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Abstract

Abstract

The growing demand for renewable energy and the need for efficient energy conversion technologies
have spurred significant interest in solid oxide cells (SOCs). Recently, proton-conducting ceramic cells
(PCCs) have gained considerable attention due to their potential to operate at lower temperatures than
oxygen-ion-conducting SOCs. However, their widespread adoption faces challenges related to material
stability, mechanical integrity, electrolyte densification, and fabrication compatibility. This dissertation
seeks to overcome these challenges through a systematic investigation, from material design to
fabrication, aimed at developing mechanically robust and high-performance PCCs. The results are

presented in four main sections:

First, a systematic study was conducted on BaZrog.Ceo2YxOs.5 (BZCY, x = 0.1-0.3) proton conductors,
targeting high Zr/Ce ratios for enhanced thermochemical stability. The effect of Y substitution on phase
formation, grain boundary characteristics, proton conductivity, and hydration behavior was evaluated.
Electrochemical impedance spectroscopy revealed that proton mobility in the bulk remained nearly
constant for Y < 25%, indicating a complex interplay between Y-trapping and percolation effects.
Meanwhile, grain boundary conductivity was enhanced through Y segregation, supporting the space
charge layer model. A substitution level of 20 at% Y was found to be optimal, maximizing conductivity
by promoting both bulk and grain boundary proton transport while avoiding secondary phase formation

due to solubility saturation.

Second, the mechanical performance of BZCY/NiO fuel electrode supports was analyzed across
different sintering and reduction conditions. Ring-on-ring testing, SEM-based fractography, and
Weibull statistics demonstrated that sintering temperature and NiO-to-Ni reduction strongly influenced
the porosity, flaw population, and ultimately the mechanical strength. Compared to YSZ/NiO
composites, BZCY-based supports showed lower strength, underscoring the need for improved

structural design for large-area PCCs applications.

Third, to address the fabrication of thin electrolyte layers, a binder-free wet powder spraying (WPS)
method was developed using ethanol-based suspensions without organic additives. By reducing the solid
content and spraying rate, individual wet layers were dried between successive passes, minimizing
tensile stress and preventing crack formation. Systematic optimization of solid content, particle size
distribution, and spray distance led to the successful deposition of crack-free electrolyte films. This work
proved that WPS can be a scalable and cost-effective method for effectively fabricating thin electrolyte

for large scale PCCs.
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Finally, co-sintering of the thin electrolyte with different fuel electrode substrates was investigated,
revealing critical correlations between substrate shrinkage behavior, Ba evaporation, and electrolyte
densification. Zr-rich Ba-based substrates with poor shrinkage failed to retain Ba during sintering,
leading to secondary phase formation and incomplete densification. While Ce rich Ba-based substrate
demonstrated more substantial shrinkage before Ba evaporation occurred, greatly facilitating electrolyte
densification. Meanwhile, Sr-based fuel electrodes introduced Sr diffusion that partially compensated
for Ba loss and promoted sintering at lower temperatures. By leveraging an optimized wet powder
spraying process to deposit an uniform, ultra-thin electrolyte layer and applying insights from half-cell
co-sintering studies, gas-tight half-cells with an electrolyte thickness below 3 pm were successfully
fabricated. The best fabricated full cell with Ce-rich fuel electrode exhibited power densities exceeding
1000 mW-cm2 at 600 °C and 0.7 V in fuel cell mode, along with a current density of 2911 mA/cm? at

an applied voltage of 1.3 V in electrolysis mode.

In summary, this work not only contributes new insights into the structure-processing-property
relationships of Ba-based proton conductors but also establishes scalable fabrication routes and
innovative design strategies for next-generation protonic ceramic devices. The demonstrated
combination of advanced processing techniques with fundamental materials understanding paves the
way for large-scale deployment of these technologies in renewable energy conversion and storage

systems.
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Kurzfassung

Der wachsende Bedarf an erneuerbaren Energien und die Notwendigkeit effizienter
Energiewandlungstechnologien haben das Interesse an Festoxid-Zellen (SOCs) erheblich gesteigert. In
jingster Zeit haben protonenleitende keramische Zellen (PCCs) aufgrund ihres Potenzials, bei
niedrigeren Temperaturen als sauerstoffionenleitende SOCs zu arbeiten, grole Aufmerksambkeit erlangt.
Thre weitverbreitete Anwendung steht jedoch vor Herausforderungen in Bezug auf Materialstabilitét,
mechanische Integritét, Elektrolytverdichtung und Fertigungskompatibilitit. Diese Dissertation zielt
darauf ab, diese Herausforderungen durch eine systematische Untersuchung von der
Materialentwicklung bis zur Herstellung zu liberwinden, mit dem Ziel, mechanisch robuste und

leistungsstarke PCCs zu entwickeln. Die Ergebnisse werden in vier Hauptabschnitten dargestellt:

Erstens wurde eine systematische Untersuchung an BaZrosxCeo2Y«Os3s (BZCY, x = 0.1-0.3)
Protonenleitern durchgefiihrt, wobei hohe Zr/Ce-Verhéltnisse zur Verbesserung der thermochemischen
Stabilitdt angestrebt wurden. Der Einfluss der Y-Substitution auf Phasenbildung, Korngrenzen-
eigenschaften, Protonenleitfdhigkeit und Hydratationsverhalten wurde bewertet. Die elektrochemische
Impedanzspektroskopie zeigte, dass die Protonenbeweglichkeit im Volumen fiir Y < 25 % nahezu
konstant blieb, was auf ein komplexes Zusammenspiel zwischen Y-Bindung und Perkolation hinweist.
Gleichzeitig wurde die Korngrenzenleitfdhigkeit durch Y-Anreicherung erhoht, was das Modell der
Raumladungszone unterstiitzt. Ein Substitutionsgrad von 20 at% Y erwies sich als optimal, da er sowohl
den Protonentransport im Volumen als auch an den Korngrenzen forderte und gleichzeitig die Bildung

von Sekundérphasen durch Loslichkeitsiiberséttigung vermied.

