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SUMMARY

Solid oxide fuel cells (SOFCs) have not been commercialized yet due to high
operating temperatures that cause chemical and microstructural degradation, which
result in performance losses upon long-term operation. Therefore, lowering the
operating temperature below 650 °C is a promising approach. However, this approach
leads to slow reaction Kinetics.

Bismuth oxide-based electrolytes are promising candidates for SOFCs because of
their immense ionic conductivity. However, bismuth oxide-based materials reduce to
metallic Bi when it is exposed to hydrogen at the targeted SOFC operating temperatures.
In this thesis, we aimed to prevent the reduction of bismuth oxide by depositing a thin,
chemically stable ionic conductor film onto the fuel side of the bismuth oxide-based
ceramic.

A thin yttria-stabilized zirconia (YSZ) layer was deposited onto YDB ceramic
using a cost-effective and facile polymeric precursor method. The optimum deposition
parameters of YSZ thin films were investigated. The generic YSZ polymeric precursor i)
reacts with the YDB substrate to form bismuth yttrium oxychloride and ii) leads to crack
formation due to unpolymerized reactants in the deposited thin film. Switching from the
generic YSZ polymeric precursor to a newly developed one, which consists of zirconium
oxynitrate instead of zirconium oxychloride, suppressed crack formation in deposited
thin films.

Crack formation in thin films, possible reactions between the substrate and thin
films were investigated by scanning electron microscopy (SEM), x ray diffraction
(XRD) and energy dispersive spectroscopy (EDX), respectively. Electrical
conductivities and blockage properties of developed YSZ films were investigated by
electrochemical impedance spectroscopy and open-circuit voltage measurements,

respectively.

Keywords: Solid Oxide Fuel Cell, Bi-layer Electrolytes, Bismuth Oxide, YSZ thin
films, Open Circuit Voltage.



OZET

Kati oksit yakit hiicreleri (KOYH) yiiksek ¢alisma sicaklarindan dolay1 olusan
kimyasal ve mikroyapisal bozunmalarin sebep oldugu performans kayiplart sebebiyle
heniiz ticari bir {iriin haline gelememistir. Bu performans kayiplarinin iistesinden gelmek
i¢in, calisma sicakliklarinin 650 °C altina diistiriilmesi gelecek vaadeden bir yaklagimdir.
Ancak, calisma sicakliklarini diisiirmek yavas reaksiyon kinetigine sebebiyet verir.

Bizmut oksit bazli elektrolitler, yiiksek iyonik iletkenliklerinden dolayr KOYH’lar
icin iyi birer adaydir. Ancak, saf bizmut oksit; hedeflenen KOYH sartlarinda metalik
Bi’a indirgenmektedir. Bu tezde, koruyucu ve iyonik iletken bir katman kullanarak
bizmut oksitin indirgeyici ortamlarda indirgenmesini 6nlemek hedeflenmistir.

Itriya stabilize zirkonya (YSZ) katman, etkili ve ekonomik polimerik 6nct ¢ozelti
yontemi kullanilarak YDB seramiklerin {izerinde biriktirilmistir. YSZ filmlerin optimum
biriktirme sartlar1 arastirilmistir ve geleneksel YSZ polimerik onciisii kullandiginda,
oncunln ii) altlikla reaksiyona girip bizmut itriyum oksiklorit olursturdugu ve i)
polimerlesmesi tamamlanmadigindan dolayr c¢atlak olusumuna sebep verdigi
gozlenmistir. Geleneksel YSZ polimerik Onciisii, yeni gelistirilmis olan ve zirkonyum
oksiklorit yerine zirkonyum oksinitrat bulunduran YSZ polimerik 6nclsuyle
degistirildiginde biriktirilen ince filmlerdeki ¢atlak olusumu onlenmistir.

Filmlerdeki ¢atlak olusumu taramali elektron mikroskobuyla (SEM), altlik ve ince
filmler arasinda gercgeklesebilecek reaksiyonlar ise x 1511 kirinimi ve enerji dagilimli x
1511 spektroskopisi ile incelenmistir. Ince filmlerin iletkenligi elektrokimyasal empadans

spektroskopisi ve bloklayici 6zelligi agik devre potansiyeli 6lgiimleriyle incelenmistir.

Anahtar kelimeler: Kati Oksit Yakit Hiicresi, Cift Katmanh Elektrolitler, Bizmut
Oksit, YSZ ince filmler, Acik Devre Potansiyeli.
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1. INTRODUCTION

1.1. The Energy Problem

Creating a sustainable energy system on a global scale is a challenging issue while
the human population is growing faster today. The use of conventional fuel sources,
such as coal, oil, and gas cause harmful gas emission that strongly affect climate change
around the world. According to the International Energy Agency, an immense rising in
carbon dioxide emission would be observed from 32 Gt year™ in 2013 to 44 Gt year™ in
2040 with an increase in industrialization [1]. The increase of CO2 emission causes
climate change by trapping heat on the surface of the earth. That effect occurs because
the greenhouse gases released into the atmosphere keep excessive heat in the atmosphere
and is called the greenhouse effect. Fossil fuels and non-renewable energy sources have
caused, not just harm to the environment, but also a deficit in underground sources.
Therefore, the crucial importance of renewable energy is that overcoming well-
established climate change problems and increment the efficiency of energy production
[2].Renewable energy sources, such as; wind and solar energy could pave the way to
overcoming the crucial energy problems of the world. However, these new approaches
suffer from intermittency of energy production, which renders the development of
complimentary energy conservation and storage technologies extremely important [2].
Devices that enable storage of energy during high production times (i.e., when it is
windy or during day time for wind and solar energies, respectively) and those that can
convert stored energy into electricity during low production times (i.e., when the
weather is still or during night time for wind and solar energies, respectively) can ensure
the effectiveness of the renewable energy technologies. Fuel cells are promising
candidates for such purposes, due to their ability for continuous energy production and
high efficiency between 40% and 60% [3].

Fuel cells are basically devices which can convert chemical energy into electricity

via electrochemical oxidation of fuel (hydrogen in most cases) and reduction of oxygen.



There are a number of different types of fuel cells, most of which are defined by the
ionic conductor electrolyte material they use. One of the most intensely studied fuel cells
types, PEM fuel cells can be operated at temperatures as low as ca. 80 °C, owing to their
fast proton conductor Nafion electrolyte and the extremely active electrodes decorated
with Pt nanoparticles [4]. The high cost of this type of fuel cells dictated by the use of Pt
is the main challenge that needs to be overcome in for the widespread commercial use of
these devices [4].

Another major type of fuel cell is the solid oxide fuel cells (SOFCs), ceramic
oxygen ion conductor electrolyte-based systems, which, when used in a combined heat
and power (CHP) scenario, can provide up to 90% efficiency [5]. The high operating
temperatures of 700-900 °C provides ability to operate using a wide range of fuels,
including hydrocarbons, but, render these systems quite prone to long-term performance
degradation by inducing microstructural and chemical deterioration. As a result,
lowering the operating temperatures of SOFCs down to ca. 600 °C has been widely
studied [5]. This task is extremely challenging, mainly because lowering operating
temperatures causes extremely retarded electrochemical reaction and ionic transport
kinetics. In this thesis, an electrolyte-supported solid oxide fuel cell design, which can
enable low-temperature fabrication of electrode layers and thereby achievement of high
performance even at 600 °C is envisioned. To achieve low electrolyte resistances even at
these low temperatures, the utilization of the extremely fast ion conductor yttria doped
bismuth oxide is presented. Methods, such as application of protective coatings, are
explored to ensure chemical and structural stability of these electrolytes under SOFC

conditions.



2. FUEL CELLS

2.1. Introduction to Fuel Cells

Fuel cells effectively produce electricity by converting chemical energy into
electrical energy through electrochemical reactions. Fuel cells were proposed as an
alternative to voltaic batteries by Charles Langer and Ludwig Mond in 1889 [6]. They
discovered a porous, solid electrolyte instead of sulfuric acid-containing aqueous
solution as an electrolyte that led to more stable currents [6].

2.2. General Working Principles of Solid Oxide Fuel Cells

A solid oxide fuel cell consists of two porous electrodes (the anode and cathode)
which are separated by a dense, leakage-free and, ion conductive electrolyte membrane
(Fig 2.1). Fuel, especially hydrogen, is fed to the fuel side where the oxidation of
hydrogen occurs, and the electrons are released to the outer circuit. On the other side,
oxidant, in most cases is oxygen, is fed to the air side where the reduction of oxygen
occurs, and the electrons are accepted by the outer circuit. The electron flow through the
outer circuit causes an electrical current. The fuel fed causes a chemical potential
between the air and fuel side, and that chemical potential causes an electrical potential
through the external circuit. The relationship between chemical and an electrical

potential is expressed with Nernst equation is given below:

R.T
E=E°+ —In p”zf/z (2.1)
pHZpOZ

where the E° is the standard cell potential, R is the ideal gas constant, T is the

temperature, n is the electron number, and F is the Faraday constant and equals to

3



9.65x10* C/mol. According to the Nernst equation, the partial pressure of the reactants
and the products determine that the open circuit potential.

