po Lo Equation 6.6

Here, p},z and pg;z are the oxygen partial pressures in the retentate and permeate gas,

respectively, and Lmem is the actual membrane thickness. The overall experimental

error is assumed to be £10%, which is well accepted in the literature.
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6.3 Results and discussion

6.3.1 Microstructure of 60CGO-FCO composite

The 60CGO-FCO composite microstructure features with the main characteristics

have been investigated in detail by Fischer et.al. in [24] .
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Figure 6.3 a) SEM image of the 60CG0O20-FCO composite sintered at 1200°C for

5 h, fluorite grains are white, spinel grains are black, and the perovskite—grey

In all sintered samples the final microstructure consists of three phases after phase
interaction: CGO a cubic fluorite structure with space group Fm3m, and orthorhombic
donor-doped GdFeOs (GCFCO) perovskite structure with space group Pnma, and
Fe/Co rich phases with a cubic spinel structure with space group Fm3m. The mean
grain size of 0.64 um as well as pore size was analysed by an image analysis-based
method with ImagedJ software [25,26]. In annealed pellets, the grains of each type are
closely packed and uniformly distributed and can be distinguished by different grey
scales, as depicted in Figure 6.3. The membrane was densified with ~6 % of porosity
at a sintering temperature of 1200 °C for 5 h. The relative density of the sintered
membrane is calculated to be ~94-95% from the geometry of the pellet. The sintered
membrane was sufficiently dense to exclude leakage since the leaked oxygen flux

calculated from the nitrogen permeance is low (10-12).
6.3.2 Surface area modification

The sample without coating was tested in a permeation setup and a post-measured
pellet was subjected to microstructure analysis via XRD and SEM methods since some
visual differences on the surface were seen after permeation tests. The as-pressed

pellet showed the presence of three used SSRS oxides: Fe203, Co304, and 20 mol. %
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Gd-doped ceria. The as-sintered sample contains the following phases cubic CGO, an
orthorhombic donor-doped GdFeOs (GCFCO) perovskite, and two spinel phases with
a cubic structure. The FCO reflection at 36.5°28 is split up into a broad reflection with
two maxima prior to measurement, indicating Fe-rich and Co-rich spinel types.
However, after the permeation measurement, the difference in the phases at both feed
and sweep sides is more pronounced, emphasizing the impact of the partial pressure
gradient on the phase segregation. The spinel peaks are clearly separated and placed

between 36 and 37°20 at the sweep side, as shown in Figure 6.4a.
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Figure 6.4 a) XRD patterns of the 60CGO-FCO as sintered and after permeation
measurement membrane exposed to the feed and sweep side b) The volume
fraction of the phases and b) volume fraction of the phases before and after

permeation measurements (solid lines are a guide to the eye)

The post-test Rietveld refinement shows the composition of the dual-phase composites
after permeation measurement on both sides (Table 6.2 and Figure 6.4b). The lattice
parameter of pure CGO20 used in our composite before phase interaction was
measured (acco20 =0.5425 nm) and it was found to decrease by the addition of the
spinel resulting in aceco= =0.5418+0.0001 nm, compared to that of pure CGOZ20,
however, there was no remarkable change in CGO lattice parameter before and after
permeation measurement. The Fe-rich spinel lattice parameter is slightly increased
after measurement, with the highest value for the sweep side, while the Co-rich spinel
unit cell is decreased at the sweep side. Rietveld refinement confirmed spinel
enrichment on the feed side of the membrane during permeation measurement, while
the fluorite fraction is decreased. Additionally, ~1.3 wt.% of CoO is estimated on the
feed side, whereas no rock salt phase is detected on the sweep side after

measurement and in the sample prior to the measurement.
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Table 6.2 Lattice parameter (a) and fraction (F) of the phases after quantification

by Rietveld refinement of the 60CGO-FCO composites prior and post-

measurement
CGO(Fluorite), FCO (Spinel), Co304(Spinel), GCFCO (Perovskite), CoO
Fm3m Fd3m Fd3m Pnma Fm3m
a=b=c, a=b=c, a=b=c, F, Lattice parameter, A F,
Sample F, wt.% A F wt.% A F, wt.% A wt% . b S %
CGO 100 5.424[3] - - - - B B B _
Prior 52.1[6] 5.418[4] 22.3[4] 8.29[6] 16.61[6] 8.13[4] 9.0[1] 5.34[0] 5.608[5] 7.64[4] -
Measured
feed 42.18[1] 5.418[6] 28.1[6] 8.30[5] 20.62[6] 8.15[2] 6.43[9] 5.33[8] 5.61[6] 7.65[1] 1.28[1]
sweep 60.98[3] 5.419[2] 15.9[9] 8.36[6] 7.89[3] 8.10[6] 9.42[4] 5.34[1] 5.61[6] 7.65[5] 0.43[1]

Further SEM image analysis underlined the results from XRD, as shown in Figure 6.5

and Figure 6.6. Both surfaces are rough and uneven with inhomogeneous distribution

of the spinel and fluorite grains. At the feed side large dark spinel grains are dominant

and cover the majority of the surface, while at the sweep side, there are low fraction

spinel grains but CGO. The sweep side surface is very porous with a large number of

holes.

po2) and sweep (low po2) sides post permeation measurements in the

temperature range of 700-1000°C with the Air/Ar gradient
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Since the fraction of the emerged GCFCO phase is almost constant for different ratios
of CGO020: FCO [24,27], so the same amount of the Fe and Co cations will be taken
for the GCFCO phase formation. Thus, we can assume that by reduction of the FCO

in the composite, less residual FCO will be segregated at the feed side.

Figure 6.6 Cross-section of the measured 60CG020-FCO membranes coated at

the a) sample B feed b) sample C sweep or ¢) sample A on both sides

The cross-section of measured membranes shows enlarged dark crystals at the feed
side of the membrane (Figure 6.6c), which is a result of the iron and cobalt cations
movement towards the high oxygen partial pressure side during permeation [28-30].
The same effect was observed by Ramasamy [31] with enrichment of the spinel phase
on one side with a clearly darker surface colour after permeation tests. By modification
of the gas-solid interfaces, iron and cobalt cations diffuse into the LSCF layer (Figure
6.6b), forming the intermediate structure. Cobalt is known to have larger mobility than
iron [32] thus it is expected that each intermediate reduction product in the Fe-Co-O
system is usually initially Co-rich and then progressively increases in iron concentration
[33]. Due to the higher diffusion rate of spinel cations and its resulting segregation on
one side of the membrane, the transport of the charge carriers in the bulk can be

negatively affected.

At the low oxygen partial pressure side, the membrane surface is quite uneven with a
higher CGO grains fraction. Moreover, an additional gas layer with ~ 0.5 ym thickness
between the coating and the bulk membrane is observed (Figure 6.6b) in the both side
coated membrane, which nature is not clear so far. Moreover, this gap formation

moment is also unknown, it could happen during the permeation test, during sample
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installation, or sample removal from the permeation setup. So, to make a solid

conclusion further systematic investigation of this phenomenon is required.
6.3.3 Functional properties

The impact of the surface modification at the feed, sweep or both sides on the transport
properties of the membrane was investigated. Four differently coated pellets were
studied in context to morphology and oxygen permeation. Since the CGO20-FCO
composite is a mixture of the pure ion-conducting and pure electron conducting
phases, there are only two possibilities for the transport of charge carriers within the
compound. FCO has high electronic conductivity and poor ionic one [27,34], providing
the transport possibility for the electrons, thus the oxygen ion transport through spinel
can be excluded. CGO20, on the other hand, is a pure ionic conductor, so the TPB is
required for the sufficient transport of electrons and ions. To prolong the paths for both
charge carriers and provide more TPB at the surfaces, a catalytic porous layer of LSCF
was applied over the composite to address surface exchange limitations. The potential
route for the e- and ions in the studied sample of 60CG0O20-FCO dual-phase

composite schematically represented in Figure 6.1b.

These routes however should be modified according to the observation after the real
permeation test. Based on the SEM analysis and the resulting oxygen flux though the
samples, the ionic and electronic paths could be illustrated as in Figure 6.7.

a)Feed (high pg,) b) Feed (high pg;) c) Feed (high pg,) d) Feed (high pg,)

Sweep (low pg;) Sweep (low pg,) Sweep (low pg,) Sweep (low pg,)
Figure 6.7 Schematic representation of the possible transport paths of e and ions

during the permeation in tested a) both side coated b) feed side coated c) sweep
side coated d) bare membrane; (red grains are electron conducting phase,

yellow is the newly formed phase, the grey layer is coating)
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Figure 6.8 a) Comparison of the permeance in the context of the surface
modification of the 0.6 mm thick bulk membrane b) Oxygen permeance at

various temperatures (solid lines are a guide to the eye)

The resulting oxygen flux of the 60CGO20-FCO membranes with 0.6 mm thickness
are depicted in Figure 6.8. At a high-temperature regime (>800°C) all samples
exhibited a negligible difference in the oxygen flux, which is in the error range. The Ea
of permeation for all four samples is similar and lies in the range of 70-85 KJ/mol, which
is similar to Eacco) reported in literature [35,36]. At low temperatures, the difference in
the oxygen flux is more pronounced for the samples with and without surface
modification. The Ea of permeation is in the following order: both sides-activated, feed-
activated, bare, and sweep-activated. The coating on both sides of the membrane
reveals the largest oxygen flux at the low-temperature regime, suggesting that the
surface modification significantly changes the rate-determining step in oxygen
transport in ceria-based composites. It should be also mentioned that the Ea of both
side-coated materials is close to the Eacco), pointing out that along the whole
investigating temperature range the ionic conductivity is governing the transport
process in the membrane. Since the resistances on the feed and sweep side are
reported to be different, i.e., sweep side resistance is 2.5 times higher compared to the
feed side in the dual-phase composite [37], the resulting permeation should be also
different with respect to modified side. However, in our case the addition of the catalytic
layer on the feed side (sample B) leads to the improvement of the oxygen flux, while

only the sweep side-activated (sample C) reveals the lowest oxygen flux. The low
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electronic conductivity of the CGO and poor surface exchange kinetics on the feed side
is the reason why the application of the catalytic layer only on the sweep side has not

increased oxygen flux.

