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Abstract

Energy transition worldwide can be realized with the contribution of promising and advanced
technologies such as solid oxide cells (SOCs). Although commercial products are on the market, this
ceramic-based technology can still be improved to increase both operating efficiency and lifetime, and
reduce the cost of the end product.

Non-optimal air-side contacting in SOC stacks causes performance loss compared to single-cell
measurements and may be avoided by a novel design, which is the direct printing of an air-side electrode
contact layer in a rib-channel form. This ceramic layer also provides gas distribution, eliminating the need
for machined or stamped gas channels on the metallic interconnect. Since the machining/pressing process
is costly and time-consuming, printing this ceramic layer with a novel design might be advantageous in
terms of performance enhancement and cost-effectiveness in SOC stacks.

To realize the novel idea, stencil printing was used to print ribs from pastes with different recipes and
preparation routes. Two different perovskite materials, developed and used in-house, were utilized in the
paste preparation. It is observed that changing solid content and binder content by keeping the type of
ingredients and the particle size distribution (PSD) within the paste batch the same did not change the
rheological behavior. It has been observed that the reason was the lack of a three-dimensional (3D)
network within the paste structure which provides structural recovery after the printing. It led to an
undesired shape on the printed design because the paste flows and does not retain its printed shape.
However, by adding a dispersant and varying the PSD of the powders, the pastes became more
controllable, and the influence was directly seen in the shape of printed ribs with sharper edges and flatter
surfaces. In addition, rheology results were applied to the printing process to achieve successful printing
results, i.e. a delay before separation of the substrate from the stencil was applied according to the time-
dependent behavior plot obtained from rheology measurements.

Thus, ribs with a thickness of about 500 um with an appropriate surface flatness were successfully printed
and characterized by electron microscopy, 3D confocal microscopy, and white light topography. As an
outlook, the best-performing design, microstructure, and material combination for the rib-channel form
will be investigated. In addition, a stack test consisting of cells with this rib-channel design of the cathode
contact layer will be performed and evaluated.



Kurzfassung

Die weltweite Energiewende kann durch den Beitrag vielversprechender und fortschrittlicher
Technologien wie Festoxidzellen (SOC) verwirklicht werden. Obwohl bereits kommerzielle Produkte auf
dem Markt sind, kann diese auf Keramik basierende Technologie noch verbessert werden, um sowohl die
Betriebseffizienz als auch die Lebensdauer zu erhéhen und die Kosten des Endprodukts zu senken.

Eine nicht optimale luftseitige Kontaktierung in SOC-Stacks fiihrt zu LeistungseinbufRen im Vergleich zu
Einzelzellenmessungen und kann durch ein neuartiges Design vermieden werden, namlich das direkte
Drucken einer luftseitigen Elektrodenkontaktschicht in Form eines Stegs und Kanals. Diese keramische
Schicht sorgt auch fiir die Gasverteilung und macht maschinell bearbeitete oder gestanzte Gaskanale auf
der metallischen Verbindung uberflissig. Da der Bearbeitungs-/Pressprozess kostspielig und
zeitaufwandig ist, konnte das Drucken dieser Keramikschicht mit einem neuartigen Design in Bezug auf
die Leistungssteigerung und Kosteneffizienz in SOC-Stacks von Vorteil sein.

Um die neuartige Idee zu verwirklichen, wurden mit Hilfe des Schablonendrucks Stege aus Pasten mit
unterschiedlichen Rezepturen und Herstellungswegen gedruckt. Bei der Herstellung der Pasten wurden
zwei verschiedene Perowskit-Materialien verwendet, die im eigenen Haus entwickelt und eingesetzt
wurden. Es wurde festgestellt, dass eine Anderung des Feststoff- und Bindemittelgehalts bei
gleichbleibender Art der Inhaltsstoffe und der PartikelgroRenverteilung (PSD) innerhalb der Pasten-
Charge keine Anderung des rheologischen Verhaltens bewirkte. Es wurde festgestellt, dass der Grund
dafiir das Fehlen eines dreidimensionalen (3D) Netzwerks innerhalb der Pasten-Struktur war, das fiir eine
strukturelle Erholung nach dem Druck sorgt. Dies fihrte zu einer unerwilinschten Form des gedruckten
Designs, da die Paste flieBt und ihre gedruckte Form nicht beibehalt. Durch die Zugabe eines
Dispergiermittels und die Variation der PSD der Pulver wurden die Pasten jedoch kontrollierbarer, und
der Einfluss zeigte sich direkt in der Form der gedruckten Stege mit scharferen Kanten und flacheren
Oberflachen. Darlber hinaus wurden die rheologischen Ergebnisse auf den Druckprozess angewandt, um
erfolgreiche Druckergebnisse zu erzielen, d. h. es wurde eine Verzogerung der Trennung des Substrats
von der Schablone entsprechend dem aus den rheologischen Messungen gewonnenen zeitabhdngigen
Verhaltensdiagramm angewandt.

Auf diese Weise wurden Stege mit einer Dicke von etwa 500 um und einer angemessenen
Oberflachenebenheit erfolgreich gedruckt und durch Elektronenmikroskopie, konfokale 3D-Mikroskopie
und WeiRlichttopografie charakterisiert. Dariiber hinaus zielt diese Arbeit darauf ab, einen Ausblick auf
das beste Design, die beste Mikrostruktur und die beste Materialkombination fiir die Steg-Kanal-Form zu
geben. AuBerdem soll in Zukunft als abschlieRende Charakterisierung ein Stack-Test bestehend aus Zellen
mit diesem neuartigen Steg-Kanal-Design der Kathodenkontaktschicht durchgefiihrt werden.
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1. Introduction

Global warming warns us to take action for a safe and sustainable world, not only for now, but also for
the future. Most recently, the Paris Agreement as a global one and national policies of several countries
have come up with the goal of decarbonizing all sectors as much as possible. As the world's energy needs
are mainly met by fossil fuels, researchers have been developing new methods to generate electricity
efficiently and with no or less harmful gas emissions, such as fuel cells, which convert chemical energy
into electrical energy through electrochemical reactions. One of the well-known types is the solid oxide
fuel cell, which can also be used for water splitting to produce hydrogen.

Solid oxide cell (SOC) technology represents an eminent potential for the energy transition with its
flexibility in reversible use (in fuel cell mode as a solid oxide fuel cell and in electrolysis mode as a solid
oxide electrolysis cell) [1,2]. Besides this and many other advantages, the technology requires some
improvements to lower the cost and to increase the performance with a longer lifetime to be competitive
in the market [3-5]. Related to the cost issue, a study in the literature highlighted that the machinery cost
for interconnect (IC) with the cost of other metal parts such as frames, end plates, and nickel mesh
dominates the CAPEX (Capital Expenditures) for a stack system in Julich (FI120) [6]. The latter study also
mentioned the case of a 50% reduced power density due to the loss of contact area between the IC and
the cell’s anode and the cathode. Several other groups also agree that the contact resistance between
cells and interconnects should be reduced [7-9] to ensure high performing repeat unit resulting in higher
stack performance. Thus, it is obvious that the cost reduction with a performance increase in a stack
system will accelerate the market establishment of this technology faster.

In the structure of the Jllich stationary stacks, the contact on the fuel electrode side is provided by nickel
mesh, which is performing well. However, a machining process is used to grind the gas channels on the
air-side metal interconnect, which is costly and time-consuming. Moreover, the contact between the air-
side interconnect and the cell is not ideal for adequate electron transport, as shown in the SEM (Scanning
Electron Microscopy) images in Figure 1-a. An alternative design (see Figure 1-b) that eliminates these
issues may be advantageous at this point. This is the idea of printing a ceramic structure with gas channels
directly on the cell has been established in Jilich. A ceramic layer with a rib-channel design can provide a
sufficient gas supply with an appropriate contact from its top surface to the metal interconnect. The
fabrication of this three-dimensional and ca. 500 um thick ceramic layer with rib-channel design is the aim
of this work.
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Figure 1 a) SEM images showing actual non-ideal contact between the interconnect and the cell with a
schematic illustration of a single repeat unit, b) SEM image of newly stencil printed layer with improved
surface flatness coupled with the schematic illustration of a novel design in a single repeat unit of a stack

According to the manufacturing routes followed in SOCs, the screen printing method plays a vital role due
to its low cost and ability for mass production [10,11]. However, this technique is mostly used for layers
with a thickness up to 100 um [11,12]. For thicker layers with specific geometries, stencil printing could
be an alternative if high aspect ratios on printed shapes can be achieved [12]. It is a stencil-using version
of screen-printing and the thickness of the stencil can be varied with the aperture design for the
applications. It is popular in the micro-electronics field, where area array packages such as flip chips have
been manufactured by this method using solder pastes [13—15]. However, it is not a well-known method
in the ceramic field as only a few studies can be found in the literature [16,17]. Nevertheless, for simple
three-dimensional (3D) geometries of ceramic layers, stencil printing could be a promising manufacturing
technique in terms of cost-effectiveness and faster production. Therefore, this method was used in this
study with the consideration of the influence of process parameters, paste recipes, and rheological
behaviors of the pastes on the printing result.

Printing experience and results with stencil printing include: printability of the paste without printing
failures such as stencil clogging; suitable paste characteristics for the desired geometry related to the
paste formulation and preparation; suitable printing parameters to control/assist the printing process
concerning the printing shape. The paste structure that is ruptured by applied shear should recover itself
to maintain the printed shape that can be influenced by paste formulations. The stencil printing
parameters should be set appropriately to be sure that the paste will be printed well and that it is
compatible with the rheological characteristic of the paste. This cannot be known exactly without trying,
as the influence of the parameters on the printing experience can vary from paste to paste. However,
oscillatory step test measurements demonstrate the printing process, which can be very helpful in
predicting printing results. Therefore, an evaluation of the rheological results is an asset to achieve
successful printing results.



Overall, different types of pastes have been prepared, characterized, and printed in this PhD thesis.
Chapter 4 and Chapter 5 cover many details about LCC2 and LSCF containing pastes, respectively, and
their characterization with printing results. For the characterization of the pastes and prints, various
instruments such as rheometry, electron microscopy, white light topography, etc. were utilized which are
discussed in Chapter 3. According to the characterization results, it has been seen that adequate printing
results were achieved via the printing of the LSCF-containing paste to reach good performance in an SOC
stack. The novel design was briefly/roughly evaluated to demonstrate its suitability for cell assembly
through conductivity and pressure drop calculations as well as a mechanical test in Chapter 6. On the
other hand, the basics of SOC technology, including system parts, fabrication routes, etc., were presented
in Chapter 2 on the way from cell fabrication to the cell assembly.



2. Literature research

2.1. Importance of hydrogen technology

The world's population is growing and consumption is increasing. It is predicted that the population will
be approx. 9 billion and global energy consumption will increase by 77% by 2050 [18]. Fossil fuels are still
used as the major feedstock for global energy supply with some disadvantages [19]. The non-
homogeneous distribution and the limited nature of fossil fuels lead to political uncertainties between
countries, which may limit the accessibility to this feedstock. On the other hand, CO,-related emissions
from fossil fuels contribute to global warming, which causes climate change [19,20]. Therefore,
environmentally friendly alternatives such as renewable energy sources (i.e. wind and solar) are necessary
and can be used to harvest electricity, although these alternatives are occasionally related to
environmental conditions. It can be overcome with storage of the obtained energy that will prevent the
intermittent nature of the renewable energy [20] Hydrogen, methane, methanol, or dimethyl ether is the
form for the storage and Ebbesen et al. mentioned that hydrogen is the most environmentally friendly
and efficient fuel [20]. Another paper emphasized that hydrogen as an energy carrier can be used as a
storage medium [21]. There is now a global movement by several countries for the production and
consumption of hydrogen to contribute to the decarbonization goals related to the Paris Agreement
[22,23].

Although today most hydrogen is produced by steam reforming of natural gas due to the higher
efficiencies (60-85%) [19-21], emission-free (green) hydrogen production is needed to contribute to the
energy transition [24]. It is important to note that the way how hydrogen is produced is color-coded. If
hydrogen is produced by burning natural gas at higher temperatures, it is called gray hydrogen. If its CO,
emission is removed or captured, it is called blue hydrogen. Without any emission in the production (i.e.
water/steam electrolysis by using electricity from renewable sources), the hydrogen becomes green
hydrogen [23].

Hydrogen, one of the most abundant elements in the universe, can be used in its green form to support a
circular and green economy worldwide. There are various production methods to obtain hydrogen, such
as biological processes, photochemical processes, etc., but the high purity one can be obtained by water
electrolysis which is currently the most basic industrial process [19].

There are several types of technologies in use for electrolysis and/or electricity generation such as
polymer electrolyte fuel cells and electrolyzers (PEFCs, PEECs), alkaline fuel cells and electrolyzers,
phosphoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs) and solid oxide fuel cells and
electrolyzers [25]. The latter are those that can be used reversibly in a single unit for both electricity
generation in fuel cell mode and H; production in electrolysis mode. In electrolysis mode, it is also capable
of co-electrolyzing H,0 and CO,, resulting in a synthetic gas (H> and CO) that can later be converted into
various fuels such as methane, methanol, and dimethyl ether [20]. If the required electricity for SOEC is
obtained from renewable energy sources, CO and H, will be further used in the chemical industry as green
feedstock, while synthetic fuels will be beneficial in the transportation sector to make it green.



2.2. Solid oxide cells (SOCs)

A basic definition for solid oxide cells is that they can convert chemical energy into electrical energy or
vice versa. This means that an SOC as a unit is reversible and is abbreviated as rSOC. The fuel cell mode of
the system (Solid Oxide Fuel Cell) can be used for electricity production, and the electrolysis mode (Solid
Oxide Electrolysis Cell) can be used not only for hydrogen production, but also for synthesis gas production
[3,25].

A single solid oxide cell consists of an oxygen electrode and a fuel electrode separated by an electrolyte.
The basic working principle of rSOCs, which are defined as solid oxide electrolysis and fuel cells (SOEC &
SOFC, respectively), can be seen in Figure 2 with the electrochemical reactions. Electrolysis of water, CO,,
or both is possible via SOECs resulting in the production of hydrogen (H,), carbon monoxide (CO), or syngas
(H2+CO), respectively. The solid oxide fuel cell converts chemical energy into electricity. Figure 2 shows
only H; and CO as fuels, but the system is fuel flexible and can even run on fossil fuels such as natural gas,
to generate electricity.

Solid Oxide Electrolysis Cell Solid Oxide Fuel Cell

o, N YA

Oxygen electrode Oxygen electrode
202 0, + 4e” 0, +4e” +» 20>
v .
= = 4\G
Fuel electrode W A Fuel electrode
2H,0 +4e» 2H, + 20> 2H, +20% -+ 2H,0 +4e ’
2H,0 J \=> o, 2H, \—> 2H,0
2C0, + 4e +2C0 +20% k, 200 +20% + 2C0,+4¢  5cq k, 20
2

2¢0, 2co

Figure 2 Schematic illustration of the working principles of solid oxide electrolysis cells (left) and solid oxide
fuel cells (right)

For a detailed explanation of the electrochemical phenomena, the SOFC system for electricity generation
by using hydrogen as a fuel works as follows:

e Fuel as a gas from the fuel electrode side (anode) and
e Air (oxygen) from the air/oxygen electrode side (cathode) are purged at high temperatures (650
-1000 °C).
e The open circuit voltage is generated obeying the Nernst equation. (Equation 1)
1
Py, Pf,z

RT
E= Ey+ —
nF PH,0

(1)

where E is the generated open circuit potential, Eq is the standard potential, R is the ideal gas constant, n
is the number of electrons, F is the Faraday constant, and P is the partial pressure of the relevant gases,
i.e. H; and O..
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e The obtained voltage is converted into electrical work by closing the circuit of the system and then
the current is drawn.

