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Abstract

Abstract

Membrane-based gas separation systems are noteworthy among technological options for
carbon capture and storage (CCS), which is an important strategy to reduce CO, emitted from
point sources, e.g. mainly fossil power plants. In Oxyfuel-Combustion and Pre-Combustion of
CCS power plant concepts oxygen separation from air is required. To meet this requirement
oxygen transport membranes (OTM) consisting of gastight mixed ionic electronic conductors
(MIEC) are proposed, which are associated with significantly lower efficiency losses
compared with conventional air separation technologies.

For cost effective application a maximum oxygen flux has to be achieved to reduce the
membrane area. This can be met by reduction of membrane thickness. Therefore, the
reduction of the membrane thickness to the micrometer range or even below is aimed in the
present thesis.

Ce3Gd20,.5 (CGO) with fluorite crystal structure and Lag ssSrp4Cog2Fe 3035 (LSCF) with
perovskite crystal structure were developed as thin film membrane. CGO is expected to be
more stable than other potential MIEC membranes in reducing atmospheres and to achieve
sufficient oxygen permeation, e.g. in syngas production or petrol chemistry. LSCF is expected
to be highly permeable with an acceptable chemical stability in Oxyfuel-combustion.

Various porous ceramic substrates were prepared by vacuum-slip-casting and warm-pressing,
and then characterized for porosity, gas-permeability and surface roughness. Subsequently,
two approaches to fabrication of thin film membranes were investigated, which are wet-
chemical deposition (WCD) and physical vapor deposition (PVD).

For WCD, nano-dispersions and colloidal sols were prepared for membrane top-layer and/or
interlayer. When CGO nano-dispersion (NDCGO) was spin-coated as thin film membrane,
the gastightness of sintered membranes was increased with decrease in spinning time and
increase in concentration of NDCGO. With decrease in cooling rate for sintering process and
high molecular weight binder for higher concentration of NDCGO, crack-free layers were
achieved. He leak rates of sintered and reduced membranes reached the range of 10 and 10~
mbar-l'sec’-cm?, respectively.

For PVD, CGO membranes were deposited by reactive magnetron sputtering. According to
the substrate properties and applied bias power, different deposition behavior was observed.
Particularly for 8YSZ (8 mol% Y,0; stabilized ZrO,) substrate, four-zone-model of
membrane was derived related to substrate strength and bias power. Without bias assist only
porous films were deposited. Applying bias power enabled compact membrane but caused
delamination at the same time. Adopting higher presintering temperature of substrate
improved substrate strength and thus realized delamination-free compact membranes. LSCF
membranes were deposited by magnetron sputtering without bias assist. LSCF membranes
were porous on 8YSZ substrates, but gastight on CGO interlayers. Concentration of CGO
nano-dispersion and presintering temperature of CGO interlayers rarely influenced the
gastightness of deposited LSCF membrane. He leak rates of CGO and LSCF membranes
reached the range of 10 and 10~ mbar-l'sec”-cm™, respectively.
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Membran-basierte Gastrennanlagen sind viel versprechende Kandidaten unter den
technologischen Optionen fiir Carbon Capture and Storage (CCS), das eine wichtige Strategie
zur Verringerung der CO,-Emissionen aus Punktquellen, z.B. fossile Kraftwerke, ist. Fiir die
CCS-Konzepte Oxyfuel sowie Pre-combustion ist reiner Sauerstoff erforderlich, der aus Luft
abgetrennt werden muss. Hierzu kénnen Sauerstoff-Transport-Membranen (OTM) aus einem
gasdichten gemischt ionisch elektronisch leitenden Material (MIEC) eingesetzt werden, die
mit deutlich geringeren Effizienzverlusten im Vergleich zur herkémmlichen Luftzerlegung
verbunden sind.

Fur eine kosteneffektive Anwendung muss ein maximaler Sauerstoff-Fluss erreicht werden,
um die Membranfliche zu reduzieren. Dies kann durch Verringerung der Membrandicke
erfolgen. Daher zielt die vorliegende Arbeit auf die Reduzierung der Membrandicke bis in
den Mikrometerbereich oder sogar darunter.

Ce3Gdp20,.5 (CGO) mit fluoritischer Kristallstruktur und Lag sgSto4Cog2Feo 3055 (LSCF)
mit perowskitischer Kristallstruktur wurden als Diinnschichtmembran entwickelt. In
reduzierenden Atmosphidren, z.B. in der Synthesegas-Produktion oder in der Petrochemie,
wird erwartet, dass CGO stabiler als andere potenzielle MIEC Membranen ist und eine
ausreichende Sauerstoff-Permeation erreicht. LSCF dagegen ist hochpermeabel mit einer
akzeptablen chemischen Stabilitét fiir den Einsatz im Oxyfuel-Konzept.

Verschiedene pordse keramische Substrate wurden durch Vakuum-Schickerguss und Warm-
Pressen hergestellt und dann auf Porositit, Gasdurchlissigkeit und Oberflichenrauheit
untersucht. AnschlieBend wurden zwei unterschiedliche Verfahren zur Herstellung von
Diinnschichtmembranen untersucht, die nass-chemische Abscheidung (WCD) und die
physikalische Gasphasenabscheidung (PVD).

Fir WCD, wurden Nano-Dispersionen und kolloidale Sole fiir die Applikation der Top-
und/oder Zwischenschicht des Membranverbundes hergestellt. Bei der Priaparation von CGO
Diinnschichtmembranen mittels Schleuderbeschichtung (spin coating), wurde die
Gasdichtigkeit der gesinterten Membranen mit Abnahme der Rotationszeit und mit Erhéhung
CGO-Konzentration in der Nanodispersion erhoht. Durch Reduzierung der Abkiihlrate nach
dem Sinterprozess und die Nutzung langkettiger Binder bei hoher CGO-Konzentration
wurden rissfreie Schichten erreicht. Fiir die gesinterten und nachtréglich reduzierten
Membranen konnten He-Leckraten im Bereich von 10 bis 107 mbarl-sec’-cm™ erzielt
werden.

Als Verfahren fiir die physikalische Gasphasenabscheidung von CGO wurde reaktives
Magnetron Sputtern ausgewéhlt. Je nach Substrateigenschaften und angelegter Bias-Spannung
wurde unterschiedliches Beschichtungsverhalten beobachtet. Fiir ein pordses 8YSZ (8 mol%
Y,0;5 stabilized ZrO;)-Substrat wurde ein Vier-Zonen-Modell abgeleitet abhidngig von
Substratfestigkeit und Bias-Spannung. Ohne Bias wurden nur pordse Schichten abgeschieden.
Das Anlegen einer Bias-Spannung erméglichte die Herstellung kompakter Membranen,
verursachte aber gleichzeitig Delamination. Die Verwendung hoherer Vorsintertemperaturen
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des Substrats verbesserte die Substratfestigkeit, so dass kompakte Membranen ohne
Delamination realisiert werden konnten. LSCF-Membranen wurden durch Magnetron
Sputtern ohne Bias-Spannung aufgebracht. Auf 8YSZ-Substraten wurden die Schichten pords,
aber durch die Verwendung von CGO-Zwischenschichten konnten gasdichte Membranen
erreicht werden. Die Konzentration der CGO-Nanodispersion sowie die Vorsintertemperatur
der CGO-Zwischenschichten haben die Gasdichtheit der LSCF-Membran kaum beeinflusst.
Die He-Leckraten von CGO- und LSCF-Membranen lagen jeweils im Bereich von 10 bis
107 mbar-l'sec™-cm™.
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1. Introduction

1 Introduction

1.1 CQO, capture in fossil power plant

All scenarios for the future global energy requirements anticipate that fossil fuels such as oil,
coal and natural gas remain the dominant energy sources in 2035 to meet increasing demand
for electricity [1]. However, fossil fuel power plants are by far the biggest point sources of
CO; and contribute more than 40% to the world-wide anthropogenig éd@ssions [2].

Carbon capture and storage (CCS) is an effort to captugefro@ fossil fuel power plants

and store it in appropriate geologic formations instead of releasing it into the atmosphere.
IPCC (Intergovernmental Panel on Climate Change) estimates that the economic potential of
CCS could be between 10% and 55% of the total carbon mitigation effort until year 2100 [3].
The capture step is by far the most costly component of CCS and research is underway to find
more efficient and cost effective capture processes.

Three CCS power plant concepts are under development, i.e. Pre-combustion, Post-
combustion and Oxy-fuel combustiofrigure 1 shows the schematic sketch of these
processes. The gas separation systems are requiregd/@r N,/CO, and N/CO, separation

in CCS processes.

Fuel

Pre-combustion
loz (air)

. o
A 2 ial oxidati co
ir ASU Partial oxidation

/ Gasification shift Hy) €O, separation

g [

Post-combustion

\LFueI

Flue gas N
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—>| Combustion separation
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Syngas H H,0, (N,)
H,/CO 2 20, (N
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€O, +H,0

[

Figure 1 Schematic sketch of CCS processes: Pre-combustion (top), Post-combustion (middle) and Oxy-fuel
combustion (bottom). ASU: Air separation unit.
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Pre-combustion

In pre-combustion process the CO, gas is captured from energy source before combustion
step. First of all, the oxygen is separated from air via air separation unit (ASU). The fuel
(Methane, natural gas or coal) is partially oxidized with the separated oxygen forming
hydrogen-rich syngas, a mixture of mainly H, and CO (partial oxidation of gaseous and liquid
fuels or gasification of solid fuel). With further addition of steam in water gas shift reactor,
the syngas is subsequently converted to CO, from CO in which additional H; is generated.

CO+H;0 - CO,+H, Equation 1

This reaction is slightly exothermic, yielding 41 kJ/mol [4]. Ultimately the CO, is separated
from the mixture of 15-40% CO, with H; at high pressure (15-40 bar), and condensed with
the residual steam to be transported [5]. The obtained H, can be combusted in the gas turbine
of the power plant and therefore electricity is produced with minimal CO, emissions.

Post-combustion

In post-combustion process the CO, gas is captured from flue gas which is produced by
combustion of a fossil fuel. The fuel is usually burned with air (approx. 80% nitrogen) in
current power plants and generates a flue gas at atmospheric pressure with a CO,
concentration <15% [6, 7], followed by a CO, separation process. Due to the low
thermodynamic driving force (CO, partial pressure) for CO, separation from flue gas,
typically <0.15 atm, the development of cost-effective capture processes for the low partial
pressure is a significant technical challenge [6, 7]. The leading option is an absorption process
using amine based solvents [5].

Oxy-fuel-combustion

In oxy-fuel-combustion process the O, is first separated from air via air separation unit (ASU)
(O7 purity >95% [6]) and used instead of air with recycled flue gas in the energy conversion
process. The resulting flue gas is then a high purity CO, stream (CO, purity >80% [8]), which
can be captured more easily.

Membrane based gas separation systems are noteworthy among technological options for
CCS due to the significantly lower efficiency losses compared with conventional separation
technologies. The membranes, particularly, for oxygen separation are used also in other field
such as chemical industry, e.g. oxygen transport membranes (OTM) for oxidative coupling of
methane (OCM), 2CH4 + O, — C,H4 + 2H,0, and syngas production, CHs + 2 O, — CO +
2H,.

1.2 Gas separation membranes for CCS

For each CCS concept different kinds of membranes are proposed. Microporous ceramic
membranes that operate at temperatures up to 400°C can be used for pre-combustion and

2



1. Introduction

possibly for post-combustion. Polymeric membranes which have operating temperature up to
200°C are candidates for post-combustion and possibly pre-combustion processes. Dense
ceramic membranes (MIEC membranes) operating at temperature up to 800-900 °C are
necessary for oxyfuel combustion and are possible candidates for pre-combustion for
operating at approx. 600°C [9].

In recent years, inorganic membranes referring to the gas separation technology have received
increasing attention due to their better chemical, mechanical, thermal and pressure stability
than organic membrane. The inorganic membrane can be further categorized according to
their structure into porous or dense membrane. The porous membranes offer relatively high
permeability but low selectivity compared with the dense membranes. Application of dense
inorganic membranes is primarily for highly selective separation of gases such as H, and O,.
Particularly, oxygen transport membrane (OTM) consisting of gastight mixed ionic and
electronic conductor (MIEC membrane) exhibit great potential for oxygen separation,
realizing in a more efficient way compared with conventional methods such as cryogenic air
separation and pressure swing adsorption. However, the dense membranes possess relatively
low permeability, a limit for industrial application. Therefore, there are many efforts to
improve the permeation rate of dense membrane, e.g. by controlling thickness of the
membrane layers (thickness reduction) to minimize diffusion barriers, by applying catalytic
surface activation to overcome slow surface exchange reaction kinetics, and by thin film
nano-structuring, generating new diffusion paths through the grain boundaries in a
nanocrystalline matrix.

1.3 Objective of this work

The main objective of this work is the development of MIEC membranes with the reduction
of membrane thickness to approx. 1 pm or less. A multi-layered asymmetric membrane
structure was proposed to develop the thin film membrane with a sufficient mechanical
stability, i.e. high permeable porous substrate was used. Two approaches were proposed to
deposit thin film membrane layers on porous substrates, such as wet chemical deposition and
physical vapor deposition. CGO (CesGd2025) and LSCF (Lag ssStrg4Cog2Feps03.5) were
selected as membrane materials in this work. The specific tasks are listed as follows.

Preparation and characterization of substrates

Preparation and characterization of coating liquids.

Manufacture of CGO membrane by spin-coating.

Manufacture of CGO membrane by reactive magnetron sputtering.
Manufacture of LSCF membrane by magnetron sputtering.

Sk wh =

Evaluation of gastightness of developed membranes.
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2 Fundamentals and background

2.1 Mixed ionic-electronic conducting membranes for @N, separation

The pre-combustion and oxyfuel-combustion require oxygen separation from air that can be
met with oxygen transport membranes (OTM). They are associated with significantly lower
efficiency losses compared with conventional separation technologies, e.g. cryogenic air
separation. OTM consist of gas-tight mixed ionic electronic conductors (MIEC), which allow
oxygen ion diffusion through vacancies in the crystal lattice without an external electrical
short circuit. The driving force for oxygen to permeate through this MIEC membrane is the
chemical potential gradient, i.e. oxygen partial pressure gradient across the membrane. The
flux of oxygen ions is charge compensated by a simultaneous flux of electrons or electron
holes. In addition to the solid-state diffusion, the surface-exchange reactions on two interfaces
(1 and 2) influence the transport kinetics. Thus, oxygen transport is limited by solid-state
diffusion and by surface oxygen exchange, as showhignre 2. If neither cracks nor
connected-through pores exist, the selectivity of membrane is infinite.

Interface 1 Interface 2

Feed side | Membrang! Permeate side

High p‘O,
0, +4e > 20*

20 > 0, +4e

Low p“O,

Figure 2 Oxygen transport during oxygen permeation [10].

As mentioned, the rate of oxygen permeation in general, is decided by bulk diffusion of
membrane and by surface oxygen-exchange reactions. For thick membranes: éjgmi
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bulk diffusion (lattice diffusion) is determining the rates, the oxygen permeation is given by
Wagner equation [11, 12].

Jo, =

d lnPOZ Equation 2

_ RT .Jlnng Oc.10ion
22F2L |,

npbz Oel + Oion
where L is the membrane thickness, F is the Faraday constant, R is the gas constant, T is the
operating temperature, G is the electronic conductivity, Gie, is the ionic conductivity and P'o,
and P"o, are the oxygen partial pressure on feed side and permeate side, respectively.
Assuming that the conductivities remain constant over the cross section, the Wagner equation
can be simplified as follows:

_ RT . Ocl0ion . pbz
42F*L 0o+ Oy Po,

Equation 3

Jo,

From Equation 3, it is understood that increasing oxygen permeation is possible with
optimization of four factors, i.e. ambipolar conductivity as intrinsic material property,
temperature and oxygen partial pressures as operating condition, and membrane thickness as
geometric factor. The conductivities of selected material should be very high. The
surrounding conditions such as the oxygen partial pressures on both sides of the membrane
and the operating temperature are also crucial but given by the application, and thus very
limited. In addition, the membrane thickness is inversely proportional to the oxygen
permeation. Thus the membrane thickness should be reduced for higher oxygen permeation
but there is a limit due to the surface oxygen-exchange reactions involving reaction steps for
the reduction of oxygen on the feed side that include adsorption on the membrane surface,
dissociation, charge transfer, surface diffusion of intermediate species, €.g. O,gs, Oaas and
0,457, and incorporation into the lattice in the near-surface layer. It is generally assumed that
the reverse direction of the reaction steps leads to the re-oxidation of oxygen anions on the
permeate side. Beneath a characteristic thickness Lc the surface oxygen-exchange reactions
become rate limiting. In this case, the oxygen permeation can be modified as follow [12]:

_RT 1 040im -n&
42F2 L+2L, O+ Own PO,

Equation 4

Jo,

The Lc can be derived from '*0-'°0 isotope exchange experiments and is defined as follows
[12]:
D D*

Lc = k_s = k_s Equation 5
where ks is the surface-exchange coefficient, Dg is the self-diffusion coefficient of oxygen
anions and D* is the tracer diffusion coefficient. If correlation effects can be neglected, Ds =
D*. For mixed conducting oxides with perovskite-related structures, L. has been reported to
vary in the range between 20 and 3000 um depending on composition, temperature and
oxygen partial pressure [13].
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2.1 1 Fluorite-structured CGO (Ce(3Gd,,0,.;) membrane

Fluorite structure is the classic crystal structures for solid oxide fuel cell electrolytes [14],
exhibiting the fast oxygen ion conductivity when doped with aliovalent cations. The fluorite-
structured materials have general formula AO,, where A is a large tetravalent cation (i.e. Ce*"
for ceria). In fluorite unit cell the cations occupy the face centered cubic (FCC) lattice sites,
while anions (i.e. O%) are located at eight tetrahedral sites. The four remaining octahedral
sites remain vacant. Figure 3 shows the ideal fluorite structure of ceria material (CeQy),
which is the most important material for fluorite structured mixed conductors.

Figure 3 The fluorite crystal structure (AO,) adopted by CeO,. Large red spheres represent O> ions and small
purple spheres Ce** ions [15].

If tri- or divalent dopant is added to the host material, oxygen vacancies are introduced to
maintain overall charge neutrality as charge compensating defects. Gd** or Sm®" -doped ceria
exhibits the highest conductivity among all extensively investigated doped ceria (e.g. Ca*',
Sr*t, Y*', La’*, Gd** and Sm’") because of the smallest association enthalpy between the
dopant cation and oxygen vacancy in the fluorite lattice [16, 17]. The lattice parameter of
doped ceria expands with increasing radius of the dopant cation [18] and concentration of
dopant cation [19]. Gd-doped ceria (GDC or CGO) shows highly undisturbed crystal lattice
when the vacancies are introduced, since the host and dopant ion are very close in size [20],
which seems to be the most ideal dopant. The radii of Ce‘”, Gd** and Sm*" are 0.096, 0.105
and 0.108 nm, respectively [18].

The defect reaction for gadolinia doping in ceria can be presented in Krdger-Vink notation
[21]:

2Ce0, , = .
Gd203 — ZGdCe + 300 + VO Equation 6
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The main advantage of CGO membranes include a higher ionic conductivity than that of
stabilized ZrO, (YSZ) particularly at lower temperatures (500-700°C) [14, 15, 22]. CGO
produces the electronic conductivity at low oxygen partial pressure (P o, < 10" atm at 1173K)
due to the partial reduction of Ce*" to Ce** [23], which realize the desirable mixed ionic-
electronic conducting property. The optimal Gd-dopant concentrations is 10-20% for the best
conductivity of Gd-doped ceria [14]. According to Steele [24], 10 mol% Gd-doped ceria has
the highest lattice conductivity but 20 mol% Gd-doped ceria often has higher total
conductivity because its grain boundary contribution seems to be more tolerant of
unavoidable impurities (particularly SiO;) that cause a decrease of the ionic conductivity in
the grain boundaries.

2.1.2 Perovskite-structured LSCF (La, s3Sr(4Co,Fe(503.;) membrane

Perovskite is one of the most frequently encountered structures in mixed conducting inorganic
compounds. Cubic perovskite structure is an ideal perovskite structure, which has ABO;
stoichiometry, as seen in Figure 4, where the A is a bigger cation, such as a rare earth,
existing between BOg octahedra and B is a smaller cation, frequently a transition metal, 6-
coordinated by the anions in the lattice. CaTiOs; compound is the representative material
having perovskite structure. The general compositional formula of perovskite is A*'B*'0;
(A'"B’"03 or A*'B*0; are also possible) [25]. In many cases the BOg octahedra are distorted,
due to the presence of the A cation.

Figure 4 Schematic iluustration of perovskite structure.

The tolerance limits of the cationic radii in the A and B sites are defined by the Goldschmidt
factor [26], which is based on geometric considerations, as followed:
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RA+ Ro

U= 2 (Rp+ Ro)

Equation 7

where Ra, Rp and R are the radii of the respective ions. Although for an ideal perovskite t is
unity, this structure is also found for lower t-values between 0.75 <t < 1. The desired cubic
perovskite structure appears for tolerance factors t very close to one [27]. The cubic structure
exist at 0.91<t<1.0, and when A-cations are too small to fit into their interstices there are
several possible structures, e.g. orthorhombic or rhombohedral structures, for 0.75<t<0.91.

According to the combination of chemical composition in perovskite structures, various
properties were discovered such as superconductivity, ferroelectricity, piezoelectricity, giant
magnetoresistance, or mixed ionic- and electronic conductivity [28]. The mixed ionic and
electronic conducting (MIEC) perovskite materials have been extensively investigated for
oxygen separation membranes, besides partial oxidation of methane to syngas and electrodes
of solid oxide fuel cells (SOFC) [10, 12]. The ionic conductivities can be enhanced greatly by
substituting lower valence cations for both A and B sites (such as partial substitution of La**
by Sr*" in LaCo0s), because the deficiency from the substitution brings an increase of oxide
ion vacancies. The electronic conductivity can be also increased by the addition of aliovalent
cations. The B-cation is oxidized and thus formed an electron hole h’ as following mechanism:

La®*B3t03+ xSr0 - La}’ Sr2*B3f B}t 0, Equation 8

The electronic charge transfer occurs in many perovskites via the “polaron hopping” process
in which an electron hole h™ of a B-ion jumps to the next [29]. According to Zener [30], the
process also involves a charge change of the oxygen ion as follows:

B;H. — 0% - B?I+ N B?+ -0 - BZI’,I-I- N BZI’,+ — 0% — B;1—1+ Equation 9

Temperature and oxygen partial pressure determine whether charge compensation occurs by
an increased valence of the transition metal ion at the B site or by the formation of ionized
oxygen vacancies [12].

Much of the research efforts are focused on doped perovskite oxides Aj4A’xB1yB’yOs.5 (A =
lanthanide and Y, A’= Ca, Sr, Ba, B or B’= Mg, Al, Ti, Cr, Mn, Fe, Co, Ni, Cu, Ga, Zr,
0=x=<1, 0=y=<l1). Among the various combination of chemical compounds,
Bay 5S1r95Cop sFep 2035 (BSCF) membrane appears to be the material with very high oxygen
flux (1.4 ml/cm®.min at 950°C with 1.8 mm thickness), but they degrade very quickly under
operating conditions [31].