These results suggest that the surface-exchange kinetics on each surface is different,
namely, the reaction of incorporation of the oxygen at the feed side is different than the
reaction of extrapolation on the sweep side. Since the slight degradation of the oxygen
flux through material is seen for the sample C it can be assumed that the rate-limiting
is the incorporation reaction on the feed side for the membrane D. Thus, the application
of the catalytic layer on the feed side enhanced the oxygen permeation through the
composite at low temperatures, probably due to the increased continuous paths for the
transport on the surface, which positively affects the oxygen incorporation reaction.
Another possible explanation could be the segregation of the spinel phase at the feed
side, as discussed above and shown in Figure 6.6 and Figure 6.7. Due to modification
on the feed side, the newly formed structure at the interface between membrane and
LSCF can still participate in the transport as TGB for example, and thus facilitate the
transport of both types of charged particles, still preserving a good percolation in the
material. However, by sweep side coating the spinel segregation at the high poz side
(feed side) covers/ blocks the surface, which effectively participates in the oxygen-
exchange reaction for oxygen incorporation. Hence, it reduces effective surface and
breaks continuous particle paths, resulting in overall lower percolation in the dual-
phase composite. In other words, without LSCF coating at the feed side, the spinel
crystals possibly hinder the transport of charged species. Moreover, the role of the gas
layer, formed at the sweep side between LSCF and a bulk membrane is not clear yet
and needs to be further investigated. But since this gas gap is most likely not participate
in the transport the charged species, it could be assumed to be an obstacle for the e-

or ionic transport.
6.3.4 Thickness dependence

Figure 6.9 shows the temperature dependence of the permeance value for 60 CGO20-
FCO composites with and without a coating layer. Generally, the oxygen flux increases
with decreasing the thickness of the membranes within the investigated temperature
range. All samples with both-side applied catalytic LSCF layer reveal the oxygen flux
curves with no bands and constant Ea value of ~80 kJ/mol between 1000 and 700°C,

emphasizing the LSCF layer effectiveness to overcome all possible surface limitations.
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Figure 6.9 Arrhenius plots of measured permeance of bulk membranes with the
thickness between 0.4- and 2-mm a) with applied catalytic LSCF layer and
without and b) comparison of 1 mm and 0.6 mm thick membranes (solid lines

are a guide to the eye)

However, an increase in oxygen flux is seen only till a certain membrane thickness, by
further reduction there will be no effect of the catalytic layer [38]. Bare samples exhibit
one band at ~800°C, where likely change of transport mechanisms takes place with a
change of activation energy. Between 800 - 1000°C the activation energy can be
accounted for the ionic conductivity of doped ceria[35,36] beneath 800°C all samples
reveal the higher value of Ea (over 100 kd/mol), due to surface exchange limitations.
These results indicate that the oxygen permeation of bare dual-phase composite
membrane is not only controlled by bulk diffusion but also controlled by surface-
exchange kinetics, especially at low temperatures. This observation implies that the
application of the activation layer plays a crucial role to build continuous paths for
oxygen ion transport in the fluorite phase and thus effectively improving the oxygen
flux. At temperatures beneath 650°C high leakage leads to more bands, so this
temperature range will be not taken for further analysis. As an example, bare and

coated 1 mm thick and 0.6 mm thick membranes were compared. The oxygen flux joz
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of a 1 mm-thick pellet at 700 and 850 -C increased ~4 and 1.1 times respectively from
that of the uncoated membrane as a result of LSCF layer application. Interestingly, the
0.6 mm thick bare membrane showed a slightly higher oxygen permeance at high
temperatures compared to the coated one. However, the oxygen permeance of that
sample is still in the range of the measurements error. This could be because of the
limited thickness of the sample, where the surface exchange kinetics plays a more
significant role. Another possible explanation could be a porous catalyst layer's
contribution to oxygen transport. The bare membrane consists of a mix of CGO and
two electron-conducting oxides Co304 and Fe203. Co304 is known for its high electron
conductivity and in some cases, it is used as an additive to facilitate the conducting
properties of materials, resulting in high permeance of the composite [39,40]. Thus, in
a bare CG0O20-FCO membrane, CGO provides ion-transport, while Fe203 and Co304
enable the e-transport. It has been reported that adding cobalt oxide to CGO effectively
increases the surface exchange coefficient providing a higher number of electrons [39].
This Co oxide contribution could be more effective for the thinner membranes
compared to the LSCF porous catalyst layer, which is known to be a mixed conductor.
Thus, slightly higher oxygen permeance can be measured in the bare CGO20-FCO

disc.

In order to build the Wagner’s model for our material system some parameters were
estimated from the 2 mm thick membrane measurement, such as ambipolar
conductivity (oam?2°¢=1.72*102 S/cm), oxygen partial pressure gradient at T=850°C, and
the activation energy (Ea=80 kJ/mol). Assuming no surface limitations, the oxygen flux,
permeance (driving force normalized permeation rate) and specific permeability
(driving force and thickness normalized permeation rate) at 850°C can be modelled for
dual-phase CG0O20-FCO material system.

Figure 6.10 shows the experimental data with the comparison of Wagner’s equation,
inclusive of assumed Lc range. According to Wagner’s theory with the absence of Lc
(Lc=0), the oxygen flux should be proportional to 1/L if the permeation process is
determined only by bulk diffusion. Under the given conditions of thick samples, the
permeance is proportional to 1/L. Decreasing the thickness of the sample further leads
to a less pronounced increase in permeance, resulting in deviation from the straight
line. And from Lc in the grey field increase in oxygen flux does not follow Wagner's
theory anymore, the permeation values are considerably smaller than the value

extrapolated from the linear part of the line. This tendency suggests that the oxygen
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permeation through material is partially limited by the surface oxygen exchange
process. Wagner’s theory is considering only solid-state diffusion, hence to account for
the growing limitation of surface exchange reactions, the equation should be
accordantly modified [16,21]. For this introduction Lc is required, this value is transition

thickness from bulk-limited permeation to surface exchange limited one.
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Figure 6.10 Experimental and modelled permeance with approximate L. value

range at 850°C. The dashed lines represent only approximation not model

To estimate the value of L. at different temperatures the common used least square
method is selected [41-44], so some assumptions should be made. For this we need
to distinguish temperature-dependent terms from the modified Wagner equation and

-permeance .

with the help of the least square fitting method C (specific permeability C = j,

L) and Lc characteristics can be estimated according to the following equation

1
L+2L

joz =
With the fixed oxygen partial pressure gradient, the values are mathematically defined,
if the ionic conductivity is known. Although the exact gion value is unknown the best
fitting with the C and Lc parameters is possible. The calculation was done with the
convergence tolerance of 10-.

Equation 6.7

-permeance

2 — . .
02 . m)sum = minimum

With the jozremeance js the experimentally measured oxygen flux value for pellets with
the thickness from 0.4 to 2 mm.

Figure 6.11 show Wagner’s model comparison with the experimental data at 700, 850,

and 950°C. By decreasing temperature, the deviation from Wagner’s model is smaller
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for the coated samples compared to uncoated ones, depending on thickness. By
considering the Lc parameter in the modified Wagner’s equation the fitted results are
in agreement with the experimental data. Furthermore, the difference between the
coated and uncoated pellets gets more pronounced, by lowering the temperature.
These results again emphasize that the surface kinetics should be considered for the
dual-phase membranes in investigated thickness range. The membrane becomes
more surface limited by decreasing membrane thickness or decreasing temperature.
Hence, it can be assumed that further reduction of the membrane thickness (beneath

0.4 mm) will enhance the oxygen flux in lower temperature regions.
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Figure 6.11 Oxygen permeation fluxes of the CGO-FCO membrane at 700, 850,
and 900 °C temperatures over the inverse membrane thickness. Solid points and
lines are for the coated samples and open ones for the uncoated ones (solid

lines are a guide to the eye)

As an example, at 850°C the Lc illustrated for the experimental values and compared
with the Wagner’s model and modified model. A decrease in thickness leads to an
increase of oxygen flux however until a certain thickness, beyond which both bulk and
surface exchange kinetics of the membrane at the gas/solid interfaces contribute to
the oxygen transport. In our composite, we observe bulk-diffusion limited behaviour in
the 1.5, 2-, 1-, and 0.8-mm thick membranes, where linear dependency between jo2
and 1/L is observed. The calculated L. for both values at 850°C are close to each other,
demonstrating that for both types of samples with thickness <0.8 mm, the L. should be

considered in Wagner’s model.
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The estimated L values of both coated and bare dual-phase composite membranes
are listed in Table 6.3 and plotted in Figure 6.12 over the temperature in the range
between 700°C and 1000°C. Since at T<700°C for several samples the oxygen flux
was not reliable due to the high leakage during measurement, thus they are not taken
in the analysis. To evaluate the effectiveness of performed fitting, the value R? is
calculated for each temperature, according to Equation 6.8. The mean R?= 96.6 % for

the coated samples, and 90 % for uncoated ones.