As the system operates, the oxygen gas is reduced to oxygen ions at the cathode (equation 2) and then
transported through the electrolyte, which is an ionic conductor, to the anode side, where a reaction of
hydrogen and oxygen ions occurs to produce water vapor and electrons (equation 3). This completes the

circuit.
%02 + 2" =072 )
H,+ 072 = 2e™ + H,0 (3)

On the other hand, there are some losses in the cell as voltage drops during the current flow due to
different types of kinetic losses such as activation losses, ohmic losses, and mass transfer losses, which
are also demonstrated in Figure 3. Activation losses are dominant at low currents and associated with the
rates at the electrochemical reactions at electrodes. Ohmic losses are due to the resistance in ion
transport and, according to some papers also due to contact resistance in stack operation [7,9]. Mass-
transfer losses, also called concentration polarization, occur due to the limited transport of reactant gases
to the electrochemically active sites in the cell [26].

Idcal Voltage

44— Region of Activation Polarization
(Reaction Rate Loss)

Total Loss

Region of )
Concentration Polarization
(Gas Transport Loss)

'

Operation Voltage, V, Curve ——p»

0.5

Cell Voltage (V)

" Region of Ohmic
Polarization
(Resistance Loss)

v

Current Density (mA/cm?2)

Figure 3 I-V curve for the ideal and actual performance of a fuel cell [26]

2.2.1. Electrolyte

There are several requirements for an electrolyte; good conductivity of ions or protons, gas tightness,
chemical stability, and no electron conduction. Depending on the electrolyte type and temperature, cells
and electrolyzers are referred to as polymer electrolyte cells, alkaline cells, phosphoric acid cells, molten
carbonate cells, and solid oxide cells [25]. While a proton-conducting fuel and electrolysis cell, which is a
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variant of a solid oxide cell, requires proton conduction on the electrolyte, a solid oxide fuel and
electrolysis cell requires oxygen ion transport. Electrolytes should not also conduct electrons, which would
cause a short circuit in the cell system.

More specifically, the oxygen ion conductivity is a function of the oxygen diffusion coefficient, which is a
thermally activated process as described in the Nernst-Einstein relation in Equation 4.

AV .e)2c: -
o;T = ziecqu;T = (z;)%¢;B,T = @p; = &e6p, ; exp=2im (4)

where o is the conductivity, T is the absolute temperature (in kelvin (K)), z is the valence, e is the electronic
charge, c is the number of charged particles (concentration) per unit volume, u is the jump distance, B is
the particle mobility, k is the Boltzmann constant, D is the diffusion coefficient, AHm is the enthalpy
change.

However, Equation 4 can be rewritten in a simpler form (Equation 5) by defining all of the pre-exponential
parameters as a single factor of A, and the new equation looks as follows;

oT = Aexp (—EA/KT) (5)

The relationship between temperature and conductivity can be seen in Figure 4, which shows the
temperature dependence of several electrolyte conductivities in the Arrhenius plot. Yttria-stabilized
zirconia (YSZ) is a typical electrolyte material in SOCs [27]. It has variants such as 3YSZ (with 3 mol% yttria)
and 8YSZ (with 8 mol% yttria). Depending on the design of the cell: the former is the commonly used
electrolyte for electrolyte supported cells (ESC), while the latter is mostly used in fuel electrode supported
(FESC) or metal supported cells (MSC). YSZ shows good mechanical strength and is cheaper than some
other electrolytes such as ScCeSZ (zirconia co-stabilized with scandia and ceria) [25]. However, the trend
today is to lower the operating temperature of SOCs (<600 °C). Therefore, several other options show
higher ionic conductivity such as Bi»0s. Ayhan et al. [28] mentioned the advantage of bismuth oxide (Bi,0s)
based electrolytes in terms of higher ionic conductivity due to the more oxygen vacancies in the sub-
lattice compared to other ionic conductors, i.e. zirconia or ceria but the limitation with Bi,O3; was the
phase stability, although it was doped with yttria in that study. Alternatively, the design parameters of the
SOC layers can be varied, i.e. a thin layer of YSZ can be used in the cell to minimize the ohmic resistances
due to its low ionic conductivity. Thus, electrode-supported cells can be used instead of electrolyte-
supported cells in which the electrolytes are relatively thick (80 -150 um) [25].
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Figure 4 Conductivity of oxygen ion conductors at different temperatures. Lao.sSro.2Gao.9Mgo.103-5 (LSGM),
Zr0.84Y0.1601.92 (8YSZ), Nao.sBio.4sTio.osMgo.0203 (NBT), Ceo.sNdo.101.05 (CND), BiO3 and Lai0Sis.sMgo3026.5
(Apatite) [29]

2.2.2. Anode

The fuel electrode needs to fulfill the requirements of porous structure for gas diffusion, electronic and
ionic conductivity, and chemical stability. Triple phase boundaries where ion conduction, electron
conduction, and pores meet should be well distributed to maximize the anodic reactions. The coefficient
of thermal expansion (CTE) should also be well-matched to the adjacent electrolyte layer to prevent
delamination.

Fuel electrode-supported cells (FESCs) have been used in Jilich for more than 20 years now [30]. The
Ni/8YSZ support layer is 250-500 um thick with a coarse microstructure. The anode layer is fine-grained
in a thickness of about 10 um and is made of Ni/8YSZ just like the support, which is tape cast, and the rest
(an electrolyte (d ~ 10 um), barrier layer of GDC (d ~ 5 um), and air electrode (d ~ 50 um)) is screen printed,
which is the typical production method [25].

Nickel/YSZ cermet is often used as the anode material but there are several degradation issues. Nickel
particles undergo coarsening yielding a loss of triple-phase boundaries [31]. In the operation of SOCs with
hydrocarbon fuels, carbon deposition [32] or sulfur poisoning [33] in these Ni-containing anodes leads to
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a loss of performance. There have been several studies to overcome this by using e.g. Ni/GDC [34] or
Ni/ScYSZ [33] based anodes to tolerate the degradation issues with carbon and sulfur, respectively.

2.2.3. Cathode

Similar to fuel electrodes, air electrode also needs a porous structure for air diffusion, electrical and ionic
conductivity, and chemical stability. In addition, good catalytic activity for oxygen splitting in SOFC modus
and for the recombination of 02 ions in SOEC modus are also required [25]. Depending on the design of
the SOC, the CTE should be well matched with adjacent layers for compatibility.

Ceramic-based mixed ionic and electronic conducting (MIEC) perovskites are typically used as air
electrodes. ABOs is the chemical structure of perovskites, and LSCF (La, Sr, Co, Fe) with LSC (La, Sr, Co) are
examples for the well-known MIEC perovskite materials for air electrodes air electrode [25,27,29,35].
Additional to this, LSM, which is almost pure electron conductor, has been used coupling with i.e. YSZ as
an air electrode [29]. Sick et. al compared the conductivity values of these three perovskites as shown in
Table 1. LSC has the highest conductivity value but compatibility with other components may be an issue,
especially during thermal cycling. Its ionic conductivity is lower than that of LSCF [36] but it is not a limiting
factor for its use as a cathode material at lower temperatures (600 - 800 °C) as well as LSCF. On the other
hand, compared to LSM, LSCF is more prone to Sr segregation or to poisoning by impurities (sulfur, silicon)
than LSM for the degradation point of view [37,38], but LSCF is still advantages for using in SOCs because
of its higher power density, which is also studied in the literature [39].

In addition, a protective layer of gadolinium-doped ceria (GDC) is applied between the YSZ electrolyte and
the LSCF [40,41] and LSC [42] cathodes to slow down/prevent the degradation.

Table 1 Properties of some SOC materials [35]

Layer Name Oe- / Scm™ at 800°C | TEC / 10K for 30-800°C
Interconnector Crofer22APU 8700 10 11.910

Protective coating | MCF 26-30 21 ~132L22

Protective coating | MnOx 0.14 8.8 4

Contact layer LSMC ~180 38 12-16 27-38 (30-1000°C)
Contact layer LCC10 ~80 46 ~14 46

Contact layer, LSCF 100-200 37.38 13-16 37-38 (30-1000°C)
Cathode

Cathode LSC >1220 38 19 ¥ (30-1000°C)
Cathode LSM ~160 38 11-12.4 %7-38 (30-1000°C)

2.2.4. Interconnect

Cell assembly is required to increase the energy output of cells. It creates single repeat units (SRU) as
shown in Figure 5, and connectors are needed with several requirements in the name of interconnects or
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bipolar plates. They are used to connect the SRUs electronically, to separate the gas chambers, and to
distribute the gas streams [25].

Stainless steel interconnects such as Crofer 22 APU or Crofer 22 H are used industrially and consist of a
high chromium content (20 - 26 wt% Cr). In particular, manganese (Mn) is also added to form a double-
layer oxide scale during operation, which is the Cr-Mn spinel layer on the top of a Cr,0s-rich scale [7,25].
This naturally formed chromium scale is useful in protecting the interconnect from corrosion and
oxidation at elevated temperatures. Another advantage of metallic interconnects over ceramic-based
ones is higher conductivity values [43]. However, volatile chromium species poison the cathode contact
layer or cathode, causing degradation via the formation of detrimental SrCrO, crystallites [44,45]. To
prevent this, e.g. MCF layer (Mn,Co,Fe);0. is applied as a protective layer by atmospheric plasma-spraying
[46,47].

Fuel-side contact mesh
Air-side contact layer
Cr retention layer Metallic frame
Glass-ceramic sealant
Top: fuel side
Bottom: air side

J l lMetaI\icw‘nterconnects

Figure 5 Cross-sectional schematic of a single repeat unit for SOCs

2.2.5. Contacting in SOC stacks

The assembly of multiple repeat units forms a "stack". Interconnects have been used in a stack system
(for the reason explained above) and contact elements are necessary to provide better electrical and
mechanical contact between the SOC cathode and the interconnect [7,25] On the fuel electrode side, Ni
mesh is used which provides good gas permeability and compensates for manufacturing tolerances. It also
avoids the machining process on the fuel side interconnect to form gas channels as it provides the gas
distribution. On the air electrode side, Ni mesh cannot be used due to oxidation issues. K. Sick et al. found
in their study that a coarse-structured LSCF layer on top of a fine-structured LSCF cathode is the most
suitable contact for the Jilich SOC stacks [35].

According to N. K. Karri et al., the contact between the cathode and the interconnect has been identified
as the weakest link in the present SOCs [48] which also means the main source of ohmic resistance in the
fuel electrode-supported cell stacks. In the same direction, C. Lenser et al. [7] mentioned the contribution
of the contact resistance to the cell impedance at different temperatures compared to other elements
such as electrolyte, cathode, and anode as shown in Figure 6. The priority of any improvement in the
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contact part for better performance of SOC stacks has been highlighted in the literature not only in the
latter study but also in the study by R. Spotorno et al. [9].

I ctecteotyte [ Cathode [N Anode [ Contact

Relative contribution (%)

750 700 650 600
Temperature (°C)

550 500

Figure 6 Relative contribution of SOC elements on the cell impedance within a stack at different
temperatures [7]

2.2.6. Glass sealants

There is another element that is used in the cell assembly in a stack, which is the glass sealant. Gas
tightness in the cell design is provided by an electrolyte and in the stack system by glass sealants. The
edges of the cells are sealed to the metal frame and the fuel gas compartments are sealed to the outside.
Good adhesion to metallic and ceramic surfaces, gas tightness, robustness, and stability under reduction
and oxidation are fundamental requirements for glass sealants.

There are several types of sealants such as glass, glass-ceramic, metal, and composite sealants [49]. A
glass-ceramic sealant was used in Jilich with two different methods;

e First, screen printing of a sealant directly to the stack parts
e Second, the sealant is applied to a foil and dried to be placed separately in a stack

The second method allows decoupling of the sealant production from the stack manufacturing, simplifies
the process, and enables storage of the sealant for later use and was developed by Forschungszentrum
Julich [50].

2.3. SOC cell types and production methods

Several types of cells differ in their mechanical support layers. This is how their names are defined, such
as electrode-supported cells when the anode or cathode layer is used as a support with a thicker layer
than other layers. For the sake of simplicity, the cell types were named based on solid oxide fuel cells.
There is no anode-supported cell (ASC) but fuel electrode-supported cell (FESC) in SOCs because anode-
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supported cell in SOFC is cathode supported cell in SOEC. So, the types of the cells are shown schematically
in Figure 7 in the PhD thesis of F. Grimm [51].

ASCs were developed in Jilich as an alternative to the electrolyte-supported cell (ESC) design for two basic
reasons:

e To reduce the ohmic resistance by using a much thinner electrolyte
e Hence, to reduce the operating temperature

Lowering the operating temperature gives more possibilities that limited high-temperature resistant
materials will not be the only choice in cell manufacturing [30]. However, ESCs are among the most mature
SOC technologies mentioned in the literature and the issue of higher ohmic resistances due to thick
electrolytes can be overcome by operating the SOC system at higher temperatures to decrease the area-
specific resistance (ASR) [52]. Another cell type that was developed by Bosch is an inert-supported cell to
reduce manufacturing costs and increase the marketability of the system [53]. In addition, metal-
supported cells (MSC) have attracted interest due to their low cost and being advantageous in
manufacturing [54]. Thin-film technologies such as PVD, electrophoretic deposition, and sputtering are
used to coat cell layers on the porous metallic support. High sintering temperatures for coating are not
required [25] and higher power densities have been targeted with this cell design [55].

Elektrolyt

Kathode

Funktions- | A node E lectrolyte | nert M etal
schichten S upported S upported S upported S upported
C ell C el C el C ell

Figure 7 Schematic representation of SOFC cell types. Green, purple, and blue stand for functional layers
of anode, electrolyte, and cathode, respectively [51]

Back to the ASCs in Julich, warm pressing was used to produce the supports and anode and electrolyte
were applied via vacuum slip casting. Subsequently, tape casting was used in combination with screen
printing to produce cell layers [56]. The tape casting process is shown in Figure 8 where a slurry is placed
in the reservoir of a doctor blade. The latter moves and casts the slurry to produce a ceramic tape.
Depending on the setup, a drying chamber can be adapted. This technique can also be used for sequential
casting to minimize sintering steps as Menzler et al. highlighted the possibility of sequential tape casting
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of a half-cell fabricated green-on-green (electrolyte + fuel active layer + fuel electrode support) with only
one-time sintering at the end [57].

Screen printing is demonstrated in Figure 9, where the slurry is printed onto a substrate by squeegee
movement over a screen and pressing the paste through the screen openings. In the typical fabrication
route of SOFCs in Jiilich, the anode support is fabricated first and then the rest of the layers are printed
by screen printing. One of the advantages of screen printing is that no cuts are made after printing, which
reduces material loss [6].

For both of the above techniques, slurry preparation is critical and should be coupled with rheological
characterization. With an appropriate slurry/paste, a screen printing method can enable three-
dimensional (3D) fabrication [12] which will be discussed later.

. Drying .
Carrier Doctor Ceramic Tape on
Film Slu Blade Enamier Carrier Film

o f

Controller

Figure 8 Typical illustration of a tape casting setup [58]

Squeegee movement

F Y

Frame

Squeegee

Figure 9 Schematic illustration of screen printing [59]
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2.4. Stencil printing

Stencil is the name of a sheet made of any material that has apertures of any size, and it is mostly made
of silicon, polymers, or metal, which varies depending on the application. Patterning by deposition or
printing by using paste through a stencil can both ultimately give similar results in the sense of having a
geometry/height on a substrate in different fields/applications.