Teraoka et al. [32-35] have firstly reported high oxygen flux through La;SrCo;.,Fe,Os.5
perovskite membranes, which ionic conductivity exhibited one to two orders of magnitude
higher than that of the stabilized zirconia at the same temperatures (e.g. 700-1000 °C) in air
[34]. Since then, increasing attentions have been attracted on the research of this composition
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[36-39]. Especially, LassSlh Lo oFe 8035 (LSCF) membrane keeps receiving attention due
to its significant levels of both ionic and electronic conductivity.

LSCF membrane shows lower oxygen permeation rate than BSCF. However, LSCF
membrane has good chemical stability which was observed at least in the related material
Lag.60S1.4C o JFen 8035 [40]. Among membranes using in power plants, where the membrane
can come into contact with aggressive gases like SO, H,O and others, LSCF is a good
compromise due to its high permeation rate and a good degree of chemical stability [41].

2.2 Asymmetric thin film membrane
Design and requirements

For large-scale application of oxygen separation membrane technology, a maximum oxygen

flux has to be achieved. One of the logical approach to increase the oxygen flux at a given

temperature and oxygen partial pressure gradient is the reduction of the membrane thickness
to the micrometer range or even below, since the permeate path of the membrane and thus
flow resistance is reduced. For the thin film membrane, the substrate is essential to assist
mechanical stability of the membrane. Usually, an inorganic gas separation membrane has an
asymmetric structure consisting of three different parts as shokigure 5.

MIEC membrane
Interlayer

Substrate

Figure 5 Schematic illustration of asymmetric structure of membrane

Usually macroporous (pore size > 50nm, IUPAC definition [42]) substrate is used with a
thickness of a few millimeters, giving the necessary mechanical stability in the entire system.
The substrate should have sufficiently high permeability. The roughness and pore size of
substrate surface are important factors for membrane coating. When selecting the substrate
material, good match in the expansion coefficient with membrane layer is the significant
requirement to be specially considered. There are two different types of substrate, i.e. tubular
and planar substrate, which are produced e.g. by extrusion, and by tape casting or vacuum-
slip-casting, respectively [43, 44].

If the substrate has defect, large pores or rough surface, thin films cannot be coated defect-
free. In these cases, interlayer has to be developed that improve the substrate surface quality,
e.g. defect-covering, reduction in pore size and surface roughness. In the case of chemical
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incompatibility between substrate and membrane, the interlayer can additionally act as buffer
layer.

The oxygen separation membrane should be gas-tight and very thin for high oxygen flux
according to Equation 2. For proper performance, i.e. infinite selectivity, no defect or
inhomogeneity is allowed to exist in the membrane layer.

The substrate, interlayer and membrane (top-layer) have to fulfil the following requirements
as summarized in Table 1.

Table 1Requirements of substrate, interlayer and membrane (top-layer).

Substrate Interlayer Membrane (Top-layer)

Chemical, thermal and mechanical Chemical, thermal and mechanical Chemical, thermal and mechanical
stability stability stability

Gas permeability Gas permeability Gas-tightness

Suitable  pore  size, surface Improvement of substrate surface Minimum thickness
roughness quality (pore size and roughness)

Small mismatch with interlayer Buffer layer in case of chemical
and membrane materials incompatibility between membrane
and substrate

Manufacturing

The thin film is manufactured on the selected substrates by depositing atoms, molecules or
ions that exist in gas, solid or liquid form. Figure 6 shows the ceramic film manufacturing
methods which are available in Forschungszentrum Jilich IEK-1. The film manufacturing
using gas or solid form can be mainly divided to physical vapor deposition (PVD) and
chemical vapor deposition (CVD). In PVD method, the evaporation and sputtering coating
methods are frequently used and they can be distinguished depending on how to produce the
plasma. The evaporation coating is the deposition method that heats the materials under
vacuum and the sublimed (solid to vapor) or evaporated (liquid to vapor) particles deposit on
the substrate. The sputtering coating method uses the collision of ions to the solid target and
the ejected atoms or molecules are condensed on the substrate. In CVD method, the vaporized
materials undergo the chemical reaction such as pyrolysis, oxidation, reduction, etc. and are
deposited as desired film. The film manufacturing using liquid form includes the spin coating,
dip coating and spray coating, which are usually used if smooth coating on flat circular
substrate is required, if a relatively small planar structure is coated, and if a structure with a
lot of irregularities is coated, respectively. This work focuses on the sputtering coating and
spin-/dip-coating methods for asymmetric membrane or interlayer manufacturing and more
theoretical details are described in following sections. Furthermore, the overview of literatures
for asymmetric membrane with < 100pum thickness, i.e. dense membrane on porous substrate,
were summarized in Table 2.
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Figure 6 Ceramic manufacturing methods [45].

(CVD-chemical vapour deposition, PVD-physical vapour deposition, APS- atmospheric plasma spraying, VPS-
vcuum plasma spraying, SPS- suspension plasma spraying, HVOF- high velocity oxyfuel spraying, VSC-
vacuum slip casting, SP- screen printing, WPS- wet powder spraying, 1JP- ink jet printing, RC- roll coating, TC-
tape casting)

Table 2 Overview of literatures for asymmetric membranes with < 100um thickness.

Membrane Substrate Ref.
Material Th. Method Material P./D. Method

CeG 0.5um SG CeO, coated with 30 % Uni-axial Pressing [46]

Spin coating | interlayer ‘sputtered  /1~3um
CeQ (~1pmy

CeG 2-25um  SG a-Al,05 ~50% Pressing [47]
Dip coating /~0.2um

CeygGdy.201.90 1-2um UVSG Cey§Gth.201.00 [48]
Spin coating

Cey oG 101 05 25um ESD NiO- CesGdy 105 g5 Solid state sintering [49

Cey oGy 101 g5- 27um TCL and CeydGy 101 05 25% Tape-casting [50]

2mol% Co co-firing /1~4pm

Various perovskites 0.5-3um ASP Al 05 coated with 300kDa Purchased [51]

YSz /0.2, 0.6 pm
Lag 56S10.4C0p FegOs  10- VSC, SP Co-promoted CGO, 36-57% Warm-pressing [52]
20pm LSCF or composite ~ /0.7um
Lag St gFesla O  15- Cs Lag 2Sto gFen.sTa0.203 Uni-axial Pressing (53]
60pm Dip coating

Lag ¢Shy Fey G0  80um TCL and Lag gSrp FeO;or Tape-casting [54]
co-firing Lay §Bay JFel;

BaysShhsCop sFe 03  70um TCL and Bay 5S10.5C0p dF & 203 Tape-casting [55]
co-firing

Th.: Thickness, P.: Porosity, D.: pore diameter, SG: Sol-gel, UVSG: UV assisted sol-gel, ESD: Electrostatic
spray deposition, TCL: Tape-casting lamination, ASP: atmospheric spray pyrolysis, VSC: vacuum-slip-casting,
SP: screen-printing, CS: colloidal suspension

11
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2.3 Wet chemical deposition

2.3.1 Stabilization of dispersion

There are two fundamental mechanisms that control the dispersion stability, e.g. electrostatic
stabilization and steric stabilization as shown in Figure 7.

1.

Electrostatic stabilization: Based on DLVO theory (Derjaguin & Landau [56] and
Verwey & Overbeek [57]), the important factor determining the stability of colloidal
system is the summation of van der Waals (attractive energy) and electric double layer
(repulsion energy) interactions. When particles are submerged in an electrolyte, a
second layer of charges with opposite sign (counter ions) forms on the first layer
possessing the same sign as the wall charges (co-ions), which was called the electric
double layer (EDL) by Stern [58]. The EDL creates a potential known as surface
potential and it decrease with moving away from the surface. The surface potential can
be estimated by zeta-potential at a plane where the shear starts (shear plane). The zeta-
potential is strongly dependent on pH value. There is a pH value for “zeta-
potential=zero”, i.e. isoelectric point (IEP) and thus the particles aggregate intensely.
The dispersion becomes usually more stable when absolute value of zeta-potential
increases.

Steric stabilization: organic macromolecules or polymers, which adsorb on the particle
surface and have good solubility in the solvent, are added to the dispersion. When the
particle surfaces with polymer coating come together, the polymer layers are forced to
penetrate into each other. Due to the increase in segment density, the freedom of
movement of the polymer chains are removed (sudden drop in entropy). This is not a
physically favourable process, so the particles cannot come closer than roughly twice
the layer thickness. If the layer thickness is larger than the range of the van der Waals
interaction, then it will act as an effective barrier, by preventing the coagulation, called
steric stabilization [59, 60].

+ N ’+ .+ + e . .
* + o ' + * + *
(a) Electrostatic stabilization (b) Steric stabilization

Figure 7 Schematic drawing of stabilizing particles [61].
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2.3.2 Spin-/dip-coating

The coating behaviour and final film thickness depend on the nature of the coating solution,
e.g. density, viscosity, drying rate, solids concentration in the coating solution, surface tension
etc. The ratio of particle size of solids in coating solution (dparicte) and pore size of porous
substrate (dpore) plays an important role, when the porous substrate is used. Particularly if the
dparticle is much smaller than dor., the coating solution is infiltrated into the substrate pores and
cannot form any films on the porous substrate successfully. Moreover, the support parameters
such as porosity, surface roughness, wetting behaviour determine the properties of coating
layer.

Spin-coating

Spin coating is one of the standard methods for depositing sol onto flat substrates, forming
thin films rapidly. The substrate is held by rotatable vacuum chuck and the coating solution is
dispensed onto the substrate surface. The vacuum chuck is spun up and centripetal force
causes the coating solution to spread out and leave a relatively uniform coating layer on the
substrate surface. After spin-off the remaining coating layer undergoes evaporation (drying).
The process parameter of spin-coating such as spinning acceleration, final spin speed, and
spin time can contribute to the properties of coating layers.

In 1958 Emslie, Bonner and Peck (EBP) [62] proposed a simple model of the spin-coating
process predicting film thickness as shown in Equation 10, where /4, is the initial film
thickness, o is the rotation speed and n is the viscosity. It was assumed that flow has reached
a stable condition where the centrifugal and viscous forces are just in balance.

1
2p2,\ " 3
h = ho (1 + 4w—hOt) ’ Equation 10

31
Based on the EBP model, Meyerhofer [63] has described a model with the addition of the
evaporation of the solvent. At longer times, solvent evaporation becomes an important
contribution. He split the spin-coating run into two stages, i.e. one controlled by viscous flow
and the other controlled only by evaporation, predicting the final coating thickness, h, as a

function of a number of physical parameters as follows:

e 1/3
hf =X [m] Equation 11

where x is the solids concentration in the solution, and ¢ and K are the evaporation and flow
constants, respectively, defined as follows:

2
®
e=CJVw and K = [)3_" Equation 12

13
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where o is the rotation rate, p is the density of solution, n is the viscosity of solution, and C is
a proportionality constant that must be determined for the specific experimental conditions.

The equations were derived for spin-coating on dense substrate. For using porous substrates,
additional factors such as porosity and pore size of substrate should be further considered.

Dip-coating

Dip-coating is one of the most fundamentally important coating processes for membrane
manufacturing. Thin films manufactured by dip-coating represent the oldest commercial
application of sol-gel technology. Dip-coating process involves 4 steps, i.e. dip-in of the
substrate into the coating solution, immersion (dipping) for certain time, dip-out of the
substrate from the coating solution, and evaporation (drying). There are two possible
compaction modes of coating layer during dip-coating when a porous substrate is used, i.e.
capillary filtration and film-coating [44]. The important parameters of both modes were
summarized in Table 3.

Capillary filtration mode: when the dry substrate comes into contact with the coating solution,
the solvent is absorbed into the substrate by capillary action of substrate pores and the
particles is concentrated on the substrate surface, forming compact layer which thickness
increases with contact time until stationary state.

Film-coating mode: During dip-out the thin film can form from the dragging effect of the

substrate and the adhesion of the coating solution on the substrate. In this mode, the contact
time of substrate is not considerable. The coating thickness increases with increasing dip-out
speed and increasing viscosity of coating solution.

Table 3 Important parameters of two possible compaction modes during dip-coating
when a porous substrate is used [44].

Capillary colloidal filtration Film-coating
Suspension Suspension
- Volume fraction of solids - Viscosity
- Agglomerate size distribution - Yield value
- Viscosity - Density
- Surface tension
Support Support
- Porosity - Porosity
- Pore size distribution - Surface roughness
- Capillary action - Radius
- Wetting
Immersion time (Dipping time) Dip-out speed

Particle size/pore size ratio

The dip-coating process can be divided into horizontal and vertical coating processes,
enabling both side and one side of substrate to be coated, respectively (See Figure 8).

14
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Substrate
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(a) (b)

Figure 8 Schematic illustration of vertical (a) and horizontal (b) dip-coating process.

In the case of vertical dip-coating, the coating thickness (hg) is mainly defined by coating
process parameter (i.e. dip-out speed) and by coating solution parameters (i.e. density,
viscosity and liquid-vapour surface tension) and can be calculated according to the
relationship derived by Landau and Levich [64] as follows:

ho = 0,94 -

Yy ()2 Equation 13
where 0.94 is a constant for Newtonian liquids, n is the viscosity of solution, v is the dip-out
speed (withdrawal speed), yrv is the liquid-vapor surface tension, p is the density of solution
and g is the acceleration of gravity. This equation is valid when dip-out speed and viscosity
are low and indicate that coating thickness increases with the dip-out speed.

In the case of horizontal dip-coating, capillary filtration dominates. The coating thickness (L)
increase linearly as a function of the square root of dipping time (t) [65, 66] and defined as
follow:

2
Lo= 2 cpyvz 4 L,
n Equation 14
where v is the surface tension (N/m), B is the contact angle between the coating solution and
the substrate surface, C is a constant, 1 is the viscosity of the coating solution, and L, is the

adhering layer thickness.

Drying of coating layer

Drying of the coating layer on the substrate can be divided to two steps. The first step is so-
called constant drying rate period (CRP) and following second step is falling rate period [67].
During drying period, the coating layer shrinks in volume. When the coating layer is attached
to the substrate surface, shrinkage does not occur in the parallel direction of the substrate
surface but rather the volume of the coating layer is reduced by decreasing thickness of
coating layer. With the gradual solidification of the coating layer tensile stress develop in the
plane of the coating layer, which can cause crack propagation. This stress (o) is estimated by
Croll [68] as follow:

o = [E/(1-V)][(f-£)/3] Equation 15
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where E is the Yong’s modulus, v is the Poisons’s ratio, fs is the volume fraction of the
solvent at the solidification point, and f; is the volume fraction of the residual solvent in dried
coating layer. This stress in the coating layer is nearly equal to the tension in the liquid that is
the capillary pressure P, (possibly exceed 1000 bar) created by the curvature of the menisci in
the pores of the substrate. Below a critical layer thickness (h,) cracks do not occur, commonly
he = 0.5~ 1 um [67]. The critical layer thickness for crack propagation for the coating layer
exhibiting the good adhesion to the substrate is given as follws [69]:

h.= (KIC/CSQ)2 Equation 16

where Ky is the fracture toughness, o is the stress in film, and Q is a function that depends on
the ratio of the elastic modulus of the coating layer and the substrate (for gel-like layer Q = 1).

2.3.3 Heat treatment of coating layer

The heat treatment of coating layer including calcination and sintering steps is normally
necessary to obtain the desired final ceramic layer, e.g. microstructural, mechanical and
chemical stable ceramic membrane layer. The calcination step corresponds to the combustion
of the organic additives and the transformation of strongly hydrated amorphous gel particles
to more crystalline, mainly dehydrated particles. The sintering step allows the densification
and grain growth of ceramic, corresponding to a reduction of surface free energy. Depending
on the temperature and the time of sintering, the density (or porosity), pore diameter and
mechanical resistance can be controlled. Moreover, with the smaller particles the densification
becomes more rapidly [70, 71]. The sintering of particles was described as a diffusion of
vacancies including grain-boundary diffusion, volume diffusion and viscous flow, which lead
neck growth by mass transport mechanisms and permit shrinkage by pore removal [72, 73].

. GEEed

Initial > Dense

particles polycrystalline
(W]

Figure 9 Two spherical particles model of neck growth by mass transport mechanisms for sintering (a) and

stages of sintering (b) [73].

For supported membrane layer, the most considered factor of heat treatment is the thermal
expansion behaviour between coating layer and substrate, and then the factors such as
interaction and chemical compatibility between coating layer and substrate follow it. The
difference in thermal expansion coefficient of substrate (os) and coating layer (o) generates
stress (o) which can cause the cracks. The stress can be defined as ¢ = (0s — aL)ELAT, where
Ep is young modulus of coating layer and AT is temperature variation. The multilayer
structure can be obtained by repeating the coating procedure, usually including the heat
treatment step.
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2.4 Physical vapour deposition

2.4.1 DC-Sputtering

DC-sputtering device essentially consists of the power supply that is simply a high-voltage
DC source (supplying several kilovolts), sputtering target that is the cathode of the discharge
and the anode that may be the substrate and/or the vacuum chamber walls [74].

Substrate | (anode)
]

+
AP > Voc
\
Target | (cathode)
v L

cal

" 2]

To Pump

—

Vacuum Chamber

Argon Feed —=

Figure 10 Schematic illustration of DC sputtering device [74].

Argon is commonly used as sputtering gas forming plasma. Plasma is a partially ionized gas
including singly charged positive ions (Arelectrons (¢ and neutral gas particles. The"Ar
particles are accelerated in the electric field and collide with the surface of the target, leading
to the ejection of target atoms when the kinetic energy of argon ions is greater than the atomic
binding energy of target material. This phenomenon is called “Sputtering” in physics.
Subsequently, the sputtered particles were delivered toward the substrate and form the thin
film on it.

2.4.2 Magnetron Sputtering

In the sputtering process, the electroniy W@re ejected by collisions of Ar ions to the target
material. There is a perpendicular electric field (E) to the target surface. If a permanent
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magnet is added, lines of magnetic flux (B) are created which are perpendicular to the electric
field, i.e. parallel to the target surfaceiqure 11 a). The magnetic field leads to a longer
pathway of the electrons near the target surface and thus the probability to collisions with Ar
ions is increased. The ion density near the target becomes higher, causing higher ion
bombardment and higher sputtering rate, and the voltage can be normally reduced in
magnetron sputteringrigure 11 band cshows an annular design which is often employed in
magnetron sputtering process and the electrons drift in the —E x B direction, actually
executing a cycloidal path [74, 75].

s
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Magnetic Pole Piece Target

@ (b) ©

Figure 11 Schematic illustration of the magnetron effect [74].

2.4.3 Reactive sputtering

Reactive sputtering is called the sputtering process when the reactive gas (RG) is applied with
inert gas (usually argon). During sputtering process in atmosphere of a mixture of argon and
RG, the sputtered atoms form the compounds with the atoms of RG, such as oxides, nitrides,
carbides, etc. The RG can poison the target if chemical reactions are faster than sputter rate
because the target is oxidized in case of oxygen used as RG and will have much lower sputter
rate (change from metallic mode to reactive mode). There is a critical point of sudden
decrease in the sputter rate of target when RG flow rate entering into the deposition chamber
increases [76]. It is possible to avoid this problem with a high sputtering rate, e.g. applying
magnetron sputtering, and with adjusting the availability of the reactive gas that can react
sufficiently to deposit the desired compound but not so much to poison the target surface [75].
In this work, the oxygen is supplied as RG near the substrate and thus the oxidation will not
occur near the target. Therefore, few oxygen atoms can reach the target surface and form
oxide monolayer that is subsequently removed by the sputtering process.

2.4.4 Film Morphology

The properties of deposited thin films, such as permeability, depend on their microstructure.
Therefore, in order to obtain the desired properties of deposited thin films it is very important
to adjust the deposition parameters which lead to the desired microstructure. According to
Thornton structure zone model [77], the microstructure is strongly influenced by substrate
temperature and argon pressure in the sputtering chamber (Figure 12), which was extended
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from the three structure zone concept of Movchan and Demchishin [78]. According to the
ratio of substrate temperature (T) and melting point of target material (Tm), the zone can be
divided individually as described in Table 4.

Table 4 Microstructure description of Thornton zone model.

Zone nr. Microstructure description

Zone 1 Porous structure due to the poor surface mobility at low temperature.

Zone T: Densely packed fibrous grains with smooth surface resulted from higher surface
(Transition zone) mobility at higher temperature.

Zone 2 Dense columnar grains with rough surface from increase in surface mobility.

Zone 3 Larger non-columnar grains from further increase in surface mobility, which can be

good for diffusion barriers, i.e. less grain boundary diffusion due to fewer grains.

When the substrate temperature increases, the sputtered atoms on the substrate surface have
sufficient kinetic energy and thus the surface mobility of the atoms (movement of atoms on
the surface) also increase to reach positions of a lower potential energy. The deposition rate
has similar effect. If proper deposition rates are applied (i.e. not too high deposition rates), the
sputtered atoms have enough time to move to the positions of a lower potential energy before
being covered by other atoms. The zone boundaries can be shifted to the higher substrate
temperature range at higher argon pressures.

Figure 12 Thornton structure zone model:
dependence of coating structure on substrate temperature and argon pressure [77].
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3 Experimental methods

3.1 Ceramic substrate preparation

To ensure mechanical stability thin membranes are usually supported by substrates in this
work. Various ceramic substrates were manufactured via vacuum-slip-casting and warm-
pressing, producing disk- and square-shaped substrates, respectively. The representative
substrates are displayed in Figure 13. The roughness of substrates was controlled by
polishing for vacuum-slip-cast substrates, and by interlayer coating for warm-pressed
substrates.

Figure 13 Photograph of prepared substrates:
via vacuum-slip-casting (left, 8YSZ) and warm-pressing (right, Coat-Mix)

Vacuum-slip-casting (8YSZ and aALO3)

The ceramic substrates were prepared via vacuum-slip-casting using ceramic suspension, as
shown in Figure 14. The commercial high purity powders, i.e. 8 mol% Y-ZrO, powder
(Tosoh Corporation/ Yamaguchi Japan, TZ-8Y grade) and aAl,O; powder (Sumitomo
chemical Co., Ltd./ Tokyo Japan, Type AKP-30), were mixed with 0.02M HNOs at weight
ratio of 1:1. The mixtures were dispersed homogeneously using ultrasonic disintegrator
(Branson, Sonifier 450) for 15min, and sieved to eliminate remaining agglomerates in
mixtures. Subsequently, the dispersed mixtures were poured on membrane filters (Pall
Corporation/ Michigan, Supor®-800, pore size 0.8 pum, @ 47mm) laid in funnels which were
connected to vacuum system. The solvent was sucked off through the filters and green bodies
remained on the filters as disks.
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Figure 14 Ceramic substrate preparation via vacuum-slip-casting

2

The disks were dried over night without further evacuation and pre-sintered as following.

RT —— 100 °C for 30 min—— 1100 °C for2h——— RT

Grinding and lapping processes were carried out for the sintered disks to obtain desired
external dimensions (@ 39 mm, thickness of 2.6 mm). One surface of every disk was polished
very carefully with diamond pastes (6pum and then 3pum). The roughness of substrate surface
is controlled in this process. Afterwards, the disks were cleaned in ultrasonic bath, which was
filled with ethanol, to remove residual particles arisen during polishing process. The disks
were fired for organic burnout, which was used as lubricant, as following.