Table 6.3 L. and constant values fitted by least square method for temperatures
between 700 and 1000°C

Coated Bare
T, °C C*10%, mol/cm*s Lc, cm C*10°¢, mol/lcm*s Lc, cm
700 0.04 0.017 0.01 0.112
750 0.06 0.021 0.04 0.077
800 0.10 0.056 0.09 0.069
850 0.16 0.067 0.14 0.074
900 0.22 0.067 0.21 0.072
950 0.29 0.070 0.27 0.070
1000 0.39 0.066 0.37 0.067
o —u— Coated
0.1001 —o— Bare
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(&)
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Figure 6.12 L. value estimated in least square method over temperature for bare

and coated pellets (solid lines are a guide to the eye)

SQR Equation 6.8

Where the RSS is residual sum of squares, and SQR is reduced Chi-square value and

can be found as:

RSS = Zu(r)nzeasured _lgzzean)z Equation 69
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SQR = ) gggasured — Jfy? Equation 6.10

The Lc value represents the border between the transport limiting mechanisms, bulk,
and mixed bulk-surface. The region above the line is bulk-limiting, and beneath the Lc
the surface limiting. Based on our modelling, in general, smaller Lc values were found
for the both-side coated membranes (solid symbols) than for those without coating
(open symbols). With a decreasing temperature Lc value decreased for coated
samples, while for bare samples decrease in temperature leads to an increase in Lc
value. At temperatures, 950-1000°C there is no significant difference between Lc of
coated and bare membranes, so presumably only bulk transport is dominant for the
CGO020-FCO composite, independent of coating application. The surface modification
reduces the L. significantly in the ceria-based composite, especially for the T<850°C,
comparting to the pure CGO, where the Lc value is in the cm range (with D=2*10"
8cm?/s, k=3*10"° cm/s at 800°C) [43].

From the underlying assumption that the temperature dependence of the characteristic
membrane thickness follows an Arrhenius approach, statements about the activation

energies can be made for bulk transport and surface exchange.

L.=— Equation 6.11

E
D, Dsoexp(—pP) E, '
L(M=r—=——""—"F"—=1Lco exp(—3-) Equation 6.12
k Eqr RT
s ksO : exp(— R'i")

E, = ED + Ef* Equation 6.13

For bare membranes EX > EP2, the difference E; <0 and an increase in Lc are
expected with reducing temperatures, which is in agreement with our results. A similar
trend is seen for the single-phase BSCF [45]. For coated samples the effect of the
surface limitations is reduced, hence EP? > E¥s and the difference inE, > 0. In this
case, the Lc value is effectively reduced with the temperature decrease, with a
minimum of 0.02 cm at 700°C for the activated sample. The difference between the L.
of the bare and coated pellets gets larger by reducing the temperature. This result
underlines again the importance of surface modification for the CGO20-FCO

composite in particular at low temperatures.
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6.4 Conclusions

MIEC composites are based on commercially available powders of 60 wt. %
Ce0.8Gdo.202-5 in combination with 40 wt. % spinel FeCo204 can be successfully
synthesized by the cost-efficient solid-state reactive sintering (SSRS) technique and
subjected to one-step heat treatment at 1200°C for 5h. The reduction of the membrane
thickness from 2 mm down to 0.4 mm reveals the improved permeation performance
of both side-coated pellets with the oxygen flux of 0.25 and 0.12 ml/cm?min at 950 and
850 °C respectively. The oxygen flux of uncoated membranes at high temperatures is
similar to coated ones, indicating that the transport is bulk-limited, while at low
temperatures the surface exchange kinetics should be taken into account. Moreover,
the Lc of the bare sample is larger compared to coated ones and it is increasing with
reduced temperatures with a maximum of 1.12 mm at 700°C. At 850°C the L.=0.74
mm for the uncoated membrane, indicating that from this value the effect of surface
exchange kinetics should be considered in the dual-phase ceria-based composite. In
our case, it was suitable to utilize Wagner’s equation for the 2, 1.5, 1- and 0.8-mm
thick membranes. Further reduction of the thickness leads to more pronounced surface
exchange limitations and does not follow Wagner’s equation anymore. Over 900 °C
the Lc is almost identical for both bare and coated membranes, demonstrating that the
surface limitations at high-temperature ranges are negligible for CGO-FCO composite.
Further reduction in the thickness to the um range is advisable to analyse the impact

of surface exchange kinetics for the thin OTM.

Surface modification on one or both sides of the membrane is found to greatly affect
the final oxygen flux at low temperatures (<850°C), while at high temperatures the
difference in oxygen flux is minor. Our observations show the importance of surface
modification with a catalytic layer for dual phase membranes at low temperatures.
Furthermore, the application of such a catalytic layer on one side can lead to either
improvement or degradation of the permeation of the CGO-FCO composite compared
to the bare one at the low-temperature range, depending on which side is activated.
Microstructure analysis shows the differences between the feed and sweep sides,
demonstrating a higher volume of the spinel phase on the feed side of the bare
membrane, while enrichment of the fluorite phase was found on the sweep side. The
segregation on one side of the uncoated membrane has a negative effect on the

percolation in the dual-phase material, resulting in a lower oxygen permeation.
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Chapter 7

7. Asymmetrical configuration of the 60 wt. %
Ce0.8Gdo.202-5 — 40 wt. % FeCo0204 composite

by tape casting technique

Abstract

The Ce0.8Gdo202-5 - FeC0204 dual-phase composite is a promising candidate for
oxygen separation in a membrane reactor due to its chemical stability, mixed
conducting properties, and stable oxygen flux at intermediate temperatures. According
to Wagner's theory, the oxygen permeation performance of such a membrane can be
enhanced by the reduction of the membrane thickness. The target membrane
thickness is in the micrometre range. Such a thickness is however only possible to
reach by appropriate development a supported membrane. The goal in the current
work is a gas-tight 50 um-thick membrane layer on a porous support, manufactured by
a tape casting technique. The main goal of such an asymmetric membrane
development is to reach a high membrane density with optimal microstructure in
combination with a substrate porosity of 30%, without compromising its mechanical
stability. In this chapter, the step-by-step procedure of the dual-phase composite
asymmetric membrane development is described. Slurry formulation, drying process
optimisation, as well as sintering profile optimization for the asymmetric configuration,
is discussed. The optimisation of the slurry formulation allowed to produce defect-free
tape, however further problems occurred during heat treatment, where numerous
phase interactions take place. The objective of this work is to reveal possible problems
during the tape casting and drying process of the cast, as well as heat treatment,
suggesting the possible solutions to these problems for the future development of

Ce0.8Gdo.202-5 - FeC0204 asymmetric assembly.

This chapter is ready to submit
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7.1 Introduction

Oxygen is one of the most used chemicals for application in different industry sectors
and accounts for about %4 of the world market of industrial gases [1,2]. Among others,
oxygen is deployed in combustion processes and in many industrial areas, such as the
steel industry, health care, and also numerous chemical processes. The continuously
expanding demand for oxygen evokes interest in developing new methods for oxygen
production, such as membrane technologies [3]. Oxygen transport membranes (OTM)
gain considerable attention over the past decades, due to the potential reduction of the

costs compared to cryogenic distillation [1,4,5].

Due to sufficient stability and permeation, MIEC materials are good candidates for
application as oxygen transport membranes (OTMs) [1,6—8]. The single-phase BSCF
and LSCF are potential material candidates offering high oxygen permeation
performance [9-13], however, the chemical and mechanical stability showed to be an
issue [14-17]. Dual-phase materials have been intensively investigated in order to
overcome the limitations of single phase membranes [1,18]. Ce0.8Gd0.202-5 —-FeC0204
(CGO020-FCO) composed of acceptor-doped fluorite oxide and Fe-Co spinel has been
chosen in this work because the fluorite structure materials in a composite system
typically improve the overall stability of the membrane, while the spinel structure
provides the necessary electron conductivity [1,7,19]. The microstructure features and
transport properties of the fluorite-spinel bulk membrane were reported previously [20—
23].

This study reports on sequential tape-casting employed as a processing technology to
develop a two-layered asymmetric dual-phase membrane from a ceramic powder,
specially designed via solid-state reactive sintering (SSRS) [24]. A thin dense
membrane with a thickness in the ym range exhibits improved oxygen permeation.
However, the stability of such a thin membrane layer is not sufficient, so an additional
layer for mechanical stability is necessary to be applied. Tape casting is the proven
method for the fabrication of a planar ceramic component, such as asymmetric and
symmetric membranes for gas separation [20,25,26]. The tape casting technique offers
a lot of advantages, such as precise control of the membrane thickness, is suitable for
large-scale production, and can create complex configurations and shapes. For the

production of the asymmetric configuration, this method is convenient due to the
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relatively simple procedure for manufacturing and further processing of the

membranes.
7.1.1 Slurry formulation

Tape casting is the widely accepted method for the fabrication of very thin ceramic
foils, with a thickness ranging from the um to mm. The formulation of the slurry or paste
is the first step in the tape-casting process. The ceramic powder should be mixed with
a liquid medium (solvent) and various additives, such as pore former, binder, and
plasticizer, to control the properties of the slurry and later the green tape. Each of the
additives is responsible for certain properties during the slurry preparation step and its
fraction should be adjusted accordantly. Lack of one or another additive leads to

curative or cracking defects formation in the green tape.