Zweitens wurde die mechanische Leistung von BZCY/NiO-Brennstoffelektroden-Tridgern unter
verschiedenen Sinter- und Reduktionsbedingungen analysiert. Ring-auf-Ring-Priifungen, REM-
gestiitzte Bruchfldchenanalyse und Weibull-Statistik zeigten, dass Sintertemperatur und die NiO-zu-Ni-
Reduktion die Porositit, Fehlstellenverteilung und letztlich die mechanische Festigkeit stark
beeinflussten. Im Vergleich zu YSZ/NiO-Verbundwerkstoffen zeigten BZCY-basierte Tréger eine
geringere Festigkeit, was die Notwendigkeit einer verbesserten Strukturgestaltung fiir Anwendungen

mit groBflachigen PCCs unterstreicht.

Drittens  wurde zur  Herstellung  diinner  Elektrolytschichten ein  bindemittelfreies
Nasspulverspritzverfahren (WPS) entwickelt, das ethanolbasierte Suspensionen ohne organische
Zusatzstoffe verwendet. Durch die Reduzierung des Feststoffgehalts und der Spriihrate sowie das
Zwischentrocknen einzelner nasser Schichten zwischen den Sprithdurchgidngen konnten
Zugspannungen minimiert und Rissbildungen vermieden werden. Die systematische Optimierung von

Feststoffgehalt, PartikelgroBenverteilung und Sprithabstand fiihrte zur erfolgreichen Abscheidung

il
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rissfreier Elektrolytfilme. Diese Arbeit zeigte, dass WPS eine skalierbare und kosteneffiziente Methode
zur effektiven Herstellung diinner Elektrolyte fiir groBfldchige PCCs darstellt.

SchlieBlich wurde das Kosintern des diinnen Elektrolyten mit unterschiedlichen Brennstoffelektroden-
Substraten untersucht, wodurch entscheidende Zusammenhéinge zwischen dem Schwindungsverhalten
des Substrats, der Ba-Verdampfung und der Elektrolytverdichtung aufgedeckt wurden. Zr-reiche, Ba-
basierte Substrate mit geringer Schrumpfung konnten wahrend des Sinterns kein Ba zuriickhalten, was
zur Bildung von Sekundirphasen und unvollstindiger Verdichtung fiihrte. Ce-reiche, Ba-basierte
Substrate zeigten hingegen ein stdrkeres Schrumpfen, bevor Ba-Verdampfung eintrat, was die
Elektrolytverdichtung erheblich erleichterte. Sr-basierte Brennstoffelektroden flihrten zu einer Sr-
Diffusion, die den Ba-Verlust teilweise ausglich und das Sintern bei niedrigeren Temperaturen forderte.
Durch die Anwendung eines optimierten Nasspulverspritzverfahrens zur Abscheidung einer
gleichméBigen, ultradiinnen Elektrolytschicht und die Nutzung der Erkenntnisse aus
Kosinteruntersuchungen von Halbzellen konnten gasdichte Halbzellen mit einer Elektrolytdicke von
unter 3 pm erfolgreich hergestellt werden. Die beste gefertigte Vollzelle mit Ce-reicher
Brennstoffelektrode erreichte Leistungsdichten von iiber 1000 mW-cm™ bei 600 °C und 0,7 V im
Brennstoffzellenbetrieb sowie eine Stromdichte von 2911 mA cm™ bei einer angelegten Spannung von

1,3 V im Elektrolysebetrieb.

Zusammenfassend tragt diese Arbeit nicht nur zu neuen Erkenntnissen iiber die Struktur-Verarbeitungs-
Eigenschafts-Beziehungen von Ba-basierten Protonenleitern bei, sondern etabliert auch skalierbare
Herstellungsverfahren und innovative Designstrategien fiir Protonenkeramik-Bauteile der néchsten
Generation. Die gezeigte Kombination aus fortschrittlichen Verarbeitungstechniken und grundlegendem
Materialverstandnis ebnet den Weg fiir die groftechnische Einfithrung dieser Technologien in Systemen

zur Umwandlung und Speicherung erneuerbarer Energien.
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1 Introduction and Objectives

1 Introduction and Objectives

The ever-growing global demand for energy has significantly accelerated the consumption of fossil fuels,
which, in turn, has led to a range of serious environmental issues. In response, countries worldwide are
actively working to increase the share of renewable energy in their energy portfolios [1-3]. Renewable
energy sources such as solar, wind, and hydro are promising, but their intermittent nature and
geographical dependence limit their ability to provide a stable and continuous energy supply. In contrast,
hydrogen, which can be generated through various methods, is a storable and transportable energy
carrier, making it a highly attractive option. Among these, hydrogen produced from renewable sources
is considered the cleanest fuel available. Realizing a hydrogen-based energy economy, however,

requires efficient technologies for converting energy between hydrogen and electricity.

Solid oxide cells (SOCs), which function as reversible electrochemical devices, either operating as fuel
cells (converting hydrogen to electricity) or as electrolysis cells (converting electricity to hydrogen),

have emerged as a promising solution for this energy conversion challenge [4-9].