The general working principle is similar among fuel cells and pervasive reactions
take place in the system that strongly depends upon fuel type. In the situation of the use

of hydrogen as a fuel, the reactions would occur that is given below:

Hy+07% = H,0+ 2e” (2.2)

0,+4e~ —» 207* (2.3)

Reaction 2.2 takes place at the anode and reaction 2.3 takes place at the cathode.

Fuel\ ‘HZO

o s

Air

Figure 2. 1: General Working Principle of SOFCs.

2.3. Components of Solid Oxide Fuel Cells

2.3.1. Cathode

Air electrodes (cathodes) are operated at extremely oxidizing environments to
ensure oxygen reduction. Cathode materials for SOFCs must have high electrocatalytic
activity for oxygen reduction and electronic conductivity at operating conditions.

Perovskite structured (La, Sr)TMOs3, where TM is one of the transition metals Mn, Fe or

4



Co, meets the electrocatalyst material requirements and thus, are used widely [6, 7]. For
efficient delivery of the generated oxygen ions, the electrocatalyst material is mixed with
an ionic conductor (usually the same material as that used for the electrolyte). In this
composite cathode layer, maximum electrode performance can be ensured by
maximizing the electrocatalyst-ionic conductor-gas (pore) triple phase boundary (TPB)
length, where the oxygen reduction takes place effectively. Long TPBs correspond to a

fine microstructure, which can be achieved by low-temperature processing methods.

2.3.2. Anode

Fuel electrodes (anodes) require high electrocatalytic activity and electronic
conductivity under fuel flow and at operating temperatures for effective SOFC
operation. In a similar way to cathodes, it also common practice for the electrocatalyst
(usually metallic Ni) to be mixed with an ionic conductor — typically the electrolyte
material — to achieve long TPB length and thus, enhanced electrochemical reaction sites.

Under the fuel flow, the oxygen partial pressure would be extremely low (ca. 1071
atm), which ensures that Ni remains in its metallic state. However, it is expected that up
to ten interruptions in the fuel supply are expected in the lifetime of a fuel cell [8]. This,
in turn, causes the anode compartment atmosphere to become oxidizing and induces a Ni
to NiO conversion. One of the major issues of the SOFC anodes is the mechanical
failure of the anode due to the stresses associated with the volume expansion

accompanying the Ni oxidation [8].

2.3.3. Electrolyte

In contrast to electrodes, electrolytes must have dense and leakage-free
microstructures to be able to prevent mixing of fuel and oxidant gases that are fed to the
anode and cathode sides of SOFCs. Mixing of these gases causes minimized chemical
potential gradient and consequently, minimization of the cell power output. It is crucial
that the electrolyte material is an oxygen ion conductor, but an electron insulator. The

ratio of ionic conductivity (cionic) to the total electrical conductivity (ionic + Gelectronic) 1S

5



defined as the oxygen transfer number (to2-), which is preferably equal to unity for the
electrolyte material under both reducing and oxidizing conditions.

Since the ionic transport through the electrolyte lattice is a thermally activated
diffusion process, lowering the operating temperatures lower the ionic conductivity. It is
therefore crucial that, to reduce the ohmic electrolyte resistances, the electrolyte material
IS produced as thin as possible.

T/°C
1200 1000 800 600

1.2

1
10°T1/K?

Figure 2. 2: Temperature dependence of ionic conductivity for various electrolyte
materials.

Figure 2.2 provides a comparison of temperature dependencies of electrical
conductivities of potential SOFC electrolyte materials. Among them, Yttria-stabilized
zirconia (YSZ) with the cubic fluorite structure is the most widely used electrolyte
material, despite the fact that it is not the fastest ion conductor. However, YSZ has an
oxygen transfer number equal to unity, it is chemically compatible with other cell
components, and it is structurally and chemically stable under air or fuel flow
conditions, at high temperatures. The fluorite structure is a face centered cubic system
according to cation placement and anions are located at all tetrahedral sites (Figure 2.3).
This arrangement causes a high amount of octahedral interstitial vacancies. Electrolytes
have a mechanism about transferring oxygen vacancies through whole electrolyte body.



To be able to provide that mechanism, electrolyte structure must have oxygen vacancies.
The oxygen vacancies are created by additional dopants that have lower valance value
than Zr cations. Additional dopant reactions are declared in Kréger — Vink notation, as

follows:

ZTOZ
Y,05 — 2V}, + 30% + V 2.4)

Fluorite Structure

Figure 2. 3: Fluorite structure.

Various fluorite-type electrolyte materials exist, especially for intermediate
temperature fuel cells, such as gadolinia doped ceria (GDC) or bismuth oxide-based
electrolytes [9-13]. However, these materials have other shortcomings. For example,
GDC undergoes a partial reduction under reducing conditions, causing Ce** to Ce®*
conversion, concomitant to the generation of electrons, which induces electronic
conductivity. Bismuth oxide-based electrolytes with immense ionic conductivities (ca.
100 times that of YSZ), they are not preferred because of their tendency to i) undergo
phase transformation under oxidizing conditions and ii) reduce down to bismuth metal in
the fuel environment [12, 14-19].



3. COMMON SOFC PROBLEMS

Although solid oxide fuel cells are highly efficient electrochemical devices, they
are not completely commercialized yet, mostly due to problems originating from their
high operating temperatures (ca. 800-1000 °C). Some of the known changes caused by
high operating temperatures are the microstructural and chemical degradations that take
place at the electrodes, leading to performance loss [20-23]. A brief summary of these
microstructural and chemical degradations will be provided in this section.

In SOFCs, perovskite-based materials with the ABOs stoichiometry are used as air
electrodes (cathodes). In the ABO3 structure, A and B sites are occupied by cations with
3+ valances, the latter being one of the transition metal oxides, e.g., Co, Fe, Mn and etc.
The A-site is usually doped with a 2+ cation, most frequently Sr?*, to generate electron
holes and/or oxygen vacancies — both of which contribute to high electrocatalytic
activity for oxygen reduction [24]. During long-term exposure to operating
temperatures, segregation of Sr to form electrochemically inactive SrO/SrOH,, causing
electrochemical activity loss is observed [25, 26]. The driving force for this phenomenon
is the mechanical strain caused by the larger dopant cation (Sr?*) in comparison to that
of the host (usually La®"), while the segregation process is a thermally activated
diffusional one [27, 28].

Coarsening of Ni particles exposed for a long-time to high operating temperatures
has been reported for Ni-based composite anodes (most frequently, Ni-YSZ) [8, 21, 29].
This has been shown to reduce the TPB length, causing a diminished electrochemical
performance [8, 21, 29].

Another anode-related SOFC issue is the redox intolerance of the Ni-based
composites. It is expected that upon extremely long-term operation, the fuel supply to
the anode will be interrupted [8]. In this case, Ni within the Ni-YSZ anode is oxidized to
produce NiO, which is accompanied by a ca. 69% expansion in volume [8]. This
expansion brings about significant mechanical stress, which cracks the YSZ network
and, in many cases, induces mechanical failure of the whole cell [8]. It has been reported
that low-temperature fabrication and the adoption of an electrolyte-supported SOFC



design, in which a thicker electrolyte layer serves as the mechanical support, can
improve redox tolerance on Ni-based anodes [30, 31].

For practical applications, which require large amounts of power, several SOFCs
are stacked together and connected in series via interconnects. There are several types of
interconnect materials. The most powerful candidate for interconnects is the metal-based
interconnects due to their low production cost and high electrical conductivity.
Additionally, it is easy to process metals to obtain gas channels for fuel and oxidant
feed. However, typical austenitic or ferritic steels suffer from rapid corrosion in an
oxidizing environment when they expose SOFC conditions [32]. This, in turn, results in
poor current collection and thus, performance degradation.

As mentioned earlier, the phenomena that induce performance degradation,
namely, cation segregation, microstructural coarsening, redox cycling, high-temperature
metal oxidation are all diffusion mediated. This suggests that the rates of these
phenomena are thermally activated and lowering the operating temperatures would
either reduce their rates or practically eliminate them completely. However, oxygen ion
transport through the electrolyte and electrochemical reactions at the electrodes are also
thermally activated and will slow down and yield poor performance when the operating
temperatures are reduced. Therefore, the challenge we face here is to maintain

acceptable performances even at reduced operating temperatures.