The selection of the proper dispersant is an important step in the slurry preparation
since the purpose of the dispersant is to disperse the primary powder particles and
simultaneously hold them in a homogeneous suspension, while the binder coats them
individually. Initially, Nuosperse FX9068 has been used for both layers, however,
replacing the dispersant with TEGO Dispers 655 for the support layer proved to be

more suitable for the dual-phase composite powder [20].

The main function of the binder is to provide the network, which holds the whole system
together after the solvent evaporates. Additionally, the binder provides the necessary
strength for further processing. The slurry toughness, plasticity, and viscosity are
mostly affected by the binder type. Based on in-house experience, Polyvinyl butyral

(PVB) is used in the current work.

The plasticizer is the next additive for tape fabrication and is responsible for the
flexibility and bendability of the green tape, preventing crack nucleation and
propagation. Without a plasticizer, a relatively strong, stiff, and brittle tape can be
fabricated, however, such a tape might lead to problems in further processing. The
plasticizers can be classified as either Type | or Type Il. Type | is responsible for
lowering the glass transition temperature hence making the tape more flexible,
whereas type |l lubricates the green tape, by partially dissolving the binder [27]. To
provide the needed flexibility of the tape two types of plasticizers included in the slurry
system used were 3G8 Ester and PEG400. It must be noted that not only the fraction
of binder or plasticizer should be taken into account, but the binder/ plasticizer ratio as

well.
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For successful slurry development, the particle size and specific surface area are
essential powder characteristics. To obtain the targeted value of the surface area in
the range of 1-5 m?/g, a powder with a particle size of 1-2 ym should be used to avoid
precipitation of the powder particles [20]. These values are chosen based on the
experience on the development of other composite systems by tape casting. The
quality of the tape can be also influenced by other factors, such as technical features

of the setup and environmental conditions: temperature and humidity.
7.1.2 Drying process

The casted tape undergoes some transformations during each step of fabrication, the
most significant change is seen in the z-direction, which can schematically be

represented as shown in Figure 7.1.

z-direction

D

as-casted green tape  afterdrying after sintering

Figure 7.1 The reduction of the height of the tape at the different steps of the

fabrication

After the casting, the solvent leaves the ceramic matrix with organic additives. Since
the solvent removal proceeds at the top of the as-casted tape, a concentration gradient
across the entire tape thickness is formed. This gradient causes uniaxial shrinkage,
resulting in the reduction of the tape height and also in lateral stresses in the green
body. At this stage, defects and cracks can be formed when these lateral stresses are
larger than what can be compensated by the two-layered green tape [27]. The source
of the cracking is usually some point defects, such as bubbles, strakes, and
agglomerates. The cracking is propagated rapidly if there are a lot of such point
defects. Any lateral stress is a reason for the various effect in the tape, some defects

can be tolerated, whereas others completely deteriorate the quality of the green tape.

During the following sintering step, the organic additives (binder, pore former, and
plasticizer) are burned out, leading to the densification of the matrix. After the sintering,

the dimensional change is not only the linear in z-direction, but also radial, and strongly
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depends on the firing temperature. The shrinkage of the asymmetric pellet is attributed
to the different sintering rates in the individual layers, which in case of a large mismatch

can cause cracking and curvature of the sample [26].

The preparation of ceria-based dual-phase asymmetric membranes for oxygen
separation brings many challenges concerning the shape, mechanical and chemical
stability, and microstructure of the final assembly. This is quite a complex process with
an issue at almost every step of the sample preparation, which is discussed in the

current study in detail.
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7. 2 Experimental

7.2.1 Sample preparation by tape casting

Material

Ce0.8Gd0.202-5 (CGO20) (Cerpotech, >99%, Tiller, Norway), Fe203 (FO) (Merck, 99 %)
and Co30a4 (CO) (Merck, 99 %) powders used for the experiments were synthesized
by the Solid-State Reactive Sintering method (SSRS). Fe203 and Co304 were mixed
in a 1:2 Fe: Co ratio, resulting in spinel FeCo0204 (FCO), which was added to
commercially available Gd-doped ceria. Respective amounts of powders were
weighed to create Ceo.8Gdo.202-5- FeC0204 (CGO20-FCO) compositions in a with wi.
% -ratio of 60:40 ratio. The powder mixtures were ball milled in polyethylene bottles
over 48 h using zirconia balls on a roller bench at a speed of 175 rpm and further drying
for 48 h in ambient air at 70 °C.

Slurry preparation

Prior to the casting, the slurry preparation process takes place. The slurry preparation
process was carried out with 25 g composite powder for the membrane and 50 g
support respectively, mixed with the binder, two types of plasticizers, solvent, and
dispersant in terms of their solid content. The main steps of the sample production are

shown in the form of the flow chart in Figure 7.2 [20].

Several components, such as powder, solvent, binder, and plasticizer are mixed to
provide the necessary formulation and handling. Based on the properties of the
investigated composite powder, such as sintering behaviour, theoretical density,
particle size distribution, and the results of the previous investigation [20] the basic
slurry recipe was selected. The reference recipe for both membrane and support are
shown in Table 7.2the deviations from the standard recipe and results will be discussed

in the Result and Discussion section.

In the very first step, mixing of the additives including solvents 34 wt. % ethanol and
66 wt. % methylethylketone (MEK) with the dispersant (NUOSPERSE FX 9086 or
TEGO DISPERS 655) is performed. Followed by the addition of the 60CG020-FCO
ceramic powder, rice starch (Remy FG — Firm Remy) as pore former for the support
layer, polyvinyl butyral (PVB-98) (Fa. Solutia Inc.) and two types of plasticizers 3G8
Ester (Fa. Solutia Inc.) and PEG400 (Merk, Darmstadt) are added. The slurry is ball
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milled in polyethylene bottles over 48 h using zirconia balls in a tumble mixer at a speed
of 175 rpm with subsequently rested for 48 h.

Table 7.1 The basic slurry recipe for the dense membrane layer and porous

substrate layer, the additives are given in percent of the solid content (composite

powder)
. . Membrane Support
Step Material Function
Wt.% of powder Wt.% of powder
1 Milling balls ZrO2 Mixing 100 100
9 Methyl ethyl Solvent 46 46
ketone/Ethanol
3 Noospheres FX9086 Dispersant Type 1 3 -
Disperse 655 Dispersant Type 2 - 3
Swirl by hand for 30 seconds
4 CGO20-FCO Ceramic powder 100 100
Mix using planetary mixer (1000 rpm for 3 minutes)
5 Rice starch Pore former - 30
Mix using planetary mixer (1000 rpm for 3 minutes)
6 Polyvinyl butyral B98 Binder 7 7
7 3G8 Ester Plasticizer Type 1 6 6
8 PEG400 Plasticizer Type 2 7 7

Mix using planetary mixer (1500 rpm for 3 minutes)
Prior to the casting procedure, the slurry was subjected to homogenization and
degassing step.

Tape casting

The tape casting technique involves the deposition of a slurry or paste onto a flat
substrate, which is typically a flexible polymer film. The tape casting machine KARO
cast (KARO Electronics GmbH) is used. A doctor blade (Figure 7.3a), which sets the
precise thickness of ceramic slurry and enables the production very thin foils of uym
range, applies the foil on the moving polymer foil. Tape casting was carried out on the
micro casting machine with 5 mm/s and 2.5 mm/s speeds for support and membrane
respectively. All tapes were cast at temperature and relative humidity ranging between
20 and 24 °C and 24 % and 63 %, respectively. After the tape casting the green tape
was dried for approximately 12 h and stripped off the polymer tape. The film is well-
connected and strong enough after drying, to be stripped off, cut, and sintered. After
drying the pellets with a diameter of 20 mm were pinched off the green tape and
sintered at 1200°C for 5 h.



186

/ Slurry preparation \

Solvents .
[Milling balls ZrOz] [(34Ethano|:66MEK)] [ Dispersant ]
[ |
Swirl by hand for 30 seconds

[ Ceramic powder GOCGO-FCO]

Swirl by hand for 30 seconds l

Pore former ]

Swirl by hand for 2 min
( Binder — [ Plasticizer |
K Tumbling 48 h /
48 h resting
[ Slurry Sieving ]

Homogenisation 30 min
before casting

30 min resting

Degassing 20 min
200mbar

}

2 steps Tape Casting
membrane layer: 5mm/s 100 ym
| support layer: 2.5 mm/s 100 um

| Overnight drying
Stripping off green tape and )
| Punced out discs with 20mm diameter |

f

Figure 7.2 Flow chart of the asymmetric sample preparation

a) Reservoir

Doctor b)
blade
—— _ LSCF &
Casted tape Membrane :
Carrier material

Polymer foil

. ) —)
Carrier motion

Figure 7.3 a) The schematic representation of the tape-casting process including

of the doctor blade and b) resulting membrane assembly

Since surface exchange limitations are becoming more important with a decreasing

thickness of the dense layer, the introduction of a catalytic LSCF layer at the membrane
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side and catalyst infiltration in the porous support is necessary. On the membrane side
of the discs, a porous Lao.s8Sro.4Coo.2Fe0803-5 (LSCF) catalytic activation layer with a
thickness of 5 um was applied using a screen-printing technique. Discs were then
calcined in the oven at 1100 °C for 5 hours. A 50 um dense membrane layer and a 0.7
mm support layer were chosen as the target configuration. The final asymmetric

assembly is shown in Figure 7.3b.

7.2.2 Characterization methods

Crystal structure

The crystal structure was determined using an X-ray diffraction (XRD) diffractometer
D4 ENDEAVOR (Bruker, Karlsruhe, Germany). The diffraction angle was chosen in
the range of 26 from 10° to 80°, with increments of 0.02° for 26 and 0.75 seconds of
measurement time per step. Analysis of the measured data was performed with X’Pert
HighScore (PANalytical B.V., version 3.0.5) software. Phase quantifications and
associated crystal structure analyses were carried out by Rietveld refinement using
(Version 4.2.2) software. The low error Rwp was held <4 % for all samples, which also

indicates the good fitting.