Stencil lithography as a nanofabrication method, in which the modification of a substrate surface by i.e.
deposition or ion implantation of functional materials through a stencil is based on the principle of shadow
masking, aims at surface patterning in the submicron range [60,61]. For instance, in the work of Barnabe
et al. [62], shown in Figure 10, this method was used to deposit ZnO structures on ultrathin (10 nm) SiO»
substrates. Similarly, in this work, a 3D geometry was to be printed on a substrate using stencil printing
on amm scale.

Stencil printing differs slightly from screen printing in that a stencil is used instead of a screen and the
utilized pastes have different rheology. In this method, a stencil with desired apertures/openings is placed
on the substrate. A squeegee moves and prints the paste through the stencil onto the substrate, which
could be a rough explanation without detailed process parameters. The scope of applying stencil printing
could be to reduce the complexity of manufacturing in terms of printing wafer-sized electronic parts, or
in some cases, to have a thicker and more complex printed shape on a substrate rather than applying only
a thin layer by screen printing. Studnitzky et al. [12] have mentioned that the stencil-printed parts can
reach 0.2 mm or more, while 5-100 um can be taken as a typical thickness for screen-printed layers. 0.5
mm thick prints with desired properties are the aim of this work, therefore the stencil printing method
should be well understood through literature research so that the latest developments can be evaluated
in terms of the highest thickness reached so far, the way the characterization of the pastes works or the
discovery of the process parameters how they influence the quality of the printed parts, etc.

n 1 i ! L L
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g Xipm]

Figure 10 (a) 2D view of ZnO patterns deposited by stencil lithography; (b) 3D profile of the same patterns;
(c) thickness of these two ZnO profiles [62]

2.4.1. Stencil printing in the field of ceramics

Stencil printing is not as well-known as tape casting and screen printing in the field of ceramics, but there
are a few studies using this technique.
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The use of stencil printing in the fabrication of SOCs was only mentioned in one study [16], where the NiO-
GDC anode layer was printed by screen and stencil printing on an 80% porous and 2 mm thick metal foam.
In the first step, stencil printing was utilized to obtain a flat surface on the porous foam to facilitate the
application of the screen-printed layers. The SEM image of the printed and sintered foam with the
fabrication route schematically shown can be seen in Figure 11. The flow behavior was studied for two
different inks with different viscosities for each printing process. Stencil printing on foam sounds like an
infiltration but the thicker paste, the one used for stencil printing, stopped flowing and stayed at one point
in the foam so that flatness was achieved on the top of the foam.

1%t STEP:
levelling/covering of
the foam surface

STENCIL

2nd STEP:

reducing the surface
roughness

80 mesh/inch
: SCREEN /
3 STEP:
roughness suitable for
electrolyte deposition

1mm

165 mesh/inch

\ SCREEN /

Figure 11 (left) Flowchart of the deposition steps for the anodic layer; (right) printed and sintered anodic
layer on metal foam [16]

Medesi et al. [63] have focused on a co-casting process that allows the fabrication of multilayer ceramics
with a layer thickness of less than 25 um. The group used magnetically assisted stencil printing (MASP) to
print patterned electrode layers onto the surface of dried green tape by using a mask but did not provide
rheology data for the commercial paste used for printing. Another group, Li et al. [64], aimed to use a
simple, inexpensive, and effective method which is stencil printing to fabricate grain-oriented lead-free
PZT (lead zirconate titanate) ceramics. The study did not provide more information than that the printing
was done repeatedly until the thickness of a 150 um thick multilayer film was achieved.

Zhao et al. [65] have worked on the fabrication of nitrogen-doped indium tin oxide (ITO) and platinum (Pt)
thin-film thermocouples to enable in-situ surface temperature measurements of aero turbine blades.
However, the group focused on characterizing and calibrating the printed thermocouples rather than
providing at least some information about the printing process. Figure 12 indicates the stencil-printed
thermocouples are less than 30 um thick on an alumina substrate. For future electronic applications such
as loE (Internet of Everything) or wearable devices for PZT ceramic sensor fabrication, PZT-containing
composite ink has been stencil printed in a study [17]. This was done on a polyethylene terephthalate
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(PET) polymer substrate through a 200 um thick stencil without any rheological characterization of the
ink.

A general issue | noticed in this literature review was that the rheological measurements were not well
considered in many cases, and in one or two studies more than flow curves were not obtained.
Characterizing the paste just by looking at the consistency may not be the best way to ensure a successful
and repeatable stencil printing process.

/ —
[

Figure 12 Stencil printed ITON/Pt thin film thermocouple on alumina substrate [65]

2.4.2. Use of stencil printing in different fields

A current topic, the chip shortage in the automotive industry, may be interesting to mention because of
the role of stencil printing in the production of flip chips in the electronics industry. Flip chip technology
requires the formation of bumps for board assembly, but a low-cost bumping process is needed to make
the overall production system cost-effective. Therefore, there are many studies in the literature focusing
on solder paste stencil printing with consideration of paste rheology and printing parameters.

In terms of low-cost flip-chip bumping using stencil printing, one group as an example in the literature
[66] gave importance to the stencil printing parameters and stencil design. Therefore, the dimensional
stability of the aperture and the quality of the printing on a micrometer scale were emphasized. The group
set the squeegee angle at 60° to ensure obtaining a better aperture filling by considering the aperture
width and average particle size ratio for better paste release, longer stencil life, and aperture filling. The
type of stencil, either laser-cut or electroformed, was also considered for aperture wall quality. Similar to
the latter, another group [67] highlighted the need to better understand and control the flow and
deformation behavior of solder pastes. The close relationship between paste transfer efficiency and
stencil aperture size as well as the correlation of paste rheological behavior with transfer efficiency were
investigated. Therefore, a detailed rheological investigation of pastes was performed in the study, taking
into account the flow behavior, viscoelastic behavior, and time-dependent behavior of the pastes.

Solder paste printing is a broad area where stencil printing has been used and studied. A major source of
soldering defects in surface mounting technology has been attributed to the solder paste stencil printing
process where rheology, modeling, and optimization studies have been coupled to improve the printing
results. For further interest, these works can be reviewed in the literature [15,68-76].
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It is obvious that the mass of knowledge in the microelectronics field about the stencil printing process is
useful and can be used to improve the printing process in the ceramic field.

2.5. Four-point probe measurements

The stencil-printed ribs must be characterized in terms of their conductivity values, which can be used to
optimize their widths and the width of the channels that can be modeled using numerical methods.

This method is based on four contacts: two of them are used to apply the current and the other two are
used to measure the voltage drop. It is an advantageous method for eliminating voltage drops across wires
or contacts.

In addition, it has different measurement modes, such as van der Pauw mode, collinear mode, square
mode, and dual probe configuration mode. The most common is the collinear mode [77] (see Figure 13)
which was used in this study for the electrical characterization of printed LSCF stripes.

The four-point probe resistance (R) is calculated with voltage over current which is based on the
measurement principle. The current is applied from the outer wires and the voltage drop is measured
from the inner wires.

The conductivity of a printed LSCF stripe can be calculated using Equation 6,
o=1/RxL/A (6)

where o is the conductivity, R is the resistance, L is the length (distance between inner wires), and A is the
area which is equal to the thickness multiplied by the width of the measured shape.

Figure 13 Schematic illustration of the collinear four-point probe measurement setup in macro (left) and
micro (right) scale [77]
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3. Materials and Methods

3.1. Used perovskites

3.1.1. LCC2

Anode-supported cells have been developed and used in stack tests at Jilich since the mid-1990s. One of
the stack designs used at that time was the 5th generation, the so-called F-design, with a metal
interconnect. A modified ferritic steel, coded JS-3 (later-on licensed to VDM Metals as Crofer 22 APU), was
used for the E-design short stack test with a cathode contact layer of LCC2 specially developed for JS-3
[78]. The remainder of this powder has since been stored at IEK-1 and used in this study for paste
preparation to gain experience.

The (La, Ca)(Cr, Co, Cu)Os powder was synthesized in-house by spray drying followed by calcination at 900
°C.

3.1.2. LSCF

This is the material that was planned to be used within the frame of this work as a cathode contact layer,
which must have some properties such as sufficient electronic conductivity, stability in an oxidizing
atmosphere, chemical stability, and compatibility with adjacent layers as mentioned in the literature [79].
At this point, the thermal expansion behavior of this material will be compatible with one of the most
commonly used cathode materials, LSCF, from one side [80], and another side with MCF coating on the
interconnect [79]. Therefore, this material was chosen for the paste preparation to stencil print the 3D
geometries desired in this dissertation.

Lao.58Sro.4Coo.2Fe0303 powder was synthesized in-house by spray drying and calcined at 900 °C.

3.2. Substrates

The surface characteristics and flatness of the substrates should be well considered for the printing
process, i.e. printing a paste on a porous surface requires a different rheological behavior than a paste
printed on a dense substrate surface. Therefore, the paste must be designed according to the surface
characteristics of the substrates because of the differences in the adhesion of the paste to the substrate
surface. On the other hand, if the surface flatness of the printed stripes is to be achieved, the flatness of
the substrate used should also be considered in order to avoid printing errors.

Initially, 35 mm diameter pellets of LSCF powder were pressed and sintered. LSCF was intentionally chosen
so that the pellets could be printed on the same surface as the cathode surface of industrial-size cells.
However, bending and cracking were the limitations in pellet fabrication. Several adjustments were tried
to prevent them, but no definite improvement was achieved. Pellet fabrication is far from the goal of this
work, so this topic will not be mentioned again.
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Commercially available anode-supported Elcogen complete cells in the size of 10 cm to 10 cm were utilized
as a “substrate” for the printing of ceramic stripes. This size is more beneficial than a button size, because
the industrial-size printing results can be directly examined and evaluated for cell assembly into a stack.

20 mm x 20 mm Kerafol 3YSZ supports were also utilized in this study. It allowed us to observe how a
prepared paste behaves on a different surface characteristic.

3.3. Printing process

The printing process involves several steps from paste preparation to the setting of printing parameters.
An appropriate paste formulation and rheological characterization are a must for an adequate paste
behavior that is linked to the desired printing results. Once the paste is ready, printing parameters are
considered to complete the printing process.

The prepared paste recipes within this work mainly contained solid loading which is the powder of the
chosen perovskite material; solvent which is the terpineol; binder which is the ethyl cellulose (EC); and
rheology additive as a dispersing and wetting agent. The binder used was added to the batch as a mixture
of solvent and binder, which is called a transport agent.

EC was used as an organic binder and a rheology modifier that dissolved in terpineol. EC and terpineol
mixture was found in a study [81] that it generates non-Newtonian fluid which is desired for this work. A
rheological additive was used to create a three-dimensional network within the paste structure, therefore
Anti-Terra-204 (BYK, Germany) was chosen.

Three different paste preparation routes were followed with different recipes. The basic one was the
addition of a solid loading and transport agent. With the addition of a dispersing agent to the recipe, the
route was changed: dissolving the dispersing agent was used as the first step. All other details were
explained in the experimental sections of Chapter 4 and Chapter 5.

The printing parameters on the screen printer are seven. If a waiting time (a delay for a separation of the
substrate from the stencil) is applied, the total number of variables becomes eight. Snap-off distance and
LP (Leiterplatte in German which means circuit board) thickness are related to the distance between the
stencil and the moving board. On the board, a metal sheet is used to fix the substrate which has a certain
thickness. The LP thickness value can be chosen similar to this thickness. Snap-off distance is then the gap
between the surface of the substrate and the stencil. Squeegee-related parameters are squeegee
pressure, squeegee speed, and squeegee travel distance. How far the squeegee moves was not
considered in this study. Furthermore, the moving table has two variables; separation distance and
separation speed. How far and how fast the moving table moves down is related to the latter two
variables. The values chosen for these parameters were mentioned in chapters 4 and 5.

The pastes were printed by using two different stencils. Details of these stencils with a schematic
illustration are given in Chapter 5. Stencil No:1 was mainly used for both LCC2- and LSCF-containing pastes.
Stencil No:2 was used a few times and has smaller masks for YSZ substrates to see how pastes behave on
a dense surface during printing and drying.
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3.4. Characterization methods

3.4.1. Particle size distribution

Particle size distribution (PSD) is the method to analyze the PSD of dispersed particles in a suspension by
laser diffraction. When the laser beam is subjected to the particles, each particle in the suspension
diffracts the light. Depending on the particle size, the light is scattered intensely or weakly, at wide or
narrow angles. The intensity and angle of the scattering are therefore recorded and then analyzed. There
are two models for analyzing the collected data: Fraunhofer Approximation and Mie Theory [82,83]. The
latter was chosen for the measurements with the refractive index of 2.20-0.2i LSCF powders and 2.4 for
LCC2 powders due to its suitability for the analysis of smaller particles. PSD measurements were
performed with the Horiba instrument (LA950-V2, Retsch GmbH, Germany) after the suspensions were
subjected to the ultrasonic bath for several minutes to de-agglomerate and homogenize them.

3.4.2. Surface area analysis

The BET (Brunner-Emmett-Teller theory) is used to measure the surface area of solid or porous materials.
Itis a critical property in material characterization to know as the surface of the material interacts with its
environment. For example, the surface area of particles affects the rheology of prepared suspensions as
reported in the literature [84]. In general, the samples are dried under a flow of inert gas to clean the
surface and prevent contamination. At a given temperature, the volume of the gas covering the surface
of the sample is measured by the BET theory in units of area per mass of the sample (m?/g).

In this work, this measurement has been made for the powders used in this study by conventional BET
one-point N, adsorption apparatus (Areamat, Jung Instruments GmbH, Germany).

3.4.3. Rheological analysis

Rheological data were collected using a rheometer instrument (Physica MCR 301) with a plate-plate
measurement setup (PP25/S) with a distance of 0.5 mm. All rheological measurements were conducted
at 20 °C, and a pre-shear rate of 1 s was applied to all. The field of rheology is wide and a standardization
of program values in the rheometer requires some experience with early measurements. Therefore, at
the beginning of this thesis, most of the LCC2 samples were pre-sheared for 30 seconds with a resting
time of 30 seconds at zero shear rate immediately prior to the measurements, but then the values were
adjusted. The updated values for all samples to obtain reproducible results are a pre-shear of 1 s for 1
minute with a resting time of 1 minute at 0.1 s™.

On the other hand, three different rheological measurements were considered in this study to determine
the paste behavior. They are plots of flow curves, a viscoelastic behavior, and a time-dependent behavior.

Shear rate vs. viscosity plots can be used to detect shear thinning or thickening of the paste, which
provides information about the flow behavior of the pastes. In addition, zero-shear viscosity, i.e. a plateau
at low shear rates, indicates that the paste is not stable at rest and can also be detected to gather
information about the paste quality.

25



The viscoelastic behavior of the pastes was determined via the oscillatory amplitude sweep test
(frequency: 10 rad/s). The presence of the yield point in the paste structure provides information about
the strength of the paste structure. Shear stress vs G' (storage modulus - elastic response) and G" (loss
modulus - viscous response) graphs are used to detect the yield point which is a sign of the viscoelasticity.
If the latter is present in the paste, the paste degenerates itself after it flows with an applied shear over
the yield point. However, this test does not provide information on recovery and structure formation.

An oscillatory step test (three-interval thixotropy test) was performed to simulate the printing/coating
process with three intervals. At the first interval, the paste should be at rest, so a low shear is applied.
This is used as a reference value. At the second interval, high shear is applied to simulate the
printing/coating process. At the third interval, the paste is again at rest with a low shear (similar to interval
1) so that the time-dependent structure recovery can be measured.