4. PROPOSED SOLUTIONS TO ADRESS SOFC
ISSUES

The studies reported in the literature aiming at the development of SOFCs that
operate at <650 °C can be categorized into four main groups. These groups are studies
focusing on i) development of new electrode materials, ii) engineering of extremely fine
electrode microstructures, iii) development of new electrolyte materials and iv)

designing new SOFC configurations. A brief review of these studies is provided below.
4.1. Development of New Electrode Materials

The oxygen reduction reaction (ORR) that takes place at the cathode is the main
limiting factor for the performance of the intermediate temperature solid oxide fuel cells
(IT-SOFCs). When the generic p-type electronic conductor (La, Sr)MnOs (LSM) is used
as the electrocatalyst, the ORR strictly occurs at TBP, the length of which firmly
depends on the microstructure of the electrode. However, mixed ionic-electronic
conductor (MIEC) materials that exhibit both electronic and ionic conductivity can be
addressed as a solution to improve the low temperature performance of SOFCs. The
mixed conducting nature of LSCF and its variants allow for the whole electrode surface
to be electrocatalytically active and provide high surface exchange coefficient of oxygen
[7]. Steele et al. measured the electrochemical performance of Lao.sSro.4C0o.2Fe0.sO3-x
(LSCF) as 0.18 Q.cm? at 700 °C [33].

For example, Eksioglu et al. synthesized LSM single-phase and LSM-SDC
nanocomposite cathodes via polymeric precursor deposition and surveyed its
electrochemical performance at 600 °C. The results clearly showed that the polarization
resistance of cathodes can be improved by the addition of the ionic phase. Polarization
resistances of single LSM phase and LSM-SDC nanocomposite are 11.56 and 0.72
Q.cm? at 600 °C, respectively [34].
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4.2. Engineering of Extremely Fine Electrode Microstructures

Another approach to minimize the operating temperature of SOFCs is that
preparing a mixing consists of electrocatalyst and electrolyte material to increase the
TBP length. The results in the literature revealed that the performance of LSM cathodes
can be improved by the addition of YSZ [35]. The conventional electrocatalyst-ionic
conductor composite electrodes have been fabricated by the co-sintering of a powder
mixture of respective phases at high temperatures (i.e., 900 - 1500 °C). However, these
high temperatures required to ensure powder/powder and powder/electrolyte bonding
causes particle coarsening resulting in retarded reaction kinetics due to reduced triple-
phase boundary length [7, 36, 37]. For example, Fan et al. fabricated a composite
cathode using a powder-derived method, coprecipitation, and glycine nitrate processing,
with an electrocatalyst LaogSrooMnOs (LSM) and an ionic conductor
Ce0.9Smo.102(SDC) ionic conductor powders [38]. The synthesized powders were fired
at 1100 °C to obtain the desired microscale particle size. However, the obtained LSM —
SDC composite cathode showed a poor polarization resistance as 0.47 Q.cm? even
though the impedance measurements were taken at 800 °C [38]. To overcome this issue,
engineering of electrode microstructures to minimize the particle size of electrodes down
to nanoscale has been another approach [7]. Here, the logic is that at lower operating
temperatures, nanostructured electrodes cannot microstructurally coarsen and lead to
performance degradation. One method to obtain nanocomposite electrode
microstructures is the infiltration/impregnation of aqueous metal nitrate solutions into
porous ionic conductor scaffolds, followed by low-temperature calcination (ca. 400 °C).
For example, LSCF cathodes have been developed by infiltration into YSZ scaffold and
they have 0.16 ohm.cm? polarization resistance at 700 °C [39]. NiO — YSZ anodes
prepared by Ni infiltration has well-performed 0.25 ohm.cm? polarization resistance at
650 °C due to the impregnation of Ni enhances the catalytic activity and ionic
conductivity of the electrode [40].

The low-temperature fabrication of Ni-YSZ anodes have also been reported to
remedy the redox intolerance problem of these materials. The volume expansion of the

Ni phase when converting to NiO upon an accidental (or intentional) interruption of the
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fuel supply cracks the YSZ network within the anode, causing a significant performance
loss [8, 29]. Furthermore, complete destruction of the whole cell has been reported in the
case of anode-supported designs. The infiltration-based Ni-YSZ anode fabrication has
been shown to result in anodes that can tolerate up to 15 reduction-oxidation cycles
without performance loss in electrolyte supported designs, reportedly due to the low-
temperature fabrication [30].

A more recently developed methodology has proven very effective to produce
composite electrodes with nanoscale features. In this case, a single liquid precursor
containing all the cations of both the electrocatalyst and ionic conductor phases is
deposited on to a dense electrolyte substrate and heat treated at relatively low
temperatures of 600-900 °C. Upon heat treatment the cations are expected to
preferentially cluster to form their respective phases at nanoscale [34, 41, 42]. For
example, Bilbey fabricated Ni-YSZ composites from a polymeric precursor containing
all the cations of both Ni and YSZ phases [43]. She reported that the Ni-YSZ thin films
had Ni and YSZ particle sizes below ca. 20 nm, which yielded a low polarization
resistance of ca 0.75 Q.cm? at 600 °C [43]. Additionally, Eksioglu et al. reported that
the single polymeric precursor-derived LSM-SDC cathodes had average particle sizes
below ca 70 nm and exhibited an acceptable polarization resistance of 0.72 Q.cm? at 600

°C, in stagnant air [34].

4.3. Development of New Electrolyte Materials

Even if YSZ electrolytes are produced as thin as possible, their performance at low
temperatures is not sufficient for the commercialization of SOFCs. The most powerful
candidate against YSZ is the fluorite structured Bi»Osz due to its immense ionic
conductivity that is ca. a hundred times that of YSZ [6]. However, in pure Bi2O3, the
cubic bismuth oxide phase, which is the most ionic conductive phase, is known to
undergo phase transformation at operating temperatures, in air [44, 45]. In the
temperature between room temperature and foreseen operating temperature (<650 °C)
the monoclinic bismuth oxide phase is stable [46]. To stabilize the high ionic conductive

cubic bismuth oxide phase, rare earth oxide doping strategy was followed using Er.O3
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and Y203 dopants, and these dopants yielded the cubic bismuth oxide phase at operating
temperatures [12, 13]. Albeit the cubic phase exists in the range of 600-650 °C operating
temperature, some studies revealed that full stabilization of cubic bismuth oxide using
rare earth oxide dopants could not be possible due to the obtained cubic phase is
metastable at operating temperatures but transformation kinetic of phase transformation
from cubic to rhombohedral is sluggish [47]. The phase transformation causes
conductivity decay upon long term operations [47]. A recent study investigated the
dependence of conductivity decay and phase transformation when the Y03 doped Bi>O3
electrolytes exposure at operating temperature, in particular, is 650 °C [48]. They
sintered YSZ-YDB electrolytes at different temperatures (at 800, 900, 1000, 1100 °C)
and revealed that the sintering temperature of Bi»Oz electrolytes strongly affects the
phase and conductivity stability and more stable samples obtained after high-
temperature production (1000 and 1100 °C) [48]. Another conductivity decay
mechanism was reported as anion order-disorder below 600 °C operating temperature
and the proposed solution is the multi-doping strategy to provide slower ordering [49,
50]. Moreover, Fung et al. reported that the addition of ZrO; into Bi.Os significantly
mitigates (up to 3000 hours) the phase transformation at 600 °C [51]. Another
unresolved issue about Bi»Oz is that forming of Bi metal when the electrolyte was
exposed to IT-SOFC conditions. This situation has severely restricted integration of
bismuth-based electrolytes in IT-SOFCs. The main approach to overcome this issue is
that some non-reactive coating applications on the fuel side of bismuth oxide-based
electrolytes and developing bi-layer electrolyte architect. A high amount of study
reported that the OCV increment have been observed when a non-reactive coating is
applied onto fuel side [52-55]. This OCV increment is associated with gas leakage-free
fuel side coatings that ensure chemically stable Bi.O3z on the air side of bi-layer model
[52-55].

4.4. Designing New SOFC Configurations

Development of new fuel cell designs and their processing are other areas of

research that may succeed in lowering the operating temperature of these devices. The
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electrolyte thickness is typically around 100-200 pm for electrolyte-supported cell
designs when conventional YSZ electrolyte is used. However, to obtain lower ohmic
resistances, YSZ electrolyte thicknesses below 10 um is essential [7]. Even an
electrolyte-supported cell was prepared properly with self-supported 20 um thickness,
the ohmic resistance was acceptable only over 700 °C [7]. To overcome this problem,
cell designs using anodes as mechanical support have been proposed [5, 7, 56].

A successful attempt to develop IT-SOFCs has been made by the Wachsman
group [57, 58]. They have developed and implemented a Ni-GDC anode-supported
SOFC with a ca. GDC electrolyte [57, 58]. To enhance the relatively low OCV caused
by the electronic conductivity of GDC induced by partial reduction at the anode side, a
Er,03 stabilized Bi>Os coating with extremely high ionic conductivity and an oxygen
transfer number of 1 in air, was applied at the cathode/electrolyte interface [58]. They
have reported extremely high power densities of 1.94 Watts/cm? at 650 °C [58].
Meanwhile, no data on the long-term stability of this cell has been reported, to the best
of our knowledge.