Microscopy

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDXS) were used to obtain material morphology. SEM images were taken with a Zeiss
Ultra 55 and a Zeiss Supra 50 VP1 (Carl Zeiss NTS GmbH, German) SEM at different
magnifications. The electronic conductivity of samples was enhanced by sputter

deposition of a thin platinum layer prior to measurement.

7.3. Results and discussion

7.3.1 Slurry preparation

Having in mind the drying behaviour of the multi-layered assembly can be problematic
due to potential expansion mismatch for both the membrane and support layer same
composite material 60CG0O20-FCO was used.

Membrane layer
For the membrane layer, the slurry preparation process was carried out with 25 g

composite powder mixed with binder, two types of plasticizers, solvent, and dispersant

as listed in Table 7.1in terms of their solid content.
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30 wt. % 20 wt. %

Figure 7.4 Membrane layer with various solid content of 30, 25 and 20 wt. % after

drying overnight

After the first casting attempt the thin foil layer was well-connected, revealing minor
defects and imperfections, such as air bubbles and clumps. The density of the slurry
was an issue for the first attempt at membrane manufacturing the optimization of this
layer was done by only varying the solid content. By casting 25 wt.% - and 30 wt. %-
added membrane layer the clumps of the powder led to the formation of holes as seen
in Figure 7.4, which resulted in an uneven surface after drying. The layer based on 20
wt. % powder in the casting mixture results in a flexible almost defect-free thin foil with
some minor surface defects, which could be optimized by adjusting the additional
homogenization step before casting. It helped to achieve the necessary homogeneity
of the slurry and eliminate all agglomerations. However, in contact with solvent during

the sequential support layer casting, the membrane layer disintegrates into cracks.

Support layer

The support layer is quite crucial for the asymmetric configuration, serving as a
mechanically stabilizing layer. The fabrication of this layer is however very challenging,
due to the large thickness (in our case >0.9 mm) and thus quite a complex drying
process. For the thin membrane layer, the solvent removal process is not problematic,
since it evaporates quite uniformly. For a thick tape (>500 um), on the other hand, the
drying process is quite critical. Drying takes much longer since the diffusion distance
from the bottom to the top of the tape is larger. It leads to the formation of a
concentration gradient across the entire tape thickness, with fast evaporation on the
top of the tape and slow evaporation at the bottom. That in turn causes increased

lateral stresses in the matrix resulting in defect formation and propagation.

To minimize mass transfer limitations in the support, about 30-40 % porosity is needed.
To ensure the necessary level of porosity a pore former is needed. This pore former

helps to build the microstructure of the layer with minimizing mass transfer limitations.
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Based on the successful experience with this composite system, 30 wt.-% rice starch
(Remy FG - firm Remy) with respect to the ceramic powder was selected in the current
work [28].

Since the first attempt of the support casting resulted in many defects during casting
or after the drying steps, a systematic study was performed for the optimization of the
slurry recipe for 60 CGO20-FCO composites. The slurry can be optimized by means
of the binder, plasticizer, and dispersant concentration. Furthermore, the ratio
binder/plasticizer is critical and should be adjusted correctly to yield a good green tape
quality. All the varied values and the optimised result are listed in the Table 7.2 below.
The fraction of dispersant varied between 1.5 and 3 wt.%, which was experimentally

found by [26] in house. The amount of the binder varied in the range of 6-11 wt.%.

Table 7.2 Supports slurry optimisation with varied parameters, wt.%

Varied parameter Reference [20] Fraction range Chosen
Solid content (Powder) 20 % 18-20 % 18%
Dispersant 3% 1.5-3 % 3%
Binder 7% 5-11 % 7%
Plasticizer type | 6 % 3-9 % 6 %
Plasticizer type Il 7% 3-7% 7%
Binder/Plasticizer 0.54 0.54-1.3 0.54

Defects

About 20 different support slurry recipes were prepared and partly cast, helping to
select the most suitable one. The most often occurring defects in the green tape were
classified according to known defects, described by Mistler et.al. [27], and discussed
with a possible way of solutions. A schematic and actual visual representation of the

variety of curving or cracking defects observed in the dry tape is listed below.
Center crack

The most common defect during the tape casting attempts for the 60 CG0O20-FCO
composite is cracking down the centre of the tape. Generally, the nonuniformities, such
as bubbles and agglomerates or any other point defects can cause crack formation
and propagation along the length of the tape during drying. Although this central crack
is often present, it divides the tape into 2 parts, which are in some cases defect-free.

This kind of defects turned out to be related to the mixing procedure. To overcome this,
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the mixing procedure was adjusted with some additional homogenization and

degassing steps before casting.

Crow’s-Foot cracking

The second common defect for the thick tapes (>500 um) is the so-called crow’s-foot
cracking, which is characterized by the not connected matrix in the slurry, low particle
mobility, and high shrinkage during drying. The dry tape is quite brittle and cannot be
stripped from the carrier without deformation and hence easily breaks into small pieces.
The typical solutions to avoid this type of defect are either to decrease the solvent
content, and thus the reduce the shrinkage; or to increase binder content and/or
plasticizer type Il, which increase matrix strength and bendability of the matrix
respectively. In the current case, this defect was observed in the tapes with the
binder/plasticizer ratio = 1 and 0.77 and a low amount of plasticizer type Il (3 and 3.5
wt. %) This kind of cracking can possibly be avoided by adjusting the binder/plasticizer

ratio or by increasing the fraction of plasticizer type Il.

a) Central crack b)

A N

Figure 7.5 Center Crack defect a) scheme b) actual casted tape after drying
Wrinkle

Wrinkling is a very common phenomenon at the surface of just casted layers in tape
casting. The solvent leaves the top of the surface quicker than the diffusion mechanism
compensates it at the surface, resulting in a skin at the surface, as shown in Figure
7.7. As arule, this skin possesses a lower diffusion rate, hence it is an obstacle for the
solvent from the bottom part of the tape, slowing down its evaporation. Wrinkling is
closely connected to the solvent amount in the slurry and drying rate, so to avoid
wrinkling one needs to reduce the solvent fraction. Additionally, to prevent the
formation of this type of defect, the cast tape is covered right after casting to perform

controlled drying. It should be noted that it is often more than one defect type that
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occurs during the drying process, as an example Figure 7.7b illustrates the wrinkle

defect accompanied by the crow’s foot defect.

a Crow’s-Foot cracking b)

Y

Figure 7.6 Crow’s foot defect a) scheme b) actual casted tape after drying

a) Wrinkle

\
Al \%

Figure 7.7 Wrinkle defect a) scheme b) actual casted tape after drying

Orange peel

One more defect is related fast evaporation of the solvent than solvent diffusion and

fast drying.

There are some craters in the tape surface high degree of porosity at the foil surface.
By solvent evaporating the pore channels were formed and left behind (Figure 7.8),
what potentially leads to the cracking and mechanical instability by further processing.
This defect can be avoided by adjusting the liquid medium content and controlling

drying after casting.

Gull wing and curling

Gull wing generally happens in tapes made of very fine powder and thus quite a tight
packing. In this case, the cast will bend to release stress gradients in the z-direction
and shrinkage stress due to strong adhesion to the carrier and high lateral shrinkage

of the top layer. This disbalance forces the tape to release stress, thus the tape
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undergoes a cross-cast shrinkage. Since for all attempts the same powder was used,
the problem was in the formulation of the slurry. In our case, this defect was seen only
for the slurries where the binder content exceeds 7 wt. % (tapes with 7, 9 and 11 wt.
% of binder). In some cases, the curling of the whole tape was observed, in others only
the edges curled. The addition of the plasticizer, especially type Il should be done to
promote plastic deformation instead of dimensional changes during drying. The
increased amount of the plasticizer Il has not improved tape quality, thus the lower

binder content of 7 % was found suitable for the slurry.

a) b)

Orange peel
~— ~ ]

Figure 7.8 Orange peel defect a) scheme b) actual casted tape after drying

a)  Gull wing and curling b)

~— A\

m

Figure 7.9 Gull wing and curling defect a) scheme b) actual casted tape after
drying

All casts with reduced fraction of dispersant (1.5 %) showed cracks, hence the amount
of dispersant was taken as 3%. The type of dispersant has supposedly higher impact
than the fraction, since better results were obtained for the DISPERS 655 for support

layer.

After all additives were adjusted, it was noted that the slurry was too dense to cast.
Thus, the last varied parameter was the solid content, which was reduced to 18 %.
This slurry with decreased solid content, and thus higher solvent fraction gave the best
flexible and well-connected two-layered green tape with a few cracks along the edge,

which could be tolerated.
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7.3.2 Standard heat treatment profile

After several casting attempts, defect-free green tapes of 60CGO20-FCO-supported
asymmetric membranes with optimized slurry were successfully obtained. The next

issue to address is getting gas-tight membranes during the heat treatment process.