In particular, proton-conducting ceramic cells (PCCs) have garnered increasing attention in the past
decade [10—-16]. Compared to oxygen-ion-conducting SOCs, PCCs exhibit higher ionic conductivity in
the intermediate to high temperature range (400-600 °C). Moreover, owing to their distinct
electrochemical mechanisms, PCCs offer several operational advantages, such as water formation
occurring at the air electrode side, which prevents dilution of the H,. Despite these benefits, PCCs remain
at a relatively low technology readiness level. Their path to commercialization is hindered by several
critical challenges, including material instability, mechanical weaknesses, fabrication difficulties, low

Faradaic efficiency and so on.

This dissertation aims to contribute to the development of high-performance PCCs, beginning with a
fundamental investigation of proton-conducting oxide materials. The key objectives and structure of the

research are as follows:

- In-depth characterization of the BaZrosxCeo2YxOs.5 system, focusing on the role of the dopant
Y on various material properties including phase composition, sinterability, microstructure,
hydration behavior, proton conductivity, and mechanical strength. This study provides insight
into the defect chemistry and transport properties of proton-conducting oxides, expands the
material landscape, and identifies the optimal Y-doping level for enhanced performance.

- Evaluation of the mechanical properties of fuel electrode supports, which serve as the structural
backbone of the full cell. This section investigates how varying the sintering temperature

influences porosity and mechanical performance. Fractographic analysis is conducted to

1



1 Introduction and Objectives

understand failure mechanisms, offering insights into the mechanical limitations of PCCs and
proposing strategies for improvement.

Fabrication of ultrathin proton-conducting electrolyte layers, aiming to reduce the ohmic
resistance of the full cell. A wet powder spraying method is adopted and optimized to achieve
uniform, crack-free electrolyte coatings after drying, laying the foundation for successful co-
sintering.

Investigation of co-sintering mechanisms between the electrolyte and various types of fuel
electrodes, with a focus on BaZresCeo2Y0.1503./NiO, BaZro16Ceo.64Y0.1Ybo.103.5/NiO, and
StZry5Ce0.4Y0.103-5/NiO. Key aspects studied include the impact of substrate shrinkage on Ba
evaporation, the compensating role of Sr diffusion for Ba loss, and finally the effect on
electrolyte densification. The optimized co-sintering process enables the fabrication of dense
and gas-tight half-cells with a proton-conducting electrolyte layer as thin as 3 pm, which are

subsequently tested in both fuel cell and electrolysis operating modes.
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2.1 Proton-Conducting Oxides
2.1.1 Materials Development

The foundational development of proton-conducting ceramics as practical electrolyte materials can be
traced back to pioneering studies by Hiroyasu Iwahara and his collaborators in the early 1980s [17-19].
In their groundbreaking work published in 1981 [17], Iwahara et al. first demonstrated significant proton
conductivity in sintered perovskite-type oxides. These findings opened new pathways toward utilizing

ceramics for high-temperature steam electrolysis and other hydrogen-based energy technologies.

Following Iwahara's initial discovery, extensive research was rapidly directed toward exploring
perovskite-based proton conductors, primarily focusing on compositions derived from BaCeOs and
BaZrOs due to their favorable proton conduction characteristics [20-26]. Specifically, trivalent dopants
like Y3, Gd*', and Yb** were introduced to create oxygen vacancy within the perovskite lattice [22,27—
29], significantly enhancing proton conductivity through the formation of hydroxyl groups under

humidified conditions.

Following this conceptual breakthrough, material development efforts focused primarily on two families
of perovskite oxides: BaCeOs-based and BaZrOs-based systems [24,30-42]. Among these, BaCe.
«YxOs35 (BCY) attracted attention due to its high proton conductivity, often exceeding 102 S cm™ at
600 °C in humidified atmospheres [25,43,44]. However, the major limitation of cerate-based materials
lies in their poor thermochemical stability [26,45,46]: BaCeOs reacts readily with CO; and H,O to form
non-conductive phases like BaCO; and CeO;, which compromise long-term durability in practical

applications.

To overcome this, research gradually turned toward zirconate-based perovskites, such as BaZr;.«YxOs.
(BZY), which exhibit significantly enhanced chemical stability. Although their proton conductivity is
typically lower than BCY at a given temperature, zirconates maintain phase stability even in moist CO»-
containing environments [26,47], making them more suitable for real-world applications. A key
challenge, however, is that BZY materials often show high grain boundary resistance, which reduces

the effective conductivity in polycrystalline samples [21,48].

The compromise strategy is the partial replacement of Ce with Zr to maintain relatively high ionic
conductivity but also achieve high chemical and mechanical stability. BCY and BZY are not
isostructural at room temperature [49]. The zirconate is cubic, space group Pm-3m, while for the cerate,

Barium cerate undergoes three structural phase transitions up to 1000 °C [50]: crystallization in the
3
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cubic perovskite structure (Pm-3m) occurs only at high temperature (900 °C), the transition from the
room temperature orthorhombic phase (Pnma) to another orthorhombic phase (Imma) occurs at ~290°C,
to a rhombohedral phase (F-32/n) at 400°C. It was reported that the structure of BaZr;—«CexO3 evolves
from cubic Pm-3m to rhombohedral R-3c, then to centered orthorhombic then to primitive orthorhombic
with increasing cerium content [51]. This result is not absolute and also depends on the preparation

method, the heat treatment temperature and the Y doping content, among other factors.