3.4.4. Scanning electron microscopy (SEM) with energy-dispersive X-ray spectroscopy (EDS)

Scanning Electron Microscopy (SEM) is the process of taking images of samples using a focused electron
beam that produces signals (secondary electrons, backscattered electrons (BSE), and characteristic X-rays)
after interacting with atoms in the sample. Backscatter is used to detect different chemical compositions,
while secondary electrons are useful for topographical analysis. In elemental analysis, a characteristic X-
ray is produced due to the energy differences between electron shells after an outer shell electron moves
to a lower-level shell. The energy of this characteristic X-ray is unique to each element. Therefore, it is
used to determine which elements are present in the sample and in what amounts. Collectively, this
elemental analysis is called energy-dispersive X-ray spectroscopy (EDS) [85,86].

The microstructural evaluation of sintered specimens for shape detection of printed stripes and the
analysis of their microstructure was performed via scanning electron microscopy (Hitachi TM3000
tabletop SEM - Japan). BSE-SEM images of the samples were published in this thesis with an EDS analysis.

The sample preparation step was also performed after the printed and sintered samples were crushed for
cross-sectional analysis. The specimens were embedded in epoxy (EpoFix, Struers, Germany), and ground
with grinding papers of grit size 80 to 2500 in several steps. Polishing was performed on perforated cloths
soaked with diamond particle suspensions of 3 um and 1 um. The final polishing step was performed with
0.05 um colloidal silica. Finally, the samples were sputter coated (Cressington 108 auto coater, UK) with
gold to avoid charging problems on the sample during the measurements.

3.4.5. Confocal laser microscopy

Conventional optical microscopy provides two-dimensional (2D) information, while confocal laser
microscopy enables the construction of three-dimensional (3D) images by rejecting light that does not
come from the focal plane [87]. This advantage of 3D image generation for the shape of pellets and their
surface flatness with the edge cavity, the printed ribs were characterized via a confocal laser microscope
(Keyence, Germany). Through the analysis software, a profile mode can be applied to the measured data
where the surface flatness can be better detected and compared.
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3.4.6. White light topography

Surface roughness, geometry, and flatness measurements can be performed to characterize samples via
white light topography. The usefulness of this method for this work is that large samples (10 cm to 10 cm)
can be characterized and evaluated in terms of height distribution and surface flatness of printed ribs.
Therefore, the samples were characterized using a non-contact profilometer (CyberSCAN CT 350T,
cyberTECHNOLOGIES GmbH, Germany), equipped with a chromatic sensor head (CHRocodile E10000,
Precitec Optronic GmbH, Germany). Surfaces (10 cm x 10 cm) were analyzed with a scan step size of 20
um x 500 pm.

3.4.7. Four-point probe (4PP) measurements

The collinear four-point probe measurements were performed to electrically characterize the LSCF stripes
and the LSCF cathode layer. The current was applied from outer wires through a DC power source (Keithley
2230-30-1) and the voltage drop between two inner wires was recorded with a voltmeter (Fluke
Deutschland GmbH, Germany).

Measurements were made over a temperature range of 650 to 850 °C (External Thermo Couple
(Dostmann Electronic GmbH, Germany)) and I/V curves were plotted to calculate the conductivity of the
stripe which was printed on an Al,0;5 substrate. The latter is an electrically non-conducting material and
was used to obtain only the conductivity of the printed stripe.
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4. Stencil printing of LCC2

4.1. Capital introduction

Lanthanum Calcium Chromium Cobalt Copper Oxide (LCC2) is the material used as a cathode contact
material in the former Jilich stacks. It is an in-house synthesized spray-dried perovskite powder that was
used for the experimental process to prepare a suitable paste recipe for printing half-millimeter-thick
ceramic stripes on a substrate. A learning-by-doing process was sought due to the complexity of the
overall printing process, which includes so many variable parameters.

Printing experience includes; printability of the paste without printing failures such as stencil clogging;
suitable paste characteristics for the desired geometry which is related to the paste recipe and
preparation; suitable printing parameters to manage/assist the printing process by influencing the result.
The prepared pastes should exhibit shear-thinning behavior. The paste structure that is ruptured by the
applied shear should recover itself to retain the printed shape which can be influenced by paste
formulations studied by rheological measurements. Moreover, stencil printing parameters should be set
appropriately to ensure that the paste will be well printed. This cannot be known exactly without trying
as the influence of the parameters on the printing experience can vary from paste to paste.

Stencil printing is the technique chosen for the printing process. A stencil was used instead of a screen.
This technique is rarely used in the field of ceramics and only a few studies can be found in the literature
[16,17]. However, it is useful for printing thicker layers (about 200 um and above) compared to the screen
printing method [11,12].

In this study, six different paste recipes were prepared. As a starting point, five of them were prepared
simply by mixing transport agent and solid loading according to the procedural instructions in Jilich for a
LSCF air-electrode slurry to be printed by screen printing (standard operation procedure No. VAW
007.2.3). However, it is subsequently revised according to the literature and some necessities for the
process.

The behavior of the five pastes was investigated after adjusting the binder content and solid loading,
supported by rheological measurements and printing results. As the binder content was increased, the
viscosity of the pastes increased. The consistency was changed, but the shape characteristic on printed
ribs did not change. Increased solid loading affected paste viscosity as well. However, it led to an increase
in tackiness resulting in cracking on printed ribs and stencil clogging as a print failure.

In addition, several printing parameters were varied to improve the surface flatness. The dome-like shape
due to sagging remained in the printed ribs made with all five pastes. Therefore, a complete revision of
the paste recipes with their preparation methods was made and different printing parameters were set,
which were modified according to the literature and the needs of the process. The sixth paste was
prepared in relation to this revision and the difference in paste rheology and printing results were
investigated via some characterization methods.

Overall, it was observed that the printing results changed after the addition of dispersant and the use of
different particle sizes within the batches of pastes including several adjustments in the printing
parameters.
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4.2. Experimental part

4.2.1. Material

The materials used in the paste preparation are:

e Ethyl cellulose as a binder (EC) (10 cP - No. 200689, Aldrich, Sigma-Aldrich Chemie GmbH and 45
cP - No. E8003, Sigma, Sigma-Aldrich Chemie GmbH)

e Terpineol as a solvent (C1oH150, No. 86480, Aldrich mixture of isomers, anhydrous, Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany; p = 0.925 g/cm3)

e In-house spray-dried LCC2 powder (Lag.sCap2Cro.1C00.3Cu0,603-5) as solid content

e Dispersing agent named ANTI-TERRA-204 (Wetting and dispersing agent, BYK-Chemie GmbH,
Germany)

LCC2 powder was used in this study as a representative perovskite material to gain experience in the
printing process and the knowledge gained can then be applied to the state-of-the-art perovskite material
of LSCF (Lanthanum Strontium Cobalt Ferrite) in the fabrication of the cathode contact layers.

The LCC2 powder was ball milled for 2 hours to be used in the pastes P1 to P5, while raw powder was
utilized for paste P6. Their particle size distribution (PSD) plots are shown in Figure 14. Details of the
particle size values are given in Table 2.
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Figure 14 a) PSD of LCC2 raw powder after the spray drying process, b) PSD of LCC2 raw powder after 2
hours of ball milling
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Table 2 Particle sizes of LCC2 as raw and 2 hours ball-milled powder

Name LCC2 — Raw powder LCC2 — 2h milling
D(v,0.1)  2.43 (um) D(v,0.1) 1.15(um)

Particle size D(v,0.5) 9.07 (um) D(v,0.5) 2.53 (um)
D(v.0.9) 58.79 (um) D(v,0.9) 4.96 (um)

4.2.2. Paste compositions and preparation routes

Six different paste formulations were prepared and their contents are listed in Table 3. The first five
formulations listed in the table were prepared by only solid content and transport agent, while paste P6
contained additional solvent and rheology additive (dispersant) as different from the others. For the latter
paste, a different paste preparation route was followed with a shortened binder chain length (10 cP
instead of 45 cP). In addition, the particle size was changed: bi-modal PSD was preferred instead of mono-
modal PSD, which was the case for the other five.

As can be seen in Table 3, the binder content was increased in pastes P1, P2, and P3, while keeping the
solid loading constant. The solid content of pastes P1 and P2 was increased and then renamed pastes P4
and P5, respectively. The amount of binder and solvent in grams was kept constant in the batches. For
these five pastes, Figure 15-a shows the preparation route in which a pre-prepared transport agent (15%
binder containing solvent prepared by mixing with a laboratory mixer to a certain consistency) was mixed
with 2 hours of ball-milled solid content via a planetary centrifugal mixer (THINKY mixer ARV-930 TWIN)
for five times (each for 90 seconds at 1000 U/min) with a few minutes pause between each step to obtain
a well-mixed paste.

An alternative paste preparation route was followed for paste P6 (see Figure 15-b). First, a pre-suspension,
which is the mixture of the dispersant and the solvent, was prepared by a handshake for approx. 2-3
minutes until the mixture reaches a certain level of transparency. Followed by the powder and the
transport agent were added into the pre-suspension in several steps, each step being mixed by the
centrifugal mixer to ensure that the liquid content could wet the solid content.
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Table 3 Compositions of prepared pastes

Name of the Cm;tfent ECin Chain f;?;e(réng Contentof | .. InEt(;m P;:v:::r Solvent Dispersant
paste transport transport length of powder) additional P(g) paste paste in the paste in the paste
agent (@) agent (%) EC (CPs) e solvent (g) (Wt.9%) (wt.5) (wt.%) (wt.%)
Paste P1 60 10 45 60 0 0 5 50 45 0
Paste P2 55 15 15 55 0 0 7.5 50 2,5 0
Paste P3 60 20 45 60 0 5 10 50 40 0
Paste P4 60 10 45 100 0 0 3.75 62.5 33.75 0
Paste PS 55 15 5 95 0 0 5.5 63.3 31.2 0
Paste P& 13 15 10 100 5 15 15 75.2 121 113
Centrifugal mixer
a) Solid o Transport || Final
[}
content agent paste
Hand shake Centrifugal mixer
b) Solvent '5}' Disper- | mm Pre- HI]: Solid q]:- Transport || Final
sant  |™| suspension content agent |™®| paste

Figure 15 Paste preparation routes for a) Pastes P1 to P5 and b) Paste P6

4.2.3. Stencil printing experiment and process parameters

Stencil printing was performed via an EKRA E2 semi-automatic printer. The used stencil, named “Stencil
No:1”,is 0.5 mm thick and 1.5 mm wide for each of the ribs and channels, with the apertures on the stencil
surface representing the ribs on the substrate after printing (see Table 9). With this rib-channel design on
the stencil, the pastes were printed on 10 cm by 10 cm solid oxide cells (0.5 mm thick Elcogen cells).

The printing was performed as follows: two squeegees with a 30° angle moved forward and backward on
the stencil to push the paste through the apertures onto the surface of the substrate. At this point, the
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squeegees contribute three variable parameters to the printing process: the pressure applied to the
stencil, the speed of movement, and the printing distance. When the squeegee movement is complete,
the printed substrate moves down and separation from the stencil occurs. The separation speed and the
separation distance can also be set. On the other hand, the distance between the substrate and the stencil
can be changed by setting two parameters which are the LP thickness and the snap-off distance. The LP
thickness can be set according to the thickness of the substrate used. The snap-off distance can be
considered for the desired distance between the surface of the substrate and the bottom of the stencil.
Waiting time right after printing before the separation cannot be set but is manually applied to the
printing process, which can be defined as one of the process parameters.

The parameters explained above (except for the delay time) were listed in Table 4 with the selected
values. Pastes P1 to P5 were printed under Print A and paste P6 was printed under Print 2 conditions as
shown in the same table. The squeegee pressure, snap-off distance, and separation speed parameters
were varied in Print A, as shown in Table 5. Print conditions A-1 to A-4 were additionally applied to paste
P3; Print A-5 to paste P5.

Table 4 Listed printing parameters under Print A conditions for pastes P1 to P5, and Print 2 conditions for
paste P6

Variations Print A Print 2
Snap-off Distance 0mm 0Omm
Pressure of Squeegees 5 Bar 5 Bar
Separation Speed 0.5 mm/s 1 mm/s
Separation Distance 3 mm 3mm
LP Thickness 0.3 mm 0.5mm
Speed of Squeegees 110 mm/s 20 mm/s

Table 5 Varied printing parameters of Print A

Name Pressure (bar) Snap-c(nzrt':lni)stance SePaEi;::;:)pEEd
Print A-1 2 0 0.5
Print A-2 2 0.5
Print A-3 5 1 0.5
Print A-4 5 -1 0.5
Print A-5 5 0 0.1
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4.2.4. Characterization of the pastes and printed ribs

The rheological data were collected using a rheometer instrument (Physica MCR 301) with a plate-plate
measuring set-up (PP25/S) at a distance of 0.5 mm. All rheological measurements were carried out at 20
°C and a pre-shearing of 1 s for 30 seconds with a rest time of 30 seconds at zero shear rate was applied
to pastes P1 to P5, while a pre-shearing of 1 s’ for one minute with a rest time of one minute at a shear
rate of 0.1 s was applied for paste P6 right before the measurements.

The flow behavior of the pastes was determined over the shear rate range from 0.1 to about 2200 s. The
viscoelastic behavior of the pastes was determined via the oscillatory amplitude sweep test (Frequency:
10 rad/s) which provides information on how the paste structure changes under applied deformation. The
response of the paste to the applied shear is measured in terms of G' which refers to the elastic response
(solid-like behavior), and G", which refers to the viscous response (liquid-like behavior). Next, the
oscillatory step test (three-interval thixotropy test) was performed to observe the time-dependent
behavior of pastes, where the test includes three intervals. At the first and third intervals, the paste is at
rest with an applied shear of 0.1 s%. The second interval is the representative of printing. Therefore, a
higher shear rate is applied. The high shear rate aims to break up the paste structure, whose behavior can
be observed at the third interval under almost no shear rate to know if the structure recovers itself or not
If it recovers, how fast and how much recovery will occur can be observed.

The printed ribs were dried at 80 °C overnight and heat-treated at 850 °C in the air in a furnace for 10
hours with a 5 K/min ramp for both heating and cooling. The reason of the chosen temperature for heat
treatment and dwell time (100 hours in real application) are overall to simulate stacking of cells. The shape
of the three-dimensional printed ribs in terms of surface flatness and the edge cavity was determined by
cross-sectional images using scanning electron microscopy and laser microscopy. Printing failures, such as
stencil clogging, were also revealed by photographic images.

4.3. Results & Discussion

4.3.1. Process parameters in stencil printing

Stencil printing is a complex system with many variable parameters. Amalu et al. [67] listed these
parameters and divided them into five categories:

e Stencil parameters

e Paste parameters

e Substrate parameters

e Printer parameters

e Environmental parameters

Each category also has sub-variables and each of them has its own way of influencing the printing process.
It is not 100% certain how much influence each variable has, as this depends on the printing conditions,
including the rheological properties of the pastes. However, one study generalizes some points about
parameter interactions in stencil printing that can be found in the literature [6]. It was found that the
effect of the pressure applied by the squeegee was significant in terms of its interaction with printing and
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aperture geometry parameters. The squeegee speed and the separation speed were also included in the
data analysis with two-way interactions of the parameters.

The way to determine how parameters affect printing results is to change one variable while keeping the
others constant, which is what has been done in this study. However, which parameters to vary is a choice
based on the needs and objectives of the investigation. One group in the literature wanted to observe the
paste release efficiency during stencil printing, therefore they varied some parameters such as aperture
shape, stencil thickness, and paste type [88]. Another group focused on the flow processes of the paste
in stencil printing and investigated the influence of the size and the shape of the paste particles as well as
their packing ability with rheological aspects on the printing experience [89]. Another study highlighted
that the variation of printing parameters may lose its significant importance for some kinds of pastes in
terms of achieving the desired geometry on printed shapes [90]. All these indicate that not only the
printing parameters, but also the factors that influence the paste behavior should be considered in order
to achieve the desired results in the end.