In general, the co-firing of the two layers in the asymmetric assembly is a rather
complex process, due to possible mismatch of the sintering rates. The difference
between the individual sintering rates of the membrane and substrate layer is large for
the composite system [20]. In contrast to support layer, there is no significant mass
loss in the membrane layer. A membrane layer sintered separately shows a lower
shrinkage (~30 %), compared to two layered membrane (> 45 %), underlying that
substrate shrinkage dominates over membrane shrinkage during heat treatment. This
is also known for other ceramic materials and reported elsewhere [26]. The pore former
is burning rapidly at elevated temperatures, which can lead to defects at this
manufacturing step and thus should be controlled. The current sintering program
includes a long heating step between 200-500 °C, to burn out the organic components
(i.e., pore former, binder and plasticizer). Significant mass loss occurs in this step. As
a reference to the sintering profile developed by [20], a sintering study was developed

as shown in Figure 7.10.
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Figure 7.10 Heat treatment profile for the asymmetric CGO20-FCO membrane by

tape casting

The first attempt of the sintering showed a lot of small cracks on the membrane side,
pointing out that either heating or cooling rate was too high (Figure 7.11a). Some
samples were broken completely (Figure 7.11b), pointing out internal stress by co-firing
of two layers. Moreover, the organics burn out rapidly, consuming some oxygen and

thus providing reducing conditions during the sintering process, what could be also
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affecting the material. Another assumption was that the phase transition in the Fe-Co
system could cause internal stress, possibly leading cracks in the membrane layer. To
avoid this, pre-calcination of the CGO20-FCO powder was done at 900°C, at which the
FCO phase transformation starts [29]. This led to an improved sintering and no cracks

were observed on the membrane surface in further experiments.

0.5cm
Figure 7.11 The first sintering attempt of the 60 CGO20-FCO asymmetric

membrane at 1200°C for 5 h cracks on the membrane side (left) broken pellets

after sintering (right)

Further SEM image analysis, shown in Figure 7.12. The sintering at 1200°C was not
effective and the dense layer was not gas-tight, revealing a lot of pores at the surface
as can be seen in Figure 7.12. The support side reveals also a lot of big and
homogeneously distributed pores as intended. Subsequent analysis of the cross-
section reveals that the membrane layer has a lot of pores, and defects such as
intergranular cracks across the membrane layer, which is possible reason why this
layer was not gas-tight. Zoom-in on the membrane layer reveals a large island of the
spinel phase with a lot of pores trapped within the grains. Moreover, the thickness of
the membrane layer is not the same along the tape and was varying in the range of

11-20 ym, which also should be further improved at the fabrication step.

According to the cross-section analysis a bimodal pore size distribution of the pores
can be seen in the support layer. Generally, the ceramic powder is dispersed in a
complex organic system by the slurry preparation. The spacing between particles or
agglomerates and their ordering in the slurry are strongly controlled by the additives,
such as chemical dispersant and polymer network. It is also affected by dynamic
effects such as drying process and polymer cross-linking process. Hence, the pores
can be classified by their origin nature: the small pores result from the removal of
binders, whereas large pores are formed by the removal of the pore former. In the
substrate layer the pores are not distributed homogeneously and there are a lot of large

pores connected with each other, forming the large hollow space right under the
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membrane layer. This emphasizes that a longer homogenization step is required to
uniformly distribute the pore former in the slurry and thus the pores in the substrate
layer. Adjusting the slurry preparation with a homogenization step before casting might

prevent pore accumulation.

Membrane

Figure 7.12 SEM investigation of the first attempt of the sintering profile at
1200°C for 5 h for 60CGO20-FCO two-layered asymmetric membrane

With the optimized slurry formulation and the fabrication process, the samples were
subjected to sintering at 1200°C for 5 h. The microstructure features were improved
and pore arrangement in the support layer is more homogeneous. From the
microstructure point of view, the membrane layer was also slightly improved, showing
the same thickness (20 pym) across the tape, lower porosity and no intergranular
cracks. However, the samples were still not sufficiently dense, hence heat treatment

optimisation is essential for the CGO20-FCO composite system.
7.3.3 Solution of the problems

Firstly, it was assumed that the phase interaction within the composite system,
especially in the Fe-Co matrix leads to the cracks during sintering process. To prevent
cracking, the phase transformation could be partly done prior the tape casting by pre-
calcination of the powder. The mix of Fe203, Co304 and CGO was calcinated at 900°C,
since the FeCo0204 spinel formed at 900°C.

Two powders were characterized by XRD as shown in Figure 7.13. The 60CGO20-

FCO powder showed the presence of following components: Fe203, Co304, and 20
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mol. % Gd-doped ceria. Pre-calcinated powder at 900°C contains the following phases
cubic CGO and two spinel phases with a cubic structure: 17.7 wt.% and 21.5 wt.% of
iron-rich and cobalt-rich respectively. Moreover, about 1.5 wt.% of the Fe203 remains
in the powder mixture. The FCO reflection at 36.5°26 is split up into a broad reflection
with two maxima prior to measurement, indicating iron-rich and cobalt-rich spinel types.
An orthorhombic donor-doped GdFeO3s (GCFCO) perovskite phase starts to form from
1050°C [29]. In the pre-calcinated powder this phase is not observed.

Pre-calcined
at 900°C I

CGO-FCO powder

Intensity

GdFeO3 I | | ||| L Lia 1 |

FeXCo3_XQ4/ :

Ce0.9Gdo.101.95 | I | |
d h . . .

10 20 30 40 29 (°)50 60 70 80

Fe20|3 | || 1 1 | | 1 |

Figure 7.13 XRD patterns of two 60 CGO20-FCO powders before and after
calcination. At the bottom, reference reflections are shown for the perovskite in

blue, spinel in red and green, and fluorite in black

Pre-calcinated powder was further used for the manufacturing of the two layered
asymmetric membrane. Due to slightly larger particle size and homogeneous particle
size distribution in the powder, an improved green tape and defect-free sintered pellets

were obtained.
7.3.4 Heat treatment

Although all the factors were considered and optimised, the samples were still not gas-
tight, pointing out insufficient sintering parameters: 5 h dwell time at a temperature of
1200 °C. It is known that for the same material the sintering profile (dwell time and
temperature) might differ depending on the fabrication method. So, the straightforward
method is to adjust the sintering parameters to overcome this issue. Firstly, the dwell
time was increased to 10 and 20 h. However, this has not le d to any differences
compared to the 5 h dwell time samples. Thus, the increase in the sintering
temperature was done from 1200 °C to 1350 °C in a stepwise manner. The samples
fired at 1325 and 1350 °C have a gas tightness in the range of 10-3 for the He-leak test,
for the 1325 °C sample the value was even slightly higher. It was a slight improvement,

since previously all samples were too brittle, and cracked even during the He-leak test.
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In conclusion, a sintering temperature of 1350 °C was less effective than a sintering

temperature of 1325 °C.

Figure 7.14 SEM images of cross-section of the asymmetric membrane sintered
at 1275, 1300, 1325 and 1350 °C for 5 h

The microstructures of the samples are representative and SEM image observations
over a large region showed the absence of macro-defects in both surface and cross-
section images. The targeted 40 % porosity was successfully achieved by the tape
casting method in all studied samples. The pores were homogenized during sintering
step in the support layer and their size is growing with the elevating temperature, as
depicted in Figure 7.14. An increase in the sintering temperature till 1325 °C results in
a slight improvement in support layer showing a connected pore network to minimize
mass transport limitations in the substrate. A further increase of the sintering
temperature to 1350°C leads to agglomeration and even removal of pores, resulting in

a non-continuous pore network.

The membrane layer thickness is estimated ~40 um for all studied samples. There
were no obvious pore agglomerates or microcracks, indicating a well-densified
microstructure in this layer, which being a potential basis of a sufficient mechanical and
transport properties. Comparison of the microstructure features of the dense

membrane layer as a function of sintering temperature is shown in Figure 7.15.
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Figure 7.15 SEM images of the membrane surface of asymmetric 60 CGO20-FCO

composite membrane fired at 1200, 1275, 1300, 1325 and 1350 °C

All the samples have a typical polycrystalline arrangement with fine grain sizes
between 0.5 and 2 ym at the chosen sintering temperatures, as shown in Figure 7.15.
The grain size of each phase as well as the pore size is analysed by an image analysis-
based method with Imaged software on all samples [30,31]. The increase in the grain
size as a function of increasing sintering temperature is observed for all grains types.
However, the FCO grains grow faster compared to the CGO and GCFCO grains,
especially between 1325 and 1350 °C. Due to the limited number of characterized
grains, there might be a large inaccuracy in the grain/pore size calculations.
Densification process is usually driven by pore agglomeration and pore-removing
processes and the coarsing, what is clearly seen at high dwell temperatures. The
pore/grain ration should decrease, so the ceramic material experiences the
densification [32,33].

The SEM analysis reveals that by increasing the sintering temperature, enhanced grain
growth with simultaneous densification of the membrane layer is observed, as depicted
in Figure 7.16. There are many trapped pores along the grain boundaries and in grain
interior at 1200° and 1275 °C. At these temperatures only small pores can be
eliminated during the coarsening process, while relatively large pores can survive. By
increasing the sintering temperature to 1350°C in stepwise manner the pore size is
decreasing, indicating that a significant sintering occurred at temperatures above
1300°C. Furthermore, the porosity level decreased substantially in all pellets and

especially the smaller porosity among particles disappeared. Porosity decreased from
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8.2 % to 1 % between 1200 and 1300°C, however further increase in sintering
temperature has not much impact on the porosity. The total residual porosity was

determined be around 1 % by surface and cross-section image analysis.
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Figure 7.16 a) The pore and grain size in membrane layer dependency on the
sintering temperature b) porosity grade and shrinkage of the sample as a

function of sintering temperature (solid lines are a guide to the eye)

Since the significant difference in the sample’s geometry was observed after the heat
treatment, the shrinkage percentage was estimated. Shrinkage of the sample is
increased gradually between 45 to 52 % in the sintering temperature range of 1200 to
1325°C, followed by sharp increase in shrinkage from 52 to 62 % at 1350 °C. Moreover,
at 1350 °C most of samples are non-uniformly bent, what in turn is disadvantageous
for further processing. At high temperatures possibly the support layer became the
dominating source of shrinkage with higher strain rates than the membrane layer, what
leads strong bending towards the substrate. As can be seen in Figure 7.17 a spherical
shape was developed, since the bending is particularly pronounced at the edges of the
disc, regardless of the membrane layer position (top side or bottom side). The
curvature of the pellet is much stronger for the support layer situated on the top side,
compared to membrane layer on the top side.