By increasing the ratio of Zr/Ce the thermal-chemical stability can be improved. Fig. 2.1 is the XRD
pattern of the sintered BaCeo.9-xZrxY0.102.5 after being tested in boiling water [52]. The XRD patterns
for the pellets of BaCe.9Y0.102.95 and BaCeo.7Zr02Y0.102.95 changed significantly after being boiled in
water. However, the XRD patterns for the pellets of BaCeo.5Zr0.4Y0.102.95 and BaCeo3Zr0.6Y0.102.95 barely
changed after the same stability test. Fig. 2.3 shows the XRD pattern of the calcined BaCeo3-xZrxY0.203-5
powders with different Zr contents after being treated at 900 °C for 3 h in flowing CO; [53]. The XRD
pattern of the sample with x=0.8 was the same before and after the treatment in CO,. Only a small
amount of BaCOj3; was observed for the sample with x=0.5 after CO; exposure, while the formation of
CeO; and BaCOj3 was verified for the samples with x=0.0 and 0.3 compositions. These results suggested
that zirconium addition into barium cerates can definitely improve the chemical stability of Y doped
Ba(Zr, Ce)O3 (BZCY) compounds based on short-term tests. Therefore, the Zr/Ce ratio is a critical factor

for achieving optimal conductivity while ensuring thermo-chemical stability.

Overall, among the various proton-conducting perovskites investigated so far, acceptor doped Ba(Zr,
Ce)O; has emerged as the most promising electrolyte material due to its unique ability to combine the
favorable properties of both BaCeOs and BaZrOs [54—63]. It is now widely recognized as a state-of-the-
art proton-conducting electrolyte system that meets the critical performance and durability requirements

for practical electrochemical energy conversion applications.

BaCe(3Zro6Y0.10295
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Figure 2.1. XRD patterns for sintered BaCeo.9-xZ1xY0.102.95, after being boiled in water for 6 h [52].
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Figure 2.2. XRD patterns of BaCeos«ZrxY0.203.5 powders after exposure to CO, atmosphere at 900 °C for 3 h
[53].

2.1.2  Defect Chemistry and Proton Transport

Protons do not occupy regular lattice positions in proton-conducting oxides; instead, they are
incorporated into the structure by associating with lattice oxygen ions to form hydroxyl groups, typically
represented as OHg in Krdger-Vink notation [64]. This incorporation process originates from the
dissociative adsorption of hydrogen-containing species, such as hydrogen gas. The process can be

expressed as:

H,(g) + 205 < 20Hg + 2¢€’ 2.1
where the equilibrium constant is expressed as:
[OHp]?n?
=0 - 22
PH, [05]? (2.2)

When protons are one of the majority point defects, they are more commonly introduced by interaction
between oxygen vacancies and water vapor according to:

H,0(g) + Vg3 + 05 « 20Hg (2.3)
and the equilibrium constant expressed as:

—AH® [OHp]?

K e o 8% oy OO _ OHRE
= PR PR T 1108 1Pry0
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These expressions are central when addressing proton dissolution, or water uptake in oxides. The

reaction is often referred to in the literature as the hydration reaction [65-76].

The Grotthuss mechanism is now the most accepted and likeliest mechanism for proton conduction in
oxide at high temperature [77]. In this mechanism the conducting species are H' ions that are always
located in the electronic cloud of an oxygen of the network, and the conduction can occur only through
a jump of the proton itself from the acceptor site toward an adjacent site. The process can be split into

two steps. The first one consists in the reorientation of the proton around the oxygen, which makes the
5
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second step easy, the proton jump toward the nearest oxygen neighbor. Both steps of the Grotthuss
mechanism are represented in Fig. 2.3.

a)

Figure 2.3. Schematic representation of the two steps of proton diffusion according to Grotthuss mechanism: (a)

reorientation and (b) proton jump toward the neighbor oxygen atom [77].

It is crucial to increase the number of oxygen vacancies in order to increase the concentration of proton
defects. One effective strategy to increase the number of oxygen vacancies is low valent acceptor cation
doping (e.g. Y** doped BZY). The formation of oxygen vacancies can be expressed as:
Y,05 = 2Yz,. + 305 +V§ (2.5)

In the presence of water vapor, these vacancies can be hydrated, and acceptor doping, accordingly,
increases the concentration of protons. The literature of high-temperature proton conductors is
dominated by systems that are to some extent acceptor doped. The concentration and the mobility of
proton defect, which determine the proton conductivity, highly depends on the type of acceptor doping

elements.

Yttrium is currently the most popular among various trivalent acceptor elements [78-92]. Compared to
many trivalent lanthanide elements, Y substitutes very little at the A-site of the perovskite structure
ABO; in Ba(Zr,Ce)Os [27], allowing Y substitution to form the theoretical oxygen vacancy
concentration and reach nearly the theoretical saturation hydration concentration in a humid atmosphere.
Additionally, the hydration enthalpy and entropy determine the hydration capability of Ba(Zr,Ce)Os; at
different temperatures. Kreuer et al.'s [22] research shows that BaZrO; doped with varying amounts of
Y has almost constant hydration enthalpy and entropy, allowing BZY to maintain a certain proton
concentration even at relatively high temperatures, which is important in high-temperature
electrochemical device applications. In their work they also show that Y introduces the highest proton
mobility compared to other dopants such as Gd, Sc and In. Although Sc substitution exhibits similar
hydration capability to Y substitution, it has the lowest proton mobility. Because of the excellent
hydration capability and high proton mobility demonstrated by Y substitution, almost all reports indicate
that Y is one of the best acceptor elements regarding the proton conductivity among the other trivalent
elements [28,29]. Han et al. [27] compared 14 dopants in the system BaZrOs, including Sc, Y, In, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yb, and concluded that only materials substituted with Tm

and Ho exhibited conductivities comparable to the one with Y.



2 Literature Review

In proton-conducting oxides, the phenomenon known as proton trapping refers to the temporary
immobilization of protons in the local environment of acceptor dopants, which hinders their long-range
mobility [84,93-96]. This effect originates from the strong interaction between the proton and the
dopant’s neighboring oxygen atoms, whose altered basicity increases the migration barrier. Protons tend
to be captured in close proximity to the dopant, forming proton—dopant complexes, while regions distant

from dopants remain largely trap-free.