RT— 100°C for30 min——— 700°C forlh——— RT

Final thickness of the disks reached approximately 2.5 mm.

Warm-pressing with vacuum-slip-cast interlayer (WP/VSC using Coat-Mix®)

The ceramic substrates and interlayers (so-called anode substrate in SOFC application) were
manufactured in Forschungszentrum Jilich (IEK-1) via warm-pressing and vacuum-slip-
casting, respectively, using Coat-Mix® powder [79]. The powder mixture was composed of
56 wt.% Nickel(II)-oxide powder (Baker, USA) and 44 wt.% 8YSZ powder (Unitec ceramics
Ltd./ Stafford UK for substrate and Tosoh Corporation/ Yamaguchi Japan, TZ-8Y grade, for
interlayer). The warm-pressed substrate was pre-sintered at 1230 °C for 3h in air and vacuum-
slip-cast interlayer, at 1000 °C for 1h in air, producing thickness 1500 um for the substrate
and 5-15 pm for the interlayer [80]. The roughness and the pore size of substrate surface
were reduced with interlayer. These substrates that underwent final-sintering (1400°C 5h in
air) and following reducing (900°C 3-5h in Ar/4%H,) process yield 44 + 1 vol. % porosity
[81]. The pre-sintered substrates were cut to external dimension 40 x 40 mm for membrane
coating in this work.
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3.2 Membrane manufacturing

3.2.1 Manufacture of inorganic membrane by wet chemical deposition

3.2.1.1 CGO coating liquids and PVA preparation

CGO nano-dispersion

The commercially available CGO (20 mol% gadolium doped cerium (IV) oxide) nano-powder
(Aldrich) was mixed with various molarity of HNOj that was diluted from 1M HNO;s (Merck
Schuchardt OHG), and dispersed using ultrasonic disintegrator (Branson, Sonifier 450) for
15min. The dispersion was centrifuged with the gravity acceleration of 3500 or 6500xg for 4
min, using high performance centrifuge (Heraeus® Biofuge® primo). The segregated
particles on the bottom were removed and homogeneously dispersed solution was obtained.
Figure 15 shows the centrifuge device (a) and centrifuged CGO nano-dispersion (b). The
optimum stability of nano-dispersion using initial solid concentration 4.0 wt.% was found
when 0.05M HNO; was used in this work. Various solid concentrations of CGO nano-
dispersion were prepared using 0.05M HNOs resulting in 1.0, 1.5, 2.5 and 4.5 wt.% after
centrifugation. This CGO nano-dispersion will be simply called XNDCGO (X is the
concentration of CGO in wt.%) hereafter (See Table 5).

Nano-

- Segregated
particles

(b)

Figure 15 Photographs of centrifuge device (a) and centrifuged CGO nano-dispersion (b).

Table 5 Prepared CGO nano-dispersion (NDCGO) with 0.05M HNO; solvent

Sol name 1.ONDCGO 1.5SNDCGO 2.5NDCGO 4.5NDCGO

wt.% 1.0+£0.06 1.5+0.23 2.6+0.13 4.4+0.16
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CGO colloidal sol

CS CGO: 1.5g presursors, cerium nitrate hexahydrate (Ce(NOs);.6H,O, Aldrich) and
gadolinium nitrate hexahydrate (Gd(NOs);.6H,O, Aldrich) at a molar ratio 4:1, were
dissolved in 70 ml deionized water (Solution 1). Various amount of ammonium hydroxide
solution (NH4OH, ACS reagent, 28-30% NHj basis, Aldirch), i.e. 0.1, 0.2, 0.3, 0.5, 0.7 and
1.2g, was diluted with 200ml deionized water (Solution 2). The solution 2 was added to the
solution 1 rapidly with strong mechanical stirring under room temperature. The use of
ammonium hydroxide solution resulted in a voluminous yellowish or orange sol (or
precipitation at higher concentration of NH;.H,0).

CS AIOOH: AIO(OH) sol was prepared based on publications of Leenaars [82] and Benes
[83]. 70 mol of deionized water was heated up to 90 °C and then 0.5 mol of Aluminium-tri-
sec-butoxide (ATSB) was added with vigorous stirring. The reaction temperature was
maintained at over 80 °C to avoid the formation of Bayerit (Al(OH);). This mixture was
further stirred at 90°C for 3 hours to evaporate the resulting buthanol. Subsequently, the
mixture was peptized with a 65 % HNOs, so that the pH value was adjusted to 2.5 at a
temperature of 60 °C. The resulting sol was further stirred at 90 °C during overnight for
homogenization and stabilization. Finally, the sol had a pH of about 3.5 and a concentration
of 0.5 M.

PVA solution as DCCA

PVA (Polyvinyl alcohol) additive has great benefit when added into the sol, e.g. enhancing
the reproducibility of the membrane formation process, reducing the defect level of the
membranes and controlling the drying and calcination rates [84]. PVA solution was prepared
as binder and also as DCCA (drying chemical controlling additive) for wet chemical
deposition. 3g (dry weight) of PVA (Merck Schuchardt OHG, specification in Table 6) was
added into 100ml of 0.05M nitric acid (HNO;) in an Erlenmeyer flask and heated up to 90°C
under reflux with mechanical stirring to form a ~3 % PVA solution. Heating time was
selected depending on molecular weight of PVA, as shown in Table 7.

Table 6 Specification of purchased PVAs.

PVA no. PVALl PVA2 PVA3 PVA4
Molecular weight (g/mol) approx. 22000 approx. 60000 approx. 72000 approx. 145000
Molecular fomular (-C,H,0), (C,H40), (-C,H40), (C4H40O,-C,H,40),
D £ hvdrolvsi Calc. on anhydrous Calc. on dried Calc. on anhydrous Calc. on dried
cgree ol hydrofysts substance >98% substance >98% substance >98% substance >98%
Loss on drying (105 °C) <5% (110 °C2h) <5% (110 °C4h) ~3% (110 °C2h) <5%
Ash - <1% - <1%
Ester value - 15-25 - 3-13
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Table 7 Preparation of PVA solutions with various molecular weights.

PVA no. PVAI1 PVA2 PVA3 PVA4

Molecular weight (g/mol) approx. 22000 approx. 60000 approx. 72000 approx. 145000

Heating temperature (°C) 97 97 97 97

Heating time (h) 3 3 3 18

Final coating solution

The sols and PVAs were purified by using a 0.8 um-syringe filters (Whatman, FP 30/0.8 CA)
to remove agglomerates or potential dirt. Subsequently they were mixed together at a desired
volume ratio as shown in Table 8.

Table 8 Volume ratio of sol : PVA for final coating solution.

Used sol ND_CGO CS_CGO CS_AIOOH

Sol: PVA 3:1 3:1 3:2

3.2.1.2 Coating methods (dip- and spin-coating)

The thin film, which is interlayer or functional membrane layer as the case may be, was
coated on the substrate using horizontal dip-coating or spin-coating method. To avoid
potential sources creating defects, such as dust or undesired particles, the coatings were
conducted in a clean room (ISO class 3). The prepared sol was poured into the clean petri dish
through syringe filter (0.8 pm, Whatman, FP 30/0.8 CA) and floating matters on the sol, e.g.
dust and air bubbles, were removed carefully. Directly prior to dip- or spin-coating, the
substrates were blowed using nitrogen gun.

Dip-coating

Dip-coater (Fa. Nima, Figure 16a) used in this work is constructed with a small motor
equipped with gearbox and coupled holder, which rotation speed is controlled by
potentiometer. During dip-coating procedure (Figure 16b) the substrate is fixed by vacuum
cup. The constant rotation speed (8.2 deg/s) was applied for dip-in and dip-out. The dwell
time during immersion in the sol was fixed as 15 seconds.
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Vacuum cup

Dip-in Immersion Dip-out

(a) Dip-coater (b) Hlustration of dip-coating procedure

Figure 16 Horizontal dip-coating method for wet chemical deposition

Spin-coating

Membrane coating was carried out using a Spin-coater (Delta 80T2, Siiss MicroTec AG,
Figure 17a) as well, which is convenient to operate with fully programmable process
parameters. Spin-coating process (Figure 17b) can be divided into four stages: Sol
dispensation, spin-up, spinoff, and drying. Porous substrate was held on a vacuum chuck of
spin-coater. Subsequently, sufficient amount of sol was dispensed on the substrate until the
substrate surface is totally covered with the sol to avoid inhomogeneous coating. The
parameters of spin-coating were set using a program connected with spin-coater. Spin
acceleration and deceleration were fixed as 60rpm/s for all coating runs. The final rotation
speed, i.e. rotation per minute (RPM or r/min), and the dwell time (sec.) at given final RPM
were varied, e.g. 400, 800 and 1200 RPM for rotation speed, and 20, 40 and 60 seconds for
dwell time.

Q
\
) Coating layer
SOl —p o - _
v ]
Substrate
Vacuum chuck
— Sy

Sol dispensation Spin-up Spin-off

(b) Illustration of spin-coating procedure

(a) Spin-coater

Figure 17 Spin-coating method for wet chemical deposition
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3.2.2 Manufacture of inorganic membrane by physical vapour deposition

The inorganic membrane (CGO and LSCF) coatings were carried out in a physical vapour
deposition (PVD) system using a CS 400ES (Von Ardenne Anlagentechnik, Germany, Figure
18). This system has substrate face-down mode and consists of four vacuum chambers, i.e.
transfer chamber, sputter etch chamber, evaporator chamber and sputter chamber. Sample
holder can be introduced into the central transfer chamber that is connected with sputter etch
chamber (ISE 200), electron beam evaporator chamber and sputter chamber with the
magnetron sputtering (PPS-A 250). Each chamber is separated by chamber valves and
equipped with its own booster pump and turbo pump. All processes were performed using
computer-controlled software WICON 32. The samples are pretreated by an inverse sputter
etching and subsequently the membrane coatings are conducted. The magnetron sputtering
can be operated using DC or RF mode having a maximum power 3kW. This work focuses on
the DC magnetron sputtering of CGO and LSCF membranes.

DC/ RF/ reactive Transfer chamber with Load lock
sputter chamber robot system | 3 samples simultaneously

Electron beam Flow box
evaporator Sputter etch

(2)
Figure 18 Principle design (a) and facility in IEK-1/FZJ (b) of cluster system CS400 ES
(Von Ardenne Anlagentechnik GmbH)

Sample cleaning

Sample cleaning is very important process for good adhesive layer formation as investigated
by Jordan Escalona [85]. Impurities on the substrate surface would have hindered the
necessary contact and adhesion between substrate and depositing layer. Two cleaning
processes were done in this work. In the first cleaning, the samples were ultrasonically
cleaned in a container filled with ethanol. This step removed the dirt of samples such as fat
and dust. After drying, the second cleaning was carried out in the PVD facility. The samples
were placed on the sample holder and moved into the transfer chamber. After evacuation, the
samples further moved into the sputter etch chamber and underwent sputter etching, so-called
plasma cleaning, with 200W for 10 minutes. The sample surface was physically cleaned by
ion bombardment, i.e. particles on the sample surface were removed. The plasma is stimulated
by the high-frequency alternating current (AC) voltage (13.56 MHz and 1 kW) using a RF
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Generator PFG 100 RF (Huttinger Elektronik GmbH). Argon gas was used as process gas for
plasma cleaning. To achieve a uniform cleaning, the substrate was rotated along the axis
perpendicular to the surface plane of the sample by a motor at a constant speed.

DC magnetron sputtering

Figure 19 shows a schematic drawing of the magnetron sputter chamber where the CGO and
LSCF membrane deposition processes are performed. The sputter chamber was evacuated by
a booster pump and a turbo pump to below 5% rhbar. An electric field is generated using

a DC generator (PFG 3000 DC, max 3 kW, Huttinger Elektronik GmbH), which ionizes the
argon atoms and thus creates the plasma. The positively charged argon ignargAr
accelerated in the electric field and collided with the target surface. The magnetron was
applied to the target in sputtering process which enhances the sputter rate (See section 2.4.2).
The sputtered atoms are deposited on the substrate. The oxygen was additionally introduced
to the sputter chamber as reactive gas for CGO deposition due to the use of metallic target
(reactive mode). For LSCF deposition, oxygen gas was applied as a background oxygen
partial pressure to compensate oxygen losses from designed ceramic target during sputtering
process. During the deposition, the process pressure on the chamber was kept ambar10

and DC-power was set to 500 W. The circle-shaped target has a diameter of 250 mm, which is
located 55 mm far from the sample holder. 200 x 200 mome on the sample holder is
proposed to be a homogeneous deposited zone. The heater lying above the substrate enabled
an increase of substrate temperature up t°800

Moving arm

Substrate heater (T, ~ 800 °C)

+—>
__ i—es. 1 _1Iu
—> Vacuum lock
Substrates

<«— Gas-inlet

Max. 55mm Ar, O,

|
Permmanent Magnet

‘ U=2..6 kv I

Vacuum
Pump

Figure 19 Schematic illustration of magnetron sputtering chamber.
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3.2.2.1 CGO deposition

Thin CGO membranes were grown by DC-reactive magnetron sputtering using 20 at.% Gd-
Ce metallic alloy target (99.7% purity, MaTeck GmbH Germany) in reactive O,/Ar gas
mixtures (8 sccm oxygen and 30 sccm argon flow). The sputtered metallic alloy reacts with
oxygen gas to produce their oxide layer. The substrates were used at room temperature or
heated up to the substrate temperature of 800 °C at a heating and cooling rate of +5 Kmin".
High-frequency bias voltage was applied to the metallic (Inconel) sample holder by
controlling a fixed bias power of 0, 100, 200, 300 and 400 W.

3.2.2.2 LSCF deposition

Thin LSCF membranes were grown by DC-magnetron sputtering using LSCF ceramic target
that was prepared via spray pyrolysis in IEK-1/FZJ. The oxygen contained in target material
is more volatile than the metallic components, which can cause an oxygen shortage in the
deposition layer. Therefore, oxygen gas was additionally introduced into the sputter chamber
although the LSCF target consists of oxide material. A gas mixture used for LSCF deposition
was actually equivalent to that for CGO deposition, i.e. 8 sccm oxygen and 30 sccm argon
flow. The substrate temperature was kept at 800 °C. The heating and cooling rate were +5
Kmin™. LSCF deposition was performed without applying bias voltage.
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3.3 Characterization methods

3.3.1 Mercury porosimetry

Mercury porosimetry is based on the physical principle that the mercury, a non-wetting liquid
for almost all materials, will not penetrate pores until sufficient pressure is applied to force the
mercury into the pores of dry materials. During measurement, the applied pressure and
penetrated volume of mercury are analysed. The relationship between the applied pressure (P)
and the pore radius (rp) is given by Washburn equation, the modified Laplace equation, as
follows [86].

2y cos0

l'p = T Equation 17

where 7y is the surface tension of mercury (usually Yyg/air = 0.48 N/m) and 0 is the contact
angle between mercury and the pore wall (usually By oxidge = 140°).

In this work, various quantifiable aspects of support’s porous nature, such as pore diameter,
total pore volume, specific surface area and bulk and apparent densities, were determined
using a Pascal 440 (Fisons Instruments, Italy).

3.3.2 Zeta-potential

The degree of aggregation of metal oxide particles in a sol, based on DLVO theory (see
section 2.3.1), is determined by the height of the potential barrier (zefa-potential) which
results from an electrical double layer around the individual particles (see the section 2.3.1).
The prepared nano-dispersions were constantly stirred with magnetic bar and the zeta
potential of prepared nano-dispersions was measured as a function of pH using an Acoustic
spectrometer DT-1200 (Dispersion Technology, Inc., USA). This setup is suitable for
moderately concentrated systems. 100ml of the nano-dispersions was used for each
measurement.

3.3.3 Particle size analysis

Dynamic Light Scattering (DLS) technique is one of the most popular methods used to
determine the particle size distribution (PSD) of dispersed particles. Due to the Brownian
motion of dispersed particles, Doppler Effect occurs in the incident light frequency. That is,
when a monochromatic light beam, such as a laser, hits the moving particles, the wavelength
of the incoming light is changed. This change is related to the size of particles. With
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assumption that the particles are spherical and non-interacting, the hydrodynamic particle
diameter (r) is obtained by Einstein-Stokes equation as follows:

kp'T
= m Equation 18
where kg is the Boltzmann’s constant, T is the absolute temperature, 1 is the viscosity of the
solvent and D is the diffusion coefficient [87].

The PSD determination of prepared sols was performed by HORIBA LB-550 (Retsch
Technology GmbH, Germany) and evaluated by device-specific software (LB-550 software
package). The LB-550 measures particle size from Inm to 6um and a concentration range
from 1 ppm up to 40 wt. %, depending on the sample. Measurement temperature was kept at
25 °C via temperature control system.

3.3.4 Thermal analysis (TG/DTA)

Thermo-gravimetry (TG) is a thermal analysis technique which measures the weight change
in a material as a function of temperature and time, investigating the decomposition behaviour
in terms of timing and mass loss of total burnout of the organic in xerogel. Differential
thermal analysis (DTA) is a calorimetric technique based on the comparison of the sample
temperature with that of an inert reference material (a-Al,O3) for the proposed temperature
program. The heat flow is associated with thermal transitions in a material such as melting
point, glass transition temperature, crystallization etc. The temperature change is recorded
depending on an endothermic or exothermic process, i.e. the sample temperature decreases
when absorbing energy or increases when releasing energy. The thermal analysis of the
xerogels was carried out using a STA 409 (Netsch-Gerdtebau GmbH) in this work and the
samples were heated from room temperature to 1000°C or 1400°C in air with heating and
cooling rate +1 K/min.

3.3.5 X-ray diffraction (XRD)

X-ray diffraction (XRD) provides information about the crystal structure, crystalline defects,
texture orientation or mechanical stresses in microscopic field. In crystals the atoms have a
regular periodic arrangement of atomic distances, which is approximately equal to the
wavelength of the incident X-rays. Therefore, interference occurs with the radiation emitted
by neighboring atoms. In certain directions strengthening or weakening of the emitted wave
fronts generates, which is so-called constructive interference (diffraction peaks) or destructive
interference (diffraction minima), respectively. The relationship describing the angle at which
a beam of X-rays with particular wavelength diffracts from a crystalline surface is defined by
Bragg’s law,
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2dsin0 = nA Equation 19

where d is the inter-plan distance of atoms, ions or molecules, 0 is the scattering angle, n is
the integer representing the order of the diffraction peak, and A is the wavelength of the X-ray.
From the measured pattern, the crystal structure of the investigated sample region can be
determined using JCPDS (Joint Commitee on Power Diffraction Standards) comparison.

X-ray diffraction measurements were performed using a Siemens D5000 diffractometer
(Siemens AG, Karlsruhe, Germnay) with CuKa (A=1.54A) radiation with a diffraction angle
(0) range of 20° to 80° to examine the crystal structure of sintered sols and deposited
membrane layers.

3.3.6 Chemical analysis (ICP-OES)

ICP-OES (Inductively Coupled Plasma with Optical Emission Spectroscopy) is one of the
most useful analytical tools for qualitative and quantitative multi-element analysis. The ICP
source produces plasma (temperature to 10,000 K), which is a stream of high-energy ionised
gas by inductively coupling an inert gas such as argon with a high-frequency field. When the
sample in solution is transported into the plasma by carrier gas, the atoms of the sample are
thereby excited and fall back into their ground state again emitting a characteristic radiation.
The spectrum emitted is transferred into a spectrometer (OES) where it is decomposed into
the individual wavelengths and evaluated. The results in emission of light with unique
frequencies make the qualitative analysis of materials possible. The light intensities are
proportional to the concentration of the elements in sample, yielding quantitative analysis.
The intensities were identified by detector and evaluated (TJA-IRIS-INTREPID:
Spectrometer with Echelle optics and CID semiconductor detector).

In this work, the acid digestion was employed for the sample preparation of powder and film
material, as following Table 9. Materials were dissolved in acid solution and the solution was
further filled up for ICP-OES measurement.

Table 9 Acid digestion for the sample preparation of ICP-OES

Material CGO CGO LSCF LSCF LSCF
Form Powder Powder Powder Filny/ Si wafer  Film/ 8YSZ
Fabrication Nano-dispersion, Colloidal sol, Spray Magnetron Magnetron
calcined calcined Pyrolysis sputtering sputtering
Measured amount 50 mg 50 mg 100 mg - -
Acid solution 3ml HNOsy/ 3ml HNOy/  3ml HCV/ 6ml HCl/ 3ml HCV/
1 ml H,0, I ml H,O, 2ml H,0, 4ml H,0, 1ml H,0,
Acid filled up to 25 ml 25 ml 50 ml 25 ml 25 1
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3.3.7 Microscopy

Confocal Laser Microscope (CLM)

Confocal Laser Microscope (CLM) performs non-contact surface characterization and sub-
micron roughness measurement. Conventional optics allows all of the reflected light into the
photoreceptor. However, confocal laser optics uses a pinhole placed in front of the
photoreceptor to ensure that no light other than that which passes through the focal point of
the objective lens reaches the photoreceptor (See Figure 20). Thus, CLM creates significantly
better contrast than a conventional optical microscope. Changes in the focal point can be
measured and used as height information. In this work, sample surface was characterized
using a VK-9700K (KEYENCE Corporation) that combines the confocal laser optics with a
high-speed X-Y scanner to create a high resolution focal image and gather height information
from the sample surface.

Conventional Confocal laser Conventional Confocal laser
optics optics optics optics
Laser Laser

Laser

Sample Sample
(a)
Figure 20 Schematic illustration of principle of conventional and confocal laser optics when the laser in focus (a)
and out of focus (b) [88].

Sample

Scanning Electron Microscope (SEM)

The principle of scanning electron microscope (SEM) is based on the line-by-line scanning of
the sample surface using a focused electron beam. The electrons emitted from a thermionic,
Schottky or field-emission cathode are accelerated down the evacuated column. There are
three separate electrical parts of the gun, e.g. the tungsten filament that emits electrons, the
Wehnelt cylinder that controls the number of electrons leaving the gun, and the anode that
accelerates the electrons to a voltage selectable from 0.1 keV to 50 keV. The electron beam is
demagnified by a two- or three-stage electron lens system to a small spot size of 1-10 nm
(diameter of final beam), carrying a current of 10°— 102 A, at the sample surface [89].

If the high-energy electron beam strikes the sample surface, secondary electrons and
backscattered electrons are generated within the primary beam-sample interactive volume,
which are the two principal signals used to form images. The secondary electrons are emitted
from the sample surface by the primary electrons of incident beam due to the interaction with
the atoms of the sample. Due to their low energy, only those electrons that originate within a
few nanometers of the surface are able to escape and thus represent the sample topography.
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The backscattered electrons are the primary electrons of incident beam being deflected
through an angle greater than 90° and emerged from the sample surface. The fraction of the
backscattered electrons is known as the backscattering coefficient (1) that increases with
increasing atomic number (Z) of the sample material because of the increasing probability of
high-angle deflection with increasing Z. Consequently, heavy elements (high Z) lead to a
strong backscatter and appear as light areas on the image, while light elements (low Z)
produce darker areas on the image. Therefore, the backscattered electron image also known as
material contrast image and allows conclusions with respect to different chemical phases on
the sample surface [89, 90].