To achieve surface flatness on printed ribs within the frame of this work, binder and solid content in the
paste recipes were varied with squeegee pressure, snap-off distance, and separation speed in the printing
parameters during the preparation/printing of pastes containing LCC2. In this way, it was possible to see
the influence of the different parameters on the printing experience, not only on the shape of the printed
geometries, but also on some aspects such as the printability of the paste, i.e. stencil clogging, sagging
after printing or microstructural changes, i.e. crack formation.

4.3.2. Influence of Different Paste Formulations on the Printing Experience with Rheological
Aspects

According to the recipes presented in Table 3, the binder content and the solid content were adjusted on
the five different pastes (P1 to P5). As known and mentioned in the literature [10,91,92], an increase in
the binder content causes an increase in viscosity, as shown in Figure 16, where paste P3 has the highest
viscosity and paste P1 has the lowest one. The idea behind increasing the binder content was to increase
the consistency level of the pastes to stop the sagging effect right after the printing. However, the addition
of so much binder resulted in an increase in the tackiness of the pastes and a harder printability, which
can be observed in paste P3. Approx. 3 minutes of pre-shearing was necessary to reduce the consistency
before printing. On the other hand, less amount of binder resulted in an extremely fluid nature that caused
paste P1 to show a high degree of sagging. A photo taken after printing can be seen in Figure 17-a. Pastes
P1, P2, and P3 did not work according to the printing results that were characterized under the electron
microscope (see Figure 18-a and -b). Paste P1 has no data due to the formation of almost a layer after a
high degree of sagging occurred. For paste P2 and P3, a semicircular dome-like shape was observed, which
has no surface flatness.
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Figure 18 SEM images of Paste a) P2, b) P3, and c) P5 under Print A conditions, d) SEM image of paste P5
under Print A-5 conditions

The flow behavior of these three pastes with the plot of shear rate vs. viscosity (see Figure 16-a) indicates
that the viscosity of the pastes decreases with increasing shear rate. This is a sign of shear-thinning
behavior, which is beneficial during printing when the paste can flow and fill the stencil aperture with the
applied shear. However, these pastes show plateaus of varying lengths at relatively low shear rates before
the viscosity begins to decrease. This is known as zero-shear viscosity, which means that these samples
are not stable at rest, and neither a 3D structural network nor a yield point (yield stress) can be expected
from them.
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The viscoelastic behavior of paste P2 and P3 with the plot of shear stress vs G' and G" (see Figure 16-b)
indicates that the G" (viscous behavior) is higher than G' (elastic behavior) in the whole shear stress regime
for sample P2. This means that the paste is a viscoelastic fluid rather than a viscoelastic solid. The curves
are always in the linear viscoelastic region (LVR) and at no point in the given shear stress regime do they
go down into the non-linear viscoelastic region (nLVR) where the inner structure of the paste is
degenerated. Even at certain high shear rates, when these pastes are forced to yield, there will be no
cross-over point where the paste is more elastic than viscous. On the other hand, Paste P3 shows similar
behavior to P2 with one difference. Paste P3 has a very small yield point (cross-over point at about 0.15
Pa. in Figure 16-c), which does not change the characteristics of the paste behavior and the printing result.
The pastes must stop flowing and maintain the shape of the stencil aperture, but this is possible with a
paste that shows solid-like behavior (G'>G") right after the printing, which was not the case with paste P1,
P2, and P3 (no data were shared for paste P1).

These results indicate that an increase in binder content causes greater consistency, but it does not mean
that the paste will gain a structural network that will help to control the paste behavior in such a way that
the structural build-up occurs after printing instead of sagging without any control. A study in the
literature [10] mentioned that the binder content is useful for a network formation in the paste structure
and the lack of binder leads to a viscoelastic fluid characteristic on pastes. However, the studied pastes
already contain a dispersing agent, which is not the case for pastes P1 to P5. It is important to know that
the presence of a dispersant in recipes should affect the behavior of the paste due to its interaction with
the binder and the solid content [93,94]. The effect of a dispersant, which was used as a three-dimensional
(3D) network generator, can be seen with paste P6 in 4.3.4. of this chapter.

Alternatively, the solid loading for pastes P4 and P5 was increased from 50% to ca. 62-63% to improve the
paste behavior. A positive effect on paste rheology by increasing the solid loading has been reported in
the literature [95,96]. An improvement in viscosity with less sagging effect was observed for paste P4
compared to paste P1 and the improvement in the printing results can be seen in Figure 17-b (for viscosity
values, see Figure 16-a). However, bridging still occurred between the printed stripes. The reason is that
the liquid-like behavior of paste P4 as well as paste P5 remained unchanged (no data published), the same
as pastes P1, P2, and P3. As a result, dome-shaped prints remained on these two pastes after printing.
Furthermore, an extremely tacky nature was observed on paste P5 with the increased solid amount, which
led to cracks in the microstructure of the printed ribs, as shown in Figure 18-c, and stencil clogging as a
printing failure, as seen in Figure 19.
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Figure 19 Left) Stencil clogging due to the extreme tackiness of paste P5; right) An almost empty substrate
surface after printing

4.3.3. Influence of varied stencil printing parameters on the printing experience

Pastes P1 to P5 were printed under "Print A" conditions (see Table 4). Pastes P1 and P4 showed sagging
after printing and paste P2 had similar printing results as paste P3. Therefore, pastes P3 and P5 were
chosen only to investigate the influence of varied printing parameters on the printing results in terms of
any improvement in the shape of the ribs.

Paste P3 was printed and evaluated under four different Print A conditions (see Table 5). The shape of the
rib - dome-like shape - remained similar for all prints that were observed after the characterization of the
sample under the electron microscope (see Figure 20). However, the thickness of the ribs was affected
and compared. The squeegee pressure was increased from 2 to 5 Pa (Print A-2 to A-3) while keeping the
snap-off distance constant, resulting in a decrease in the thickness as shown in Table 6. This effect is due
to a reduced gap underneath the stencil with increased squeegee pressure. On the other hand, the snap-
off distance was increased from 0 mm to 1 mm (Print A-1 to A-2) while keeping the pressure constant.
This increased the thickness of the printed ribs as calculated and listed in Table 6. These two varied
parameters are a matter of increasing or decreasing the distance between the substrate and the stencil
and both have similar effects on the printing process, which should be avoided by combining the variation
parameters in a way that they have more impact on the output.

Another printing condition, Print A-5, was applied to paste P5, which has the highest solid loading than
the others. The aim was to prevent crack formation and to improve the surface flatness of the ribs, which
is the result of printing under Print A conditions as seen in Figure 18-c. The paste left the stencil aperture
walls more slowly with a decrease in separation speed. A positive change with a thickness gain was seen
in the shape of the printed rib (see Figure 18-d). The crack formation was minimized and the second dome-
like shape generation at the top of the printed rib was prevented. However, the dome-like shape
remained. From these experiments, it can be seen that the paste behavior dominates the printing
parameters in terms of achieving the desired printing results. This does not mean that the printing
parameters play no role. The printing parameters are important to achieve the desired printing results
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once a suitable paste behavior has been achieved. In other words, they are tools that cannot dominate
the printing results when a non-ideal paste is used.

Figure 20 SEM images of paste P3 printed under four different printing conditions listed in Table 6. a) was
under Print A-1, b) was under Print A-2, ¢) was under Print A-3 and d) was under Print A-4 printed

Table 6 Thickness values of printed ribs from paste P3 under four different printing conditions

Name of the printing Thickness of arib—1 Thickness of a rib -2
variations (um) (um)
Print A-1 145 151
Print A-2 179 179
Print A 129 129
Print A-3 158 158
Print A-4 125 120
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4.3.4. Investigation of the revised paste recipe with revised printing parameters — Paste P6 and
Print B

Due to the necessity of having a proper paste behavior to improve the surface flatness of the prints, the
paste preparation method was renewed by changing two points:

e Having bi-modal PSD instead of mono-modal for the solid content
e Adding dispersant to the batch

These changes are in accordance with the literature. Tari et al. investigated that ceramic powder with bi-
modal PSD and coarser particles enables obtaining batches with higher solid loading and lower viscosity
compared to another ceramic powder with continuous PSD and finer particles [97]. A mixture of particles
with different sizes in the prepared batches affected the rheological properties, which were also
investigated [98,99]. The idea of varying the viscosity for a given solid loading and having control over
some physical properties of the samples seems beneficial and may be the reason why commercial
dispersions such as paints and inks do not have mono-modal PSD [98]. Bi-modal PSD is the result of a
mixture of two different particle sizes, but LCC2 raw powder already indicates a bimodal PSD after the
spray drying process (see Figure 14-a), thus it was used directly in the formulation of paste P6.

On the other hand, in terpineol-based vehicles, ethyl cellulose was commonly used as a binder for the
pastes used in the fabrication of some SOFC parts. The reason was that the use of the binder plays a role
not only in the viscoelastic behavior of the pastes but also in the green properties of the printed samples
[10]. Another group in the literature also pointed out that the ethyl cellulose in their prepared ceramic-
based paste system was the reason for increasing the viscosity and dispersing the ceramic particles [100].
However, in this study, ethyl cellulose alone did not help to achieve proper paste behavior. Therefore, a
dispersant was used in paste P6 to create a three-dimensional network and increase the particle-particle
interactions within the paste structure, since the molecules/particles are in interaction along the flow
direction when shear is applied to the paste should be well optimized [98].

In addition, the binder chain length was shortened for paste P6 to reduce both the consistency and tacky
nature of the transport agent used in the paste preparation routes. This was practically beneficial for the
paste preparation. Changes in the chemical structure of the molecules/particles within the paste vehicle
with any influence on the rheology were not considered.

After applying the above-mentioned changes, the first thing that happened was that the solid loading
within the revised batch increased up to 75 wt%, as already mentioned in the literature review. The
rheological results indicate further changes in that the zero-shear viscosity disappeared as seen in the
flow curve in Figure 16 with no plateau at lower shear rates. This indicates that the paste should have a
yield point, which can be detected in the shear stress vs G' and G" plot. The cross-over point at about ca.
10 Pa is the yield point. The paste initially exhibits solid-like behavior, and liquid-like behavior dominates
after this yield point, where the paste structure has been ruptured with increasing shear. When the shear
is removed, a structural recovery is expected. As seen in Figure 16-d, at the third interval, 50-60 seconds
are required to reach the cross-over point, which is the recovery time for the paste to return to a solid
state again. This gives a hint that the separation of the substrate from the stencil should be delayed after
the shear is removed until the recovery of the paste is completed. This may allow the paste to retain the
desired shape as the aperture walls and the substrate surface act as a mold.
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Therefore, a waiting time of 60 seconds after printing and before the separation was applied to the paste
in the printing process, and the characteristics of the printed shapes changed with sharper edges on the
printed ribs as seen in Figure 21. The surface of the ribs contains a high degree of topography, which may
be due to the addition of dispersant that evaporated in the drying furnace. The LSCF-containing pastes
listed in Chapter 5 contain ca. 3 wt% dispersant, so the amount in paste P6 should be reduced for further
study if planned. However, ribs with the dome-like shape obtained in other pastes are no longer the case
with the revised batch of paste P6.
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Figure 21 Characterization of paste P6 under confocal laser microscopy in profile mode after printing under
Print B conditions (dried at 60 °C overnight)

Paste P6 was printed under Print 2 conditions (see Chapter 5), which is different from the printing
conditions applied for pastes P1 to P5. Separation speed, LP thickness, and squeegee speed were varied.
The separation speed was increased to speed up the process because the 60-second waiting time before
the separation took place slowed down the process. The thickness of the LP should match the thickness
of the substrate. The substrate used was not changed for any paste, but more contact between the
substrate and the stencil was aimed at in the beginning by making the distance smaller than the thickness
of the substrates. However, after gaining more experience in the field, it was decided that the exact
thickness value of the substrate should be given to the LP thickness on the screen printer device. In
addition, the squeegee speed was reduced to the recommended speeds of 20-50 mm/sec according to
the literature [59].

Overall, the sum of the adjusted paste formulation and printing conditions changed the shape
characteristics of the printed ribs. Although the surface flatness can still be improved, the LCC2 material
used in these experiments is no longer used in the Jilich stacks, and it was only a training process to
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investigate the paste preparation and stencil printing process. The experience gained with this material
was then transferred to the state-of-the-art material LSCF.

4.4, Chapter conclusion

Five paste formulations were varied by adjusting the binder and solid content and then printed under the
same printing conditions to investigate the differences in paste behavior and printing results. According
to the characterization results, the printed rib geometries were undesirable due to inappropriate paste
behavior. Even though printing parameters of squeegee pressure, snap-off distance, and separation speed
were varied to eliminate the undesired printing outcome, only a slight improvement in the shape and
thickness of several ribs was observed. It indicated that the paste behavior dominated other varied
factors, therefore the paste behavior was the focus to change its behavioral characteristics.

Paste P6 was alternatively prepared following a different preparation route and adjusted not only by
adding a rheology additive but also by changing its particle size distribution from mono- to bi-modal. This
resulted in an improvement in the paste behavior as indicated by the rheology results. A viscoelastic
behavior with a yield point was achieved on the paste, which undergoes a structural breakdown when
shear is applied. The paste structure self-degenerates and recovers its internal ruptured structure after
printing. Structural build-up was also detected which helped to achieve sharper edges on the printed ribs.
The shape characteristic of the ribs were completely positively changed, but the much addition of
dispersant in the paste may be the reason for the uneven surface topography, which can be improved
with further study on the paste formulation.

On the other hand, the potential of stencil printing in 3D manufacturing could also be seen with this study,
as it allows cost-effectiveness and speed in the fabrication of 3D ceramic parts with simple shapes. Overall,
a successful combination of variables optimized for the specific requirements is essential and will enable
the desired results to be achieved in the printing process.
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5. Stencil printing of LSCF

5.1. Capital introduction

LSCF (Lanthanum Strontium Cobalt Ferrite) is a well-known perovskite material due to its adequate
properties for use as a cathode layer in SOFCs [79,101,102]. For the Jiilich cells, the same material was
also chosen for the cathode contact layer (CCL) in order to keep the coefficient of thermal expansion (CTE)
the same as that of the cathode material, which is made of LSCF, and to ensure compatibility of the layers
with each other [79]. As explained at the beginning of this thesis, the main objective is to print 500 um
thick CCL with surface flatness on printed ribs with uniform height distribution for a cell assembly in a
stack system for proper contacting. Therefore, the printing process, which includes paste formulation,
paste preparation, and printing parameters, has been revised with respect to both the literature and the
experience gained during the preparation and printing of the LCC2-containing pastes mentioned in
Chapter 4.

The paste (Paste X3v2) prepared under this revision performed well according to the printing results. Thus,
the main objective of this work was achieved. Nevertheless, the mechanism behind the successful printing
process is further discussed with the main factors involved. In addition to this, some improvement
possibilities for the process were suggested. Therefore, special importance was given to the rheological
results to evaluate the paste behavior in relation to the paste recipes. The use of dispersant and the
change in particle size with its distribution were studied by comparing several pastes, using Paste X3v2 as
areference. It was found that the 3D generator dispersant for the purpose of this work plays a crucial role
and changes the characteristic of the printed shapes. The particle size also influences the paste behavior,
which influences subsequently the printing results. A full recovery over time after printing was detected
viarheology measurements. It is beneficial for the post-print structure build-up to retain the printed shape
without sagging. Printing parameters played a complementary role with a manual intervention during the
printing. A 20-second delay before the separation resulted in surface flatness of the printed stripes.
However, successful printing results are still open for improvement, such as a slightly existing surface
roughness that can be improved to make it smoother was suggested according to the printing results.