To obtain less resistive electrolytes a bilayer electrolyte models, such as
YSZ/GDC or Bi2O3/GDC, have been proposed by a lot of research groups [57-60].
Especially, bismuth oxide/doped ceria design for electrolytes have shown good
performance in the recent reviews due to the high ionic conductive bismuth oxide
membrane [61-63]. Using GDC layer on the fuel side to prevent contact points of
bismuth oxide with fuel, otherwise, the bismuth oxide reduces to Bi metal [62]. The bi-
layer model ensures higher OCV values compared to single-layer ceria electrolytes and
was stable for 1400 h when it was exposed to SOFC conditions [63].
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5. AIM OF THIS THESIS

As mentioned earlier, for IT-SOFC applications, mostly, anode-supported designs,
fabricated by tape-casting and co-sintering of anode and electrolyte layers have been
proposed [5, 7, 56]. Despite the high performances, no reports exist on their long-term
stability and redox tolerance. It is very likely that the thick anode layer will destroy the

cell upon redo-cycling even at low temperatures [8, 64]

Electrocatalyst — ionic conductor nanocomposite anode <500 nm

B S0 ?SZ protectlve yer mﬂ
250 pm thick YDB electrolyte

3500 o 800 0g 86’8 602085

Electrocatalyst — ionic conductor nanocomposite cathode <500 nm

Figure 5. 1: Proposed electrolyte supported SOFC design.

In the present work, in order to i) avoid complete destruction of the cell upon
redox cycling and ii) to allow for the use of the polymeric precursor-based
nanocomposite electrode fabrication techniques an electrolyte supported design is
adopted in the present case. Indeed, YSZ electrolyte had to be replaced by an alternative
material with a significantly higher ionic conductivity, namely, Y.03-doped Bi2Os
(YDB). However, it is well-known that Bi,O3 —based electrolyte materials reduce down
to Bi metal when exposed to H> gas, under SOFC conditions [44, 45]. For example, Ahn
et al. reported that open circuit voltage of an anode supported cell was improved from
0.73 to 0.77 V at 650 °C with an Er,0s3 stabilized Bi.Os (ESB) 4 um-thick layer on a
thick GDC electrolyte [57]. The enhancement of the OCV has been associated by the
partial reduction of GDC has been blocked by ESB layer because of its high ion

transference number [57, 58, 61]. Therefore, to render the YDB usable in our
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electrolyte-supported SOFC, we propose to deposit a thin, dense YSZ coating onto the
fuel-side of the YDB electrolyte. Despite the studies reporting deposition of a thin,
Bi>Os —based oxide onto thicker GDC or YSZ electrolytes [53, 57, 58, 61, 62], vice
versa has never been reported to the best of our knowledge. This bilayer YDB/YSZ
electrolyte-supported design (schematically shown in Figure 5.1) will also allow for the
utilization of the polymeric precursor-based nanocomposite electrode fabrication route.
Here, it was aimed to fabricate YDB/YSZ bilayers with that are applicable to
electrolyte supported 1T-SOFCs. We have especially focused on the methodology to
fabricate 1) ca. 200 um, dense YDB substrate via power synthesis, tape casting and
sintering methods and ii) thin, crack-free YSZ films by a cost-effective and facile
polymeric precursor technique. The effect of polymeric YSZ precursor deposition
conditions on the thickness, crack formation and hydrogen blocking properties were

thoroughly investigated.
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6. EXPERIMENTAL

6.1. Preparation of Dense YDB Electrolytes

6.1.1. Powder Synthesis

28% mol yttria doped Bi2Osz (YDB) powders were synthesized by a modified
Pechini method using yttrium (I11) nitrate hexa-hydrate (Alfa Aesar, 99.8% trace metal
basis) and bismuth (111) nitrate penta-hydrate (Alfa Aesar, ACS reagent >98.0%) metal
salts. These salts were dissolved in stoichiometric amounts in de-ionized water and nitric
acid mixture (1:1 wt ratio) until clear solution was obtained. Ethylene glycol was added
into the clear solution that has been heated up to 200 °C and stirred for 24 hours. After
24 hours of stirring, a viscous, polymeric gel was obtained. The produced gel was heat
treated at 700 °C for 4 hours to eliminate nitrate compounds and obtain the desired
fluorite phase. To achieve a monodisperse particle size distribution, ball milling was
performed. For milling, 6.5 grams of synthesized YDB powders were mixed with a
certain amount of ethanol (75 grams) and ZrO2 milling media (100 grams) in a 250 ml
PTFE bottle and milled for 24 hours at 180-200 rpm. The powder - ethanol mixture was

dried in an oven at 120 °C for 3-4 hours, before consolidation into YDB substrates.
6.1.2. Consolidation and Sintering of YDB Powders

Green YDB pellets were prepared via uniaxial die pressing at 1.7 MPa. Afterward,
substrates were held in a cold isostatic press for 2 min under 200 MPa. Consolidated
YDB substrates were held at 900, 1000 and 1100 °C for 6 hours to achieve dense and
800 um-thick sintered samples. Sintered samples are encoded as YDB-900, YDB-1000,
YDB-1100 according to their sintering temperatures.

The synthesized dry powders were also consolidated into planar samples by tape

casting. Obtained 25 grams dry YDB powders were mixed with a binder mixture that is
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consisting of 30.43 grams toluene and 14.13 grams ethanol as solvents, 3.62 grams
polyvinyl butyral (PVB) as a binder and 1.81 grams dibutyl phthalate (DOP) as a
plasticizer. Prepared binder mixture was added into a 150 ml PTFE bottle and 200 grams
of ZrO2 milling media was also used to provide well-dispersed and homogenous mixing.
The tape slurry was milled for 24 hours at 180-200 rpm, as well. Well-dispersed tape
slurry was cast onto Mylar sheets using a doctor blade. Blade gap was selected as 400
pum to obtained single-piece green YDB tapes onto a Mylar sheet (obtained Polinas,
Turkey). The tape slurry was dried out at room temperature until flexible 320 pum-thick
green YDB tapes were obtained. The sintering of green tapes was performed at 1000 °C
for 6 hours with a heating rate of 5.8 °C per minute. The sintered dense YDB tapes had

roughly 220-250 um thicknesses.

6.2. Preparation of YSZ Polymeric Precursors and Their
Deposition on YDB Ceramics

Since the starting materials used to prepare the polymeric 8 mol% Y03 stabilized
ZrO2 (YSZ) solutions are expected to have a great impact on the degree of
polymerization and hence, the quality of the YSZ coatings to be deposited onto the YDB
ceramics, we have tried four different types of polymeric YSZ precursors in the present
study. The most important parameter was determined as the degree of polymerization,
therefore, the generic polymeric YSZ precursor was modified by i) adding nitric acid to
facilitate the conversion of ethylene glycol into oxalic acid, the main chelating agent in
the Pechini-type process [65] ii) switching the generically used zirconium source from
zirconyl chloride octahydrate to zirconium oxynitrate hydrate and thereby releasing
nitric acid into the solution from the zirconium source, instead of hydrochloric acid.
Following this logic, four types of precursor solutions were prepared. The first type of
the YSZ precursor was the same as those prepared for the purposes of infiltration into
porous scaffolds in [31] and [66]. Basically, appropriate amounts of yttrium (I11) nitrate
hexahydrate (Alfa Aesar, 99.8% trace metals basis) and zirconium oxychloride
octahydrate (Sigma Aldrich, %98 reagent grade) were dissolved in a mixture of distilled
water and ethylene glycol, then stirred at 120 °C until all water had evaporated and
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polymerization took place. The other two types of polymeric YSZ precursors were
prepared by adding nitric acid to the clear solution during the polymerization process in
amounts that would yield ethylene glycol to nitric acid weight ratios of 2:100 or 4:100.
The fourth type of polymeric YSZ precursor was prepared by the same method, except
the zirconium source was switched from zirconium oxychloride octahydrate (Sigma
Aldrich, %98 reagent grade) to zirconium oxynitrate hydrate (Sigma Aldrich, %99
anhydrous basis) and no additional nitric acid was added. After the polymerization
process, all the precursors were diluted with 2-butoxyethanol in an equivalent amount to
the polymeric precursor to reduce the overall surface tension and facilitate wetting. The
main parameters of the four different polymeric precursors along with the sample codes
are provided in Table 6.1.

The deposition of the prepared polymeric precursors was realized by a dip-coating
process using withdrawal rates of 100 mm/min and 150 mm/min. After the deposition,
the samples were heated up to 350°C at a heating rate of about 12.5 °C per minute until
all solvents and organics were eliminated. Then, the hot plate is turned off and the
sample is left to cool down to room temperature, which takes about 30 minutes. To
achieve the desired film thicknesses, the deposition/drying cycles were repeated for 5-7

times.

Table 6.1: Key contents of the different YSZ precursors and the corresponding codes.