In this work, surface morphologies as well as the fracture surface of supported membranes
were obtained from both FEG-SEM (field emission gun scanning electron microscope, Zeiss
Ultra55) and SEM (Hitachi TM-3000) using both secondary and backscattered electrons. For
sample preparation, the supported membranes were broken with pliers and reduced to a size
of about 10x10 mm®. As occasion demands, platinum was coated on the sample with coating
thickness approx. 2 nm to prevent electron charging during SEM investigation.

3.3.8 Gas-tightness measurement

Single gas (N; or He) permeation test

The gas permeability of various substrates and supported coating layers was examined by
single gas permeation test. The gas flow rate was measured depending on pressure
differentials at room temperature. The gas permeability was calculated using obtained value
of gas flow rate (ml/min). In this work He (Helium 5.6, Praxair) and N, (Nitrogen 5.0, Praxair)
gases were employed. Figure 21 shows the schematic set-up of single gas permeation tester
and photograph of testing module. The feed pressure is regulated from 0 to 5 bar by pressure
controller (Brooks, 5866 series). The trans-membrane pressure differential results from the
difference in pressure between the feed side and the permeate side. The permeate gas was
released at atmospheric pressure (1 bar), i.e. Pressure differential = Pressure on the feed side
— 1. The gas flow was monitored by three Flow meters (Smart Mass Flow Meter, Brooks,
maximum flow: 40 ml/min for Flow meter I and 2, and 8§ ml/min for Flow meter 3) and
recorded and evaluated in computer connected with Flow meters. The gas line on the feed
side was cleaned by purging prior to the test using measuring gas. The sample was located
between two round steel plates of module and supported coating layer faces the feed side.
Both sides of sample were packed tightly with the plates of module using O-rings (FKM 80,
dimension @ 20.29 mm x 2.62 mm). Bypass line can monitor the abnormal permeate gas flow
that may be usually caused by a broken sample or faulty sealing rings, and is closed during
measurement. The accuracy of flow meter is + 0.5 % of the actual measured value with + 0.1 %
of upper range value (40ml/min).
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Figure 21 Schematic set-up of single gas permeation tester (a) and photograph of testing module (b-outside look,
c-inside look).

He leak test

The gas-tightness of membranes can be evaluated by He-leak test. He leak rate is the amount
of helium gas passing through a leak in a period of time and depends on the pressure
differential as well as the size and geometry of the leak path. He leak rate are given in units of
“pressure (p) volume (v) / time (t)” such as mbHsec. Helium is added to one side of
sample, and a vacuum is drawn to the other side of the sampleidsee 22). The container

is pumped as long as a constant pressure p is set using two vacuum pumps. In this equilibrium,
He-flow was measured by using a He-leak detector (Qualytest HTL 260, Pfeiffer Vacuum
GmbH, Asslar, Germany). He-leak rate (R) is calculated from the measuring area of the
sample (A). He-leak rate nominated by A is given as follows:
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R = 1 pAv mbar-l]
4 4t cm?s Equation 20
Technical vacuum system
Sealingring

Membrane

l

Vacuum container

(@ (b)
Figure 22 Schematic set-up of He-leak tester (a) and photograph of testing module (b).
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4 Results and discussion

4.1 Substrates

Particle size distribution of 8YSZ and ¢Al,O3 powders

PSD measurement was carried out in IEK-1/FZJ for commercially available 8YSZ (Tosoh)
and aAl,O3 (Sumitomo) powders, which were used as substrate materials of this work. The
particle size and distribution measured is showRigure 23. The particle sizesglwas 630

nm and 710 nm for 8YSZ andAl,O; powders, respectively. In fact, this particle size
represents the effective particle size of aggregates. The primary particles based on FEG-SEM
images are much smaller, e.g. 100 ~ 200nm in diameter of 8YSZ and 200 ~ 300nm in
diameter ofiAl ,O3when both were sintered at 118 for 2h in air (se&igure 24).

30

—— 8YSZ (Tosoh)
........ Al,O, (Sumitomo)

25 |

Frequency, % particles by count

.|.-‘|.|.|.|.|.|.-.|.|.
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Particle diameter (nm)

Figure 23 Particle size distribution of 8YSZ an\l ;05 powder by using Horiba LA-950V2.
0.5~1.0g of powders were dispersed in 290 ml ethanol for the measurement.
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(a) 110-8YSZ (b) 110-aALO;

Hg-porosimetry for sintered 8YSZ and 0Al,O3 substrates

8YSZ and aAl,O3 substrates were prepared via vacuum-slip-casting (see the details in section
3.1). They were presintered at 1100 °C for 2h in air and these substrates were simply labelled
as 110-8YSZ and 110-aAlL,0s. In addition, with increasing the presintering temperature 8YSZ
substrates were called 114-8YSZ, 118-8YSZ and 122-8YSZ for the temperatures 1140, 1180
and 1220 °C, respectively.

Table 10 shows the results of mercury porosimetry measurement. In case of the substrates
pre-sintered at 1100 °C, 110-8YSZ substrate has much higher porosity (55.6 %) than 110-
aAl,Oj3 substrate (30.09%). This higher porosity allows higher gas flow through the substrate
and it agrees to the results of the gas permeation test for the substrates which is reported later
in this section (Figure 27). When the pre-sintering temperature was elevated, the porosity was
decreased gradually. Consequently, the densities (bulk density: mass per unit of volume,
whereby closed pores and open pores are included in the volume, and apparent density: mass
per unit of volume, whereby closed pores are included and open pores are excluded in the
volume) were steadily increased.

Table 10 Results of mercury porosimetry measurement for pre-sintered substrates.

Total cumulative Total specific Total porosity Bulk Apparent

volume (mm?®/ g) surface area (m?/ 2) (%) density (g/cm3) density (g/cm3)
110-0A1,0; 101.5 49 30.1 2.96 4.24
110-8YSZ 146.3 5.9 55.6 3.12 5.72
114-8YSZ 129.3 4.6 49.1 3.80 7.46
118-8YSZ 99.9 3.8 46.4 4.64 8.66
122-8YSZ 68.5 2.3 39.7 5.79 9.60




4. Results and discussion

Surface roughness of sintered substrates

The surface roughness of the substrate plays a significant role because it influences on many
factors, e.g. coating behavior and microstructure of coating layer. Surface roughness of all
prepared substrates was mapped by a confocal laser microscope. The surface roughness of
images was evaluated and summarizedd&a is depicted graphically iRigure 25. The
roughness of WP/VSC (Coatmix) substrateg @B — 1.1 um) is much higher than that of

8YSZ andaAl,O3 substrates. 8YSZ anthAl,O; substrates have,Range 0.2 — 0.27 um and

R, 0.3 um, respectively. The surface images were displayeigiime 26. As expected, 8YSZ

and aAl,03 substrates show very flat surface mainly due to the surface polish, and many
valleys were observed in the WP/VSC substrates.
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I L 1 L 1 L 1 . 1 . I
110-8YSZ  114-8YSZ  118-8YSZ  110-aAl203 100-WP/NSC 140-WP/VSC

Substrates

Figure 25 Surface roughness (mean) Rf substrates evaluated using VK Analyzer (v. 2.4.0.0, KEYENCE
Corporation).
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Figure 26 Substrate surface characterization by confocal laser microscope. ‘Laser+color’ and ‘height’ imeages
were displayed for each substrate.
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Gas permeability of substrates

The substrate is essential for thin membranes to give the necessary mechanical stability in the
entire system. However, the delivering feed gas to the membrane should not be hindered by
substrate. It means that not only mechanical stability but also the sufficiently high
permeability should be fulfilled for the substrate at the same time.

Gas permeability depending on the substrate material

Figure 27 shows the gas permeability of 110-8YSZ and 110-aAl,O; substrates (a) and the gas
permeability of 140-WP/VSC and reduced 140-WP/VSC substrates (b). One side of 110-
8YSZ and 110- aAl,Os substrate was well-polished to supply comparable surface roughness
to that of the substrate with membrane coating. The gas permeation test was carried out using
nitrogen and helium, respectively. The amount of gas flowing through substrates was
measured as a function of pressure differential between applying pressure and atmosphere (1
bar). Four 110-8YSZ substrates and three 110-0Al,O5 substrates were used for measurement.
The 110-8YSZ substrates exhibited the gas permeability 2.2 ~ 2.7-fold higher than that of
110-0Al,05 substrates for both nitrogen and helium. 100-WP/VSC substrate consists of
NiO/8YSZ composite, as described in section 3.1, which vacuum-slip-cast interlayer was pre-
sintered at 1000°C for 1h in air. After sintering at 1400 °C for 5h in air, the WP/VSC substrate
became dense (namely 140-WP/VSC), so it was difficult for both helium and nitrogen to flow
through the 140-WP/VSC substrate. When the 140-WP/VSC substrate underwent heat-
treatment at 900 °C for 3h under reducing atmosphere using Ar/4%H,, the gas permeability
increased considerably owing to the reduction of NiO to Ni. The reduced 140-WP/VSC
substrates possess much higher gas permeability than 110-8YSZ and 110-aAl,O; substrates.

Gas permeability depending on presintering temperature and on substrate thickness

The four 110-8YSZ substrates were further heat-treated at higher temperatures > 1100 °C for
2h in air to enhance the substrate strength. Prior to each heat-treatment step, the gas
permeability was examined. According to the pre-sintering temperature, the substrates were
labelled as 110-8YSZ, 114-8YSZ, 118-8YSZ and 122-8YSZ for 1100 °C, 1140 °C, 1180 °C
and 1220 °C, respectively. The pre-sintering temperature did not influence the gas
permeability of substrates significantly until 1180 °C, but at 1220 °C the gas permeability of
8YSZ substrate became much lower, as shown in Figure 28 (a). Furthermore, the 8YSZ
substrate became fully dense at 1250°C, exhibiting He-leak rate of 1.4 x 10> mbar.l/sec.cm”.
In addition, gas permeability of substrate was investigated depending on the substrate
thickness. The well-polished three 114-8YSZ substrates were used for the measurement. The
114-8YSZ substrates had 2.5 £ 0.07 mm in thickness after surface polish. After their gas
permeation test, their thicknesses were reduced to 1.4 £ 0.08 mm. Figure 28 (b) shows the
relation between the gas permeability and substrate thickness. It is very clear to see that both
helium and nitrogen permeability is inversely proportional to the substrate thickness, i.e. 1.9-
fold increase in gas permeability with 1.8-fold decrease in substrate thickness.
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4.2 Characterization of CGO membrane by wet-chemical deposition

4.2.1 Development of coating liquids

CGO nano-dispersion (NDCGO)

The zeta potential of CGO nano-dispersion was measured as a function of pH and CGO
concentration. The stability of NDCGOs were investigated depending on molarities (mol/l) of
nitric acids as charge stabilizer (Figure 29 a). CGO nano powder was dispersed in various
molarities of nitric acid (0, 0.01, 0.05, 0.1 and 0.5 M) yielding 4 wt% NDCGOs. The zeta
potential was first increased with increasing molarity of nitric acid and came to the top at 0.05
M nitric acid that is the optimum point regarding the stability of NDCGOs in this work. At
0.10 M nitric acid there was a sudden fall in zeta potential from 20 to 8 mV and the zeta
potential was further reduced down to — 2 mV with increasing molarity of nitric acid. At the
condition between 0.1 M and 0.5 M nitric acid, iso-electric point (IEP) of 4 wt.% NDCGO
can be reached. The pH value of NDCGO at 0 M nitric acid (i.e. deionized water) showed 5.3
and it was gradually lowered when increasing the molarity of nitric acid. The stability of
NDCGOs regarding the concentration of NDCGOs was also examined (Figure 29 b). In this
case, the molarity of nitric acid was kept at 0.05 M. The change of pH value was observed
relating to the change of concentration of NDCGO. When the concentration of NDCGO
increased from 4 wt.% via 8 wt. % to 12 wt.%, the pH value was also increased from 2.8 via
3.1 to 4.6, resulting in decrease of zeta potential from 20 mV via 16 mV to 15 mV.
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Figure 29 Zeta potential of CGO nano-dispersion as a function of pH (a) and CGO concentration (b).
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All prepared NDCGOs were ultrasonicated for 15 min to break the agglomerated larger
clusters. In order to remove the remaining large agglomeration and to obtain homogeneously
dispersed nano-particles in the solution, the NDCGOs were centrifuged. Figure 30 shows the
NDCGOs after centrifugation with the gravity acceleration of 6500xg for 4 min. It is clear to
see in all NDCGOs that the large agglomeration was separated from the solution and sank to
the bottom of the centrifuging tube. In addition, the unstable NDCGO such as NDCGO in 0.5
M nitric acid showed up transparent solution, indicating that the CGO nano particles were
quickly re-agglomerated after ultrasonication due to the instability of NDCGO (close to iso-
electric point) and thus segregated all clearly from the solution. The NDCGO in the deionized
water exhibited slightly lighter yellow than both NDCGOs in 0.05M and 0.01 M nitric acids,
which means lower final concentration of NDCGO (verified in Figure 32).

Figure 30 Photograph of NDCGOs after centrifuging with the gravity acceleration of 6500xg for 4 min.

The particle size of prepared NDCGOs was investigated using HORIBA LB-550 as a function
of the time (day) as shown in Figure 31. (a): 4 wt% of NDCGOs were dispersed in various
molarities of nitric acid and centrifuged with the gravity acceleration of 3500 and 6500xg.
The centrifugation time was always kept at 4 min over the whole work. The segregated
particles were removed and only homogeneously dispersed NDCGOs were used for particle
size measurement. The NDCGO-0.1M HNO; looks similar to the NDCGO-0.05M HNOj in
Figure 30, but it had larger effective particles (dso at 3500xg: ~150 nm and dso at 6500xg:
~125 nm) and very fast agglomeration rate. While the particle size of NDCGO-0.05M HNO;
involving initial particle size dso at 3500xg of ~ 100 nm and dso at 6500xg of ~ 90 nm was
increase to 120 nm at 3500xg and 110 nm at 6500xg after 1 day and kept this particle size
until 4™ day, the particles in the NDCGO-0.1M HNO; were rapidly growing and reached ~
270 nm on 4™ day for both gravity accelerations. (b): In case of concentration influence on
particle evolution, only 0.05SM HNO; was used as a dispersant and various solid
concentrations of NDCGO were prepared, e.g. 4, 8 and 12 wt% of NDCGO. Like (a), the
NDCGOs were centrifuged with the gravity acceleration of 3500 and 6500xg. After removing
the segregated particles, the particle size was measured. When the solid concentration was
increased, larger initial and also final particle sizes exhibited which were 1.5 ~2.0 and 3.0 ~
5.0-fold larger than the initial and final particle size of 4wt.% NDCGO, respectively.
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Figure 31 Particle size (g) of CGO nano-dispersion as a function of pH (a) and CGO concentration (b).

After centrifugation, the NDCGOs were dried overnight at °6@0to confirm the final
concentration of nano powders. The measured final concentrations were displ&iguatén

32. As expected above, the NDCGQ@&Hhad lower final concentration than the other
NDCGOs. The final concentration of NDCGO-0.05M HN@as lower than that of NDCGO-
0.01M HNG; when centrifuged with 3500 xg, but they showed opposite results when
centrifuged with 6500 xg. With increasing initial concentratior{8 — 12 wt.%), the final
concentration was also increased (1.2:5—4.5 wt.% for 3500xg-cetrifuged NDCGOSs).
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Figure 32 Final concentration (wt.%) of NDCGOs

Figure 33 shows XRD patterns of sintered NDCGO-0.05 M HNOwders as a function of
heat-treatment temperatures, 500, 800 and $Cdor 2h and at 1408C for 5h in air. The 5

hours for temperature 146Q was chosen because the NDCGO-coated samples were finally
fired at 1400°C for 5 h. All CGO powders exhibit no impurity phase and only single phase
like CeQ (fluorite structure, JCPDS 01-075-0162). The development of C-type structure of
Gd,03 in CeQ cannot clearly be identified from the XRD patterns since the reflections
overlap heavily due to the close relationship between the C-type and fluorite structures. The
crystallinity of NDCGO powder was gradually improved as the temperature of heat-treatment
increased and showed a (111) preferred orientation. The lattice parameters 5.425 A was
detected independent of temperature. This lattice parameter is an agreement with the equation
given in Zha's work [19]a(X)=5.4121+0.052% for Ce «GdO,-2, becausex of prepared
NDCGO is turned out to be 0.24 as following result of chemical analysis (see below).
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Figure 33 X-ray diffraction patterns: Crystallization behaviour of NDCGO powders as function of temperature
of heat treatment.
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The chemical analysis of prepared NDCGO powder was carried out using ICP-OES at ZCH
in FZJ. NDCGO powder was obtained from the 1.0NDCGO(0.05M HNO3)/PVA2 after
calcination at 500 °C for 2h in air. Table 11 shows the stoichiometry of NDCGO powder that
was calculated from the detected weight ratio of Ce and Gd elements and their relative errors
are + 3%. The result indicates that more gadolinium is doped to the ceria than the expected
stoichiometry Ceg 3Gdy.0,, which has positive potential for increasing ionic conductivity due
to the formation of more oxygen vacancies in the lattice by introducing more gadolinium.

Table 11 Stoichiometry of prepared NDCGO powder (relative error £3% of wt.%).

Desired stoichiometry NDCGO-0.05M HNOs3, 500 °C 2h
Ceg.3 Gdo2 O Ceo.76 Gdo.24 O2

CGO colloidal sol (CSCGO)

The use of ammonium hydroxide solution resulted in a voluminous yellowish or orange sol
(or precipitation at higher concentration NH3.H,O) from Ce(IlI) and Gd(III) nitrate solution
(Figure 34). The more amount of ammonium hydroxide solution was added, the higher the
pH value was detected and the larger particles had formed. Particularly, the precipitation had
rapidly formed directly after addition of 0.7g or 1.2g ammonium hydroxide and sunk on the
bottom. Godinho [91] proposed the following reactions for gadolinium-doped ceria:

CC(NO3)3.6H20 +Gd(NO3)36H20 + NH4,OH — Cel_dex(OH)4 + NH4NO;3; +H,O Equation 21
Cel_dex(OH)4 — Ce1xGd0,.5.2H,0 — CeyxGdyO,5 + 2H,0 Equation 22

1.2g NH4OH

pH 6.62 pH 7.50 pH 7.69 pH 8.02 pH 8.65 pH 9.28

Figure 34 CGO colloidal sols prepared with addition of various amounts of ammonium hydroxide solution.

Figure 35 shows the particle size (dsy) change depending on pH (a) and on aging time (b).
The particle size grew up progressively with increasing pH from dso = 6 nm at pH 6.62 via dsg
=18 and 40 nm at pH 7.50 and 7.69, respectively, to dso = 122 nm at pH 8.02. At higher than
pH 8.02, the particle size measurement was not carried out due to fast precipitation sinking
down to the bottom. The particle size became also larger with the aging time. The prepared
CSCGO with 0.2g NH4OH exhibit relatively constant particle size (dsp=21nm) for 100 min
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but rapid grow of the patrticle size was observed after 200 min yielgirg&nm. Therefore,
the CSCGO sol was used as coating solution within 200 min after preparation.
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Figure 35 Particle size of prepared CSCGOs as a function of pH (a) and time (b).

Figure 36 shows a dried CSCGO/PVA-Xerogel (a) and XRD patterns of CSCGO route
derived CGO powder (b). The peaks of the calcined CSCGO powder corresponds to the
fluorite structure of Ce®(PDF card number: 01-075-0162) and exhibits no impurity phase.
As discussed in XRD results of NDCGO, the development of C-type structure,0f &d

Ce(Q cannot clearly be identified from the XRD patterns due to the heavy overlap of the
reflections.

CSCGO 500°C2h
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Figure 36 Photograph of CSCGO/PVA-Xerogel (a) and XRD patterns of colloidal sol-gel route derived CGO
(CSCGO) powders calcined at 3Q0for 2h in air (b).

The chemical analysis of prepared CSCGO powder was carried out using ICP-OES at ZCH in
FZJ. CSCGO/PVA2 was calcined at 560 for 2h in air and the resulting powder was
measuredTable 12 shows the stoichiometry of CSCGO powder that was calculated from the
detected weight ratio of Ce and Gd elements with relative errors £ 3%. As a result, the desired
stoichiometry was obtained.
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Table 12 Stoichiometry of prepared CSCGO powder (relative error £3% of wt.%).

Desired stoichiometry

CSCGO, 500 °C 2h

Ceg.3 Gdo2 O

Cep.79 Gdo.21 O

Thermal analysis (TGA-DTA of NDCGO/PVA-Xerogel)

The knowledge of the decomposition
behavior of organic components is of great
importance for the residue-free burnout
from the inorganic materials. Particularly
with regard to the use of organic binders
such as PVA, the implementation of a
thermal analysis is necessary. The prepared
final NDCGO/PVA mixtures were dried at
room temperature and the decomposition
behavior of Xerogels is shown in Figure 37

using TG-DTA (Thermogravimetry -
Differential Thermal Analysis) at the
temperature range of 30~1000 °C or

30~1400 °C with heating rate +1Kmin™.
Weight loss in the sample was observed due
to the loss of adsorbed moist at below 100
°C. The sample exhibits two exothermic
peaks in the DTA indicating temperatures,
204°C and 255°C for PVAI1, 171°C and
232°C for PVA2 and 207°C and 285°C for
PVAA4. In the thermogram, the major weight
loss is observed in the range 150-400 °C.
The comparison of the total weight loss
between Xerogels was not taken into
consideration, because only some parts of
dried Xerogels the
measurement. The burnout of the organic

were used for
components is completed at approx. 400 °C.
Therefore, a residue-free combustion can be
expected at the temperature of 500 °C that is
adopted as a calcination temperature in this
whole work.

o
®

T T
1.5NDCGO+PVA1

4

1
o
>

©
3
T
L
o
rY

L
=
o

(%)
3
T
L
2 s
DTA (uV/mg)

'I
3 3
T T

v
L
5 &
> =

)
s
3

L -1,0
[ 200 400 600 800 1000 1200 1400

Temperature (°C)

5
©

T
1.5NDCGO+PVA2

[}

1
&
o

©
S
T
L
o
=

1
o
)

TG (%)
T
?
g S
DTA (puV/mg)

0 200 400 600 800 1000

Temperature (°C)

T T
1.5NDCGO+PVA4

02

00

TG (%)
3
)

02

DTA (uV/mg)

4-04

50 - —~-06

—-08

L L L L L L 1,0
0 200 400 600 800 1000 1200 1400

Temperature (°C)
lexo

Figure 37 TGA-DTA plots of 1.5NDCGO-PVA (1, 2
and 4)-Xerogels.
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4.2.2 Development of CGO membrane on WP/VSC (NiO/8YSZ) substrate

Coating layers after heat-treatment.