On the other hand, the reproducibility of the reference paste with printing results was attempted and
conditionally achieved due to the lack of consideration of environmental effects and/or user factors with
a semi-automatic printing machine. Furthermore, another reproducibility attempt was made for the
results of a former employee who had the idea of printing the rib-channel form on the cell. His very first
printing results were successful, but could not be reproduced directly. Several possible reasons for the
failure have been discussed. Different batches of synthesized powders leading to failure due to changes
in particle size were thought to be a major effect.

The technique used for printing was stencil printing and is well known for the solder paste applications in
electronics. In the field of ceramics, it is not well known and rarely used that the thickness usually obtained
in printings is 200 um as reported in the literature [12], while the achievement of 500 um thick ceramic
stripes in this work is novel. For several applications in ceramic manufacturing, this technique will be a
benchmark as a cost-effective and fast alternative one for several additive manufacturing techniques, i.e.
3D printers.
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Overall, 500 um thick ceramic ribs on 10 cm to 10 cm Elcogen full cells were fabricated by stencil printing
from the state-of-the-art material used in SOC fabrication - LSCF - and a promising surface flatness was
achieved without any significant printing failure such as sagging or stencil clogging.

5.2. Experimental part

5.2.1. Material

The materials used in the paste preparation are:

e Ethyl cellulose as a binder (EC) (10 cP - No. 200689, Aldrich, Sigma-Aldrich Chemie GmbH and 45
cP - No. E8003, Sigma, Sigma-Aldrich Chemie GmbH)

e Terpineol as a solvent (C10H1s0, No. 86480, Aldrich mixture of isomers, anhydrous, Sigma-Aldrich
Chemie GmbH, Taufkirchen, Germany; p = 0.925 g/cm?)

e Transport agent for the mixture of ethyl cellulose and terpineol with the ratio of 15% EC and 85%
Terpineol

e In-house spray-dried LSCF powder (Lao.ssSro.4CoosFeo20s-s) as solid content with two different
production series/batches (SP325-3 and SP319-1)

e Dispersant named ANTI-TERRA-204 (Wetting and dispersing agent, BYK-Chemie GmbH, Germany)

Particle size distribution (PSD) of two raw powders and SP325-3, ball-milled powders can be seen in Figure
22. Their detailed particle size values with BET-specific surface areas are shown in Table 7.
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Figure 22 PSD of a) SP319-1 raw powder, b) SP325-3 raw powder, ¢) SP325-3 ball milled (BM) for 2 minutes,
d) SP325-3 BM for 30 minutes, e) SP325-3 BM for 2 hours
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Table 7 Particle sizes and BET values of the powders shown are listed here in the same order as in Figure

22
Name SP 319-1 — LSCF - Raw powder SP 325-3 — LSCF — Raw powder
D(v,0.1) 1092 (um) D(v,0.1) 10.2 (um)
Particle size D(v,0.5) 21.02 (um) D(v,0.5) 263 (um)
D(v,0.9) 435 (um) D(v,0.9) 6645 (um)
BET 3.7mi/g 3.45 m2/g
Name SP 325-3 — LSCF — 2 min BM SP 325-3 — LSCF - 30 min BM SP 325-3 - LSCF-2 hBM
D(v,0.1) 791 (um) D(v,0.1) 2.02 (um) D(v,0.1) 1 (um)
Particle size D(v,0.5) 20,86 {um) D(v,0.5) 4.81 (um) D(v,0.5) 3.05 (um)
D(v,0.9) 51.23 (um) D(v,0.9) 8.49 (um) D(v,0.9) 6.01 {um)
BET 3.26 m%/g 4.11 m?/g 4.28 m¥/g

5.2.2. Paste compositions and preparation routes

Several pastes with different compositions were prepared and listed in Table 8, which also includes the
recipe of the former IEK-1 employee (“Paste of David”). The latter was attempted to be reproduced and
therefore paste X1 was prepared. Paste X3v2 was kept as a reference paste for comparison. Paste X3v1
was prepared to compare the effect of monomodal and polymodal PSD on the paste behavior. Similar to
the latter paste, OSB-a, and OSB-b were prepared to observe the effect of different particle sizes on paste
behavior and printing results. OSB-c was used to observe the effect of dispersant on rheology and printing
characteristics.
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Table 8 Contents of the recipes for the prepared pastes are listed below

Name of the | Content ECin chain | COMM O | tent of EC Powder Solvent Dispersant
aste of solid (LSCF . Dispersant in the inthe . .
p transport transport length of powder) additional @) paste paste in the paste in the paste
agent (g) agent (%) EC (CPs) ®) solvent (g) (WE%) (wt.5) (wt.%) (wt.%)
Paste 24 15 10 160 66 0 14 65 33 0
of David
Paste X1 24 15 10 200 127 0 1 57 42 0
Paste X3v1 10 15 10 100 40 5 1 64.5 313 3.2
Paste X3v2 10 15 10 100 40 5 1 64.5 313 3.2
Paste X4 20 15 45 100 40 5 1.8 60.6 345 3
0SB-a 10 15 10 100 40 5 1 64.5 313 3.2
0sB-b 10 15 10 100 40 5 1 64.5 313 3.2
0SB-¢ 10 15 10 100 40 0 1 66.7 323 0

Regarding the paste preparation, the same route used by the former employee was followed for paste X1
with 3 roll milling and centrifugal mixing steps, schematically shown in Figure 23-a. The transport agent
was mixed with solid content and solvent by hand using a spatula. The 3-roll mill ground and mixed the
ingredients well according to a program. More solids were then added and mixed 5 times (90 sec each at
1000 U/min) using a centrifugal mixer (THINKY mixer ARV-930 TWIN).

For the other pastes, the route shown in Figure 23-b was followed. A pre-suspension was prepared with
the mixture of dispersant and solvent by handshake for about 2-3 minutes. Then, the solid content
(addition of powders with two different ball milling times in the ratio of 50:50) and transport agent were
added in two steps. Between the two steps and at the end, the ingredients were mixed via a centrifugal

mixer.
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Figure 23 Paste preparation routes of a) Paste of David and Paste X1; b) the rest of the pastes listed in

Table 8

5.2.3. Stencil printing experiment and process parameters

The stencil printing technique was applied via an EKRA E2 semi-automatic printer with two different
stencils (No:1 and No:2) and two squeegees at a 30° angle. The No:1 stencil has a size of 9 cm to 9 cm size
with a channel width of 1.5 mm and rib width of 1.5 mm, too (see Table 9). It is used for the pastes listed
in Table 8. Stencil No:2 has four small stencil squares with different designs in the size of approx. 20 mm
to 20 mm and one larger stencil square in the size of 9 cm to 9 cm with bridges along the length of the

aperture as shown in Table 9. This stencil was used with Paste X3v2 and Paste X4.
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Table 9 Schematical illustration of two different stencils

Stencil e
No:1 e
ws0mm e

Grey: Apertures

Stencil
No:2

ca. 90 mm ca.20mm

Grey: Apertures

Two different substrates were used for printing. One is an LSCF pellet in the size of 35 mm in diameter
and Elcogen 10 cm to 10 cm full solid oxide cells. During printing, the squeegee moves forward and
backward, technically printing the paste twice on the substrate. This was done for the old paste and paste
X1. The other pastes were printed with only one direction of squeegee movement.

In addition, there are parameters to be set on the screen printer device and two different setups were
utilized during printing (see Table 10). Print 1 was used for paste X1, while Print 2 was used for the rest of
the pastes listed in Table 8.

Table 10 Listed printing parameters in two different setups

Variations Print 1 Print 2
Snap-off Distance 0.5 mm 0 mm
Pressure of Squeegees 0.5 Bar 5 Bar
Separation Speed 0.5 mm/s 1 mm/s
Separation Distance 3mm 3mm
LP Thickness 0.5 mm 0.5 mm
Speed of Squeegees 110 mm/s 20 mm/s
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5.2.4. Characterization of the pastes and printed ribs

Rheological data were collected via a rheometer (Physica MCR 301) with a plate-plate measuring setup
(PP25/S) with a distance of 0.5 mm. All rheological measurements were performed at 20 °C, and a pre-
shearing of 1 s for 30 seconds with a resting time of 30 seconds at a shear rate of 0.1 s was applied to
all samples right before the measurements to obtain reproducible results.

The flow behavior of the pastes was determined over the shear rate range of 0.1 - 2154 s, The viscoelastic
behavior of the pastes was determined using the oscillatory amplitude sweep test (frequency: 10 rad/s),
which provides information on how the paste structure changes under applied deformation. The response
of the paste to the applied deformation is measured in terms of G', which refers to the elastic response
(solid-like behavior) and G", which refers to the viscous response (liquid-like behavior). However, the
oscillatory test does not provide any information about the structural recovery of the paste. Questions
such as "How long will the recovery take" and "How complete will the recovery be" etc. require a step
test, also known as the three-interval thixotropy test. At the first interval, the paste is at rest under a low
shear rate of 0.1 s, and then a high shear rate is applied at the second interval to demonstrate the
printing process. Finally, a low shear rate of 0.1 s was applied to observe the paste and how it behaves
as it is kept at rest. The above questions can be answered through the latter test.

The printed ribs were dried at 60 °C overnight and heat-treated at 850 °C for 10 hours in air with a 5 K/min
ramp for both heating and cooling in a furnace. The geometries of the three-dimensional printed ribs in
terms of surface flatness and edge cavity were determined from cross-sectional images via scanning
electron microscopy (SEM) (Hitachi TM 3000), which was also used for microstructural evaluation of the
ribs. The EDS mode of the SEM was also used to detect secondary phases in the microstructure. Image
J/Fiji software was utilized to detect porosity from SEM images.

A laser microscope with profile mode was used to observe the surface flatness of the ribs. The height
distribution of printed ribs over the whole area of the whole cell was detected by white light topography.

5.3. Results & Discussion

5.3.1. Achievement of the desired printing results

Surface flatness and edge sharpness on printed ribs were promising and were achieved by using Paste
X3v2. The achievement depended not only on achieving viscoelasticity and full recovery after printing, but
also on well considering the recovery time of the paste as a printing parameter.

Viscoelasticity with the existence of yield point and structural build-up will be explained under the
rheology part in this chapter, however, a complementary role of the recovery time for successful printing
results, when it is considered during printing, was shown here in Figure 24-a. With no consideration of
this waiting time led to an uneven surface flatness (see Figure 24-b).
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Figure 24 Printed ribs of Paste X3v2 under a laser microscope; a) after 20 sec. waiting time before
separation of the substrate from the stencil, b) direct separation after printing (printed ribs were in a dried
state)

The challenge with the recovery time is that there is no setup parameter in the screen printer, so the print
must be manually stopped before the substrate and stencil are separated. This allows the paste to solidify
and maintain its given shape through the stencil apertures, which act as a mold for 20 seconds. This
waiting time was another challenge that could have caused the paste to be lost by sticking to the wall of
the apertures; however, this did not happen due to the quality of the paste.

5.3.2. Characterization of the printed ribs from Paste X3v2

The first approach to characterize the printed ribs was to detect the surface flatness and the edge of them.
It has been done via scanning electron microscopy (SEM) which was also used to detect the
microstructure. An SEM image (see Figure 25-a) and a laser microscope image (see Figure 24-a) clearly
showed the shape of the printed ribs, and the quality level of flatness seems promising. However, at this
point, how much contact will be provided after the cells are assembled into a stack needs further
investigation. Either a simulation to predict or a post-mortem stack test analysis to see the performance
of these printed ribs under stack running conditions is required.
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Figure 25 Printed and heat-treated rib under SEM (a and b) and its elemental analysis was studied by EDS
(c)

In the context of cell assembly into a stack, the height distribution is an important factor for successful
contact between the cell and the interconnect. The white light topography results (see Figure 26) showed
that the 30 printed stripes through stencil no:1 appear to have a homogeneous distribution. Precise values
and comparisons of the height of each stripe are required by measuring both sides using the same
topography measurements. On the other hand, surface roughness was also detected, again shown in
Figure 26, highlighted by the red rectangle, indicating that the smoothness is open to improvement. A
general assumption was made in a study in the literature that a low recovery ratio and a high viscosity
were found to be favorable to achieve surface smoothness on printed lanthanum and iron co-doped
strontium titanate (LSTF) ceramic films [103]. However, this is an assumption based on comparisons of a
few LSTF pastes within the study, which cannot be generalized and may vary in different batches under
different printing conditions.
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Figure 26 Printed and heat-treated stripes under white light topography. Highlighted area with red
rectangle to show surface roughness of the ribs

According to the functionality of cathode contact layers in SOFC stack systems, in addition to electron
conduction, gas transport is also critical, which is provided by a coarse microstructure. Therefore, the
porosity of the heat-treated ribs was calculated using Image J/Fiji from a microscopy image. A porosity of
25% + 8% was found, which can be further improved. While K. Sick et al. [79] mentioned that the coarse-
structured LSCF cathode contact layer is a suitable contacting for SOC Julich stacks, J. H. Zhu et al. [104]
claimed that the sintered LSM reaching 45% porosity is beneficial for a cathode contact layer.

Moreover, secondary phases were detected in the microstructure, where inclusion-like phases in white
color can be seen in detail in Figure 25-b. According to the EDS results, it is found that these are cobalt
oxides (CoO) as residual oxides left from the synthesis process of the spray-drying powder and have not
reacted to form perovskites. A similar situation was experienced at LSM when manganese oxide (MnO)
was found as a residual oxide by colleagues using this in-house synthesized perovskite material.
Additionally, it is discussed that these remaining oxides do not harm the functionality of CCL since they
are not massively distributed in the structure.

5.3.3. Study of the rheology for paste X3v2

For successful printing, the rheology of the pastes reveals how the pastes behave under measurement
conditions in a rheometer. This can be attributed to the printing process and helps to predict whether the
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paste will work during printing or not. As an example, R.R. Lathrop [105] defined in the literature some
factors that influence the printability of the paste and one of them is the rheology. On the other hand, it
would be helpful to define the meaning of a "working paste". This means not only that the rheology of
the paste appears to be adequate for printing, but also that the printing results should be as desired. In
this context, the rheology-printability relationship has been highlighted by D. A. Rau et al [106]. In the
context of this relationship, the evaluation of rheological results should be application specific, i.e. what
paste behavior is required, how printing works and what printing results are needed. For example, printing
approximately 500 um thick stripes with a gap in between can easily lead to a sagging problem if the paste
does not provide a specifically higher structural recovery performance after printing.

The shear rate vs. viscosity plot (Figure 27-a) indicates the flow behavior of the paste X3v2, and the
viscosity decreases with increasing shear rate indicating that the paste has a shear-thinning behavior. It is
beneficial for this work that the paste should flow and pass through the apertures of the stencil during
printing with a force applied by the squeegee. The paste is also stable at rest, as evidenced by the lack of
a zero-shear plateau at lower shear rates.
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Figure 27 Results of rheology measurements for paste X3v2 showing a) flow curve, b) viscoelastic behavior,
and c) time-dependent behavior

The existence/strength of the three-dimensional structure within the paste can be evaluated by an
oscillatory test. The yield point is the point at which structural breakdown begins and is an indicator of
the presence of viscoelastic behavior. At the cross-over pointin the shear stress vs G' and G" plot is shown
in Figure 27-b, G' > G" (dominance of solid-like behavior) turns into G" > G' (dominance of liquid-like
behavior), which is the yield point with the value of about 10 Pa. It is difficult to define in real application
how much shear is applied by the squeegee during printing, but the paste will structurally break down
after the yield point and will flow during printing with enough shear applied. This value is useful for making
comparisons with other pastes.