Membrane
layer upside
. S

Support layer upside m—
1350°C

Figure 7.17 Fired samples at 1350°C for 5 h with membrane layer upside and

bottom side
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7.3.5 Phase analysis of the membrane layer

The presence of the fluorite, Fe-and Co-rich spinels and emerged perovskite phase
was confirmed for all samples. The amount of the perovskite phase remains constant
in the range of 6.4-7 wt.% for all studied samples. According to the Fe-Co-O phase
diagram [34,35], the partial reduction of the spinel into a high-temperature Co/Fe
monoxide phase with a rock salt structure can occur at >1200°C sintering temperature
[20,21]. Generally, a slow cooling rate was implemented in the cooling cycle to avoid
the formation of the rock salt phase and ensure its complete reoxidation to a spinel
phase that is stable at target operating temperatures (600-1000°C). Such slow cooling
helps the reoxidation process and Co/Fe monoxide is no more detectable (<1 wt. %),
as can be seen for the sample sintered with the standard sintering program (1200°C
for 5 h). At the temperatures above 1300°C the amount of CoO is possibly increased
within the composite, which in turn has not enough time for its complete reoxidation to
a spinel phase. Thus, the XRD patterns (see Figure 7.18) with Rietveld refinement
reveal the additional high-temperature CoO monoxide presence from the 1300°C
sintering temperature, and its fraction remains almost constant after further
temperature increase (~9+0.5 vol.%). Introduction of additional step in the cooling cycle

can help eliminate this phase, resulting in a higher Co-rich spinel fraction.

1 3500C f | ' ' ' 1 ' ' '
M

1325°C | "
1300°C
1200°C m |

Intensity

GdFeOs L |||| L T 1 | .
FexCOS-x.O4/ i FGQOJ “ RO B | . 1 1 b
Ce0.9Gdo.101.95 | | 1 1 .
10 20 30 40 29 (0)50 60 70 80

Figure 7.18 XRD patterns of 60 CGO20-FCO asymmetric membranes fired at
1275, 1300, 1325 and 1350 °C. At the bottom, reference reflections are shown for

the perovskite in blue, spinel in red and green, and fluorite in black
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7.3.6 Transport properties

Even after all the optimization trials and obvious improvements, some problems were
not solved completely. During further processing, including the radial grinding of the
pellet and application of the LSCF activation layer via a screen-printing technique,
several samples were broken. Even for the successfully coated and sintered samples
it was still not possible to install them into the permeation measurement setup. It
underlines that the obtained pellets were still too brittle and not mechanically stable for
permeation measurement. At this point, it is difficult to make a conclusion about the

permeation properties of the two-layered membranes.

7.4 Conclusions

MIEC composites are based on commercially available powders of 60wt. %
Ce0.8Gdo.202-5 in combination with 40 wt. % spinel FeCo204 can be successfully
synthesized by the cost-efficient solid-state reactive sintering (SSRS) technique and
subjected to further tape casting techniques. Due to some challenges in the
manufacturing of the asymmetric two-layered membrane, particularly the complex
drying process for the support layer, optimization of the slurry formulation was done.
As a result, a defect-free asymmetric tape was successfully obtained for further

processing, showing the potential of the dual-phase composite material.

The next challenging step was heat treatment. The chosen heat treatment at 1200°C
for 5 h was not suitable as the resulting membrane layer was cracked and not dense.
Firstly, the 60CGO20-FCO powder was substituted by the powder pre-calcinated at
900°C. This measurement helped to make some phase interaction prior to the tape
casting and avoid potential cracking of the casted samples during the sintering step.
The heat treatment profile was optimized, by increasing the sintering temperature to
1325 °C, which leads to an improved density of the sample with an optimized
microstructure with a mean grain size of 1.3 ym. The porosity of the membrane layer
was reduced down to 1 %. A well-distributed pore network in the support layer was

achieved minimizing mass transfer limitations in this layer.

A further increase in the sintering temperature to 1350°C is not advantageous, since it
leads to new problems in each layer. The accumulation of large pores in the support
layer can reduce the mechanical stability of the membrane assembly. In the membrane
layer, the grain growth is different for each phase, which can lead to insufficient

contiguity of the phases and hence reduced percolation. Additionally, the samples
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were unevenly bent and showed a high shrinkage at a sintering temperature of 1350°C,
complicating further processing. Furthermore, at high sintering temperatures > 1300°C
an additional CoO monoxide phase was observed. This phase is not completely
oxidized during the cooling cycle. The presence of this phase might negatively affect
the transport properties of the asymmetric membrane, might lead to defect formation

and hence reduce the oxygen selectivity.

Due to a lot of problems at the manufacturing step, sintering step, and post-sintering
processing, it was not possible to measure the oxygen permeance of the asymmetric
60 CGO20-FCO membrane. Further improvement is required to obtain the
mechanically and chemically stable two-layered membrane assembled for the

application as an OTM.

The following recommendations are made to overcome the listed issues and improve
the process of the dual-phase material fabrication via tape casting technique and
obtain a stable asymmetric membrane:

e Pre-calcination of the CGO20-FCO composite powder at 1050°C to complete
the phase transformation prior to the casting, which might help to overcome the
problems during heat treatment.

e Substitution of the electron-conducting phase is advisable. The donor—doped
Gd FeOs perovskite material is chosen, based on the successful experience
with the CGO-GCFCO bulk membranes, described in [22]. In this case, the
fabrication process would benefit from avoiding the phase interaction during
sintering and preserving the dual-phase structure.

e Use of alternative material for the support layer, i.e., the 80CGO20-FCO
composite. This material can ensure the required level of mixed-conductivity
and thus sufficient percolation. Moreover, it shows shrinkage close to the
60CG0O20-FCO composite, which is an important factor for the tape casting
technique, since both membrane and support layer materials should be

compatible.

Dual-phase ceria-based composite shows potential for the application as an
asymmetric membrane for the oxygen separation process. The microstructural
characteristics reveal good conducting properties and thus will ensure sufficient

oxygen flux through the membrane.
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Chapter 8

8.Reflections and Conclusions

8.1 Introduction

This chapter provides a summary of the achievements and conclusions on the
development of the dual-phase composite material made of the acceptor-doped ceria
with the Fe-Co spinel for the potential application as an oxygen transport membrane.
All findings regarding powder preparation, oxygen permeation, and associated
microstructural characteristics will be reflected in the following with recommendations
for future work, which should focus on the improvement of the quality and transport
properties of the Ceo.8Gdo.202-5 -FeC0204 (CGO20-FCO) composite.

Reaching an oxygen flux of 1 ml/cm? min is considered to be the milestone in dual-
phase material development. Thus, as an initial step, the selected material system was
analysed regarding its “best performance scenario”, assuming all conditions are
perfect, without any limitations. By varying the parameters, such as membrane
thickness and partial pressure, the temperature-related permeance level for the dual-
phase composite can be estimated. It was estimated that selected dual-phase material
can in theory reach the permeance required by targeted application conditions, in
particular partial pressure gradient and the intermediate temperature range
(<850°C)[1].

8.1.1 Sintering parameters

The heat treatment analysis was performed as an initial step in Chapter 2, where
samples were sintered at 1200°C for various dwell times (from 0 h to 100 h). The 60
wt.% CGO20 with 40 wt.% FCO composite reveals that already at 0 h dwell time, the
phase interaction was completed and all phases are present: fluorite, spinel, and
perovskite. All samples were dense at various dwell times, indicating that the

densification process was completed before reaching 1200°C [2].

However, under 1 h a high porosity of the pore agglomerations is seen, which
negatively affects the mechanical properties of the multi-phase material. The grain size

was gradually increasing with the increase of the dwell time, reaching its maximum at
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100 h. The most suitable dwell time for the chosen fluorite-spinel system is 5 h, where
sufficient microstructural characteristics and insignificant loss in the permeance were

found.

The long dwell time (100h) was found to be not suitable since the additional undesired
2.8 vol.% of CoO phase was found, which presence indicates the problem of the
selected cooling cycle. This phase transition is known for the Fe-Co system at 1200°C.
Residual high-temperature CoO is identified due to the long dwell time (100 h), where
a higher amount of CoO is formed and does not have enough time to oxidize
completely. Thus, the control of the cooling rate can govern the process of the Co
rearranging between the Co304 and CoO phases until equilibrium. By introducing a
slow cooling program with an additional step at 850°C the rock salt oxidation process
is facilitated and the CoO phase was eliminated. The resulting mixture of fluorite,
spinel, and perovskite is preserved. These results are emphasizing the importance of

slow cooling for the Fe-Co spinel for the composite system under study.
8.1.2 Composite design

Chapters 3 and 4 discuss the material design, varying the choice of the ionic and
electron-conducting phases for the MIEC composite material.