Nitric
Solution Zr source Y source acid:ethylene
code glycol
(weight ratio)
YSZ-CI- . . . . .
ON zirconium oxychloride octahydrate | yttrium nitrate hexahydrate 0
YSZ-CI- . . . . . .
N zirconium oxychloride octahydrate | yttrium nitrate hexahydrate 2:100
YSZ-CI- . . . . . _
AN zirconium oxychloride octahydrate | yttrium nitrate hexahydrate 4:100
YSZ-N- . . . . .
ON zirconium oxynitrate hydrate yttrium nitrate hexahydrate 0

Deposition of the YSZ thin films was realized using dip-coater with withdrawal
rates 100 and 150 mm/min for YDB pellets and sintered tapes, respectively. Deposited
YSZ thin films were heated up to 350 °C at a heating regime of about 12.5 °C per
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minute on a hot plate. Afterward, the hot plate was turned off and the deposited samples
were held on hot plate until the hot plate was cooled down to room temperature, which
takes about 20-30 min. Heating-up process was realized to provide elimination of
solvents and organics from deposited polymeric precursors. To achieve the appropriate
film thickness for blocking layer applications, deposition process was repeated for 5-7

times.

6.3. Materials Characterization

The microstructural characterization of the samples was performed by scanning
electron microscopy (SEM — Philips XL 30 S FEG) with an energy dispersive x-ray
spectroscopy attachment (EDX — EDAX Amatek Apollo XPP) that was used to
determine the elemental distribution in the prepared samples. The crystal structure of
sintered YDB ceramics and investigation of possible chemical reaction between YSZ
polymeric precursor and YDB substrates were analyzed by x-ray diffraction (XRD)
analyses performed at a 20 range of 20 - 80 ° using Cu K, characteristic radiation
(Rigaku D/max 2200). YSZ dry-gels have been prepared on hot plate at 120-150 °C for
XRD analyses and mixed with YDB powders that were heat treated at 1000 °C to be
able to demonstrate sintered YDB ceramic conditions, to avoid the signals that may
come from YDB substrates due to extremely thin (<500 nm) YSZ films.

Electrical conductivity of the YSZ/YDB bilayer electrolytes was determined by
impedance spectroscopy measurements. Here, the term impedance is used to describe
the resistance under alternative current (AC) flow, basically. Electrochemical impedance
is measured by applying a sinusoidal excitation potential to an electrochemical cell. This
excitation voltage is mathematically describing in Equation 6.1, where E: shows the
potential value at a certain time (t), Eo is the excitation voltage and ® is the radial
frequency. In turn, a sinusoidal current, with a phase shift (¢) is generated, as
mathematically described in Equation 6.2.

Et = Eo sin(mt) (6.1)
I=lo sin (ot + ¢) (6.2)
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The impedance of the system can be calculated with equation 6.3.

_E. Epsin(wt) sin(wt)
Z= 1, Iysin (ot + ¢) Zo sin (wt + ¢) (6.3)

We also can apply Euler’s relationship on that sinusoidal functions,
exp(id) = cosd + ising (6.4)

The impedance value of the system can be represented as a complex number,
E
Z = 7= Zy(cosd + ising) (6.5)

The graph obtained using Equation 6.5 is known as the Nyquist plot and consists
of the real and imaginary parts of the impedance value. In Nyquist plot, phase shift
represents the angle between x-axis and absolute value of Z. The typical Nyquist plot is
represented in Figure 6.1. Here, Rz is the ohmic resistance, dominated by the oxygen ion
transport through the electrolyte and any current collection losses, while R> is the total
electrode polarization resistance, induced by the oxygen reduction/hydrogen oxidation
processes. Therefore, in our electrical conductivity measurements, we assumed that R
gives the resistance to oxygen ion transport through the bilayer electrolyte. The electrical

conductivity is then given by:

o~

(6.6)

-
~
[uy
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Figure 6. 1: A typical Nyquist graph.

For electrical conductivity measurements performed in samples with symmetrical
half-cell configuration (Ag current collector/YDB/YSZ/Ag current collector) Biologic
SP-150 was used. Ag current collectors were deposited via brush-painting onto both
sides of the developed bilayer electrolytes using our in-house Ag current collector paste
[67]. Two Ag wires were attached onto Ag current collector covered surfaces using a
ceramic adhesive (Ceramabond 503, Aremco, USA) for high temperature applications.
EIS measurements were performed at a temperature range of 400 — 600 °C, in stagnant
air, and 10 mV excitation voltage was applied to system at the frequency range of 101 —
10° Hz.

Blocking properties of the YSZ thin films in the prevention of the transformation
of Bi>2O3 into metallic Bi when it exposes to SOFC conditions was investigated by open
circuit voltage (OCV) measurements using another potentiostat (Gamry Reference 3000
potentiostat/galvanostat/EIS analyzer). Open circuit voltage measurements were
performed at 600 °C, under the flow of a humidified gas mixture of 10% H.> — 90%
Argon to fuel side of the YDB/YSZ bilayer electrolytes. A dense and leakage-free Al,O3
tube was used to build up an experiment system to separate air and hydrogen sides of the
system. Prepared bare YDB and bi-layer electrolytes were sealed onto alumina tube
using same ceramic adhesive conducting Ag wires and held at room temperature until
the adhesive had been dried. Afterward, a glass sealant (Ceramabond 569, Aremco,

USA) was applied onto ceramic adhesive to ensure gas tightness.
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6.4. Fuel Cell Measurements

Fuel cell measurements were performed under same gas mixing flow that had been
used in OCV measurements. Electrode selection has been done according to
performance values of the electrodes that had been optimized in our research group [43,
68]. Lao.sSro.2MnO3-Bio.72Y 028015 (LSM-YDB) composite electrode was selected as a
cathode material and NiO-Ceo8Gdo.2O2 (NiO-GDC) composite electrode was selected as
an anode material.

Production of LSM-YDB composite cathodes depends upon the separate
production of LSM and YDB polymeric precursors and mixing of these solutions in a
certain amount. To prepare LSM polymeric precursor, lanthanum (111) nitrate
hexahydrate (Fluka), strontium nitrate (Sigma — Aldrich) and manganese nitrate
hexahydrate (Sigma — Aldrich) have been dissolved in distilled water until clear solution
had been observed, then ethylene glycol was added and the solution stirred at 80 °C until
all water had evaporated and polymerization had completed. The preparation route of
YDB polymeric precursor had been discussed in previous chapter. However, the
prepared nitrate salts containing polymeric solution stirred at 80 °C instead of 200 °C to
ensure complete polymerization and to obtain clear polymeric precursor. Obtained LSM
and YDB polymeric precursor were mixed with each other in a 60:40 volume ratio,
respectively.

Nanostructured NiO — CeogGdo202 (NiO-GDC) anode precursors were prepared
in a similar way with LSM-YDB composite cathode precursor. To prepare NiO
polymeric precursor, firstly, nickel nitrate hexahydrate (Sigma — Aldrich, crystals or
chunks) was dissolved in deionized water until clear solution had been obtained. Then,
ethylene glycol was added into clear solution that stirred at 80 °C until all water had
evaporated, and polymerization took place. Preparation of GDC polymeric precursor
was realized in the same route using cerium nitrate hexahydrate (Alfa Aesar, 99.5%) and
gadolinium trinitrate hexahydrate (Alfa Aesar > 99.9%). NiO and GDC polymeric
solutions were prepared separately and mixed with each other in a 60:40 volume ratio,

respectively.
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Resultant electrode precursors were deposited onto sintered YDB tapes by a dip-
coating method using a withdrawal rate 150 mm/min. After each deposition, YDB
ceramics were held on a hot plate that was heated up to 350 °C to eliminate organics
from the deposited polymeric precursor. Then, the hot plate was turned off until surface
of the hot plate reached to 50 °C. To obtain appropriate electrode thickness, the
deposition route was repeated 5 times on each side.

Electrochemical measurements of prepared fuel cells, which have NiO-
GDC/YSZ/YDB/LSM-YDB fuel cell architect, were performed under 10% Hz — 90 Ar
gas mixing flow at a temperature range of 500-600 °C. During the electrochemical
measurements, three type methods were used to determine resistance values, power
density and contribution on open circuit voltage of fuel cell. These were impedance
spectroscopy, linear sweep voltammetry and open circuit voltage measurements,
respectively. Electrochemical impedance spectroscopy measurements were performed at
10* — 10 Hz frequency range under 0.3 V polarization voltage (Gamry Reference
3000). A method like that used in the bi-layer electrolyte model has been followed in

making the fuel cells suitable for electrochemical measurements.
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7. RESULTS AND DISCUSSION

7.1. Long-term Electrical Conductivity Measurements of YDB
Ceramics

It is well-known that the immense ionic conductivity of YDB ceramics is not
stable at the intermediate operating temperatures. The reason for that is anion ordering
and phase transformation of YDB at intermediate temperature range. Anion ordering has
been reported in the literature for lower temperature (<600 °C), however, the phase
transformation has been observed higher than 600 °C. Therefore, the conductivity
degradation demeanors of YDB ceramics were investigated in this study at 600 °C for
100 h. YDB-900, YDB-1000 and YDB-1100 encoded samples were held at 600 °C and

their ionic conductivity was monitored (Figure 7.1).
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Figure 7. 1: Long-term conductivity decay of YDB ceramics sintered at different
temperatures.

25



The electrical conductivity of YDB-900 and YDB-1100 remained more stable at
600 °C. In this study, we selected YDB-900 and YDB-1000 encoded samples for the
deposition of YSZ thin films.