The Time vs. G' and G" plot shown in Figure 27-c for the 'Paste X3v2' has three intervals. In the first
interval, the paste is at rest. At the second interval, high shear is applied, which means it represents the
printing process. This is the exact reason why a transformation from solid to liquid state takes place. At
the third interval, the printing is already done and the paste behavior can be observed how it behaves and
how fast it recovers. It takes 10-15 seconds to reach the crossover point where the paste is in a solid state
again. Subsequently, the storage and loss modulus show an increase than the first interval over the test

53



of almost 700 s (up to 300 s are shown in the plot for better visualization of the cross-over point). This
recovery trend on the paste means that the viscosity increases over time during the paste is at rest right
after the printing. This rebuilds the ruptured structure and helps to print relatively thick shapes without
sagging, i.e. about 500 um thickness was reached in this work.

The trend of paste recovery explained above may be mixed with the term "rheopexy" which is not well
known, but has been used and studied in the literature [107-109]. It is defined as a reverse effect of
thixotropy and explained as "an increase in viscosity with time at a constant shear rate" [107]. At the third
interval of time-dependent behavior (see Figure 27-c), this viscosity increase can be observed by an
increase in both G' and G" over time. However, the third interval represents that the paste is at rest after
shear is applied at the second interval and therefore the shear applied at the third interval is almost zero
(0.1 1/s), which does not match with the definition of rheopectic behavior. Furthermore, despite the fact
that the recovery of the paste takes 10-15 sec. (not a quick recovery), the structural build-up was
maximized by using a rheology aid that is also in agreement with the literature [108]. The relatively slow
recovery time was compensated by using the stencil as a mold, as explained earlier in this chapter.

5.3.4. Effect of dispersant and PSD on paste behavior with respect to printing results

Successful printing is based on several factors. Two of them are highlighted in the literature [98,110,111]:

e Use of a dispersant as a rheology additive
e Achieving different particle sizes within the paste

In industry, i.e. the coating industry, for products such as paints and slurries these factors have been
considered and found helpful to control the paste behavior in order to achieve desired printing results.
Within the framework of this thesis, the challenge was the same: "How to control the paste behavior?".

Compared to the former employee's paste and most of the LCC2-containing pastes, the above-suggested
two main factors were considered for paste X3v2. The dispersant was chosen to generate a three-
dimensional structure. It has a direct effect on recovery and particle-particle interactions. When shear is
applied, particles interact in the direction of flow, and particle size plays a role in both viscosity and paste
behavior (discussed in detail: paste P6 in Chapter 4).

The two factors mentioned above were applied to the paste at the same time, so it is not known which
one has a greater effect on the successful printing results. Comparisons between pastes may provide a
better understanding and help to distinguish the effects of these two factors. Therefore, the following
comparisons were made:

1. The recipe of paste X3v2 has been adjusted by removing the dispersant. The rest is the
same in the recipe while the PSD remained similar (see Figure 28-c and -d) and it is called
OSB-c. This adjusted paste was characterized, also printed, and compared with the
results of paste X3v2.

2. The recipe of paste X3v2 was adjusted two times. One batch contained two minutes of
ball-milled powder; the other batch contained 2 hours of ball-milled powder. The new
two pastes were named OSB-a and OSB-b, respectively. As in the last example, the whole
characterization steps and the comparison were performed.
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For the sake of simplicity, all the adjustments were made based on the paste X3v2 recipe, even though
the reality of "each paste is unique" was known. Not only the wettability of solid contents may vary, but
also the binder and dispersant with solvent amount may vary according to the changes in any recipe.
Nevertheless, everything in the paste formulations other than the changed factors was kept the same and
the characterization of the pastes has been done. As a result, some significant changes in either paste
behavior or printing results were observed.
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Figure 28 Particle size distribution of a) OSB-a, b) OSB-b, c¢) OSB-c, d) Paste X3v2, e) Paste X1. Paste
formulations can be seen in Table 8

In the first example, the shape characteristics of the printed ribs were directly changed when the
dispersant was removed. There was a dominant effect on the printing results. A dome-like shape was
observed with the OSB-c (shown in Figure 29-b) similar to other pastes that do not contain the dispersant
(see Figure 18 in Chapter 4 and Figure 37-b in Chapter 5). The importance of a 3D-connection-generator
dispersant can also be seen in the rheology results. In the shear stress vs. G' and G" plot (Figure 30), the
yield point of OSB-c (highlighted with a green circle) is less than 2 Pa while paste X3v2 has ca. 10 Pa. This
shows that OSB-c will flow earlier under shear than paste X3v2, indicating the strength of the paste
structure.
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Figure 29 Printed and dried ribs under laser microscope with profile mode; from left to right OSB-b, OSB-c
and Paste X3v2 (the latter is included here for ease of comparison)
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Figure 30 Rheological characterization of prepared pastes of OSB a, b, and c. From left to right: Plot of flow
curves, viscoelastic behavior, and time-dependent behavior

In the oscillatory step test (plot of time-dependent behavior in Figure 30), storage modulus decreases
from the first to the third interval for OSB-c different from paste X3v2, which shows a structural build-up.
It indicates that the internal structure of OSB-c after printing gets weaker and flows until it is solid again
showing thixotropy which is not helpful for the aim of this work.

Behind the major effect of the dispersant on paste behavior and the shape characteristics of printed ribs,
the importance of particle size can be discussed in the second example. Two paste formulations containing
dispersants with different PSD changes yield stress values and paste behavior that ultimately affect the
printing results. OSB-a shows thixotropy and higher yield stress (25 Pa) than paste X3v2. Its particle size is
distributed in a wide range similar to the PSD of Paste X3v2, however, it contains a higher number of larger
particles that result in a great increase in viscosity, which is in agreement with the literature where the
effect of particles on flow behavior is also highlighted [112]. Due to the large particles provide resistance
against flow, the yield point is higher on this paste with the consistency, which is thick as play dough,
therefore it is not suitable for printing.

0SB-b continues to show a full-recovery behavior with a changed yield point (ca. 4 Pa), which is still the
closest one to paste X3v2 among the other two adjusted pastes (see the plot of time-dependent behavior
in Figure 30). According to the PSD results, d50 became smaller and the distribution range became
narrower and it is different than what paste X3v2 shows. Similarly, Yoo and Rao [113] reported that a wide
range of particle sizes has higher viscosities than those with narrow particle sizes in concentrates. Despite
the differences in particle size and particle size distribution, the printing result of this paste (OSB-b) is the
closer one related to the characteristic of the printing shape.
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In both examples, the differences in particle size were not able to change the character of the printing
results as much as the presence/absence of the dispersant.

5.3.5. Mono- and poly-modal PSD effect on the paste behavior with respect to printing results

Paste X3v1 is the modified version of paste X3v2. Instead of adding 2 minutes and 2 hours of ball-milled
(BM) powders as in paste X3v2, 30 minutes and 2 hours of BM powders were added to paste X3v1. The
rest was kept the same, so only one element was changed compared to the reference paste - paste X3v2
- for the sake of easy comparison. However, the consistency of the paste X3v1 was way thinner than the
reference one. The BET-specific surface area results of the added powders (see Table 7) and the rheology
results (see Figure 31) are also in agreement with this.
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Figure 31 Rheology of paste X3v1 - From left to right; Flow curve; Viscoelastic behavior; Time-dependent
behavior

Adjusted paste X3v1 contains powders with more surface area than the reference paste and it is an
indicator for the addition of some more binder. With the addition of more binder, other contents are
required to normally be also adjusted. However, the aim was not to find a suitable paste for the desired
printing results due to the already improved/engineered paste recipe of paste X3v2. Therefore, mono-
modal vs poly-modal PSD was under these conditions compared in terms of rheology and printing results.

The modified paste has lower viscosity according to the flow curve in Figure 31, where the yield point is
smaller than the reference one, as shown in the viscoelastic behavior graph. This means that the internal
structure is weaker and the paste flows more easily than the reference one. The time-dependent behavior
gives an important hint that the printing process will not work properly due to the dominance of liquid-
like behavior over solid-like behavior at all intervals, even at rest. Therefore, the paste can be described
as a viscoelastic liquid. However, the thickening behavior exists with the presence of the dispersantin the
paste. This can be seen from the increase of G' and G" from the 1% to the 3™ interval, which imparts that
the structural build-up can take place but is limited by the lack of a structural recovery (no cross-over
point at the third interval). This could be due to the poor particle interactions. Consistent with this
explanation, a small surface flatness was observed at the top of the printed rib as seen in Figure 32 due
to the limited structural recovery despite the presence of the dispersant. The rest of the printed rib has a
dome-like shape due to the sagging behavior of the paste.
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Figure 32 Characterization results of printed paste X3v1 under laser microscope in profile mode

As can be seen in Figure 33, the PSD of paste X3v1 became narrower and mono-modal than a wider and
poly-modal PSD of paste X3v2 (see Figure 28-d). According to Khecho et al. [114], moving from a wide
bimodal to a narrow unimodal distribution improves the shear thinning behavior with the deposition
process in printing. This trend is observed for the application of the direct ink writing process and is in
contrast to the results obtained for paste X3v1. However, it is known that the PSD affects the packing
ability of the particles in the suspension, where the viscosity reduction depends on the particle size ratio
reported by Greenwood et al. [115]. The decrease in viscosity with the paste X3v1 can be explained by the
fact that the packing ability of the particles was increased with the addition of smaller particles (30
minutes of BM powder) rather than larger ones (2 minutes of BM powder), which led to a decrease in
viscosity.
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Figure 33 PSD of paste X3v1

5.3.6. Printing of different rib-channel designs

Stencil No. 2, shown in Table 9, contains four different rib-channel designs for 20 mm to 20 mm substrates.
The idea was to print these different designs with paste X3v2 to determine the best-performing design by
electrical characterization. The nonconductive material of yttria-stabilized zirconia (YSZ) substrates was
chosen for electrical measurements. Printing of the latter paste was performed but failed due to a massive
sagging problem after printing. This is due to the change in surface properties from porous LSCF substrates
to dense YSZ. The tackiness of the paste was missing and needed to be improved in order to increase the
adhesion ability of the paste to adhere to the surface of the YSZ substrate.

Paste X4 was prepared by adding ethyl cellulose as a binder with a longer chain length (45 cP), different
from other pastes listed in Table 8, to achieve tackiness on the paste. By increasing the chain length, the
chains become more entangled and stick together better, making the bonds stronger against applied
shear. Additionally, more transport agent was added than what is contained in paste X3v2 to ensure that
the adhesion of the paste is increased.

Printing was performed with paste X4, which adhered to the surface as expected. However, the print
quality was low due to the higher surface roughness at the top of the ribs (see Figure 34). Paste X4 requires
more adjustment as well as a printing process to achieve surface flatness. However, it was not studied
further due to lack of time.
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Figure 34 Characterization of printed and dried rib of paste X4 under laser microscope in profile mode

5.3.7. Study of printing parameters

It can be seen that some parameters are different between Print 1 and Print 2 (see Table 10). The snap-
off distance was reduced to 0 mm to be able to use the stencil openings as a mold. LP thickness, which is
equal to the thickness of the substrates, did not change. Squeegee pressure increased drastically to be
sure that the paste would structurally break down during printing. The recommended pressure is 1-3 Pa
as mentioned in a study [59]. Another parameter related to the squeegee is its speed. The speed was
decreased to see the rolling movement of the paste during printing, which is the quality level for the paste
experienced after printing so many different pastes. The speed of 20 mm/s is also in accordance with the
recommended value in the literature [59]. The separation speed was doubled in order to speed up the
process since a waiting time of 20 seconds slows down the process.

The desired printing results were obtained under Print 2 conditions, but no other parameters were tried
to see what changes would occur. The effect of different printing parameters on the printing results was
studied in Chapter 4 (4.3.3.).

5.3.8. Reproducibility of paste X3v2 with desired printing results

Reproducibility of the entire paste preparation and printing process was performed twice. In the first
attempt, the desired surface flatness was not achieved on all printed stripes, however, the second attempt
was successful, as can be seen in Figure 35-b, and compared with the results of the reference paste
published again in Figure 35-a as well as Figure 24-a. To understand the reason and to carefully evaluate
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the whole process, the term "reproducibility" was divided into two parts: Paste behavior and printing
results.

Figure 35 Characterization of printed and dried ribs under a laser microscope in profile mode, a) original
one, b) reproduced

In terms of paste behavior, the rheological results of the two reproducibility trials were compared with
the results of paste X3v2. There are slight differences such as the value of the yield point seen in the plots
of viscoelastic behavior in Figure 36-a and -b (ca. 7 Pa for the reproductions and ca. 9 Pa for the reference
paste). The structural recovery for both attempts also seems to be similar to that of the reference at ca.
10 seconds as shown in the same figure. This means that the paste preparation step worked for both
reproduced pastes.

61



a
10000
= Storage Modulus|
kN o Loss Modulus
1000 -,
T 100 - .- = o000
) T . [
£ @ 100 X. o . =
{9 g AL . :
2 o L et o L
2 .t 10 " S5 c /
o 104 o G 1000
2
> 1
1 01
00104 i 00" 000 10000 01 1 10 100 1000 60 60 100 120140 160 180 200 220 240 250 280 300
Shear rate [1/s] Shear Stress [Pa] Time [s]
E = Storage Modulus
% e LossModulus
H
1000 ol
B 100 - T 10000
) . &
g g o 1\. ol =
[ et g
2z o 1 * 2 g
2 10 " b
g o O g
8
> 1
1 01
001 01 T 100 1000 10000 01 1 10 100 1000 60 60 100 120 140 160 180 200 220 240 260 260 300
Shear rate [1/s] Shear Stress [Pa] Time [s]

Figure 36 Rheologic characterization of reproduced paste X3v2 with a) first attempt and b) second
attempt, and from left to right the same for a and b: flow behavior, viscoelastic behavior, time-dependent
behavior

One successful and one unsuccessful print point out that the printing process needs to be on focus. Since
the printing parameters were always the same, any other parameters that are intermittent should be
considered. These could be environmental effects that have not yet been considered or a user effect due
to the semi-automatic screen printer. Temperature differences in the laboratory just before the printing
could be a possible reason that could affect the viscosity. On the other hand, there are some parts of the
screen printer instrument that need to be set by hand, i.e. fixing the height of the squeegee, which affects
the gap between the stencil and the squeegee. This may influence the pressure applied to the paste during
the printing, which could be another reason for not achieving surface flatness. Thus, it has been seen that
the variable parameters need to be fixed to overcome conditional reproducibility.

5.3.9. Reproducibility attempt with old paste

A former employee of IEK-1, Dr. David Udomsilp, suggested that the rib-channel form could be printed
directly on solid oxide cells with the goal of both avoiding a machining process on the metal interconnect
to make gas channels and improving the contact between cell and interconnect to increase stack
performance.

He prepared and printed some cells as these are very early results and achieved some surface flatness as
shown in Figure 37-a. His recipe, which was in accordance with the internal LSCF cathode fabrication
route, | tried to reproduce, but it never worked. The characteristic of the printed shape was dome-like.
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Figure 37 SEM images of printed and heat-treated ribs; a) from Dr. Udomsilp’s work, b) reproducibility
experiment

Possible reasons why it did not work out;

o Different batches of spray-dried powders were used as solid content. For each different
batch, particle size values vary

e He printed his paste by hand in the screen-printing instrument with the squeegee (see
Table 9 No:1). User effect on printing parameters matters

e Environmental conditions were not considered in his prints and my reproducibility
attempts. Temperature affects the viscosity of the paste

The major effect may be due to differences in particle size. The same amount of powder could not be
wetted by the same amount of liquid according to Dr. Udomsilp’s recipe. The BET-specific surface areas
of both powders were slightly different (see SP 319-1 in Table 7), which also indicates that it is difficult to
get the same recipe and the same results.