Chapter 3 shows the analysis of the CGO20-FCO composite, with various FCO
fractions (10-40 wt.%) [3]. The reduction of FCO fraction in the composite leads to the
increase of oxygen permeance with the maximum for the 80:20 weight ratio. This dual-
phase material reveals sufficient performance even at a low percentage of the electron-
conducting phase in the initial composite (20 wt.%). The formation of the emerged
perovskite phase obviously supported to achieve the targeted percolation threshold of
30 vol.% for the electronic conducting phases. The maximum oxygen flux was 0.1247
ml/cm?*min for 80CGO20-FCO at 850°C in an air/Ar-gradient.

The electronic conductivity is provided by two types of spinels with donor-doped
GdFeOs, which is a pure electronic conductor with a similar conductivity to the spinel
[4]. Further reduction of FCO (15 and 10 wt.% of FCO) leads to a drop in oxygen

permeance, indicating reduced percolation and, thus, insufficient transport properties.

An alternative approach with the GCFCO perovskite material as an electron-
conducting phase, synthesized separately and mixed with commercially available
CGO020 was tested [3]. In this case, there is no phase interaction during the sintering

of ceria-based composite membranes and indeed the dual-phase composite is
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obtained in Figure 8.1 a. It is expected to ensure higher chemical stability compared to
FCO, in particular at lower poz2. Thus, this composite represents an interesting
alternative candidate for the potential application in membrane reactors and gives new

direction for the development of dual-phase composite material.

A systematic study was performed to investigate electron-conducting material variation
in Chapter 4. To do so, the choice was narrowed to the Fe3xCoxO4 spinel system with
x=0, 1, 2, and 3 [5]. The composition of spinel governs the phase interaction process,
resulting in the dual- or multi-phase composite. For the Co-free composite, an emerged
GdsFes012 phase was found, while no third phase was found in the Fe-free composite.
It was postulated that the presence of both iron and cobalt cations is necessary to form
emerged Gdo.ss5Ceo.15Fe0.75C00.2503 (GCFCO) phase with sufficient electron-
conducting properties. A percolating network of ionic and electronic conducting phases
in the investigated dual- (multi-) phase materials could only be achieved using both
types of cations, iron, and cobalt, fostering tertiary phase formation in the composite

and resulting in high permeance.
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Figure 8.1 a) SEM of 60CGO20-GCFCO composite system b) Permeation of
theCG0O20-based composites with FCO and GCFCO as electron conducting
phase
The rare-earth doped ceria materials from the system Ce1-xRExO2-5 (where RE=
gadolinium or samarium and x= 0.1 or 0.2), namely Ce0.9Gdo.102-5 (CGO10) and
Ce0.8Smo.202-5 (CSO20) were selected as a potential candidate for the ceria-based
composite, due to enhanced ionic conducting properties. The effect of its addition to
the composite on the microstructural and transport properties was discussed in
Chapter 5. For both composites a maximum oxygen permeance is seen at 20 wt.% of
FCO, similar to CG020, reaching the targeted threshold of 30 vol.% of the electron-
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conducting phase. The CS0O20 composite shows almost identical microstructure
features and performance as those in the CGO20-based composite. In addition, the
mechanical properties that may impact the reliable operation of these composites are

suggested for future studies.

The highest permeance among all three fluorites was measured for the 80CGO10-
FCO composite. It was postulated that at the low range of the FCO in the composite
(<25 wt.%) the final composite microstructure is crucial and strongly impacts the final
permeance performance. Thanks to the finer microstructure in the CGO10 composite
compared to CGO20, the electronic contiguity in the CGO10-based composite is

improved, leading to less phase insulation.

The amount of dopant in the initial CGO-based composite system has an impact on
the final microstructure, resulting in dual- or multi-phase morphology [6]. The reduction
of the gadolinium in the fluorite down to 10 mol.% shows a dual-phase morphology
with a fine microstructure, without formation of the perovskite GCFCO phase, due to
lack of gadolinium in the fluorite. Besides, along the grain boundaries, the enrichment
of gadolinium, iron and cobalt is observed, which role in the overall percolation is not
clear and should be studied in detail for a solid conclusion. A thorough study of the
grain boundaries is required for a comprehensive understanding of its contribution to

ionic and/or electronic transport.

8.1.3 Thickness influence

Compared to the bulk disc-shaped tablets, thin dense membranes have a significantly
enhanced oxygen permeation. However, by a thickness reduction, the limiting step for
permeation changes, outlining the stronger surface exchange kinetics influence than
bulk. Generally, to overcome the surface limitations the catalytic (i.e., LSCF) layer
helps to maintain the electronic transport paths, provides continuous paths for

electrons and ions; and thus, sufficient percolation.

Firstly, bare and coated pellets with a thickness in the range of 0.4 to 2 mm were
investigated and discussed in Chapter 6. The modified Wagner’s model helped to
understand the transport mechanisms and estimate the Lc for the 60CGO20-FCO. At
high temperatures (850-1000°C) the LSCF coating application makes not much
difference because the oxygen flux is on the same level in bare and coated materials.
By temperature decrease the effect of surface limitations is more pronounced, and it is

found to be eliminated by the coating of a catalytic layer for all bulk disc-shaped
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samples. Since the activation energy of the diffusion is much higher than for the
surface exchange coefficient, the Lc was found to be significantly low (~0.02 cm) for
the coated sample, emphasizing the effectiveness of the catalytic LSCF layer at low
temperatures. In contrast, the Lc of the bare membranes is significantly high (0.112
cm). Further reduction in the thickness to um range is only possible by the fabrication
of the thin dense membrane layer on the porous support. For this sequential tape-
casting was employed as a processing technology to develop a two-layered

asymmetric dual-phase membrane, which is described in Chapter 7 [7].

The fabrication of the two-layered assembly turned out to be challenging, due to
occurred problems at each fabrication step. The optimization of the slurry formulation
was done to overcome problems in the drying process and finally, the stable almost
defect-free green tape was obtained. The sintering profile was optimized in several
steps to get a sufficiently dense membrane layer. First due to the complexity of the
composite system with the phase interactions in the spinel phase during sintering, the
pre-calcinated powder was exploited. The sintering temperature was increased to
1325 °C and held for 5 h to improve the density of the membrane, which however has

side effects, resulting in the formation of a CoO.

It was not possible to improve the asymmetric configuration of the GCO20-FCO
composite without compromising its mechanical stability, all samples turned out to be
too brittle for further processing. Even for the successfully manufactured pellets it was
still not possible to install them into a permeation measurement setup. Some cracked
after the installation, by applying the feed gas. At this point, it is not possible to make
any conclusion about the permeation properties of the two-layered asymmetric

membrane.

Accordingly, the following approaches might help to improve the quality of the CGO20-
FCO dual-phase tape and further by heat treatment stabilize the microstructure,

resulting in the well-densified mechanically stable dual-phase membrane:

¢ Introduce the pre-calcination step of the CGO20-FCO composite powder at
1050°C to complete the phase transformation prior to the casting, which might
help to overcome problems during heat treatment. The problems, such as the
formation of the donor-doped GdFeOs perovskite phase and additional phase
transformation in the spinel phase, resulted in the formation of a high-

temperature Co/Fe monoxide phase with a rock salt structure.
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e Use of alternative material for the support layer, such as an 80CGO20-FCO
composite. This material can ensure the required level of mixed-conductivity
and thus, sufficient percolation. Moreover, it shows a shrinkage level close to
the 60CG0O20-FCO composite, which is an important factor for the tape casting
procedure, since both membrane and support layer materials should be

compatible.

A further approach would be to use the emerging perovskite, i.e., donor-doped
GdFeOs, as the only electron-conducting phase. As shown in Chapter 2, the maximum
permeation rate comes close to the initial composite. The fabrication process would
benefit from avoiding the phase interaction during sintering and preserving a dual-
phase structure. Moreover, the chemical stability is expected to be improved in

particular in low po2 environments.
8.2 Conclusions

In this work, CGO20-FCO dual-phase membranes are synthesized by the solid-state
reactive sintering method from the commercially available Ceo0.8Gdo.202-5, Co30, and

Fe203 powders.

It is shown that a well-densified (~95%) dual-phase composite with a homogeneous
distribution of phases and ym range grain size can be obtained by adapting the
sintering profile. The heat treatment step is crucial and strongly controls the
microstructure features, resulting in the multi-phase composite material. The phase
interaction is completed already at 1200°C and short or no dwell time (0 h). The most
suitable sintering parameters considering the permeance and morphology
characteristics are found to be 1200°C for 5 h with a slow cooling rate a slow rate of
0.5 K min~" between 900 and 800 °.

The results obtained show that the key factor for maximum performance is to reduce
the electron-conducting phase fraction without losing the final phase percolation, which
would compromise the mixed ionic electronic conductivity. It was found that the newly
formed perovskite phase effectively contributes to electronic percolation. In some
cases, the enrichment of gadolinium or samarium, iron and cobalt along the grain
boundaries was detected. Its effects on the transport process are not clear yet and

should be further investigated.
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The donor-doped GdFeOs perovskite material is found to be a promising alternative as
an electron-conducting material; thus, the study of the fluorite-perovskite composite is
required for a more comprehensive understanding of the mechanical and transport
properties. It can potentially meet stability requirements and maintain or even improve
the permeation performance at intermediate temperatures (<850°C). A further step will
be the development of the CGO20-GCFCO-supported asymmetric membranes.

Summarizing, the investigated dual-phase material system is promising for application
at intermediate temperatures. It shows stable oxygen flux even at relatively low driving
forces. It is necessary to investigate the stability of those composites in membrane
reactor conditions for potential industrial applications. Asymmetric membrane

development and accordant scale-up activities have to follow.
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