7.2. Microstructural Analysis of YSZ Coatings

One of the main objectives of this study to fabricate dense, continuous, and crack-
free YSZ thin films on YDB substrates. YSZ thin films prevent the reduction of YDB
ceramics by preventing their contact with hydrogen gas. For this purpose, YSZ thin
films deposited on YDB ceramics using a cost-effective and facile polymeric precursor
method. In the literature, a generic YSZ polymeric precursor was used for infiltration
processes of electrodes for SOFC applications. In this study, initial deposition processes
were performed with the same polymeric YSZ precursor which contained zirconium
oxychloride hydrate and yttrium nitrate as Zr and Y sources, respectively. This generic
polymeric precursor was used a lot of time for infiltration into porous electrode materials
to ensure longer triple-phase boundary [31, 39, 66]. In fig 7.2a shows the crack
formation of YSZ thin films on YDB ceramics. Although there is a thermal coefficient
difference between YSZ and YDB (20.3 x 10° and 7.8 x 10° for YDB and YSZ,
respectively) [69, 70], relatively thin YSZ films (< 500 nm) and crack formation even at
low temperatures (thin films only were exposed to a maximum of 380 °C), show that the

crack formation is related to precursor formation mechanism-related situation.
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Figure 7. 2: The top surface scanning electron microscopy images of dip-coated YDB
ceramics using a)YSZ-CI-ON, b)YSZ-CI-2N and c¢)YSZ-CI-4N solutions in the as-
deposited/dried state, d) YSZ-CI-4N coating heat treated at 600 °C for 4h.

Chen et al proposed that the ethylene glycol was catalyzed by the nitric acid in
solution and converted to oxalic acid [71]. So, the addition of nitric acid into the
polymeric precursor ensures the chelation of metal ions in the polymeric precursor. That
process takes place during stirring and heating on a hot plate. The illustration of the
formation of vanishing cracks in the PEG containing coatings are given in Figure 7.3. In
the case of figure 7.2a, nitric acid addition was not used to form the polymeric precursor
during stirring. Therefore, the possibility of the existence of uncompleted organic forms
in the deposited thin film can be caused crack formation due to their thermal expansion
difference from the YDB substrate and completely polymerized YSZ thin films.
Additionally, in case of existence of the proper amount of nitric acid in polymeric
precursors could cause completely oxidized ethylene glycol. However, there is another
possibility for the evolution of polyethylene glycol (PEG) during the precursor
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fabrication process. Some results have been reported that if there are PEG in precursor-
derived thin films, PEG can decompose and forms crack during the heat treatment
process [72, 73]. At this point, the addition of nitric into polymeric precursors must

reduce or eliminate crack formation in thin films.
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Figure 7. 3: Demonstration of the effect of the nitric acid addition on the thin films.

Fig 7.2b and ¢ show the surfaces of deposited thin films these are derived from
other polymeric precursors with increasing nitric acid amounts (YSZ-CI-2N and YSZ-
CI-4N), in the as-deposited state. The cracks became shorter and narrower when the
nitric acid was added. If the amount of nitric acid was doubled, it was observed that the
cracks were eliminated completely. Since YDB/YSZ bilayer electrolytes are exposed to
SOFC conditions, fig 7.2c shows the surface image of the YSZ thin film, whose
deposited state has been optimized, after heat treatment at 600 °C for 4 h. Heat-treated
YSZ thin films had small and isolated cracks. One possible reason for these cracks is the
removal of some organics from thin films in the gaseous phase because of high

temperature heat treatment. For example, graphitic carbon might have been removed as
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a result of polymer decomposition at 600 °C, in air [73]. Alternatively, any dimensional
change upon heat treatment at the YDB/YSZ interface might also have caused crack
formation because of occurring reactions between the substrate and thin film.

To further test our hypothesis, we prepared another solution but switching CI
containing Zr source that does not release nitric acid-forming ions to the solution with
nitrate containing Zr solution to investigate oxalic acid evolution with not adding nitric
acid into the prepared polymeric precursor. This way, the ions released from nitrate
containing Zr source behave like nitric acid addition and employed in the oxalic acid
formation. Fig 7.4 shows the surface SEM images of the YDB ceramics deposited with
YSZ-N-ON solution and after 4 h of heat treating at 600 °C, respectively. No visible
cracks were observed (only a few scratches originating from substrate polishing) in the
as-coated state of YSZ thin films (Figure 7.4a). The crack-free structure of YSZ-N-ON
after holding at 600 °C (Figure 7.4b) is also promising. These results confirmed our
hypothesis about oxalic acid formation with the addition of nitric acid.

Figure 7. 4: Scanning electron microscopy images of YDB substrates coated using YSZ-
N-ON solution a) in the as coated/dried state and b) after heat treatment at 600°C for 4 h.

7.3. Structural and Chemical Characterization

XRD analyses were performed in order to determine whether i) the desired fluorite
crystal structures could be obtained from YSZ thin films and YDB substrates and ii) if
any reactions occur at YSZ/YDB interface upon heat treatment (Figure 7.5). The
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targeted fluorite structure has been obtained after sintering the synthesized YDB
powders at 1000°C and calcining gels dried from the YSZ-CI-ON and YSZ-N-ON
precursors with YSZ phases having lower crystallinity because of the low-temperature
heat treatment (Figure 7.5). To investigate any possible reaction that has taken place
between YDB and YSZ, XRD analyses were also performed on mixtures of YSZ gels
dried from different solutions, YSZ-CI-ON or YSZ-N-ON, and YDB after heat treatment
at 600 °C. Figure 7.5 shows that tetragonal Bi>YO4Cl formed when YSZ-CI-ON was
used, while separate YSZ and YDB peaks were visible when YSZ-N-ON was used as the
YSZ precursor. The individual existence of Bi2YO4Cl peaks could cause crack
formation at the surface of YSZ coatings derived from YSZ-CI-4N after annealing at
600 °C due to molar volume difference between Bi>YO4Cl (79.47 cm3/mol), YSZ (57.22
cm?/mol), and YDB (51.98 cm3/mol).
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Figure 7. 5: X-ray diffraction patterns of YDB powders at calcined at 1000 °C, gels
dried from YSZ-CI-ON, YSZ-N-ON, mixtures of YDB — YSZ-CI-ON and YDB — YSZ-
N-ON all heat treated at 600 °C.

To determine whether any reaction occurred between YDB substrates and YSZ
thin films derived from YSZ-CI-4N and YSZ-N-ON, after heat treatment at 600 °C for 4
h and to evaluate film thicknesses SEM-EDX analyses were performed on the cross-
sectional areas of the dictated samples (Figure 7.6). In Figure 7.6a, the film thickness is
roughly 420 nm and a continuous, dense film was obtained on YDB ceramics. In SEM-
EDX analyses, the thin films consist of while the dense substrate contains Bi and Y

(Figure 7.6). Even though the Zr signal comes from the substrate, the concentration
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gradient looks like an interdiffusion profile are likely because of the overlap of the L
peaks of Zr and Y (Figure 7.6). A study revealed that the slurry-based bismuth oxide
powders deposited onto YSZ electrolytes and heated up to 800 °C, there is no
interdiffusion between substrate and coating [53]. Therefore, the coming Zr signals from
the substrate is suggested as just a background. In Fig 7.6a, the Cl elements clusters have
been observed these were close to the YSZ/YDB interface. The evolution of Cl clusters
is agreement with the XRD results which show the Bi>YO4Cl formation when YSZ-CI-
4N derived precursor used (Figure 7.5). Furthermore, the presence of oxygen deficit
regions causes Bi clustering into the substrate which is suggesting the formation of
metallic bismuth when it exposes high temperature even in an air atmosphere (Figure
7.6a).

In the SEM image of figure 7.6b, the fracture surface of YSZ-N-ON derived YSZ
thin film deposited YDB substrates depicted and 220 nm thick-film was observed
despite using the same cycle deposition route with YSZ-CI-4N derived precursor.
Evidently, there are no observed ClI clusters (Figure 7.6b). Although the used polymeric
precursor did not consist of any Cl containing raw material, there are visible CI signals
in the substrate that associated with overlaps of M and K peaks of Bi and CI,
respectively.
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Figure 7. 6: SEM images and the corresponding EDX maps of a) YDB-1000 and b)
YDB-900 ceramics dip-coated using polymeric YSZ-CI-4N and YSZ-N-ON precursors,
respectively. The scale bars represent 2 pm.