Acceptor doping is generally employed to enhance proton conductivity by generating oxygen vacancies,
which serve as hydration sites. However, as a proton hops along a network of lattice oxygen ions, it can
be attracted to the localized negative potential near a B-site dopant, falling into a trap. After residing
there for a finite time, the proton may be released through thermal activation. This intermittent trapping
and release process delay net proton transport and, consequently, reduces the overall conductivity.
Because proton conductivity in bulk electrolytes is directly governed by proton mobility via the
Grotthuss mechanism, any reduction in mobility caused by trapping leads to a corresponding decrease

in conductivity.

While increasing dopant concentration initially raises the number of charge carriers and oxygen
vacancies, excessive substitution often introduces more trapping centers, thereby impeding transport. In
some cases, high dopant levels also induce structural phase changes that further modify migration
pathways. A schematic representation of possible diffusion routes influenced by proton trapping is

shown in Figure 2.4.
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Figure 2.4. Schematic illustration of proton trapping in acceptor-doped proton conductors, highlighting potential

pathways for proton migration [84].

There is also another so-called nano-percolation effect in BZY [97]. Proton transport is strongly
influenced by the spatial distribution of dopants and the resulting local energy landscape. At low
acceptor concentrations, protons tend to be immobilized near dopant sites due to attractive electrostatic

interactions and local structural distortions, a situation that restricts their long-range mobility. These

7
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localized regions act as trapping zones, forcing protons to spend significant time in energetically
unfavorable “wells” before continuing their migration. As a result, conduction at low doping levels is

largely limited by the prevalence of such traps.

When the dopant concentration increases beyond a certain threshold, the trapping regions associated
with individual dopants begin to overlap at the nanometer scale. This overlap creates a continuous
network of energetically favorable pathways, referred to as nano-percolation channels, through which
protons can hop more efficiently. In this regime, the local trapping effect is partially offset by the
increased connectivity between dopant-associated sites, enabling protons to traverse the lattice via a
series of shorter, energetically accessible jumps. Computational studies, combining density functional
theory and kinetic Monte Carlo simulations, have shown that such nano-scale percolating networks
markedly reduce the effective migration barrier and enhance macroscopic proton conductivity [98], as

show in Figure 2.5.
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Figure 2.5. Schematic illustration of the nano-percolation effect in proton conduction [98].

The efficiency of this mechanism depends not only on dopant concentration but also on the spatial
arrangement of the dopants. A more ordered dopant distribution can yield directional percolation paths,
enabling anisotropic transport where certain crystallographic directions exhibit higher conductivity.
Conversely, excessive dopant loading or clustering can lead to structural changes that disrupt percolating

channels, once again hindering proton motion. Thus, the nano-percolation mechanism represents a
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delicate balance between trap formation and network connectivity, offering a compelling explanation

for the conductivity maxima often observed in intermediate-doped BZY compositions.

2.1.3  Sintering Challenges of Ba-based Proton Conductors

The densification of Ba-based proton-conducting ceramics, especially those with high zirconium content
such as BZY, presents significant challenges due to their intrinsically refractory nature. Compositions
rich in Zr tend to exhibit strong resistance to sintering and are often characterized by highly resistive
grain boundaries. These characteristics necessitate elevated sintering temperatures and prolonged dwell
times to achieve full densification and sufficient grain growth. However, such high-temperature
treatments can lead to undesired evaporation of barium from the perovskite lattice. In cases of severe
Ba loss, secondary phases such as Y,0; may segregate from the bulk, ultimately degrading proton

conductivity and altering the nominal stoichiometry of the material.

To address these sintering limitations, the incorporation of sintering aids has been actively explored as
a practical route to reduce the densification temperature while maintaining phase purity and
microstructural integrity. Early work by Haile et al. [99] demonstrated that the addition of ZnO could
significantly lower the sintering temperature of BZY without compromising its structural or conductive
properties, stimulating extensive follow-up investigations into alternative sintering additives. Various
transition metal oxides, including NiO, CuO, CoO, and ZnO, have been studied for their potential to
promote densification. For instance, BaZrs5Y0.15035 sintered at 1450 °C for 8 hours with CuO as a
sintering aid achieved a relative density exceeding 95% [100], a level that would otherwise require
sintering at 1670 °C for 24 hours in the absence of additives, as shown in Figure 2.6. Similarly, the use
of NiO, ZnO, and CuO has been shown to yield BaCeo3Zro55Y0.1503-5 ceramics with relative densities
above 95% at a substantially lower sintering temperature of 1400 °C [101]. These findings underscore
the critical role of carefully selected sintering aids in tailoring the densification behavior of proton-

conducting oxides.
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Figure 2.6. Relative densities of the sintered pellets with various sintering aids [100].
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Another promising technique to facilitate densification is the solid-state reactive sintering (SSRS)
approach, which integrates precursor synthesis and high-temperature sintering into a single thermal step.
This method not only accelerates the formation of the desired perovskite phase but also enhances mass
transport at the grain boundaries. During SSRS, transient liquid-phase formation between alkali and
transition metal oxides can further assist densification through capillary-driven rearrangement and rapid
diffusion. In a comprehensive comparison of 16 sintering additives using SSRS, Nikodemski et al. [102]
found that the best-performing systems, those incorporating NiO, ZnO, CoO, and CuO, produced
ceramics with the highest shrinkage and relative density. Fig. 2.7 shows the optical image of the
BaCeo6Zr03Y 01035 pellets before and after sintering with different sintering aids. A key observation
was that sintering aids with ionic radii similar to Zr*" tended to integrate more effectively into the lattice

or grain boundary region, leading to superior densification behavior, as shown in Figure 2.8.