CGO membranes deposited on 100-WP/VSC substrates using 1.0 and 1.5 wt.% CGO nano-
dispersions (so-called 1.0NDCGO and 1.SNDCGO) was investigated by SEM. After
calcination, the coating thickness was measured using 5 different positions based on the SEM
images and depicted in Figure 38. For both samples, the first coating layer was thinner than
second coating layer due to the different film formation rate. The film formation rate of first
coating layer became lower due to the smaller capillary pressure derived by larger pore size of
the substrate, while the film formation rate of second coating layer is higher due to the larger
capillary pressure derived by smaller pore size of the first coating layer, resulting in different
coating layer thickness. In addition, some NDCGO particles could be infiltrated into the large
pores existing on the substrate surface. The coating layer thickness after calcination correlated
with the concentration of NDCGO. When the concentration increased from 1.0 wt.% to 1.5
wt.%, the coating layer thickness also exhibited 1.5-fold increase.
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Figure 38 Coating thickness of double 1.ONDCGO and triple 1.5SNDCGO layers that were spin-coated with
rotation speed 800rpm for 60sec. PVA2 was used as binder for both. Each coating layer was calcined at 500°C

+2Kmin™ for 2h in air.
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Figure 39 shows SEM images of NDCGO coatings after calcinations. It is clear to see that
very small CGO particles agglomerated and exhibits clusters with diameter < 100 nm. With
fracture surface images using BSE, spin-coated CGO layers can be clearly distinguished.
Figure 40 shows SEM images of sintered NDCGO coatings. At 1400°C the CGO layer
became fully dense with grain size 0.5 -2 um. The VSC interlayer of WP/VSC became also
relatively dense but WP base substrate of WP/VSC remained as porous structure.
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Figure 39 FEG-SEM images of NDCGO on 100-WP/VSC, calcined at 500°C for 2h in air: (a, b) double CGO
coatings using 1.ONDCGO and PVA3, (c) double CGO coatings using 1.0NDCGO and PVA2, and (d) triple
CGO coatings using 1.SNDCGO and PVA2.
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FZJ: IEK 2011 EHT = 15,00 KV Detector = InLens WD = 8 mm

FZJ:IEK 2011 EHT = 1500 kV Detector =QBSD WD= 8mm "

(a) Topview, SE ' ~(b) Fracture surface, BSE

Figure 40 FEG-SEM images of NDCGO on 100-WP/VSC, sintered at %2Q85/-1Kmin’) for 5h in air:
double CGO coatings using 1.5NDCGO and PVAA4.

NDCGO membrane depending on spin-coating parameter

The influence of the process parameters for spin-coating on the gas-tightness of sintered CGO
membranes was investigated in this work. The rotation time or rotation speed was varied.
Besides coating process parameter, the influence of coating numbers, e.g. from double to
triple coatings, was also considered.

Gastightness evaluation as a function of rotation time

As shown inFigure 41 (a) the rotation speed was kept at 800 rpm and various rotation times
were applied. A mixture of 1.5NDCGO + PVA2 was used as a final coating sol. Every
coating layer was calcined at 560 at +2Kmin® for 2h in air and final double coatings
supported by 100-WP/VSC were fired at 1480 for at +3/-5Kmift for 5h in air.
Subsequently, their gas-tightness was evaluated by single gas permeatieiguest41 (b)

shows helium flow rate of double coated NDCGO membranes as a function of rotation time.
The helium flow rate was decreased when the rotation time was shortened 466- 20

sec.). It might be caused by the increase of coating thickness or coating homogeneity.
Nitrogen gas permeation test yielded same gas-tightness behavior and thus was excluded.
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Figure 41 Process parameters for spin-coating with their corresponding symbols (a), and helium flow rate of
double coated NDCGO membranes as a function of rotation time (20, 40 and 60 sec.) (b). 1.5NDCGO + PVA2
was used as a final sol and all layers were calcined atG@0 +2Kmin' for 2h in air. Subsequently, all coated
samples were fired at 146G for 5h in air at +3/-5Kmin.

Gastightness evaluation as a function of rotation speed and coating humbers

The rotation time was kept at 20 sec and the rotation speed was varied in thisigumnk 42

(a)). Additionally, triple-coating-layer was carried out to help covering potential open pores.
Figure 42 (b) shows corresponding symbols for double and triple coating layers. The used
final sol and heat-treatment profile were identical as described in ‘gastightness evaluation as a
function of rotation time’. In case of double coating layers, the decrease in rotation speed
exhibits no significant influence between 600 rpm and 800 rpm, but at 400 rpm the helium
flow rate was increased considerably. In case of triple coating layers, no matter how high the
speed all triple coating layers exhibit higher helium flow rate than double coating layers
because of microcrack formation as following.
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Figure 42 Spin-coating parameters (a), their corresponding symbols for double and triple coatings (b), and
helium flow rate of double (c) and triple (d) coated NDCGO membranes as a function of spin-coating RPM.
1.5NDCGO + PVA2 was used as a final sol and all layers were calcined at 500 °C at £2Kmin™ for 2h in air.

Subsequently, all coated samples were fired at 1400 °C for 5h in air at +3/-5Kmin™.
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Thermal cracking behavior of triple CGO coatings by CLM
Figure 43 shows CLM images of cracking pattern on the surface of triple CGO coatings. The

cracks for 400 and 600 rpm were observed after calcination which might occur due to the
excess of critical film thickness led by the reduction in rotation speed. In contrast to them,
there was no prior crack after calcination in the CGO coatings with 800 rpm. The cracks were
generated during sintering process. It is further investigated as follows.

400 600 800

Figure 43 CLM images of thermal cracking behavior of friple CGO coatings on 100-WP/VSC substrate.
1.5NDCGO + PVA2 was used as a final sol and all layers were calcined at 500 °C at =2Kmin™ for 2h in air.
Subsequently, all coated samples were fired at 1400 °C for 5h in air at +3/-5Kmin’".

Effect of cooling rate on crack formation in CGO coating layers

Sintering process involves crystallization of the coating layer and thus requires shrinkage of
the coating layer. Due to the constraint of the substrate, tensile stress is generated in the
coating layer and some of the stress can be released by diffusive mechanisms at the
temperature of crystallization. After heat process, cracks can be generated in the coating layer
during cooling of sintering process, which are related to the residual stress caused by thermal

mismatch between coating layer and substrate. To minimize influence of this stress the
cooling rate was decreased from -5 to -1 and -0.5 Kmin™' as programmed in Figure 44.

5h

1400°C
+3K/min

Figure 44 Sintering program with different cooling rates.

Figure 45 shows the sintered CGO coating layers with different cooling rates. As clearly
shown in CLM images, the cracks were weakened with the decrease in cooling rate. Using the
height profile analysis the depth of the cracks was evaluated. At cooling rate -5 Kmin™, the
cracks were propagated with approx.1.7 um in depth that is nearly close to the thickness of
the triple-CGO coating layer after sintering (approx. 2um). At -1.0 Kmin™, the propagation
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depth of the cracks was shortened to approx. 0.7 pm and finally did not appear at -0.5 Kmin™".
The sample surface displayed in Figure 45 (b) was further investigated by SEM (HITACHI)
as shown in Figure 46. The crack did not appear at all and in some area the valley of layer has
formed, indicating tensile stress to the coating layer was suppressed with the decrease in
cooling rate.

(a) -5K/min (c) -0.5K/min

Figure 45 Laser+color (up) and height (bottom) images by CLM. Triple NDCGO coatings on 100-WP/VSC
substrate. ‘1.SNDCGO + PVA2’ was used as a final sol and all layers were calcined at 500 °C at +2Kmin™ for 2h
in air. Subsequently, the coated samples were fired at 1400 °C for 5h in air at +3/-5 (a), -1 (b) and -0.5 Kmin™ (c).
Unity of value in scale bar is pm.

15183-110007 30um  15183-110009 20um
800r20s3ND35CGO/WP-VSC1400C900 800r20s3ND35CGO/WP-VSC1400C900

Figure 46 SEM (HITACHI) images of the sample displayed in Figure 45 (b) after reducing.
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Effect of MW of PVA on crack-free coating layer

The influence of molecular weight (MW) of PVA on the critical coating layer thickness (or
microcrack formation) was investigated in this work. Four different solid concentrations of
NDCGO (1.0, 1.5, 2.5 and 3.5 wt.%) that were directly related to the coating layer thickness
were mixed with three different MWs of PVA (PVAI1, PVA2 and PVA4), producing various
final coating liquids. The various final coating liquids were double spin-coated on the 100-

WP/VSC substrates with rotation speed 800 rpm and spinning time 20s. Each coating layer
underwent the calcination and subsequently the samples were fired at 1400 °C at for 5h in air.
The cooling rate of -1 Kmin™ was adapted to minimize the risk of cracking.

Table 13 shows the observation of microcrack formation after calcination. When the solid
concentration of NDCGO increased the microcracks were detected by CLM, but with
adopting higher MW of PVA crack-free coating layers could be achieved. Due to the solvent
evaporation, the coating layer near surface shrinks faster than internal coating layer near
substrate, the tensile stress occurs close to the surface of the coating layer. The constant rate
period (CRP) of drying extends with increasing MW of PVA, since PVA with more
complicated polymer chains migrates to the surface and thus solvent evaporation becomes
harder. [92]. Consequently, it leads to the depression of the internal stress and thus prevents
the crack formation during drying. In other words, the critical coating layer thickness can be
increased by using higher MW of PVA.

Table 13 Microcrack formation in double coated NDCGO membrane after calcination (500°C/2h/air), depending
on the concentration of NDCGO and on the molecular weight (MW) of PVA, observed by confocal laser
microscope. ‘X’ is expected to be crack formation and ‘-’ cannot be judged.

PVAIL PVA2 PVA4
(MW22000)  (MW60000)  (MW145000)
4.5NDCGO (4.5wt.%) X X Crack
2.5NDCGO (2.5wt.%) Crack Crack No crack
1.5NDCGO (1.5wt.%) Crack No crack No crack
1.ONDCGO (1.0wt.%) - No crack No crack

Figure 47 shows SEM images of sintered CGO coating layers using various solid
concentrations of NDCGO when the highest MW of PVA (PVA4 in this work) was added.
The PVA4 enabled the CGO coating layer with thickness of approx. 2um. The cracks did not
appear until 2.5NDCGO. Many pinholes were visible in SEM topview when a mixture of
2.5NDCGO and PVA4 was used as a final coating liquid, which are not related to the effect of
MW of PVA but to the stability of NDCGO. As discussed in section 4.2.1 NDCGO became
less stable with increasing the solid concentration of NDCGO and shortened the life time of
stable dispersion of CGO nanoparticles. Although the 2™ coating layer using 2.5NDCGO was
coated right after calcination of the 1*' coating layer (i.e. after 24 hours), CGO nanoparticles
formed the aggregates and thus created many pinholes.
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Figure 47 FEG-SEM images of NDCGO membranes using various concentrations of NDCGO and PVA4.
Double spin-coated layers were calcined at 500 °C at £2kmin™' for 2h in air and fired at 1400 °C at +3/-1Kmin™'
for 5h in air

Figure 48 shows crack behaviour as a function of MW of PVA when 2.5NDCGO was used.
As shown in topview images of CLM and SEM, severe cracks were generated with the lowest
MW of PVA (PVAI) and crack density was considerably reduced with increasing MW of
PVA due to the reduction of internal stress in the coating layer. The cracks observed after
calcination obviously propagated further during sintering process and the width of cracks
became broader. The decohesion of intra-coating layer occurred, to be accurate between the
1* and 2™ coating layer (see the image of fracture surface). As mentioned above, the
shortened life time of the 2.SNDCGO is the responsible for the pinholes observed on the
surface of the 2™ coating layer, which can be suppressed with adjusting pH value for NDCGO.
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PVA1l PVA2 PVA4
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Figure 48 CLM (upper) and FEG-SEM (bottom) images of NDCGO membranes using 2.5NDCGO and various
MWs of PVA. Double spin-coated layers were calcined at®Dat +2kmin® for 2h in air and fired at 140C
at +3/-1Kmin® for 5h in air. *cal.: calcined sample, sin.: sintered sample, TV: topview, FS: fracture surface.
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Gastightness evaluation by He leak test

The gastightness of double or triple coated NDCGO membranes was evaluated by helium leak
test. Available substrates were limited and thus single sample was tested for each condition,
except for sintered substrates. The resulting helium leak rates for sintered NDCGO
membranes on WP/VSC substrates are displayed in Figure 49. With increasing of solid
concentration of NDCGO, the gastightness of sintered CGO membranes was noticeably
improved, i.e. helium leak rate (mbar.l/cm®.sec.) was decreased, for example, from 7.4x107 of
‘1.ONDCGO’ to 1.5x107 of ‘2.5NDCGO’ when PVA4 was used for double coatings (black
symbols), and from 7.5x10™ of ‘1.5NDCGO’ to 1.1x10™ of 2.5NDCGO’ when PVA4 was
used for triple coatings (red symbols). The triple-coated CGO membranes exhibit lower
helium leak rates than the double-coated CGO membranes. The sintered CGO membrane was
prepared by triple coatings using a mixture of 2.5NDCGO and PVA4, and was further heat-
treated at 900 °C at+3/-1Kmin™' for 3h under reducing atmosphere Ar/4%H,. As a result, the
helium leak rate was increased to 1.1x10” mbar.l/cm?.sec. It might be concerned with the
porous structure formation of the substrate. The WP/VSC interlayer and substrate, both
consisting of NiO and 8YSZ, becomes additionally porous during heat-treatment under
reducing atmosphere regarding as NiO — Ni + 0.50,. Therefore, the He permeability through
substrate is increased and the traveling path way where helium gas escapes is shortened.
Consequently, helium gas is delivered more readily from substrate side to membrane side. In
addition, the possibility of exposure of through-connected pores might be increased. The
porous structures of the WP/VSC substrate after reducing were revealed in Figure 50. The
pinholes in NDCGO membrane formed during sintering remained after reducing substrate.
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Figure 49 Gastightness evaluation by He leak test. He leak rates were displayed for various concentrations of
NDCGO and MWs of PVA. Double or triple spin-coated layers were calcined at 500 °C at +£2kmin™' for 2h in air
and fired at 1400 °C at +3/-1Kmin™ for 5h in air. (15789 samples: size 40x40mm, measured diameter of He leak
rate: Qgoule = 20mm, Dyipre = 10mm, Ogyppore = 10mm).
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Figure 50 FEG-SEM images of NDCGO deposited on WPVSC (NiO/8YSZ), fired at 1400 °C at +3/-1Kmin '
for 5h under air and further heat treated at 900 °C at +3/-1Kmin™ for 3h under Ar/4%H,. For the NDCGO layers
a mixture of 1.0NDCGO and PVA2 was used as final coating liquid.

Micro-defects investigation

To obtain defect-free membrane, most of all, the sources causing defects on the coating layers
should be investigated since the primary defects further remain on the finished product. In this
section, some crucial defect sources are discussed.

Defect formation due to air bubbles on coating liquid (Figure 51)

The most important task to avoid the defect of coating layer is the purification of the coating
liquid and binder to remove the agglomerates or potential dirt. Although the coating liquids
and binders were purified using a 0.8 pm-syringe filters and coating process was carried out
in the clean room, many defects were observed on the surface of the coating layer, as shown
in Figure 51 (a). It is because of many bubbles formed during mixing process or pouring final
coating liquids into the petri-dish. These bubbles cause uneven coating surface, or
microcracks of coating layer due to air escaping during heat-treatment. Therefore, the floating
bubbles should be removed additionally after pouring the final coating liquid into the petri-
dish. Figure 51 (b) shows a well-defined surface of coating layer when eliminating the
bubbles from the surface of coating liquid.
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(@) (b)
Figure 51 FEG-SEM images of NDCGO topview when the floating bubbles on the sol was not removed (a) and
completely cleaned (b). A mixture of 1.0NDCGO + PVA3 was used as final sol and all layers were calcined at
500°C for 2h in air.

Defect formation due to inhomogeneous binder distributiagufe 52 a)

As mentioned, the pinholes formed after sintering due to the decrease in stability of nano-
dispersion. The binder can also affect defect formation. For instance, inhomogeneous layer
can be formed during coating procedure, when the binder is partially not dissolved in the

solution during synthesis or is not dispersed homogeneously in nano-dispersion during mixing,
or is re-agglomerated. As a result, the coating layer can burst during burn-out of

inhomogeneous binder.

Defect formation due to rough surface of substrigufe 52 b)

Deep valley of substrate waviness can lead to the failure in the coating layer. If the second
coating layer is deposited with loose contact to the first coating layer at the valley of substrate,
the second coating can form discrete film after sintering.

Defect formation due to substrate defégt(re 52 g

When too large pores or defect holes already exist on the substrate surface, the nano-particles
in dispersion is infiltrated into them. Thus, the desired coating layer cannot be obtained.
Therefore, the condition of substrate surface is certainly critical factor for film formation.

Double 2.5NDCGO/PVA4 Double 1.0NDCGO/PVA2 Double 1.0NDCGO/PVA4
,‘,_ o b I St e

F2: ek 201

@ (b) (c)

Figure 52 FEG-SEM images of possible failures of sintered CGO film formation, e.g. (a) pinholes due to the sol
instability and binder burst, (b) continuous CGO layer due to the substrate valley, and (c) sol infiltration into the
very large pore of the substrate.
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4.3 Characterization of CGO and LSCF membrane by PVD

4.3.1 Development of interlayer

Applying additional interlayer has a considerable benefit, particularly when the reduction of
pore size of substrate is required. Larger pores of substrate require longer sputtering time to
be covered and thus the minimum thickness of film deposited is limited. The additional
interlayer provided fine porous surface condition and enabled very thin film membrane. As a
result, relatively gastight LSCF membrane (approx. 700 nm thick) could be deposited without
bias assist in this work. However, the interlayer can occasionally be fatal for membrane
deposition. If the interlayers are not mechanically strong enough, they are destroyed from the
sputtered atoms. For instance, it was detected that the interlayers were peeled-off or eroded by
sputtered CGO atoms, since they could not overcome the kinetic energy of sputtered atoms.

Table 14 shows the prepared interlayers for sputtering process. NDCGO, CSCGO and
AIOOH interlayers were produced via dip-coating. PVA2 was mixed with the coating liquids
as binder. Each interlayer consists of double coating layer to minimize the defect that might
exist in the first coating layer. Every coating layer underwent calcination (500 °C, 2h, + 2
K/min), followed by final heat treatment.

Table 14 Prepared interlayers on zirconia and alumina substrate.

Name Coating liquid for interlayer ~ Substrate Final heat treatment
50-1.0NDCGO-Z 1.ONDCGO 110-8YSZ  500°C/2h /=2 K/min
80-1.0NDCGO-Z 1.ONDCGO 110-8YSZ 800 °C/2h/+ 2 K/min

100-1.0NDCGO-Z 1.ONDCGO 110-8YSZ 1000 °C/2h /=2 K/min
110-1.0NDCGO-Z 1.0NDCGO 110-8YSZ 1100 °C/2h/+ 2 K/min
100-1.5NDCGO-Z 1.5NDCGO 110-8YSZ 1000 °C/2h/+2 K/min
50-CSCGO-CZ CSCGO/1.0NDCGO 110-8YSZ 500 °C/2h/+2 K/min
110-CSCGO-CZ CSCGO/1.0NDCGO 110-8YSZ 1100 °C/2h/+2 K/min
110-1.0NDCGO-A 1.ONDCGO 110-0ALO; 1100 °C/2h/+ 2 K/min
110-A30A CS_AIOOH 110-0Al,0; 1100 °C/2h /42 K/min
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Before introducing samples into the PVD chamber, all samples were ultrasonically cleaned in
a container filled with ethanol. This cleaning step is really critical since the defects obtained
already in this step leads to defective membrane deposition. In a conventional way, the
samples were laid on the bottom of glass beaker and after ultrasonication cleaning the sample
surfaces were quickly dried using a cotton fabric. In this case, serious plenty of scratches were
found on the sample surface at a glance, as shown in Table 15. Although the samples were
dried using nitrogen gas instead of wiping them with a cotton fabric, the failure of interlayer
was still observable. It seems that the particles escaped from the sample rolled on the sample
surface and thus left rolling marks. To avoid this problem, vertical cleaning was carried out
with nitrogen gas drying. The samples were kept upright in the glass beaker (non-contact
mode), so the particles that affect the surface just sank down on the bottom of the glass beaker.
As a result, the samples were successfully cleaned without any defect.

Table 15 Ultrasonication cleaning of substrates having interlayers.

Prepared interlayer 110-1.0NDCGO 110-1.0NDCGO 110-1.0NDCGO
Ultrasonication mode Contact Contact Non-contact
Drying Cotten fabric Nitrogen gun Nitrogen gun

Resulting appearance

XRD of powder mixtures (CGO, 8YSZ, LSCF)

NDCGO interlayers are essential for LSCF membrane not only due to the reduction in pore
size of substrate but also due to the incompatibility between 8YSZ and LSCF when 8YSZ is
used as a substrate for LSCF membrane. Figure 53 shows the XRD patterns of mixtures of
CGO + LSCF, 8YSZ + LSCF, and 8YSZ + CGO powders. The powders were mixed at a
weight ratio 1:1 and underwent solid state reaction at 1100 °C for 2h in air. 8YSZ and CGO
powders were prepared, which were same powders used for substrate and for NDCGO
interlayer, respectively. LSCF powder used for XRD investigation was prepared by Pechini
Method. The both mixtures of ‘CGO + LSCF’ and ‘8YSZ+CGO’ exhibit no impurity phase,
while the powder of ‘§YSZ+LSCF’ exhibits phase structure change of LSCF from trigonal
(rhombohedral) to orthorhombic phase and two other impurities, SrZrO; and Fe;Os.

Especially SrZrO; phase shows relatively intense peak. It seems that the trigonal structure was
distorted with decreased Sr content in LSCF due to the SrZrOs formation.
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Figure 53 XRD patterns of mixturesCGO + LSCF”, “8YSZ + LSCF” and “8YSZ + CGO'which underwent
solid state reaction at 116G for 2h in air.

SEM of NDCGO and CSCGO interlayers

Figure 54 shows SEM images of CGO interlayers. When CSCGO coating layer is deposited
on NDCGO, the surface became finer. The NDCGO and CSCGO coating layers, both were
double-coated, exhibits the thickness of approx. 2 um and 0.2um, respectively.
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XRD of AIOOH

The AIOOH colloidal sol, which was prepared in order to produce the 110-A30A substrates,
was dried overnight at 68C and fired at two different temperatures that are calcination
temperature (50€ 2h) and final heat treating temperature (£00@h). Subsequently, the
obtained aluminium oxide powders were examined by XRiQure 55 shows their XRD
patterns. After heat-treatment at 8002h in air broad and diffuse peaks were observed,
presenting cubic gammaj-Al,Os polycrystalline. At temperature 116C sharp reflections

of mainly a-Al O3 and a fewd-Al,03; (20-25 wt.%) phases were observedl,O; undergoes
phase transitiony(— 8 — a) with increasing temperature and longer firing dwell time [93-
95]. The main phase-Al,O3; had a domain size of approx. 50 nm, the monochrid ;O3
approx. 13 nm.

a: alpha-ALO,
a t: theta-Al,O,
g: gamma-ALQ, |
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Figure 55 XRD patterns of aluminum oxide powders derived via AIOOH colloidal sol-gel route, sintered at
500°C and 1108C for 2h in air.
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4.3.2 Development of CGO membrane on 8YSZ substrate

8YSZ substrates were fabricated by vacuum-slip-casting as described in section 3.1.
According to the pre-sintering temperature, the substrates were labelled as listed in Table 16.
Dwell time and heating/cooling rate of pre-sintering process was kept at 2h and + 2K/min,
respectively, for all substrates.

Table 16 Heat-treatment profile of prepared 8YSZ substrates.