7.4. Electrochemical Characterization

To determine the resistance contribution of YSZ layers to total ohmic resistance,
electrochemical impedance spectroscopy (EIS) analyses were performed on YSZ-CI-4N
coated YDB-1000, bare YDB-1000, and YSZ-N-ON coated YDB-900, bare YDB-900
(Figure 7.7). The first intercept of the horizontal axis and Nyquist curves represents
ohmic resistance per specific area of the system in our scenario we encoded them as
ASRonmic, yps, and ASRonmic, ype+ysz for substrate and thin film, respectively (Figure
7.7). For YSZ-CI-AN derived coatings, ASR value increased from 1.44 to 12.67
ohm.cm? while for YSZ-N-ON derived coatings was increasing ASR value from 1.18 to
12.51 ohm.cm? (Figure 7.7). Furthermore, the electrical conductivities (o) of coated
YSZ layers were determined by a subtraction method using equation 7.1 with the
thicknesses of the thin films (lys;). The electrical conductivities of thin films derived
from YSZ-CI-4N and YSZ-N-ON are 3.74 x 10 S/cm and 1.94 x 10 S/cm at 600 °C,
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respectively. These values are somewhat lower than the expected conductivity values of
the YSZ electrolytes [74]. However, the lower conductivity of the thin film was
associated with lower crystallinity that corresponding to XRD data in figure 7.5. For
example, Petrovsky et al. represented that the temperature dependence of the
conductivity of YSZ thin films which were produced in the same method, polymeric
precursor, and they reported that when the heat treatment temperature increases,

conductivity would increase [74].

Oysz = Lysz (7.1)
vz (ASRohmic, YSZ+YDB ~— ASRohmic, YDB) .

In the literature, studies on the bi-layer electrolyte system do exist in many cases
uses bismuth oxide-based electrolytes as one of the electrolytes. Findings have shown
that the additional resistance was not observed in GDC/ESB [58], SDC/ESB [57], and
YSZ/ESB [53] contrary to the expected aspect. These results are associated with using a
thinner bismuth oxide layer onto a zirconia or ceria layer instead of using bismuth oxide
as a mechanical support and the main electrolyte. Therefore, a more conductive bismuth
oxide layer has not much contribution to total ohmic resistance. In this study, we used
bismuth oxide layer not only main electrolyte but also mechanical support in our
electrolyte supported SOFC model, therefore, the additional resistance of YSZ on total

resistance more detectable due to its low electrical conductivity.
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Figure 7. 7: Nyquist graphs obtained from a) bare and YSZ-CI-4N deposited YDB-1000,
b) bare and YSZ-N-ON deposited YDB-900.

Open circuit voltage (OCV) measurements were performed to YDB/YSZ bi-layer
and bare YDB electrolytes to investigate blocking properties of developed YSZ
overlayer, under 10% H> — 90% Ar gas mixing flow upon long term at 600 °C (Figure
7.8). For these measurements, YSZ-N-ON polymeric precursor derived coatings were
used on YDB ceramics due to their crack-free and continuous nature. Some studies
supposed that the thickness ratio of layers in bismuth oxide-based bi-layer electrolytes
strongly affects the situation of bismuth oxide reduction into metallic Bi [58, 75]. For
example, Lee et al. reported the deposition of bismuth oxide onto a relatively thick GDC
layer causes higher OCV values at operating temperatures [58]. They also reported that
when they former rearrange thickness ratios of ESB/GDC layers 1 to 2 the latter 1 to 12
they observed increased OCV from 0.82 to 0.92 V at 600 °C [58]. All of these studies

reported their results for coated thin bismuth oxide electrolytes on relatively thick ceria
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or zirconia-based electrolytes. In this study, we have focused on performing
electrochemical measurements on YDB electrolytes with thin YSZ overlayers deposited
by the polymeric precursor method. To provide high OCV, relatively thin YDB tapes
(tape thickness ca. 220 um) were used as substrate. Evidently, bare YDB ceramic could
not retain its initial OCV value, which is 0.65 V, due to the reduction of Bi»Osz into
metallic Bi after 10 h fuel flow (Figure 7.8). In contrast, the YSZ-N-ON precursor
derived YSZ coated YDB substrates slightly increased the initial OCV value to 0.68 V
(Figure 7.8). The OCV value remained at 0.62 V during the rest of the experiment and
that is evidence of the effectiveness of the YSZ thin layer under fuel conditions.
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Figure 7. 8: Changes in open circuit voltages of a) bare YDB-1000 tape ceramic and b)
YSZ-N-ON precursor derived YSZ deposited YDB-1000 tape at 600°°C under fuel
flow.

To further our experiment and to obtain low resistive bi-layer electrolyte for our
electrolyte supported SOFC systems, the EIS measurements were performed also on
sintered 250 pm-thick YDB-1000 electrolyte and YSZ-N-ON derived thin film coated
YDB-1000 bi-layer (Figure 7.9). In this measurement, ASR values increased from 1.13
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to 3.34 ohm.cm2 The ASR values less increased in the tape-used-bi-layer model
contrary to obtained EIS data from YSZ-N-ON derived thin films on YDB-900 (Figure
7.7b and Figure 7.9). According to Nyquist graphs of the tape-used-bi-layer model, the
electrical conductivity of YSZ-N-ON derived thin films is 9.95 x 10 S/cm at 600 °C in
stagnant air and that value is somewhat higher than the electrical conductivity of YSZ-
Cl-4N derived thin films. The difference between electrical conductivities of YSZ-N-ON
derived thin films on the different types of the substrate can be explained with surface
roughness difference between tape and YDB pellets that could ensure a better contact

area for EIS measurements.

10
1 = Bare YDB-1000

] ® YSZ-N-ON/YDB-1000
E 5.
Q
E 4—- o ® *t ., °
-9' -'.‘.... ...
:NI L S ) mE L

f"/' 0 [ [ [

T
0.0 25 5.0 75 100 125 150 175 200 225 250

Z'(ohm.cm?)

Figure 7. 9: Nyquist graphs of YDB-1000 tape and YSZ-N-ON/YDB-1000 bi-layer
electrolytes.

As the final step in this study, we have constructed solid oxide fuel cells with
YDB-YSZ bilayer electrolytes, nanostructures LSM-YDB cathodes and Ni-GDC anodes
(LSM-YDB/YDB/YSZ/Ni-GDC). Figure 7.10a shows the temperature dependence of
the electrochemical performance of the fabricated YDB/YSZ supported SOFCs at the
temperature range 500 — 600 °C. The open circuit voltage (OCV) value was 0.64 V at
600 °C and had a slightly decreasing trend with increasing temperature, as expected. The
peak power density was determined as 0.02 W/cm?2 at 600 °C. This value is rather lower
than what can be expected from a fuel cell with this configuration. To determine the
reasons for the relatively low power density, electrochemical impedance spectroscopy
was performed on the fuel cells. From, the Nyquist graph, it can be determined that the

cell had ohmic and electrode polarization resistances of ca. 2.8 and 3.5 Qcm? at 600 °C,
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respectively. The ohmic resistance obtained in the fuel cell is consistent with what was
obtained in the conductivity measurements, which is much higher than expected from
the given YSZ/YDB bilayer electrolyte configuration. This has been linked to the lack of
crystallinity of the deposited YSZ layer. Furthermore, the electrode polarization
resistance of 3.5 Q.cm? is larger than the total of what was reported for the polymeric
precursor derived Ni-GDC and LSM-YDB electrodes (0.50 and 0.55 Q.cm?,
respectively). Although the optimization of the electrode deposition conditions is beyond
the scope of this work, it is expected that the electrode performances obtained in

previous works can be realized in the present fuel cell configuration.
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range of 500 - 600 °C and b) Nyquist graph of YSZ/YDB full cell at 600 °C
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8. CONCLUSION

Immense ionic conductivity of yttria doped bismuth oxide (YDB) is known and
that makes it a promising candidate for intermediate temperature SOFCs. However,
YDB reduces to metallic Bi when it contacts with fuel at the targeted operating
temperatures. For this purpose, we have developed a bilayer electrolyte consisting of a
ca. 200 um — thick YDB and a 500 nm-thick YSZ layer to set the stage for the
fabrication of electrolyte supported SOFCs. It was envisioned that, the tape-cast YDB
would act as the main electrolyte and mechanical support, while the polymeric
precursor-derived, thin YSZ would prevent the reduction of YDB under anode
conditions.