A) B)

Figure 2.7. Images of BCZY proton conducting ceramic pellets sintered at 1450 °C for 12 h by SSRS. A) Legend
showing the metal oxide additive (5 mol.%) added to the BCZY powder mixture. B) Pellets on alumina plate

before sintering. C) Same pellets after sintering. Con is the control sample [102].
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Figure 2.8. Relative density achieved after solid state reactive sintering vs. ionic radius [102].
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Liquid phase sintering is another approach to make the Ba-based proton conductor to be densified at
lower temperature. The available literature consistently demonstrates that performing the sintering
process in the presence of a liquid phase greatly benefits densification and grain growth of ceramics
[103—107]. The liquid phase forms a wetting medium around the solid grains, generating capillary forces
that pull particles closer and enhance mass transport via dissolution and reprecipitation mechanisms.
Consequently, grain coarsening and densification can occur at lower temperatures and in shorter

sintering times compared to conventional solid-state sintering.

An example is the work by Jiao et al. [108], who successfully lowered the sintering temperature of
BaZrossY0.1503-5 to 1400 °C by introducing a BaO-B,0s alkali composite as a sintering additive. This
composite possesses a relatively low melting point around 1060 °C, which acts as the main driving force
for liquid phase formation during the sintering cycle. Increasing the amount of this sintering aid up to
10 wt% resulted in improved shrinkage rates and relative densities, highlighting the additive's
effectiveness in enhancing the sintering kinetics. However, the authors reported that maintaining the
sintering aid below 3 wt% was critical in preserving high grain boundary conductivity, as excessive

additive content led to secondary phase segregation at grain boundaries, impeding proton conduction.

Similarly, Le et al. [109] investigated the effect of 3 mol% Bi,O; addition to BaZr9Y0.10s5, finding
that the sintering temperature could be reduced to 1480 °C with enhanced sinterability. Nonetheless,
they observed a concomitant decrease in both bulk and grain boundary conductivities, which they
attributed to the presence of Bi-rich secondary phases formed during sintering. This phenomenon
underlines a critical trade-off inherent in liquid phase sintering: while densification and microstructure
can be optimized, the formation and distribution of secondary phases must be carefully controlled to

avoid compromising the electrolyte’s proton conduction pathways.

Typically, introducing NiO into the BZCY system during the SSRS process effectively lowers the
required sintering temperature. The key to successful SSRS sintering was found to be the formation of
a transient liquid phase rich in Ba, Ni, and Y, BaY>NiOs [38,82,110—115], which significantly enhanced
cation transport, facilitating densification, grain growth, and homogenization of B-site cation
composition. This transient liquid phase forms more readily when NiO is added directly to the oxide
precursors (BaO, ZrOz, CeO2, and Y20s) than when added to pre-formed BZCY powders, as show in

Figure 2.9 suggesting that in-situ formation of the liquid phase during sintering is critical.
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Molten (Ba,Ni,Y)O, +

dissolved Ce, Zr

Figure 2.9. Schematics of the Liquid phase sintering mechanism of BZCY during the SSRS process.

However, the use of sintering aids must be approached with caution, as they serve only as secondary
components to assist ceramic densification and often do not contribute to, or may even be detrimental
to, the physicochemical properties of the ceramics. In proton conductors, the addition of sintering aids
can significantly reduce hydration capability, leaving more oxygen vacancies unhydrated at certain
temperature. Uda et al. [116] reported that the addition of 2 wt% NiO adversely affected the hydration
behavior of the material, significantly reducing proton conductivity. Moreover, the reduced hydration
capability results in higher electronic transport numbers under high oxygen partial pressure. In cell
operating mode, this manifests as a lower Faradaic efficiency. Therefore, the amount of sintering aid
must be carefully considered. Huang et al. [111,117] demonstrated that a lower concentration, such as
0.5 wt%, provided effective sintering assistance without substantially compromising the electrochemical
performance. These studies highlight the importance of optimizing the type and amount of sintering aid

to balance densification with functional properties.

Sintering aids often exhibit limited solubility in the host lattice and are therefore prone to forming
secondary phases. In addition, during the sintering of proton conductors, positively charged grain
boundary cores can form, leading to the segregation of low-valence cations such as Ni** at the grain
boundaries. Although Huang et al. [118] reported that the accumulation of Ni?* at grain boundaries does
not significantly affect the grain boundary conductivity, the added complexity and unpredictability

introduced by such phenomena remain one of the challenges associated with the use of sintering aids.
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2.2 Proton Conducting Oxides in the Application of Fuel and Electrolysis Cells

2.2.1 Proton vs. Oxygen-ion Conductors

SOCs represent a core electrochemical technology for efficient energy conversion and storage and are
primarily constructed using either oxygen-ion or proton-conducting electrolytes. Despite their similar
cell architecture, typically consisting of a dense electrolyte layer sandwiched between porous electrodes,
the choice of charge carrier (O* or H") leads to fundamentally different reaction mechanisms, transport

behaviors, and system-level advantages.