Substrate Pre-sintering temperature  Dwell time Heating/Cooling rate
110-8YSZ 1100 °C 2h + 2 K/min
112-8YSZ 1120°C 2h + 2 K/min
114-8YSZ 1140 °C 2h + 2 K/min
118-8YSZ 1180 °C 2h + 2 K/min

Figure 56 shows SEM images of fracture surface of the 8YSZ substrates that were pre-
sintered at four different temperatures. It is clear to see that the 8YSZ particles were
coarsened gradually with increasing pre-sintering temperature, which leads to larger pore
formation on the substrate surface. It should be noticed that the gas permeability of these
substrates were comparable each other, i.e. there was no significant difference of gas
permeability when the 8YSZ substrates were presintered at between 1100 °Cand 1180 °C (see
section 4.1).

110-8YSZ 112-8YSZ 114-8YSZ 118-8YSZ

Figure 56 FEG-SEM images of fracture surface of 8YSZ substrates, presintered at 1100 °C (a), 1120 °C (b),
1140 °C (c) and 1180 °C.
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Microstructure investigation

Figure 57 shows the photographs of the sputtered membranes on 8YSZ substrates, pre-
sintered at various temperatures. Without bias (OW) the CGO membranes exhibits yellowish
colour on white 8YSZ substrates. With increasing bias power CGO membranes became more
transparent. It should be noticed that the images with same colour box were photographed
under same condition. When bias powers were used, initially white colour of the 8YSZ
substrates turned out black, which is generally associated to an oxygen loss from the material.
It is so-called “blackening (or darkening or coloration) of zirconia” regarding to the colour
change caused by electrochemical reduction [96]. Additionally, peeling-off of CGO
membrane is observable in the photographs when sputtered onto 110-8YSZ substrate with
bias power 100 or 300 W. For 300W-CGO membrane supported by 110-8YSZ substrate,
SEM investigation was carried out for unfavourable failure formation at the outside and at the
middle of sample, as shown in Figure 58. The peeling-off density at the middle of sample
was considerably lower than that at the outside but it was still detectable.
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Figure 57 Photographs of RMS-CGO on 8YSZ substrates with various bias powers. Substrate temperature was
kept at 800°C for all RMS runs onto 8YSZ substrates.
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Figure 58 FEG-SEM images of RMS-CGO on 110-8YSZ with 300W bias, at the point of middle (a) and outside
(b, ¢), i.e. blue circle areas of photograph in Figure 57.

Figure 59 displays the SEM images of membrane microstructures deposited on 110-8YSZ
substrates when bias power 0, 100 and 300 W were applied to the substrates. OW-CGO
membrane exhibits porous and columnar structure without any defect such as delamination or
peeling-off. When applying bias powers, the CGO membrane could be deposited compactly.
The bias power accelerates Ar'-ions toward growing film and ion bombardment leads to a
further densification of deposited film. However, severe delaminations were observed for
both bias powers. Increasing bias power led to larger delamination curvature of CGO
membrane. It is because ion bombardment to the film induces the compressive stress in the
membrane. It should be noticed that the fracture of films occurred not at interface CGO
membrane/substrate, but within substrate material. It indicates that the mechanical strength of
substrate was not as sufficient as overcome the compressive stress. Therefore, elevated
presintering temperature of substrate was adopted in order to increase the substrate strength.
Figure 60 shows SEM images of CGO membranes when deposited on 112-8YSZ. The
microstructure of OW-CGO membrane deposited on 112-8YSZ substrate was nearly similar to
that on 110-8YSZ substrate, denoting that bias assist is always required to deposit the CGO
membrane compactly on porous substrate. In 400W-CGO membrane supported by 112-8YSZ
substrate, no severe delamination was found. The increasing presintering temperature to 1120
°C enhanced the mechanical strength of substrate, thus substrate could endure the compressive
stress, achieving compact membrane without delamination. Nevertheless, some spalling was
detected on the membrane surface as shown in Figure 60 (e), which might be the initial stage
of delamination. Therefore, the higher presintering temperatures were adopted for further
development of CGO membrane.
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Figure 59 FEG-SEM images of RMS-CGO on 110-8YSZ with bias power 0, 100 and 300 W.
(Substrate temperature 800 °C)
*Scale bar: 200 nm for (b,d,f,h,j,1), 1 um for (c), 2 um for (a,e,g), and 10 pm for (i).
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Figure 60 FEG-SEM images of RMS-CGO on 112-8YSZ with bias power 0 and 400 W.
(Substrate temperature 800 °C)
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Gastightness evaluation

Figure 61 shows the single gas flow rate as a function of pressure differential [pressure on the
feed side (variable) — pressure on the permeate side (1lbar)]. It enables the evaluation of
gastightness (or permeability) of samples. As expected with porous columnar microstructure
of OW-CGO membranes, their gas flow rates were as high as that of substrates. 400W-
membranes, which were deposited on substrates pre-sintered at higher temperatures (>
1100°C), exhibit significantly low gas flow rates in comparison with the substrates and OW-
membranes. Among the 400W-membranes, membrane supported by 114-8YSZ shows even
lower gas flow rate than by 112-8YSZ. 100W-membrane has also lower gas flow rates than
the substrates although it has delamination between CGO membrane and substrate. It was
supposed that delaminated thin film was not completely peeled off so that it could have
certain cover-ability on the substrate surface. The more precise evaluation of membrane

gastightness is given by helium leak test as follows.

22
20

(@)

He flow rate / area (ml/min.cmz)
S

(b)

N, flow rate / area (ml/min.cm®)

Figure 61 Gastightness evaluation by single gas permeation test using helium (a) and nitrogen (b) gases for
RMS-CGO membranes deposited on 8YSZ substrates.
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The CGO membranes were deposited on the 114- and 118-8YSZ substrates and various bias
powers (100, 200, 300 and 400W) were applied to the substrates. Their gastightness evaluated
by helium leak test is shown Figure 62. With increasing bias power the helium leak rate
through sputtered membranes was decreased. The lowest helium leak rate was observed in
300W-membranes. At 200 W the membranes sputtered on 118-8YSZ substrates exhibit
higher helium leak rate than that on 114-8YSZ substrates.

Figure 63 shows SEM images of the microstructures of CGO membranes supported by 114-

8YSZ substrates. The sputtered CGO membranes were deposited compactly on 114-8YSZ
substrates when the bias powers were varied from 200 W to 400 W, while substrate bias
100W vyielded porous and columnar CGO membrane. It does not correspond to the CGO
membrane deposited on 110-8YSZ substrate, since dense and compact CGO membrane was
observed when applying 100W bias to 110-8YSZ substrate. The coarsening of substrate
particles may have been a contributing factor for this uncompact CGO membrane deposition
onto 114-8YSZ substrate, because it accompanied growing pore size of substrate. Hence, the
higher the pre-sintering temperature the substrates undergo, the larger minimum bias power
should be applied for compact membrane deposition.
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) ) % 2.2E-02 2 samples for 100, 200, 300W|
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"é }8.3E-03
X
8 50x10° R
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| 1 n 1 " 1 " 1
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Figure 62 Gastightness evaluation of RMS-CGO membranes on 114- and 118-8YSZ substrate using helium leak
test and displayed as a function of bias power applied to the substrates. He leak rates of 100W-membrane on
110-8YSZ (7.9x18 mbarl/cm®sec) and 400W-membrane on 112-8YSZ (1.4CGxIfbarl/cm*sec) were

excluded in this figure.
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Figure 63 FEG-SEM images of RMS-CGO membranes on 114-8YSZ substrates with various bias powers.
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Membrane thickness was measured using the SEM images, particularly with BSE images to
distinguish the membrane clearly from the substrate with phase contrast difference. As shown
in Figure 64, the thickness of deposited membrane was gradually reduced with increasing
substrate bias. 400W-membrane reached almost 70% thick of none-biased membrane.

Four-zone-model was derived for membrane microstructure by bias-applied RMS in this
work (Figure 65). Zone 1: when applying no bias or too low bias, porous thin film is
deposited on the porous ceramic substrate. Zone 2: with increasing substrate bias, deposited
thin film becomes more compact on porous ceramic substrate. However, due to the coarsening
effect of substrate particle, stronger bias should be applied to obtain compact dense film when
the substrate presintered at higher temperatures is used. Zome 3: at too higher bias,
delamination of thin film occurs due to the insufficient mechanical strength of the ceramic
substrate. The substrate strength can be enhanced with adopting higher presintering
temperature of substrates. Zone 4: if the porous ceramic substrate undergoes presintering
process at excessively high temperature, the substrate becomes dense, which is not suitable
substrate for gas separation membrane. Therefore, proper presintering temperature is required
to keep the gas permeability and, at the same time, to meet the sufficient substrate strength in
order to overcome the compressive stress caused by bias assisting compact membrane
formation. In this work, the substrates presintered at temperature 1100 ~ 1180 °C exhibited
comparable gas permeability (see section 4.1).
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Figure 64 CGO membrane thickness as a function of bias power applied to substrate during RMS.
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Figure 65 Derived four-zone-model for membranes in bias-applied RMS with substrate temperature 800 °C.
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XRD investigation

Figure 66-68 shows XRD patterns of RMS-CGO membranes as a function of substrate bias.
The sputtered CGO was deposited on 110-8YSZ, involving delamination failure (Figure 66),
and on 114-8YSZ, forming porous microstructure at bias 100W and compact dense membrane
at bias 200 — 400W (Figure 67). 0OW-CGO membrane exhibits random orientation like CGO
powder prepared using sintered CGO nano-dispersion. The domain sizes of CGO membranes
deposited on 114-8YSZ substrates decrease apparently with the increase in substrate bias. It is
remarkable that, as the substrate bias increases, the diffraction intensity of (220) peak
increases gradually, while the other peaks show decrease of diffraction intensities.
Consequently, the (220) peak is dominant at the 400W-CGO membrane. The (111) and (220)
orientated peaks on CGO membrane supported by 110-8YSZ has also similar tendency as
CGO membrane supported by 114-8YSZ. The (111) and (220) peaks became weaker and
more intense, respectively, when the substrate bias increase from 100W to 300W. The CGO
diffraction peaks on the membrane supported by 114-8YSZ substrates was shifted slightly
toward the lower angle (20) when substrate biases were applied (Figure 68), indicating the
compressive stress exist in the film which spreads apart the planes of atoms parallel to the
substrate surface.

L I I IS IS B~ I I UL I RN I
o W 110-8YSZ

ORMSCGO
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NDCGO
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2 Theta (degrees)
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Figure 66 XRD patterns of RMS-CGO membranes as a function of substrate bias, which were deposited on 110-
8YSZ substrates at substrate temperature 800 °C. XRD patters of sintered NDCGO powder was included in for
comparison.
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Figure 67 XRD patterns of RMS-CGO membranes as a function of substrate bias, which were deposited on 114-
8YSZ substrates at substrate temperature 800 °C.
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Figure 68 XRD patterns of RMS-CGO membranes as a function of substrate bias, which were deposited on 114-
8YSZ substrates at substrate temperature 800 °C. Figure 67 was magnified for observation of peak shift when
substrate bias was applied.
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Roughness of RMSCGO on 114-8YSZ depending on bias power

Surface roughness of ‘the substrates prior to RMS’ and ‘the sputtered CGO membranes’ was
mapped by a confocal laser microscope. In order to compare the roughness before and after
sputtering at the same position, the artificial scratch was made. From the top of the scratch,
nine images were detected using assembly function with super high definition and pitch 0.01
um. The assembled “laser+color” images are showrignre 69. Except for left 3 images
involving the artificial scratch, the surface roughness of each image was evaluated and
summarized Rdata is depicted graphically Figure 70. The R values of the used substrates

were in the mean range of 114-8YSZ substrates (R0 — 0.27 um). The deposited CGO
membranes show the much lower surface roughness, e.g. 0.11 — 0.13 pmlfb4 Bnd 0.13

—0.15 um for R,118, compared to the roughness of substrates supporting membranes.

(a)114-8YSZ substrate prior to RMS (b)RMS-CGO membrane (200W) on 114-8YSZ

Figure 69 Laser+color image by confocal laser microscope. (a) 114-8YSZ substrate surface prior to RMS, and
(b) sputtered CGO membrane with substrate bias 200W.
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Figure 70 Surface roughness (meag) Bf the substrate prior to RMS (B and sputtered CGO membrang (R
The three images of left side involving scratchHigure 69) were excluded for evaluating the roughness.
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The R, data for all CGO membranes were summarizegignre 71. As expected, the surface
roughness of CGO membranes supported by 110-8YSZ substratgsl(R enlarged with
increasing substrate bias due to the state of delamination curvature.Ad0Rat 300W bias,

only the middle area of sample was measured. The red circle indicates the Ra values
involving delamination only for deposited CGO films on 110-8YSZ substrates. The
membrane surface deposited without any substrate bias exhibited a rough surface due to the
columnar microstructure. Applying substrate bias leads to the smoother membrane surface
due to the bombardment of Aions and thus the surface roughness decreased. Particularly,
300 and 400W-CGO membranes show the surface roughpgess ®14 pum.
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Figure 71 Surface roughness (mean) Rf CGO membranes deposited on 110-, 112-, 114- and 118-8YSZ
substrates as a function of applied bias powgr, R the mean Rof deposited membrane and the numbers
correspond to the presintering temperature of the 8YSZ substrates supporting membranes.
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4.3.3 Development of CGO membrane on NDCGO-Z substrate

NDCGO substrates were prepared using CGO nano-dispersion by dip-coating as described in
section 4.3.1. 1.0NDCGO-Z substrate consists of double CGO interlayers supported by 110-
8YSZ and underwent various presintering temperatures (500, 800 and 1000 °C for 2h).
According to the presintering temperature additional number was written in front of substrate
name, for instance, 50-1.0NDCGO-Z, 80-1.0NDCGO-Z and 100-1.0NDCGO-Z for 500, 800
and 1000 °C for 2h, respectively. Figure 72 shows the photographs of samples after
sputtering procedures. When the bias powers were applied to the 1.0NDCGO-Z substrates, the
CGO interlayers were easily destroyed by bombardment of accelerated ions. It is associated
with mechanical stability of interlayer. The failure of interlayer occurs when the interlayer is
not sufficiently strong to overcome the kinetic energy of accelerated ions. All interlayers seem
to have the mechanical stability at the border of sufficient and insufficient states. 300W-CGO
film was deposited on 80-1.0NDCGO-Z and further investigated by SEM (Figure 73). The
dense and prous zones were observed on the sputtered 300W-CGO film surface (a and b, SE
images of topview). The sputtered CGO film has thickness of approx. 250 nm (c, SE image of
fracture surface), which is much thinner than CGO films deposited on 8YSZ and aALOs
substrates (approx. 1 pm on both). In addition, BSE image of fracture surface (d) exhibits the
weak cohesion between sputtered CGO film and dip-coated NDCGO interlayer. Particularly,
the second film of CGO interlayer was eroded and the thickness was half reduced during
RMS procedure. 100-1.0NDCGO-Z was not destroyed when no bias was applied, but the OW-
sputtered CGO film turned out to be porous in single gas-permeation test. The blackening of
8YSZ substrate was detected as discussed in section 4.3.2 when applying bias to 8YSZ
substrates.

Bias (W) 0 100 300

50-1.0NDCGO-Z

80-1.0NDCGO-Z

100-1.0NDCGO-Z

Figure 72 Photographs of RMS-CGO on NDCGO (CGO interlayer supported by 110-8YSZ) with bias power 0,
100 and 300 W.
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Figure 73 FEG-SEM images of RMS-CGO membrane on 80-1.0NDCGO-Z when bias power 300W was applied.
(a and b: SE-topview, c: SE-fracture surface, d: BSE-fracture surface).
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4.3.4 Development of CGO membrane on aAl,O; substrate

aAl,O5 substrates were fabricated by vacuum-slip-casting as described in section 3.1. They
were all pre-sintered at 1100 °C for 2h in air and called 110-0A1,05. The heating and cooling
rate of pre-sintering procedure was kept at + 2K/min for all substrates. CGO membranes were
deposited onto the 110-aAl,O; substrates by reactive magnetron sputtering with various
substrate bias powers in range from 0 to 400 W.

Figure 74 shows the photographs of the sputtered membranes on 110-aAl,O5 substrates. The
yellowish CGO membrane was deposited homogeneously when no bias power was applied.
However, with increasing bias powers inhomogeneous coating behaviour was observed.
Particularly, 400W-CGO membrane exhibits clearly two different colours, e.g. light yellow
ring at the outside of the membrane and dark yellow circle in the middle of the membrane.
The blackening of substrates and peeling-off of CGO membranes were not detected even at
highest bias power (400W), differing from 8YSZ substrates as discussed in section 4.3.2.

Bias (W) 0 (none) 100 300 400

110-0AI1203

Figure 74 Photographs of RMS-CGO on 110-0Al,05 substrate when bias power 0, 100, 300 and 400 W were
applied.

Microstructure investigation

SEM investigation of these samples is shown in Figure 75. No matter how high substrate bias,
the CGO membranes remained porous and columnar structures until bias power 300 W. The
fracture surface of samples were mounted and carefully polished. With BSE images of the
polished fracture surface, it was verified that the CGO columns were separated from each
other through whole film thickness (Figure 76). Two differently coloured areas in 400W-
CGO membrane were separately investigated by SEM. They show different membrane
structures. While very dense and compact film formed in LY (light yellow) area, very porous
and dendrite-shaped microstructure was observed in DY (dark yellow) area. Moreover,
approx.1.4 times thicker membrane was deposited on DY area than that on LY area. No
delamination of CGO membrane was detected over whole bias range, indicating that 110-
aAl,Os substrate has as sufficient mechanical strength as bias-induced stress or collision
energy of argon ions can be overcome.
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Figure 75 FEG-SEM images of RMS-CGO membranes on 110-0Al,0; substrates. Bias power 0, 100, 300 and
400W were applied to the substrate during sputtering process. (LY: light yellow part (outside) and DY: dark

yellow part (middle) of sample in Figure 74 400W)
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Figure 76 FEG-SEM images of RMS-CGO membranes on dAQO; substrates with bias assist 100 and 300W.
The broken facture surface was mounted and polished.

For inhomogeneous deposition behaviour of CGO membrane under substrate bias, a
hypothesis was suggested in this work that due to poor electrical conductivifd 95
substrates (ADs: 2 x 10° ohni‘em® at 700°C [97]) that is much lower than that of 8YSZ
(8YSZ: 5.5 x 1¢ ohmi‘cm*at 800°C [98] , stabilized Zr@ 4.3 x 10* ohnmi*cm*at 700°C

[97]), the bias effect was concentrated near metallic substrate holder and thus ion
bombardment was enhanced only near edge of CGO membrane. This phenomenon is called
“unbalanced bias effect” in this work and it was schematically drawigimre 77.

’ 110-0Al,O,
Holder RS— P

N\

TCGOT Concentrated bias

Figure 77 Schematic illustration of suggested hypothesis on inhomogeneous CGO membrane formation.

Gastightness evaluation

Figure 78 shows the single gas flow rate per measured area as a function of pressure
differential [pressure on the feed side (variable) — pressure on the permeate sideTibar)].
gastightness (or permeability) of samples can be evaluated. Except for 100W-CGO membrane,
the permeability of CGO membranes exhibit as high as that ofuAL®; substrates,
indicating all porous membranes formed. The CGO membrane could not form dense film
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without substrate bias like CGO membrane on 8YSZ substrate. Although the 100W-CGO
membrane had lower gas permeability than the others, it was not enough dense to function as
MIEC membrane for MO, separation and its porous microstructure was already revealed in
SEM investigation. At higher bias power (300 and 400W) unbalanced bias effect is gradually
stronger and thus made more porous membrane in the middle.
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Figure 78 Gastightness evaluation by single gas permeation test using helium (a) and nitrogen (b) gases for
RMS-CGO membranes depositedod¥ ,O; substrates.
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XRD investigation

Figure 79 shows XRD patterns of RMS-CGO membrane as a function of substrate bias,
which was deposited anAl O3 substrates exhibiting porous columnar microstructure under 0
and 100 W substrate biases. Unlike (111) or (220) preferential orientations on the CGO
membranes supported by 8YSZ substrate, (200) peak was dominant for CGO membranes
supported byAl,O5; substrates when 0 and 100W bias powers were applied wAth®;
substrates. Due to the undesired CGO deposition behaviour at higher substrate bias (300 and
400W), the XRD investigation for 300W- and 400W-CGO membranes was not carried out in

this work.
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Figure 79 XRD results measured in Bragg-Brentano-Geometry for 100W-CGO membraié,03

Further heat treatment

One of the porous CGO membranes was further heat-treated at 1000 aritC 22000 +2

Kmin™ for 5h in air. As shown ifrigure 80, the CGO films with columnar microstructure
began to be sintered. The CGO bundles hold together and the compacted bundles were even
more separated each other at 1000 Red arrow denotes the separation between the
compacted bundles. At elevated temperature 1ZH0CGO film was fully densified but

severe cracks were observed over whole surface. Tensile stress causing the cracks might be
derived to the CGO membrane either by shrinkage mismatch during sintering step or by
thermal mismatch between CGO (TEC: 12.5 ¥ K0'in IEK-1/FZJ [20] and 11.54 + 0.06 x

10° K in [99]) and AbO; (TEC: 8.0 x 10 K™ in IEK-1/FZJ) during cooling step.
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Figure 80 FEG-SEM images of 300W-CGO membrane deposited oruAL{D; substrate after additional heat-
treatment at 1008C and 1200C +2Kmiri* for 5h in air.

Applying Pt-coating on alumina surface

Based on the proposed hypothesis (unbalanced bias effect), further investigation was carried
out. Platinum with thickness of 4~6 nm was coateda#ih,O; substrate to increase the
electric conductivity of substrate. Both uncoated and platinum-coated alumina substrates were
put in the middle of sample holder next to each other. Various substrate bias powers were
applied, e.g. 0, 100 and 400W. As showrFigure 81, CGO film was deposited on both
substrates homogeneously at 0 and 100 W bias powers, which was confirmed by SEM
investigation (sedrigure 82). At 400W ‘unbalanced bias effect’ was detected on both
substrates. It seems that platinum coating did not influence the CGO deposition behaviour
significantly. In SEM images of CGO film on platinum-coated alumina substrate at 400W,
two different microstructures were observed between middle and outside parts of the sample.
It shows the similar deposition behaviour as discussed in Figure 75, but slightly weaker.

Deposited CGO film
100W bias 400W bias

I

Used substrate .
No bias

Figure 81 Photographs of deposited CGO film on uncoated and platinum-coatgds.
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Figure 82 FEG-SEM images of RMS-CGO membranes on platinum-coated a.Al,O; substrates. Bias power 0 and
400W were applied to the substrate during sputtering process. Scale bar: 200nm, lpm and 200nm, from left
image.
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4.3.5 Development of CGO membrane on A30A substrate

A30A substrates were prepared using AIOOH colloidal sol via dip-coating method as
described insection 4.3.1 Double AIOOH interlayers were coated on Lil-0; and
underwent pre-sintering at 110C for 2h in air, which was called 110-A30A substrate.
Employing AIOOH interlayer with ¢ ~ 30nm enabled to reduce the surface pore size of 110-
aAl,Oz substrate. The AIOOH interlayer turned out toolé,Os after presintering at 1100

as shown in XRD result afection 4.3.1Figure 83 a shows the particle size distribution of
prepared AIOOH colloidal sol for interlayer. It can be compared wAthOs; suspension for
substrate (gh ~ 700 nm) irsection 4.1t is clear to see that the prepared AIOOH colloidal sol
has much smaller particles with narrow distribution, which was verified once more by visual
characterization of SEM images irgure 83 b, displaying sputtered CGO membrane,
aAl,0; interlayer andaAl,O5; substrate. This CGO membrane was deposited without bias
assist at substrate temperature of 80(and had microcracks that are discussed later in this
section. The 110-A30A substrate is shown slightly lower gas permeability than the 110-
aAl 03 substrateRigure 84).