Since for this vision to be realized, the applied YSZ coating must be extremely
thin and crack-free, our efforts focused on the optimization of the YSZ deposition
parameters to ensure homogeneous and crack-free film formation on YDB substrates. To
investigate the effectiveness of YSZ layers, microstructural investigations were
performed by scanning electron microscopy and electrochemical measurements were
taken using a potentiostat in different ambiances. Our experiments showed that the
generic Zr source used in the polymeric precursor derived method, zirconium
oxychloride octahydrate, does not effectively complete polymerization, which, in turn,
led to crack formation in thin films. To overcome that issue, the addition of nitric acid
was supposed to eliminate cracks are in thin films due to the catalyzation of ethylene
glycol appropriately. However, thin films derived from a polymeric precursor with nitric
acid form cracks when they were exposed to heat treatment at 600 °C. The observed
cracks after heat treatment were associated with bismuth yttrium oxychloride these
results corresponded to our XRD and SEM-EDX results. On the other hand, switching
from the generic Zr source to zirconium oxynitrate hydrate resulted in a completely
polymerized solution as it released nitric acid into the solution. Additionally, the absence
of the CI anion in the polymeric precursor prevented the formation of bismuth yttrium
oxychloride led to crack-free and dense YSZ coating even after heat treatment at 600 °C.
Electrical conductivities of thin films obtained from different polymeric precursors are

somewhat lower than the crystalline YSZ because of their poorly crystallized nature.
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Optimized crack-free and dense thin films were investigated under fuel flow and we
obtained promising results that the bismuth oxide was not reduced to Bi metal for 26 h.
Fuel cells with the developed bilayer electrolyte and polymeric precursor-derived
nanocomposite electrodes were constructed. The performance measurements revealed
lower power densities than expected, likely due to i) the extra resistance caused by the
amorphous nature of the applied YSZ coating and ii) non-optimized electrode

fabrication conditions.
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Appendix B: Fabrication of Dense Yttria Stabilized Zirconia Coatings
Using Powder Containing Polymeric Precursor

Production of thin-film electrolytes for low-temperature fuel cell applications
using polymeric precursor-based methods has been reported by several studies [34, 43,
68, 74]. Low fabrication temperatures of thin-film electrolytes (under 1000 °C) can
prevent possible undesired reactions at the electrolyte/cathode interface, which has been
a significant problem [7]. The experiments reported in this study up to this point have
reported the use of polymeric precursors to fabricate crack-free YSZ coatings with
thicknesses of several hundred nanometers. However, especially in the case of YDB,
thicker crack-free YSZ coatings may be required to obtain even higher open circuit
potentials. But, increasing the film thickness is problematic since it brings about the
possibility of crack formation due to larger stresses. To reduce these stresses, Petrovksy
et al proposed to first to form a porous YSZ scaffold on the substrate by depositing a
suspension containing the YSZ powders and then to infiltrate this porous scaffold with
polymeric YSZ precursor to densify it. [74]. Here, we have attempted to use a single
suspension prepared by mixing YSZ powder with polymeric YSZ precursor. This way,

we aimed at reducing the film shrinkage and thus, avoiding crack formation.

e Preparation and Deposition of Powder Containing YSZ Polymeric Precursor

An 8% mol Y203 stabilized ZrO, (YSZ) polymeric precursor was prepared using
the proper amounts of yttrium (111) nitrate hexahydrate (Alfa Aesar, 99.8% trace metal
basis) and zirconium oxychloride octahydrate (Sigma Aldrich, 98% reagent grade).
After the nitrate salts were dissolved in de-ionized water, ethylene glycol was added into
the obtained clear solution and heated up to 120 °C while the solution was stirring until
polymerization was completed. Ethanol and YSZ powder mixture (Tosoh Corp., 8 mol
% yttria) was prepared in an ethanol to YSZ powder weight ratio of 75:6.5 and milled in
a PTFE bottle with 100 gr ZrO. milling media for 24 hours to obtain a homogenous and
well-dispersed suspension. After obtaining a YSZ powder containing slurry and
completely polymerized YSZ polymeric precursor, three types of powder-containing-
polymeric precursor with different YSZ powder to YSZ polymeric precursor weight

ratios (1:1, 1:5, and 1:11) were prepared. Then the prepared suspensions were stirred on
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a hot plate at room temperature until the ethanol into the suspension evaporated and
then, 2-butoxyethanol was added to stabilize the surface energy of the suspension and to
improve its wetting ability.

For deposition, a dip-coater was used with different withdrawal rates and different
deposition cycles. Microscope slides and YDB-1100 ceramics were used as a substrate
for deposition. After each deposition cycle, deposited substrates were heated up on a hot
plate using a ramping rate of 12.5 °C per minute from room temperature to 350 °C, then,
the hot plate was turned off and samples remained on it until they cooled down. YDB-
1100 ceramics allowed us to investigate the sinterability of YSZ coatings at relatively
low temperatures. After determining the optimum deposition parameters of YSZ
coatings, the films fabricated on YDB-1100 ceramics and heat-treated at 1100 °C to

investigate the sinterability of the films.

e Characterization of Prepared Solutions and YSZ Coatings

After the addition of 2-butoxyetanol, to obtain a well-dispersed suspension, the
surface polarization of commercially available YSZ powders in suspension was
investigated by zeta-potential measurements using Zetasizer Nano-ZS. For surface
electrical potential measurements two suspensions were selected (1:1 and 1:11) to
understand boundary conditions. A typical zeta-potential measurement was applied
using HCI and KOH to tune the pH values within the 1 — 12 range.

Microstructural characterization of deposited thin films was performed by
scanning electron microscopy (SEM — Philips XL 30 S FEG) using its secondary
electron microscopy mode to investigate the crack formation of the thin films as-
deposited/dried state and after heat treatment at 1100 °C for 2 h.

e Results and Discussion

Figure B.1 shows the top-surface SEM images of the YSZ coatings deposited onto
glass substrates using suspensions containing YSZ powders and polymeric precursors in
1:11, 1:5 and 1:1 weight ratios. Evidently, the coating deposited from the suspension
containing the smallest amount of YSZ had crack-free surfaces (powder to polymeric

precursor weight ratio of 1:11) (Figure B.1 a and b). Meanwhile, increasing the powder
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content in the suspensions resulted in the formation of larger clusters and cracks in their
vicinity (Figure B.1 c-f).

Figure B1.1: Top surface SEM images of powder-containing-YSZ polymeric precursor
derived YSZ coatings with different polymeric precursor to YSZ powder a) 1 to 11 and
b) higher magnification, c) 1 to 5 and d) higher magnification, e) 1 to 1 f) higher
magnifications.

To optimize the deposition conditions, we have also varied the withdrawal rates
used during the dip-coating process, while keeping the powder to polymeric precursor
ratio constant at 1 : 11 (Figure B.2). The presence of the amorphous phase increased as
the withdrawal rate increased. It can be suggested that slow withdrawal rates allow more
polymeric precursor to be poured back into the beaker, hence leaving a larger amount of
powder behind. At very fast withdrawal rates of 200 mm/min, cracks within the
amorphous phase is observed, while in much slower withdrawal rates, mud cracks
within the powder clusters are observed (Figure B.2a and b). The case in which
withdrawal rate of 100 mm/min was used produces crack-free coatings (Figure B.3c and
d).
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Figure B1.2: Crack formation with respect to withdrawal rate a) 200 mm/min and b)
higher magnification, ¢) 100 mm/min and d) higher magnification, €) 50 mm/min and f)
higher modification for weight ratio of 1 to 11 coatings.

For further optimization, we have varied the number of deposition/drying cycles,
while keeping the withdrawal rate and powder to polymeric precursor weight ratio
(Figure B.3). Increasing the thickness by increasing the number of depositions resulted
in crack formation, suggesting that 5 depositions of the suspension with the 1:11 solids
loading performed at 100 mm/min is the optimum deposition condition for crack free
YSZ coatings.

Figure B1.3: Crack formation with respect to deposition cycle a) 5 times, b) 10 times
and c) 15 times deposited powder-containing-YSZ polymeric precursor.

In our experiments on glass substrates, the common observation was that the YSZ
powders tend to form clusters. To determine the conditions in which these clusters
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would not form, we have measured zeta potentials with under different pH conditions.
Figure B.4 shows the zeta potentials of suspensions with 1 : 1 and 1 : 11 powder to
polymeric precursor ratios. In both cases, suspensions appear to be stable at pH values
lower that 4 and higher than 10.
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Figure B1.4: Zeta-potential values of powder-containing-YSZ polymeric precursor with
powder to polymeric precursor ratioa) 1 to 1 and b) 1 to 11.

The microscope slides have not allowed heat treatment due to their low melting
temperature. Therefore, YDB-1100 ceramics were used as a substrate to test the
sinterability of optimum coatings. Powder-containing-YSZ polymeric precursors
(powder to polymeric precursor ratio of 1:1) were deposited onto YDB-1100 ceramics
for 15 cycles using a rpm of 1500 and heat treated at 1100 °C for 2 h. Highly dense YSZ
layers were obtained after heat treatment (Figure B.5). Considering that prepared
previous study by Buyukaksoy et al. reported that a YSZ suspension sintered at 1150 °C
for 2 h resulted in a 49% open porosity[76], it can be suggested that the powder-
polymeric precursor mixture in fact, worked fine to reduce the sintering temperature.
However, in lower magnification images (not shown here) large cracks, which would

allow hydrogen — bismuth oxide contact, were present at the coating surface.
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Figure B1.5: a) Top surface and b) interface between fired YSZ coating at 1100 °C for
2h and YDB-1100.

e Summary

In this part of the study, the development of yttria-stabilized zirconia coatings on
dense yttria-doped bismuth oxide (YDB) ceramics using a mixture of commercially
available YSZ powders and YSZ polymeric precursor was presented. This way thicker
YSZ coatings than those derived polymeric precursors were aimed. Optimum powder to
polymeric precursor ratios and dip-coating parameters (withdrawal speed, number of
deposition layers etc.) were determined to ensure crack-free coatings on glass substrates.
On YDB substrates, although thick, dense YSZ coatings were achieved after sintering

only at 1150 °C, crack formation could not be avoided.
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