In his preparation route, all ingredients were ground and mixed by 3 roller mill, and raw powder was
added and also mixed by a centrifugal mixer which has no effect on grinding. A poly-modal PSD with
possible agglomerates may be obtained (no data). The important point here is that the agglomerates (if
present) in the paste may help to stop the flow after printing and contribute to the surface flatness of the
printed ribs at the end. In this regard, it has been mentioned in the literature that the strength of the
aggregates has a strong influence on the behavior of the paste [116].

Although the same preparation route was followed for the reproduction attempt, a different recipe was
finally obtained due to the different wettability of the powders. The paste contains a polymodal particle
size distribution (see Figure 28) and shows a dome-like shape under the electron microscope (see Figure
37-b). Printing results were characterized. This characteristic shape of the prints is similar to other prints
where the pastes used (studied in this PhD thesis) do not contain a dispersant.

Overall, the user effect may have some influence; however, a major effect may come from the paste
behavior. This is directly related to the paste formulation. The temperature effect can change the viscosity
before printing and thus can have another effect on the paste. In addition, how Dr. Udomsilp achieved
this surface flatness can be answered with a formulation: the paste was printed with the right consistency
under the right environmental conditions at the time of printing.
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5.4. Chapter conclusion

According to the aim of this dissertation, ceramic ribs with ca. 500 pm thickness with promising surface
flatness and edge cavity were successfully fabricated by stencil printing, which is rarely known and used
in the field of ceramics. It is the first time in the literature that such a thick ceramic stripe has been printed
by this method.

The printing is based on several parameters, from the preparation of the paste by choosing a suitable
recipe to the printing of the paste with adequate printing parameters. Within this complexity, three points
have been defined and discussed as success factors:

e The existence of a yield point for the paste imparts viscoelasticity within the paste structure. It
was observed in the shear stress vs. G' and G" plot that paste X3v2 provides structural
degeneration with the applied shear. The paste flows during printing, filling the openings on the
stencil, and then recovers its structure to maintain its given shape after printing.

e Achieving a full recovery behavior of the paste after printing and well evaluating the recovery
performance through a three-interval thixotropy test was the second success factor. Structural
build-up means that a ruptured structure rebuilds itself (transformation from liquid-like to solid-
like behavior) to retain the printed shape detected via plots. The recovery time of the paste was
10-15 seconds.

e Consideration of the recovery time of the paste on the printing action that brought the surface
flatness without sagging. The recovery time is the time required for the paste to reach the solid
state after flowing. Therefore, the printing was manually stopped for 20 seconds after printing
and then the separation of the substrate from the stencil happened.

As seen above, the rheological characterization of pastes plays a crucial role, firstly to predict if the paste
will work according to the aim of the printing, and secondly to adjust the parameters in the printing
process to achieve the desired printing results. Therefore, paste X3v2 was used as a reference for further
comparisons of different pastes to understand the effect of the dispersant used and different particle sizes
with their distribution on the paste behavior in terms of printing results. The dispersant used in this work
as a 3D structure generator changed the characteristic of the rib shape. Particle size and its distribution
influenced the viscosity behavior of the paste and affected the shape of printed ribs.

Reproducibility of paste X3v2 and printing results were studied and it was found that it is conditionally
reproducible due to the lack of consideration of environmental factors, i.e. temperature, humidity, also
the observation of the user effect with a semi-automatic instrument used for printing. It is assumed that
this conditional reproducibility will be transformed into permanent reproducibility by controlling the
mentioned factors for the case of mass production in the future.
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6. Evaluation of the novel idea

6.1. Novel idea: How much is it going to contribute to the stack resistance?

It is necessary to look at the novel idea from a different perspective to analyze or even criticize it, which
will definitely open new doors to improve it.

A relatively thick layer with a rib channel design is implemented on the cell, which might increase the stack
resistance after assembly, causing performance loss, while massive research in the SOC field is going on
to reduce the stack resistances.

The first point is the interconnect. Its thickness may decrease since there will be no machined gas channels
in the height of 1.5 mm. However, the conductivity of a metallic interconnect (Crofer22APU: 8700 S/cm
at 800 °C [79]) is much higher than that of a ceramic layer (LSCF: 100-200 S/cm at 800 °C [79]), so the
contribution of the metallic interconnect to the stack resistance can be accepted as negligible.

Second, the thickness of the cathode contact layer in the conventional design is 150 um, and it will be 500
um in the novel design.

A rough one-dimensional calculation was made to see the increase in area-specific resistance (ASR) on the
ceramic layer and compare it to the stack resistance. Equation 6 shown in Chapter 2 was used. The
measured area was assumed to be 1 cm? for both cases, and the conductivity value for the LSCF was
assumed to be 100 S/cm.

The ASR of 150 pum thick LSCF is 0.00015 ohm.cm?, while the ASR of 500 um thick LSCF is 0.0005 ohm.cm?.
On the other hand, Jllich's internal ASR value for a single cell SOFC measurement at 800 °C is 0.233
ohm.cm? (at 0.5 A/cm?). As another example from the literature, the ASR of an SOFC stack at 700 °C is
0.25 ohm.cm? [7]. These values show that increasing the thickness of the ceramic layer resulted in an
order-of-magnitude increase in ASR. The new ASR value of 0.0015 with the new design is two orders of
magnitude lower than the stack/single cell ASR value at 700 - 800 °C. Thus, it can be seen from the rough
ASR calculations that the thickness increase of a ceramic layer due to the implementation of the novel
design idea should not be an issue. It can be very well compensated by the increased contact area in the
air-side contact, which increases the stack performance. This can be seen after a stack test is performed.

6.2. Rib-channel design: What are the best rib-channel widths?

A numerical approach, which is useful for cost and flexibility reasons, can be used to find the optimal rib-
channel widths, as was done by H. Geisler in his PhD thesis [117]. Finite element modeling (FEM) was used
to predict the effect of different model geometries on stack performance. He has focused on different
geometries at the interconnect and these results can be used to optimize the rib-channel design as a
ceramic cathode contact layer. Some points from his study:

e Narrow RPU (half of the sum of the width of a channel and a rib) with thick ribs is beneficial,
however, there is no optimal rib/channel ratio given, which depends on the ASR of the contact,
which is influenced by several parameters such as temperature, thickness of ribs and cathode
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layer. For example, with an increase in the thickness of the latter, the performance of the LSCF-
based stack layer increased, which is shown in his work.

e Related to finding an optimal rib channel width (mentioned in the literature by the same author
[8]); if the rib width is rather small (<1 mm), the power density decreases due to the small contact
area causing a high contact resistance; if the rib width is wider (>2 mm), all ohmic and polarization
losses in the cell increase. On the other hand, the applied parameters such as conductivity,
porosity, tortuosity, cathode thickness (as mentioned above), etc. vary the optimal design.

e The role of microstructure was also taken into account on cathode contact layers. The advanced
design in his work, which is similar to the novel design in this work, functions best with a 0.6 pore
volume fraction and more than 200 um thickness at 800 °C operating temperature.

As a starting point behind these predicted results and assumptions, the printed design (1.5 mm width for
each rib and channel) was kept the same as the conventional one in terms of interconnect sizes, so that
stack test results become comparable between novel and conventional design. At this point, whether the
novel design values with a thickness of a half millimeter is enough for a sufficient gas flow or not was
calculated by Roland Peters (IEK-9) through pressure drop calculations, and the value was 20 hPa which
was attributed as an acceptable value to go for the design.

6.3. Four-point probe (4PP) measurements

4PP measurements were performed separately for a stencil-printed rib of LSCF (paste X3v2) and a screen-
printed LSCF cathode layer (standard Jilich paste) printed on alumina. Figure 38 shows their setup.

b

Figure 38 a) Stencil-printed LSCF rib and b) screen-printed LSCF cathode on a porous alumina substrate
which was drilled for the wire contact
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There are two approaches to these 4PP measurements:

1) Calculation of the conductivity values of these layers.

2) Consider the movement of electrons through the ribs of the cathode contact layer (CCL) and the
cathode layer, where in-plane resistances may occur, resulting in the loss of electrochemically
active regions. A FEM simulation can be very helpful to make predictions about the rib channel
design used.

After the measurements, the |-V curves of the two samples were plotted, as shown in Figure 39. Their
slopes were also calculated and written on the plots as resistivity values (R=V/l). These values were further
used in equation 6 to find the conductivity values of the samples. The effective conductivity for the LSCF
rib (L: 0.8 cm, A: 0.01 cm?) after calculation was about 5 S/cm, and for the cathode layer (L: 0.46 cm, A:
0.004 cm) was 84.5 S/cm. The cathode layer has a higher conductivity than the CCL, which may resultin a
lower in-plane resistance on the cathode layer, where electrons can be conducted faster. The lower
conductivity of CCL may be related to the microstructure, where electron path can be prevented in the
microstructure.
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Figure 39 I-V curves of both a) stencil-printed LSCF rib and b) screen-printed LSCF cathode on the porous
alumina substrate at 800 °C

6.4. Cell assembly

The printed and sintered stripes from the successful paste (paste X3v2) have been characterized via
confocal microscopy and white light topography to prove the surface flatness and the height distribution
of the prints. Although white light topography showed a promising height distribution in terms of height
homogeneity, which is important for cell assembly, a precise measurement would be beneficial because
complete cells used as substrates have a bending that can reduce the accuracy of results obtained with
one-sided measurements. Both side measurements with the same instrument after an accurate setup can
be beneficial.
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Regarding the design approach in a stack system, the sealant at the edge of the cells and the bipolar plates
used should be well suited to the novel design due to the increased height of the CCL and its height
distribution.

Mechanical strength is another issue to consider when evaluating the printed ribs. During cell assembly,
a load is applied where the sealant absorbs most of the load and the rest is on the ribs. It is difficult to
determine the proportional load distribution on both the sealant and the ribs, but the latter should be
able to remain without an issue. Therefore, as a first step, a very simple test, an adhesion test, was
performed with adhesive tapes. Two different tapes were applied to the surface of the ribs and then
removed from behind as shown in Figure 40. No pieces came out with one type of tape and only one piece
came out with the other. Thus, the printed ribs look stable for a cell assembly.

Figure 40 Tape adhesion test on printed and heat-treated ribs
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Summary

A need for improvement on the air side of SOC stacks was realized through a novel idea which is stencil
printing of a rib-channel design on a cathode surface. It required a detailed investigation for an adequate
paste formulation including a suitable rheological behavior and well-adjusted printing parameters. With
these considerations in mind, two perovskite materials (LCC2 and LSCF) were used and investigated in the
paste preparation process.

LCC2 was used more to trial the whole printing process and to study the influence of the parameters
within the process on the paste behavior and the printing results. During the trials, the binder content
and solid loading within the paste batches were adjusted, but only the paste consistency was affected,
without changing the rheological behavior of the paste, which resulted in either printing failures, i.e.
stencil clogging, or undesired printing results, i.e. dome-like shape.

Further literature research was done and the lack of 3D connection within the internal paste structure
was realized on the already existing pastes, which became a cornerstone that the paste recipes were
revolutionized by adding rheology additive and changing the PSD. The stencil printing parameters were
also adjusted. These changes made it possible to improve both the paste rheology and the shape of both
LCC2 and LSCF prints.

The desired results on printed ribs with promising surface flatness and edge cavity were achieved with
LSCF-containing paste. Therefore, special importance was given to understanding of the paste rheology
and its integration with the printing process coupling with the printing parameters. It was found that three
points played the most important role in achieving the successful results:

e The existence of a yield point, which is a sign of viscoelastic behavior,

e The existence of a fully structural build-up on the paste after printing and the evaluation of the
time-dependent behavior plot for the recovery time,

e Consideration of the recovery time as a printing parameter during the printing process.

Reproducibility was conditionally achieved due to changing environmental conditions, i.e. temperature,
and the user effect, i.e. setting up a semi-automatic instrument.

The evaluation of the novel idea was also studied. Its contribution to the cell resistance was roughly
calculated, the best-performing rib-channel design was discussed using some results from a literature
study, the mechanical strength of the printed ribs was tested using adhesive tapes, and four probe point
measurements were performed to characterize the printed ribs electrically.
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Outlook

The reason for applying a novel design to the air-side contacting part of SOCs is to improve the
performance of the SOC stacks. For this straightforward aim, a stack test of cells with the novel design will
be performed and then compared with the results of a stack with the conventional design, holding other
factors constant. If the performance is the same or even better, the novel design will be applied to the
Julich stacks, allowing more efficient stacks to be manufactured in the future. This will then bring the cost-
effectiveness that can be achieved due to the need for fewer repeat units reaching the same energy
output of stacks with the conventional design.

In cell assembly, component design has eminent importance for reliable stack construction. Sealing and
interconnects are adapted to the novel design due to the increased thickness. Deviations in the height
distribution of the ribs will be taken into account in the design of the latter components by a design team
at Forschungszentrum Jilich, so more precise height distribution of the ribs will be provided by both-side
white light topography measurements to support the design team.

Another point is related to the best-performing rib-channel design with regard to materials selection, and
microstructural effect (coarse or grain). The design is important to eliminate/reduce in-plane resistance.
Therefore, the width of channels and ribs should be well considered. The results of 4PP measurements
for LSCF cathode and LSCF cathode contact layer (CCL) can be used in the future for FEM modeling to
predict an optimal rib-channel design specifically for Jilich stacks under their specific operating
conditions.

The selected materials play a crucial role in terms of their conductivity and coefficient of thermal
expansion. Conductivity will fulfill one of the requirements of the CCLs, i.e. the collection of electrons from
the cell. A matched thermal expansion will increase the durability of the layers in the cell under thermal
cycling. Another state-of-the-art material LSC (lanthanum strontium cobaltite) will be also printed,
characterized, and evaluated in the future.
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List of abbreviations

2D
3D
3ITT
4pp
ASC
ASR
BET
BM
BSE
CAPEX
ccL
CTE
EC
EDS
ESC
FEM

FESC

G"

GDC

IoE

ITON
LCC2
LMS

LSTF

Two-Dimensional
Three-Dimensional

Three Interval Thixotropy Test
Four-Point Probe
Anode-Supported Cell
Area-Specific Resistance
Brunner-Emmett-Teller
Ball-Milled

Backscattered Electrons

Capital Expenditure

Cathode Contact Layer
Coefficient of Thermal Expansion
Ethyl Cellulose

Energy-Dispersive X-Ray Spectroscopy
Electrolyte-Supported Cell

Finite Element Modeling

Fuel Electrode-Supported Cell
Solid-Like Behavior

Liquid-Like Behavior

Gadolinium Doped Ceria
Interconnect

Internet of Everything

Current

Nitrogen-Doped Indium Tin Oxide
Lanthanum Calcium Chromium Cobalt Copper Oxide
Lanthanum Strontium Manganite

Lanthanum and Iron Co-Doped Strontium Titanate
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LSCF Lanthanum Strontium Cobalt Ferrite

LSC Lanthanum Strontium Cobaltite

LVR Linear Viscoelastic Region

MCF Manganese Cobalt Ferrite

MCFC Molten Carbonate Fuel Cell

MIEC Mixed lonic and Electronic Conducting
MSC Metal-Supported Cell

MASP Magnetically Assisted Stencil Printing
nLVR Non-Linear Viscoelastic Region

PAFC Phosphoric Acid Fuel Cell

PEEC Polymer Electrolyte Electrolyzer
PEFC Polymer Electrolyte Fuel Cell

PSD Particle Size Distribution

PZT Lead Zirconate Titanate

rsoc Reversible Solid Oxide Cell

ScCeSZ Zirconia Co-Stabilized with Scandia And Ceria
SEM Scanning Electron Microscopy

soc Solid Oxide Cell

SOEC Solid Oxide Electrolysis Cell

SOFC Solid Oxide Fuel Cells

SRU Single Repeat Unit

\Y Voltage

YSZ Yttria-Stabilized Zirconia
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