[ —— AIOOH colloidal sol |

Frequency, % particles by count

1 1 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 450 500 FZJ:IEX 2011

Particle diameter (nm) -
(@ (b)
Figure 83 Particle size distribution of AIOOH colloidal sol for interlayegy(d 30nm) (a) and FEG-SEM image
of their asymmetric membrane structure consisting of the sputtered CGO menalfdafg,interlayer derived
by CS_AIOOH dip-coating andAl 05 support (b).
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Figure 84 Gas permeability A30A substrates presintered at 1100 °C for 2h in air. Gas flow rate per measuring
area is displayed as a function of pressure differential. Gas permeability of 110-0Al,0; shown in Figure 27 (a)
was also displayed for comparison.

Figure 85 shows the photographs of samples appearance after sputtering procedures using
bias powers 0, 100 and 400 W at substrate temperature of 800 °C or RT. All CGO membranes
deposited onto the 110-A30A substrates were very shiny and homogeneous except for
membrane when applying substrate bias 400 W at substrate temperature 800 °C. This 400W-
CGO membrane shows well-deposited film in the middle of sample while severe
delamination occurred at the outside of sample (see Figure 86). It is deemed the phenomenon
on unbalanced bias effect caused by bias concentrated near substrate holder, as suggested in
section 4.3.4. The interlayer could not overwhelm the concentrated high bias power and thus
instead of dense and compact membrane formation the film was peeled off. In fact, the failure
does occur not only in the 400W-membrane, all membranes had ubiquitous microcracks that
could be observable by CLM (confocal laser microscopy) and SEM (scanning electron
microscopy).

Bias
1 4 1
power (W) 0 (none) 00 00 00
Tsubstrale
o 800 800 800 RT (150
©C) (150)
Photograph -

I i [

Figure 85 Photographs of RMS-CGO on A30A substrates with bias power 0, 100 and 400 W at 800°C and RT.
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500. 0 700. 4

(b)
Figure 86 CLM image of outside area on RMS-CGO on A30A when bias power 400W was applied. Laser +
color image (a) and height 3d-image (b).

Microstructure investigation

Figure 87 shows representative microcracks aspect. Although CGO membrane was not
peeled off from the substrate, the severe microcracks existed everywhere which propagated
straight (a). The microcracks were not superficial, penetrating through membrane depth
completely (b). Some flower-shaped patrticles were observed on the membrane surface, which
does not hinder the formation of sputtered membrane and just lie on the membrane surface as
can be seen in (c). It was assumed that the microcracks occurred at the stage of cooling after
RMS due to the larger tensile stress in the CGO membrane cause by the larger thermal
mismatch between CGO (TEC: 12.5 x®1K ™ in IEK-1/FZJ and [20], 11.54 + 0.06 x &

in [99]) and AbOs (TEC: 8.0 x 18 K™ in IEK-1/FZJ). For reference, TEC of 8YSZ is 10.8 x

10° K™ in IEK-1/FZJ.
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Figure 87 FEG-SEM images of microcracks in RMS-CGO on A30A biased with 100W at substrate temperature
of 800°C (SE images of tilted sample: a, ¢ and BSE image of fracture surface: b).

Figure 88 shows the investigation of microcracks behaviour and their fracture surface by
SEM depending on bias power and substrate temperature during RMS. When the substrate
bias increased at substrate temperature of°80@he microcrack density in CGO membrane

was gradually reduced (@ d — g) but the crack width became largerb e — h). In
addition, the CGO columns were deposited more compactly fc— i). In case of decrease

in substrate temperature down to room temperature (RT), it helped further reduction of
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microcrack density (d — j) and the microcracks blurred (e — k), but the complete remove of
the microcracks could not be achieved since the substrate could not sustain RT due to the
plasma formation near substrate surface, providing certain temperature of approx. 150 °C. At
this substrate temperature, very slender CGO columns were deposited onto A30A substrate
with substrate bias 100 W (1).

Teu.(°C)/ Top-view Fracture surface

Bias (W
tas (W) Crack density Crack width Thickness

800/0
(none)
(a) (b) ()
800/100
(d) () ®
800/400
(€)) (h) ®
RT (150)/
100
G) &) @
Scale bar 10 pm 200 nm 200 nm

Figure 88 FEG-SEM images of RMS-CGO on A30A. Investigation in microcracks formation depending on bias
power and substrate temperature during RMS, and their membrane fracture surface.
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4.3.6 Development of CGO membrane on WP/VSC (NiO/8YSZ) substrate

Coatmix substrates were prepared in IEK-1/FZJ. Its fabrication process consists of warm-
pressing NiO/8YSZ support and vacuum-slip-casting NiO/8YSZ interlayer onto the support.
The details are found in section 3.1. According to the final temperature of heat treatment for
the substrate, the substrates were labelled as listed in Table 17. The Coatmix substrate
remained porous at the presintering temperature of 1000 °C (100-WP/VSC), and relatively
dense at 1400 °C (140-WP/VSC). CGO membranes were deposited onto both types of
substrate without and with bias power 400W. The photographs of deposited CGO membrane
onto both substrates are shown in Figure 89.

Table 17 Prepared WP-VSC substrates for RMS-CGO.

Substrate Preparation
Warm-pressed NiO/8YSZ substrate (1230°C/ 3h/ in air) with
100-WP/VSC
Vacuum-slip-casted NiO/8YSZ layer (1000°C/1h/ in air).
Warm-pressed NiO/8YSZ substrate (1230°C/ 3h/ in air) with
Vacuum-slip-casted NiO/8YSZ layer (1000°C/1h/ in air) was
140-WP/VSC

sintered at 1400°C for 5h in air at heating rate +3 K/min and cooling

rate -5 K/min.

Bias (W)

100-WP/VSC

140-WP/VSC

Figure 89 Photographs of RMS-CGO on 100- and 140-WP/VSC substrates without and with bias power 400W.

Microstructure investigation

Figure 90 shows SEM images of CGO microstructures on 100- and 140-WP/VSC without
and with bias power 400W. When no bias was applied to the substrates, deposited CGO
membrane exhibited porous and columnar microstructure on both substrates. Although the
140-WP/VSC substrate had no pores on the surface, dense CGO membrane could not be
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achieved which was, however, slightly compacter, compared with that on 100-WP/VSC
substrate. The rough surface of the WP-VSC substrate may be the reason for porous
membrane formation. Soro et al. [100] studied the influence of substrate roughness on
deposited film structure that turned into more columnar structure with increasing roughness
amplitude of substrate. In case of 400W bias power, the CGO membranes were deposited
more compactly on both substrates. Some spalling defects were observed on the membrane
surfaces, which might be the initial forming of delamination by high compressive stress, as
discussed in previous section with CGO membranes on 8YSZ substrate (see section 4.3.2).
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Figure 90 FEG-SEM images of sputtered CGO membrane on 100- and 140-WP-VSC substrates, when bias
power 0 and 400 W were applied.
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Gastightness evaluation

The gastightness of sputtered CGO membranes on 100-WP/VSC and 140-WP/VSC substrates
were measured by helium leak test and evaluated as a function of the bias power, as displayed
in Figure 91. Single sample was tested for each measurement. The deposited CGO thin films
show the He leak rates, below 1.5 x 107 mbar-I/sec-cm® and 1.4 x 107 mbar-I/sec-cm” when
supported by 140-WP/VSC and 100-WP/VSC substrate, respectively. Compared to 140-
WP/VSC substrate (1.6 x 102 mbar-l/sec-cm?, Figure 49), the CGO membranes deposited on
140-WP/VSC exhibits more than factor 10 lower He leak rate.

T
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® 140-WP-VSC (15183)
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o
(0]
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Bias power

Figure 91 Gas-tightness estimation by He-leak test
(diameter of measuring area Qpeasured, 200&300w = 20MMm, Oyjeasured, 400w = 10mm)

Microstructural change under atmosphere Ar/4%H,

The 400W-CGO membranes on both 100- and 140-WP/VSC substrates were fired at 900°C
for 3 hours under atmosphere using Ar/4%H; to 1) supply sufficient porosity in densified 140-
WP/VSC substrate and to 2) pre-investigate phenomena for operating under reducing
atmosphere.

Figure 92 shows their images of photograph and SEM. Severe delamination (b, ¢) and cracks
penetrating through whole membrane depth (d, e, f) occurred in CGO membrane on 100- and
140-WP/VSC substrate, respectively. The delamination of CGO membrane on 100-WP/VSC
substrate was already recognizable at a glance (a). From the form of membrane deformation it
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can be supposed that compressive stress was generated in the CGO membranes on both
substrates under reducing atmosphere. Reduction of nickel oxide to nickel metal leads to pore
formation (porosity 44 = 1 Vol.% [3]) and to volume contraction [101]. The CGO expands
under reducing atmosphere [102], in contrast to NiO/YSZ, which is attributed to the reduction
of CeO; in the fluorite structure into CeO; s in the hexagonal structure (CeO; — CeO;5 +

- ). Partially reduced CeO, (CeO,.5) is stable in the cubic structure up to 6~0.4 [103] and

exhibits larger lattice parameter, e.g. CeO) ¢ and CeO, g3 have a cubic superstructure with the
lattice parameter 2 times larger than that of CeO, [104]. Consequently, this different
behaviour between CGO membrane and WP/VSC (NiO/8YSZ) substrate created the large
compressive stress to the CGO membrane, leading to the delamination and cracks. In addition,
Figure 92 (c) shows that the substrate was separated when delamination occurred, indicating
the 100-WP/VSC substrate strength was insufficient.

After reducing the 400W-CGO membrane supported by 140-WP/VSC substrate, nickel was
detected on the CGO membrane surface, as shown in Figure 93. However, it was not visible
in reduced CGO membrane on 100-WP/VSC. The nickel was formed only around the spalling
defect (see Figure 93 a). It might be concerned with the oxygen path way that was formed
regarding as NiO — Ni + 0.50,. The samples were put on the SiC plates during the heat
treatment under reducing atmosphere. While 100-WP/VSC has enough path way due to its
primary porous structure, the generated oxygen had difficulty to travel through primary dense
structure in the dense 140-WP/VSC substrate. Therefore, oxygen was released through
interface between ‘spalling defect and CGO membrane’ where was not tolerant to vapor
pressure.

400W-CGO

100-WP/VSC 140-WP/VSC

Ly

o ds
FZJ:EK 2011 EHT=15.00kV Detector = InLens WD= &mm  200nm

(d)

Figure 92 Images of sputtered CGO membrane after heat treatment at 900°C for 3h under reducing atmosphere
using Ar/4%H,. (a: photograph, c: image by SEM-HITACHI, and the others by FEG-SEM) — (a, b, d): Top-view,
(e, ): fracture surface, (c): polished cross-section.
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Figure 93 BSE image by FEG-SEM (a) and EDX result (b) at the point of spectrum 1 in BSE image for reduced

CGO membrane on 140-WP/VSC substrate.
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4.3.7 Development of LSCF membrane on 8YSZ and NDCGO-Z or -A substrates

110-8YSZ substrate (8 mol% Y,0s stabilized ZrO,, pre-sintered at 1100°C for 2h in air),
NDCGO-Z or -A substrates (nano-dispersion route derived CGO supported by 8YSZ or
aAl 03, calcined at 1000°C or 1100°C for 2h in air), were prepared for LSCF membrane.
LSCF membrane was deposited by using dc magnetron sputtering (dcMS). For LSCF
membrane, BIAS was not applied to the substrates in this work.

Figure 94 shows the photographs of deposited MS-LSCF membrane on (a) 110-8YSZ, (b)
100-1.0NDCGO-Z, (c) 100-CSCGO-CZ, and (d) 100-1.0NDCGO-A. Failure such as
delamination or peeling-off of the LSCF layer was visible on substrate type (d) only. All other
substrate types resulted in homogeneous coatings. After increasing presintering temperature
of substrate (d) up to 1100 °C, the failure was not visible any more.

(a) 110-8YSZ (b) 100-1.0NDCGO-Z (c) 100-CSCGO-CZ (d) 100-1.0NDCGO-A

Figure 94 Photographs of dcMS-LSCF membrane deposited on 8YSZ (a), 1.ONDCGO/110-8YSZ 1000°C2h (b),
CSCGO/1.0NDCGO/110-8YSZ 1000°C2h (c¢) and 1.0NDCGO/110-aAl,0; 1000°C2h (d). MS-LSCF, CGO,
110-8YSZ and 110-0ALO; exhibit black, yellowish, white and white color, respectively (diameter of base
substrate, 8YSZ, is 39 mm).

Microstructure investigation

Figure 95 shows SEM images of deposited MS-LSCF membrane on 110-8YSZ (left) and
100-1.0NDCGO-Z (right). LSCF grains were observed in topview-SE images of both LSCF
membranes (a, b, ¢, d). The pores were clearly visible in LSCF membrane supported by 110-
8YSZ substrate and even with lower magnification large pores were still observable (a, c),
while LSCF membrane was deposited tightly on the 100-1.0NDCGO-Z substrate (b, d). Both
LSCF membranes have thickness of approx. 700 nm (see the fracture surface images d, f, g,
h). In addition, from BSE image (g, h) of LSCF membrane, porous CGO interlayer and
porous 8YSZ support could be distinguished obviously.
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Figure 95 FEG-SEM images of dcMS-LSCF membrane on 110-8YSZ (left) and on 100-1.0NDCGO-Z (right).
Topview: a,b,c,d (all SE) and fracture surface: e,f (SE) and g,h(BSE).
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XRD investigation

The sputtered LSCF membrane deposited on 110-8YSZ substrate was investigated by XRD in
Bragg-Brentano-Geometry, Figure 96. The single phase of LSCF film was confirmed with
desired cubic perovskite structure with lattice parameter a=3.910(1) A. Other phases was not
detected except for 8YSZ substrate material.
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Figure 96 XRD results measured in Bragg-Brentano-Geometry for dcMS-LSCF membrane deposited on 110-
8YSZ without bias assist.

Chemical analysis

The chemical analysis was carried out for the LSCF powder and dcMS-LSCF membrane
supported by Si-wafer and 110-8YSZ using ICP-OES. The stoichiometry was calculated as
shown in Table 18. Sample I is the LSCF powder prepared by Spray pyrolysis, which was
used for the sputtering target. Sample II and III is the LSCF membranes deposited on Si-
wafer and sample IV is the LSCF membrane deposited on 110-8YSZ. The dcMS-LSCF
membrane (sample IV) show tendencies in La depletion and Fe enrichment leading to cation
ratio A/B = 0.89 instead of unity. However, second phases could be seen neither in SEM nor
in XRD. Samples showed irregularities in the stoichiometry, although the target material had
the desired composition. Weiler [105] investigated that the stoichiometry varied with sample
position, which may be influenced by magnetic field of the magnetron.
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Table 18 Calculated stoichiometry of LSCF powder and dcMS-LSCF films.

. Stoichiometry
Analysed materials Method Ia Sr Co e O
Desired LSCF membrane - 0.58 040 0.20 080 3
1 LSCF-oxide powder [106] 0.59 041 0.19 079 3
11 LSCF-oxide on Si-wafer01 [106] ICP-OES 0.51 030 022 095 3
1 LSCF-oxide on Si-wafer02 [106] 0.51 033 022 092 3
v LSCF-oxide on 8YSZ 0.57 036 0.12 093 3

Gastightness evaluation

LSCF membrane deposited on 8YSZ substrate without interlayer was not evaluated by helium
leak test because it was too porous leading to as high permeability as substrate without any
additional coating layer. In case of sputtered LSCF on various interlayers, relatively dense
LSCF membrane was formed and thus the gastightness was evaluated by helium leak test, as
shown in Figure 97. On the NDCGO layer supported by 8YSZ substrate, the pre-sintering
temperature of interlayer (1000 or 1100°C) and solid concentration of nano-dispersion
(1.ONDCGO or 1.5NDCGO) rarely influenced the gastightness of deposited LSCF. He leak
rates showed the range of 1~5 x 107 mbar.l/sec.cm’. On CSCGO layer supported by
NDCGO/8YSZ substrates, approx. 10 times higher He leak rate were detected. On NDCGO
layer supported by aAl,O5 substrate, the He leak rate of deposited membrane was the highest
among the LSCF membranes deposited on various interlayers. It seems that the delamination
of LSCF membrane could not be completely avoided, although it was improved with higher
presintering temperature of interlayer.
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Figure 97 Gas-tightness estimation by He-leak test for MS-LSCF membranes on various substrates
(diameter of measuring area Qyjeasured = 20mm, (number) is the number of sample tested)
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5 Summary and outlook

In the present work, thin film membrane with approx. 1um thickness was developed with
fluorite and perovskite materials, which are intended as O,/N, gas separating membrane in
fossil power plant. The investigated materials are CeysGdy20,.5 (CGO) with fluorite crystal
structure and Lag 53S194Coo2Fep 3035 (LSCF) with perovskite crystal structure. CGO is
expected to be more stable than other perovskite membranes in reducing atmospheres and to
achieve sufficient oxygen permeation when produced as a film with <100pum thickness. LSCF
is expected to be highly permeable with an acceptable chemical stability. In order to increase
the oxygen flux at a given temperature, the reduction of the membrane thickness is required.
In this work, thin film membranes were developed on various substrate types by wet-chemical
deposition (WCD) and physical vapor deposition (PVD).

Preparation and characterization of substrates

8YSZ (8 mol% Y,0; stabilized ZrO,) and aAl,O; substrates were prepared by vacuum-slip-
casting, and WP/VSC (NiO/8YSZ) substrate, by using Coat-mix ® method. The total porosity
of 8YSZ and aAl,O; substrates, pre-sintered at 1100°C for 2h in air, was 55.6% and 30.1%,
respectively. With increasing pre-sintering temperature up to 1220 °C, the total porosity of
8YSZ substrate was gradually reduced down to 39.7%. The porosity 44 + 1 vol.% of reduced
WP/VSC substrate was already studied in Ettler’s work [81]. When the substrates were pre-
sintered at 1100 °C the gas permeability of 8YSZ exhibited 2.2 ~ 2.7-fold higher than that of
aAl,O3. With increasing pre-sintering temperature up to 1180°C, there was no big difference
in gas permeability of 8YSZ substrates, while at 1220°C the sudden decrease in gas
permeability was detected. When the thickness of 8YSZ substrate was reduced, their gas
permeability was increased inversely proportional to the thickness reduction. The sintered
WP/VSC substrate shows very low gas permeability. However, after reducing the substrate
(NiO to Ni) the gas permeability was considerably increased, exhibiting approx. 6-fold higher
than that of 110-8YSZ substrate. In addition, the surface roughness was measured to examine
coating ability. The mean R, of WP/VSC substrate was in the range of 0.5 ~ 1.1 um, being
much higher than the mean R, 0.2~0.27 pm of 8YSZ substrates and the mean R, 0.3um of
0Al,O5 substrates.

Preparation and characterization of sols

NDCGO (CGO nano-dispersion), CSCGO (CGO colloidal sol), and CSAIOOH (AIOOH
colloidal sol) were prepared for toplayer and/or interlayer. For NDCGO commercially
available nano powder was dispersed in various molarity of nitric acid. CSCGO and

CSAIOOH were derived via co-precipitation method using nitrate precursors and via sol-gel
route using alkoxide precursors, respectively.

The stability of NDCGO was investigated, e.g. by means of zeta-potential, centrifuge
behaviour and particle size evolution with time. When CGO nano-powder was dispersed in
0.05M HNOs, it showed the best stability among the NDCGOs using various molarity of
nitric acid. For CSCGO, the pH 7.5 was adopted to obtain the effective particle size dsy ~20
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nm which is smaller than that of NDCGO (dsy ~90 nm). The prepared NDCGO and CSCGO
were identified by XRD and ICP-OES, exhibiting single CGO phase with desired fluorite
structure and stoichiometry of Cey76Gd240, for NDCGO and Cej79Gdy2;0; for CSCGO.
Thermal analysis for NDCGO/PVA-Xerogel was carried out for the residue-free combustion.
The burn-out of organic components was completed at approx. 400°C and thus the
temperature of 500°C was adopted as a calcination temperature.

The colloidal sol of AIOOH exhibited the effective particle size dsop ~30 nm. The obtained
alumina powder after heat-treatment was identified by XRD. The amorphous phase yAl,O3 at
500°C underwent phase transition with elevating temperature, and finally polycrystalline
aAl,O3 was obtained at 1100°C.

Manufacture of CGO membrane by wet-chemical deposition

Spin-coating was used as coating method. With decrease in spinning time, the gastightness of
sintered CGO membrane was improved. Reduction in rotation speed produced negative effect
on gastightness of CGO membranes. Triple coatings, instead of double coatings, created
severe cracks. However, it could be avoided with a decrease of the cooling rate during
sintering. The effect of molecular weight (MW) of binder was additionally investigated.
Increasing concentration of NDCGOs led to the increase in thickness of coating layer. With
higher MW of binder the critical layer thickness was increased, thus crack-free layer was
achieved by using higher concentration of NDCGOs. When the concentration of NDCGO (1.0
— 1.5 —52.5 wt.%) or the number of coatings (double — triple coatings) was increased, the
gas-tightness of sintered CGO membranes was improved, i.e. He leak rate was decreased
from 7.4x10” mbar.l/sec.cm® to 1.1x10™ mbar.l/sec.cm®. In addition, reducing the sample
with sintered membrane under Ar/4%H, led to 10 times higher He leak rate than before
reducing.

Manufacture of CGO membrane by reactive magnetron sputtering
(A) 8YSZ substrates: A four-zone-model was proposed in this work. Without substrate bias

CGO film was deposited with columnar structure, which is not gastight. With bias power
(100W) the CGO membrane was deposited more compactly but severe delamination was
observed on 110-8YSZ (presintered at 1100°C) due to compressive stresses induced.
Obviously, mechanical strength of substrates was not sufficient. As elevating the pre-sintering
temperature the mechanical strength of the substrate was improved and thus a delamination-
free thin film was obtained. If the substrates were presintered at higher temperatures (1120,
1140 and 1180 °C), a higher bias power (> 100W) was required to achieve the compact
membrane deposition because of coarsening of substrate particles. If pre-sintering temperature
of substrate is too high (i.e. > 1180 °C), significant sintering occurs, leading to the decrease in
gas permeability of substrate. In addition, with increasing the applied bias power, the
thickness of membrane was reduced due to compaction of deposited thin film.

XRD pattern showed single CGO phase with desired fluorite crystal structure. The most
preferred orientation was transferred from (111) at OW to (220) at 400W bias power. The
CGO peaks were slightly shifted toward lower angles, indicating that a compressive stress

104



5. Summary and outlook

was generated in the CGO membrane. The surface roughness of compactly deposited CGO
membrane were much lower than that of substrates, i.e. mean R, <0.14pm.