In a conventional oxygen-ion-conducting solid oxide fuel cell (O-SOFC), as shown in Figure 2.10,
oxygen molecules from air are reduced at the cathode, forming oxide ions (O?") that migrate through the
electrolyte to the anode, where they oxidize hydrogen fuel to form water vapor. The water generated at
the anode side as a product of hydrogen oxidation, which changes the local gas composition and may
lead to a reduction in the effective hydrogen utilization. In contrast, in a proton-conducting fuel cell
(PCFC), hydrogen is oxidized at the anode to produce protons and electrons. The electrons flow through
the external circuit to the cathode, while the protons migrate across the electrolyte and react with oxygen
at the cathode to form water vapor. As a result of this reversed water production location, an advantage
of PCFCs is that water is formed at the cathode rather than the anode, which prevents local changes in

gas composition at the anode side and thereby ensures stable hydrogen utilization.
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Figure 2.10. Schematic illustration of two different SOFC during their operations: a) Oxygen-ion-conducting

electrolyte; b) Proton-conducting electrolyte [119].
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A similar distinction exists in electrolysis mode, as shown in figure 2.11. In oxygen-ion-conducting
solid oxide electrolysis cells (O-SOECs), steam is introduced at the cathode, where it is split into
hydrogen and oxygen ions. The latter migrate to the cathode and release oxygen gas. In proton-
conducting electrolysis cells (PCECs), however, steam is introduced at the anode, and the resulting
protons are transported to the anode where hydrogen is generated. This configuration results in the
production of pure, dry hydrogen at the cathode, presenting a major practical advantage in hydrogen

separation and collection.
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Figure 2.11. Schematic illustration of two different solid-oxide electrolysis cells (SOEC) during their operations:

a) Oxygen-ion-conducting electrolyte; b) Proton-conducting electrolyte [120].

Beyond system-level benefits, proton conductors also offer important material-level advantages. As
discussed earlier, proton-conducting perovskites often exhibit higher ionic conductivity than oxygen-
ion conductors at intermediate temperatures. This allows for lower operational temperatures, which
reduces thermal stresses, suppresses interdiffusion between cell components, and improves the chemical

and mechanical stability of the device during long-term operation.

However, these advantages are not without trade-offs. A notable limitation of proton-conducting
electrolytes is their inability to achieve a 100% Faradaic efficiency. This is because most proton
conductors are not purely protonic but also exhibit minor but non-negligible electronic and oxygen-ion
conductivity. The presence of these parasitic charge carriers can lead to internal leakage currents,

thereby reducing the overall efficiency of the cell.

The hydration process of proton-conducting oxides is described by Equation 2.3, where oxygen
vacancies react with water vapor to generate mobile protons in the form of hydroxide defects. The
equilibrium constant for this hydration reaction can be expressed as shown in Equation 2.4, which
clearly indicates that the equilibrium constant decreases with increasing temperature. This implies that
the hydration reaction becomes less favorable at elevated temperatures, shifting the equilibrium to the
left. Consequently, within the typical operating temperature range of proton-conducting ceramic cells

(400-600 °C), the electrolyte remains only partially hydrated. Under these conditions, residual oxygen
14



2 Literature Review

vacancies are present, allowing a parallel transport pathway for oxide ions and contributing to non-

negligible oxygen-ion conductivity.

Moreover, under oxidizing atmospheres, these oxygen vacancies can be annihilated via oxidation, as
illustrated by the corresponding defect reaction 2.6. This reaction introduces additional holes (positive
electronic defects) into the system, thereby giving rise to electronic conductivity. As a result, the overall
transport behavior of proton-conducting oxides under realistic working conditions often involves a
combination of protonic, oxygen-ionic, and electronic conduction. This intrinsic mixed conductivity
complicates the achievement of ideal Faradaic efficiency, particularly under conditions of high

temperature and high oxygen partial pressure.

20, +V5 © 20" +05  (2.6)

2.2.2  Planar Cell Configuration and Manufacturing Routes

In the development of SOCs, two primary cell configurations have been widely adopted: tubular and
planar designs. Tubular SOCs are characterized by a coaxial, cylindrical geometry in which the
electrodes and electrolyte are deposited concentrically. This configuration offers excellent sealing
reliability and structural integrity but has relatively lower power density and limited scalability. On the
other hand, planar SOCs adopt a flat, layered structure where the fuel electrode, electrolyte, and air
electrode are stacked in parallel. This arrangement allows for more compact cell assemblies and higher
power density. Moreover, the planar configuration is compatible with conventional ceramic processing
techniques such as tape casting, screen printing, and physical vapor deposition and so on. Planar SOCs

are currently the dominant configuration for high-performance, scalable energy systems.

In response to the growing demand for lower operating temperatures in SOCs, modern cell designs
increasingly favor thin electrolyte layers to reduce ohmic resistance and therefore enhance power density.
Among various configurations, fuel electrode supported cells have emerged as a practical architecture
[121,122], which has been proven effective in systems based on oxygen-ion conductors [123-125]. In
this design, the porous fuel electrode serves as a mechanically support, providing structural support for
the entire cell and enabling the deposition of a thin, dense electrolyte layer on top. The combination of
mechanical strength, manufacturability, and enhanced electrochemical performance makes the fuel

electrode supported configuration particularly attractive for scalable planar cell fabrication.

As previously discussed, an SOC consists of a dense electrolyte layer sandwiched between two porous
electrodes. In such multilayer architectures, each component requires tailored processing and sintering

sequences. For fuel electrode supported planar cells, fabrication generally begins with the support layer,
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which provides the primary mechanical strength for the entire structure. This layer is typically several
hundred micrometers to 1 mm in thickness and must possess adequate porosity and structural integrity

to support subsequent layers [123].

Due to the substantial thickness requirement, the support layer can be fabricated using mechanical
pressing techniques, such as cold pressing, warm pressing, hot pressing, or isostatic methods like cold
isostatic pressing and hot isostatic pressing, while these techniques are relatively inefficient for large-
scale production. Moreover, the typical thickness of around 1 mm implies higher material consumption,

which is not desirable from a manufacturing or cost perspective.