(B) NDCGO-Z: NDCGO was coated on 110-8YSZ substrates and pre-sintered at 500, 800
and 1000 °C for 2h in air. The substrates were called 50-NDCGO-Z, 80-NDCGO-Z and 100-
NDCGO-Z according to the presintering temperature of NDCGO layer. When bias was
applied to the substrates, the NDCGO layers were destroyed due to the insufficient
mechanical strength, except for 80-1.0NDCGO-Z at 300W bias power. All interlayers may
have the mechanical stability at the border of sufficient and insufficient states. At OW bias
power, the sputtered CGO could be deposited without destroying the NDCGO, but it was not
gastight. In order to achieve the gastight membrane on this substrate, the strength of NDCGO
layers should be enhanced, for instance, with increasing pre-sintering temperature of NDCGO
layer.

(C) aAl,03: At OW bias power, a porous CGO film was deposited. Applying bias produced
the inhomogeneous microstructures which became more intensely noticeable with increasing
bias power. A hypothesis was derived that the bias effect was concentrated near metallic
substrate holder due to the poor electrical conductivity of the aAl,O3 substrate. Consequently,
ion bombardment was enhanced only near the holder and produced dense film only in this
area (unbalanced bias effect).

XRD pattern showed single CGO membrane with desired fluorite crystal structure. The (200)
orientation was most preferred at 0 and 100W bias power.

CGO membrane deposited with 300W bias was further heat-treated. At 1000°C the CGO
columns started sintering, however, opening spaces between columns. At 1200°C the CGO
membrane could be fully sintered but severe cracks were detected which might be generated
e.g. due to the shrinkage mismatch during sintering or thermal mismatch during cooling.

(D) A30A: An alumina interlayer was prepared via sol-gel dip-coating to investigate the
influence of substrate pore size on the sputtered film formation. The CGO film was deposited
compactly, but severe microcracks were caused in all samples by thermal stress. When bias
power was increased, the density cracks became lower but width of cracks became larger. The
cracks have faded down at lower substrate temperature (set temperature: RT, actual
temperature: approx. 150 °C) but they were still observable with SEM investigation.
(E)WP/VSC: At OW bias power, although the dense substrate was used, porous film was
deposited due to the high surface roughness of the substrate. Applying 400W bias enabled
compact thin film deposition of CGO membrane. However, the failures, e.g. delamination or
crack, of the deposited CGO membrane were observed after reducing the substrate because of
the compressive stress generated.

Manufacture of LSCF membrane by magnetron sputtering (without substrate bias)

(A) 8YSZ: The desired single LSCF phase with cubic perovskite crystal structure was
investigated by XRD. The film stoichiometry of Lag s7Sr)36C0¢.12Fe0.9303 was analysed by
ICP-OES, which can be slightly varied depending on substrate position during sputtering. The
deposited thin film showed large pores due to the primary pore size of substrate surface.

105



5. Summary and outlook

(B)INDCGO-Z: Compact dense membrane with thickness of approx. 700 nm could be
deposited. Pre-sintering temperature of NDCGO layer and concentration of NDCGOs rarely
influenced the gastightness of deposited LSCF on them.

(C)CSCGO-CZ: CSCGO was additionally coated on NDCGO-Z. This substrate led to higher
He leak rate, which are approx. 10 times higher than that of deposited membrane on NDCGO-
Z. CSCGO layer might be mechanically weaker and damaged by atom bombardment.
(D)NDCGO-A: NDCGO was coated on 110-aAl,O3 substrates and pre-sintered at 1000 and
1100 °C. The substrates were called 100-NDCGO-A and 110-NDCGO-A according to the
presintering temperature of NDCGO layer. The NDCGO layer was not sufficiently adhesive
to aAl,O5 substrate, thus the delamination and peel-off of layer ocurred when LSCF was
deposited on the 100-NDCGO-A. With increasing pre-sintering temperature to 1100°C,
failure-free LSCF membrane could be obtained. However, the membrane deposited on 110-
NDCGO-A exhibited the highest He leak rate among the membranes deposited on various
interlayers.

The gastightness of all prepared membrane in this work was summarized in Table 19 with
noticeable remarks.

As investigated in this work, depending on the coating method and the type of substrate
material, the deposited thin films shows diverse coating behaviours. The most promising
gastight CGO and LSCF membranes are the biased RMS-thin film supported by 8YSZ and
the unbiased MS-thin film supported by NDCGO/8YSZ, respectively. The performance of
these membranes has to be investigated comprehensively with respect to different transport
limitations possible, i.e. surface exchange kinetics or concentration polarization in the
substrate. This was not possible in this work due to time constraints. A few specific aspects
have to be considered, which are mainly related to the sealing procedure. Commonly, gold
(ring or paste) is used for sealing in the permeation test set-up. This requires temperature
around 1000 °C close to the melting point of gold, i.e. 1064 °C. However, during sputtering
the layers were exposed to 800 °C only. Therefore, sintering occurs at higher temperatures
leading e.g. to warped samples after heat treatment to 1000 °C for 5 hours. In case of
mechanical constraints in the permeation test set-up the additional stress become too high
resulting in severe chipping off. Therefore, either sealing procedure has to be adapted to these
specific membranes or appropriate pre-treatment of the membrane has to be found in order to
use gold seals.

Further membrane development should focus on the following aspects. For CGO coatings by
RMS, interlayers have to be developed which are mechanically stable enough to withstand the
compressive stresses induced during biased-sputtering. Furthermore, increasing the substrate
temperature for RMS should improve compactness of coatings. In case of LSCF, sputtering is
not yet fully developed. Applying bias as well as the development of reactive magnetron
sputtering are promising research directions. For CGO coatings by WCD, the stability of
CGO nano-dispersions should be optimized e.g. by using dispersants in order to increase the
zeta potential. Furthermore, proper colloidal or polymeric sols could be applied in order to
increase sintering activity.
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Membrane

CGO

LSCF

Table 19 Summary of all prepared membranes with gastightness and noticeable remarks.

Substrate

WP/VSC

WP/VSC

8YSZ

NDCGO-Z

0AlO4

A30A

8YSZ

NDCGO-Z

CSCGO-Cz

NDCGO-A

Method

Spin-
coating

RMS

RMS

RMS

RMS

RMS

MS

MS

MS

MS

Gastightness

(He leak rate, mbar.l/sec.cm?)

L1x10*~75x10"
(triple coating as sintered)

1.1x107
(triple coating as reduced)

58x10*~1.4x10°
(as deposited
on final-sintered substrate)

1.4x107
(as deposited
on pre-sintered substrate)

6.9x10%~2.8x107
(as deposited
on pre-sintered substrate)

Peeling-off
(as deposited
on pre-sintered substrate)

Inhomogeneous film
(as deposited
on pre-sintered substrate)

Microcracks
(as deposited
on pre-sintered substrate)

Pores
(as deposited
on pre-sintered substrate)

2.0x10°~2.5x10°
(as deposited
on pre-sintered substrate)

2.7x10°~1.7x 107
(as deposited
on pre-sintered substrate)

3.4x107~4.1x107
(as deposited
on pre-sintered substrate)

Remarks

Dense membrane formation
Pinholes when stability of NDCGO |

No failure when reducing substrate.

Compact membrane formation with bias
Cracks under reducing substrate.

Compact membrane formation with bias
Delamination under red. substrate.

Compact membrane formation with bias
and higher T e gicering Of substrate.
(Four-Zone-Model)

Higher mechanical strength of NDCGO
is required, i.e. Tpyesintering at > 1000 °C.

Unbalanced bias effect due to low el.
conductivity of substrate.

Cracks due to thermal mismatch.

Porous film deposition due to primary
pores of substrate

Compact membrane formation on fine
pores of interlayer

Negative effect of additional CSCGO
layer due to lower mechanical strength.

higher He leak rate due to lower
adhesion of NDCGO to aAl,O3
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von H. Spahn (2010), IV, 210 Seiten

ISBN: 978-3-89336-638-5

Entwicklung und Charakterisierung eines metallischen Substrats fiir na-
nostrukturierte keramische Gastrennmembranen

von K. Brands (2010), vii, 137 Seiten

ISBN: 978-3-89336-640-8

Hybridisierung und Regelung eines mobilen Direktmethanol-Brennstoff-
zellen-Systems

von J. Chr. Wilhelm (2010), 220 Seiten

ISBN: 978-3-89336-642-2

Charakterisierung perowskitischer Hochtemperaturmembranen zur
Sauerstoffbereitstellung fiir fossil gefeuerte Kraftwerksprozesse
von S.A. Mébius (2010) 111, 208 Seiten

ISBN: 978-3-89336-643-9

Characterization of natural porous media by NMR and MRI techniques:
High and low magnetic field studies for estimation of hydraulic properties
by L.-R. Stingaciu (2010), 96 pages

ISBN: 978-3-89336-645-3

Hydrological Characterization of a Forest Soil Using Electrical Resistivity
Tomography

by Chr. Oberdérster (2010), XXI, 151 pages

ISBN: 978-3-89336-647-7

Ableitung von atomarem Sauerstoff und Wasserstoff aus Satellitendaten
und deren Abhéngigkeit vom solaren Zyklus

von C. Lehmann (2010), 127 Seiten

ISBN: 978-3-89336-649-1
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18" World Hydrogen Energy Conference 2010 — WHEC2010
Proceedings

Speeches and Plenary Talks

ed. by D. Stolten, B. Emonts (2012)

ISBN: 978-3-89336-658-3

18" World Hydrogen Energy Conference 2010 — WHEC2010
Proceedings

Parallel Sessions Book 1:

Fuel Cell Basics / Fuel Infrastructures

ed. by D. Stolten, T. Grube (2010), ca. 460 pages

ISBN: 978-3-89336-651-4

18" World Hydrogen Energy Conference 2010 - WHEC2010
Proceedings

Parallel Sessions Book 2:

Hydrogen Production Technologies — Part 1

ed. by D. Stolten, T. Grube (2010), ca. 400 pages

ISBN: 978-3-89336-652-1

18" World Hydrogen Energy Conference 2010 - WHEC2010
Proceedings

Parallel Sessions Book 3:

Hydrogen Production Technologies — Part 2

ed. by D. Stolten, T. Grube (2010), ca. 640 pages

ISBN: 978-3-89336-653-8

18" World Hydrogen Energy Conference 2010 — WHEC2010
Proceedings

Parallel Sessions Book 4:

Storage Systems / Policy Perspectives, Initiatives and Cooperations
ed. by D. Stolten, T. Grube (2010), ca. 500 pages

ISBN: 978-3-89336-654-5

18" World Hydrogen Energy Conference 2010 - WHEC2010
Proceedings

Parallel Sessions Book 5:

Stategic Analysis / Safety Issues / Existing and Emerging Markets
ed. by D. Stolten, T. Grube (2010), ca. 530 pages

ISBN: 978-3-89336-655-2

18" World Hydrogen Energy Conference 2010 - WHEC2010
Proceedings

Parallel Sessions Book 6:

Stationary Applications / Transportation Applications

ed. by D. Stolten, T. Grube (2010), ca. 330 pages

ISBN: 978-3-89336-656-9
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18" World Hydrogen Energy Conference 2010 - WHEC2010
Proceedings

ed. by D. Stolten, T. Grube, B. Emonts (2010)

ISBN: 978-3-89336-657-6

Ultrafast voltex core dynamics investigated by finite-element micromag-
netic simulations

by S. Gliga (2010), vi, 144 pages

ISBN: 978-3-89336-660-6

Herstellung und Charakterisierung von keramik- und metallgestiitzten
Membranschichten fiir die CO,-Abtrennung in fossilen Kraftwerken
von F. Hauler (2010), XVIII, 178 Seiten

ISBN: 978-3-89336-662-0

Experiments and numerical studies on transport of sulfadiazine
in soil columns

by M. Unold (2010), xvi, 115 pages

ISBN: 978-3-89336-663-7

Prompt-Gamma-Neutronen-Aktivierungs-Analyse zur zerstorungsfreien
Charakterisierung radioaktiver Abfalle

von J.P.H. Kettler (2010), iv, 205 Seiten

ISBN: 978-3-89336-665-1

Transportparameter diinner getragerter Kathodenschichten der oxidkera-
mischen Brennstoffzelle

von C. Wedershoven (2010), vi, 137 Seiten

ISBN: 978-3-89336-666-8

Charakterisierung der Quellverteilung von Feinstaub und Stickoxiden in
landlichem und stadtischem Gebiet

von S. Urban (2010), vi, 211 Seiten

ISBN: 978-3-89336-669-9

Optics of Nanostructured Thin-Film Silicon Solar Cells
by C. Haase (2010), 150 pages
ISBN: 978-3-89336-671-2

Entwicklung einer Isolationsschicht fiir einen Leichtbau-SOFC-Stack
von R. Berhane (2010), X, 162 Seiten
ISBN: 978-3-89336-672-9

Hydrogen recycling and transport in the helical divertor of TEXTOR
by M. Clever (2010), x, 172 pages
ISBN: 978-3-89336-673-6
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89.
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92.
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Réaumlich differenzierte Quantifizierung der N- und P-Eintrége in Grund-
wasser und Oberflaichengewasser in Nordrhein-Westfalen unter besonde-
rer Beriicksichtigung diffuser landwirtschaftlicher Quellen

von F. Wendland et. al. (2010), xii, 216 Seiten

ISBN: 978-3-89336-674-3

Oxidationskinetik innovativer Kohlenstoffmaterialien hinsichtlich schwe-
rer Lufteinbruchstorfille in HTR’s und Graphitentsorgung oder Aufarbei-
tung

von B. Schldgl (2010), ix, 117 Seiten

ISBN: 978-3-89336-676-7

Chemische HeiRgasreinigung bei Biomassenvergasungsprozessen
von M. Stemmler (2010), xv, 196 Seiten
ISBN: 978-3-89336-678-1

Untersuchung und Optimierung der Serienverschaltung von Silizium-
Dunnschicht-Solarmodulen

von S. Haas (2010), ii, 202 Seiten

ISBN: 978-3-89336-680-4

Non-invasive monitoring of water and solute fluxes in a cropped soil
by S. Garré (2010), xxiv, 133 pages
ISBN: 978-3-89336-681-1

Improved hydrogen sorption kinetics in wet ball milled Mg hydrides
by L. Meng (2011), Il, 119 pages
ISBN: 978-3-89336-687-3

Materials for Advanced Power Engineering 2010

ed. by J. Lecomte-Beckers, Q. Contrepois, T. Beck and B. Kuhn
(2010), 1327 pages

ISBN: 978-3-89336-685-9

2D cross-hole MMR - Survey design and sensitivity analysis for cross-
hole applications of the magnetometric resistivity

by D. Fielitz (2011), xvi, 123 pages

ISBN: 978-3-89336-689-7

Untersuchungen zur Oberflichenspannung von Kohleschlacken unter
Vergasungsbedingungen

von T. Melchior (2011), xvii, 270 Seiten

ISBN: 978-3-89336-690-3

Secondary Organic Aerosols: Chemical Aging, Hygroscopicity, and Cloud
Droplet Activation

by A. Buchholz (2011), xiv, 134 pages

ISBN: 978-3-89336-691-0
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99.

100.

101.

102.

103.

104.

105.

106.

107.

Chrom-bezogene Degradation von Festoxid-Brennstoffzellen
von A. Neumann (2011), xvi, 218 Seiten
ISBN: 978-3-89336-692-7

Amorphous and microcrystalline silicon applied in very thin tandem
solar cells

by S. Schicho (2011), XII, 190 pages

ISBN: 978-3-89336-693-4

Sol-gel and nano-suspension electrolyte layers for high performance solid
oxide fuel cells

by F. Han (2011), iv, 131 pages

ISBN: 978-3-89336-694-1

Impact of different vertical transport representations on simulating
processes in the tropical tropopause layer (TTL)

by F. Pléger (2011), vi, 104 pages

ISBN: 978-3-89336-695-8

Untersuchung optischer Nanostrukturen fiir die Photovoltaik mit Nah-
feldmikroskopie

von T. Beckers (2011), xiii, 128 Seiten

ISBN: 978-3-89336-696-5

Impact of contamination on hydrogenated amorphous silicon
thin films & solar cells

by J. Wérdenweber (2011), X1V, 138 pages

ISBN: 978-3-89336-697-2

Water and Organic Nitrate Detection in an AMS: Laboratory Characteriza-
tion and Application to Ambient Measurements

by A. Mensah (2011), XI, 111 pages

ISBN: 978-3-89336-698-9

Entwicklung eines neuen Konzepts zur Steuerung der thermischen Aus-
dehnung von glaskeramischen Verbundwerkstoffen mit angepasster
FlieRfahigkeit am Beispiel der Hochtemperatur-Brennstoffzelle

von E. Wanko (2011), xi, 134 Seiten

ISBN: 978-3-89336-705-4

Tomographic reconstruction of atmospheric volumes from infrared limb-
imager measurements

by J. Ungermann (2011), xiv, 153 pages

ISBN: 978-3-89336-708-5

Synthese und ldentifizierung von substituierten Mg-Al-Cl Doppelhydro-
xidverbindungen mit Schwerpunkt IR-Spektroskopie

von B. Hansen (2011), XII, 121 Seiten

ISBN: 978-3-89336-709-2
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111.

112.
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114.
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Analysis of spatial soil moisture dynamics using wireless sensor net-
works

by U. Rosenbaum (2011), xxii, 120 pages

ISBN: 978-3-89336-710-8

Optimierung von APS-ZrO2-Warmedammschichten durch Variation der
Kriechfestigkeit und der Grenzflachenrauhigkeit

von M. E. Schweda (2011), 168 Seiten

ISBN: 978-3-89336-711-5

Sorption of a branched nonylphenol isomer and perfluorooctanoic acid on
geosorbents and carbon nanotubes

by C. Li (2011), X, 102 pages

ISBN: 978-3-89336-716-0

Electron Transport in the Plasma Edge with Rotating Resonant Magnetic
Perturbations at the TEXTOR Tokamak

by H. Stoschus (2011), iv, 113 pages

ISBN: 978-3-89336-718-4

Diffusion and Flow Investigations in Natural Porous Media by Nuclear
Magnetic Resonance

by N. Spindler (2011), viii, 144 pages

ISBN: 978-3-89336-719-1

Entwicklung und Erprobung des Hygrometer for Atmospheric
Investigations

von T. Klostermann (2011), IV, 118 Seiten

ISBN: 978-3-89336-723-8

Application of functional gene arrays for monitoring influences of
plant/seasons on bacterial functions and community structures in
constructed wetlands (Bitterfeld, Germany)

by J. Ning (2011), xiv, 157 pages

ISBN: 978-3-89336-724-5

Wasseraustrag aus den Kathodenkanalen von Direkt-Methanol-
Brennstoffzellen

von A. Schrdder (2011), VII, 228 Seiten

ISBN: 978-3-89336-727-6

CITYZEN Climate Impact Studies
ed. by M. Schultz (2011), 45 pages
ISBN: 978-3-89336-729-0

Software Tools zum interoperablen Austausch und zur Visualisierung von
Geodatensitzen liber das Internet

von M. Schultz, M. Decker, S. Lihrs (2011), iv, 156 Seiten

ISBN: 978-3-89336-730-6
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119.

120.

121.

122.

123.

124,

125.

126.

127.

Optimierung eines Leichtbaudesigns fiir ein SOFC-Brennstoffzellenstack
von T. Nguyen-Xuan (2011), 1, 154 Seiten
ISBN: 978-3-89336-732-0

Institute of Energy and Climate Research IEK-6:

Nuclear Waste Management & Reactor Safety Report 2009/2010
Material Science for Nuclear Waste Management

ed. by M. Klinkenberg, S. Neumeier, D. Bosbach (2011), 242 pages
ISBN: 978-3-89336-735-1

Fate of the Antibiotic Sulfadiazine in Yangtze River Sediments: Transfor-
mation, Sorption and Transport

by N. Meng (2011), XIlI, 111 pages

ISBN: 978-3-89336-736-8

Thermodynamische Eigenschaften gasféormiger und kondensierter Ver-
bindungen fiir Hochtemperaturanwendungen

von T. Markus (2011), Il, 131 Seiten

ISBN: 978-3-89336-728-3

Ein neues LIF-Instrument fiir flugzeug- und bodengebundene Messungen
von OH- und HO,-Radikalen in der Troposphére

von S. Broch (2011), IV, 160 Seiten

ISBN: 978-3-89336-742-9

Processes in the Yangtze River System - Experiences and Perspectives
Workshop-Proceedings

ed. by S. Kipper, G. Subklew, R.-D. Wilken (2011), 83 pages

ISBN: 978-3-89336-744-3

Thermo-Mechanical Properties of Mixed lon-Electron Conducting Mem-
brane Materials

by B. Huang (2011), 130 pages

ISBN: 978-3-89336-746-7

Growth, Etching, and Stability of Sputtered ZnO:Al for Thin-Film Silicon
Solar Cells

by J. . Owen (2011), xv, 192 pages

ISBN: 978-3-89336-749-8

Entwicklung getragerter Bag 5Sr 5C0p sFeo 2035 Sauerstoff-Permeations-
membranen

von F. Schulze-Kippers (2011), ii, 119 Seiten

ISBN: 978-3-89336-752-8

Development of the 2-Component-Injection Moulding for Metal Powders
by A. P. Cysne Barbosa (2011), XIV, 150 pages
ISBN: 978-3-89336-753-5
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128.

129.

130.

131.

132.

133.

134.

135.

136.

Performance of Tungsten-Based Materials and Components under ITER
and DEMO Relevant Steady-State Thermal Loads

by G. H. Ritz (2011), X, 128 pages

ISBN: 978-3-89336-755-9

Experimentelle Bestimmung und numerische Simulation von Viskositaten
in Schlackesystemen unter Vergasungsbedingungen

von T. Nentwig (2011), 156 Seiten

ISBN: 978-3-89336-756-6

Development of Thin Film Oxygen Transport Membranes on Metallic Sup-
ports

by Y. Xing (2012), iv, 117 pages

ISBN: 978-3-89336-765-8

Release of Inorganic Trace Elements from High-Temperature Gasification
of Coal

by M. Blasing (2012), XVIIl, 145 pages

ISBN: 978-3-89336-772-6

Rauchgasseitige Korrosion von Nickelbasislegierungen fiir zukiinftige
700°C-Dampfkraftwerke

von F. Littschwager (2012), 145 Seiten

ISBN: 978-3-89336-773-3

In-Situ Raman Spectroscopy: A Method to Study and Control the Growth
of Microcrystalline Silicon for Thin-Film Solar Cells

by S. Muthmann (2012), x, 134 pages

ISBN: 978-3-89336-774-0

Remote sensing of sun-induced fluorescence for improved modeling of
gross primary productivity in a heterogeneous agricultural area

by A. Schickling (2012), xvi, 135 pages

ISBN: 978-3-89336-775-7

Untersuchung der Ladungstragerkonzentration und -beweglichkeit in
mikrokristallinen Siliziumlegierungen mit Hall-Effekt undThermokraft
von C. Sellmer (2012), 159 Seiten

ISBN: 978-3-89336-778-8

Development of thin film inorganic membranes for oxygen separation
by H. J. Moon (2012), XIl, 118 pages
ISBN: 978-3-89336-781-8
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