Among the various ceramic film-forming methods employed in the fabrication of SOCs [126—140], tape
casting has become the most widely adopted technique for producing fuel electrode supports in industrial
settings. This technique enables the production of large-area, uniform tapes with controlled thickness
and porosity, making it especially suitable for scalable solid oxide cell manufacturing. Tape casting is a
wet-forming process in which a slurry, or slip, is cast onto a moving polymeric carrier film. The slurry
typically consists of a ceramic powder dispersed in a solvent (either aqueous or organic), along with a
mixture of organic additives such as dispersants, binders, and plasticizers. The solvent plays a dual role:
it adjusts the viscosity of the slurry to ensure proper flow during casting and facilitates homogeneous
dispersion of both the ceramic particles and the organic additives. Dispersants help prevent particle
agglomeration, binders maintain the structural integrity of the green tape after casting, and plasticizers

enhance tape flexibility prior to sintering.

As show in figure 2.12, the slurry is deposited onto a moving film using a casting head equipped with a
doctor blade, which regulates the thickness of the wet layer. As the cast tape travels, the solvent
gradually evaporates, leaving behind a flexible green tape. This drying step is critical, as uneven solvent
removal can lead to internal stress, cracking or surface skin formation. Therefore, careful control of
temperature, humidity, and drying rate is essential to ensure uniform shrinkage and mechanical integrity.
Once dried, the green tapes can be cut and used in subsequent fabrication steps.

. Drying :
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Fim  SMMY Blade Chamber ™ trier Film
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Figure 2.12. Schematic illustration of the tape casting process [124].

Following the fabrication of the fuel electrode support, the remaining layers, such as the functional layer

of the fuel electrode, the electrolyte layer, and the air electrode, must be deposited sequentially. In some
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cases, the fuel electrode functional layer and electrolyte layer can be co-fabricated with the support via
sequential tape casting [141-143], which ensures good interfacial adhesion and structural integration.
However, tape casting has limitations in achieving very thin layers: particularly for the electrolyte layer.
It is technically challenging to reduce the thickness below 10 um using this method alone, as achieving
very thin layers requires extremely fine powders and carefully optimized slip formulations, which

significantly increases the complexity of the process.

Given that the thickness of these layers is typically in the range of a few micrometers to a few tens of
micrometers, various coating and deposition techniques are more suitable for their fabrication. Common
ceramic coating methods include screen printing [144,145], wet powder spraying [146-148], drop
coating [149], dip coating [150], and spin coating [151], as well as vacuum-based techniques such as
physical vapor deposition and pulsed laser deposition [152]. These techniques cover a broad range of

achievable film thicknesses, as illustrated in Figure 2.13.
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Figure 2.13. Reported thickness ranges of proton conducting electrolytes for PCCs using vacuum and non-

vacuum deposition techniques [153].

Among all the coating methods, considering factors such as process scalability and industrial feasibility,
screen printing and wet powder spraying are two of the most practical and cost-effective approaches for

fabricating relatively thin electrolyte layers. These two methods will be discussed in more detail.

Screen printing has become a mainstream deposition technique in the fabrication of solid oxide cells,
particularly for applying ceramic layers such as the electrolyte and electrode functional layers. Its
widespread use stems from the balance it offers between process simplicity, material efficiency, and
compatibility with large-scale manufacturing. At the core of the screen printing process is the transfer
of a ceramic ink, typically a viscous slurry composed of active powder, solvent, dispersants, binders,

and plasticizers, through a patterned mesh onto a flat substrate. As shown in Figure 2.14, the ink is
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deposited by drawing a squeegee across the screen, which presses the ink through open areas of the
mesh in direct contact with the substrate. The resulting wet film is then dried and sintered to obtain the
desired ceramic layer.

Open area
Movement filled with ink

ﬁ

Squeegee
Screen with

Frame emulsion

Printed ink

Figure 2.14. Schematic representation of screen printing, showing the deposition of a ceramic paste through a

patterned mesh onto a substrate. [154].

A key strength of screen printing lies in its adaptability. By tuning the ink formulation and the mesh
parameters, film thicknesses ranging from several microns up to tens of microns can be achieved,
making it particularly suitable for intermediate-temperature proton-conducting cells where the

electrolyte layer must be thin yet gas-tight.

Despite its advantages, the quality of printed films strongly depends on the careful control of multiple
factors during printing. The interaction between the ink’s rheology and the substrate surface properties
determines whether a uniform, crack-free layer can be formed. In particular, adequate wetting and
adhesion are necessary to avoid defects such as delamination or blistering during drying and sintering.
Furthermore, the sintered layer's density and microstructure are influenced by the packing of particles

during deposition, which in turn depends on the ink’s particle size distribution and solid loading.

Screen printing is especially well-suited for planar cell designs with multilayer architectures. It allows
for sequential deposition of functional layers directly onto the fuel electrode support, enabling
integration with co-sintering processes. For instance, high-performance cells based on BZCY or BZY
electrolytes have been successfully fabricated via screen printing, demonstrating good gas tightness and

electrochemical performance [155-157].

Wet powder spraying (WPS) is another scalable method for the deposition of ceramic layers. In this
method, a suspension, typically composed of ceramic powders dispersed in a liquid medium, is sprayed
onto the substrate using a nozzle or airbrush system. The slurry, which has relatively low viscosity
compared to screen printing pastes, allows for finer control over the deposited layer morphology. The

suspension can be prepared with water or alcohol as the solvent, alongside dispersants and sometimes a
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small amount of binder to enhance green strength. Because of the low solids content and high fluidity,
the sprayed layer forms by droplet accumulation, resulting in a conformal wet film even on rough or

porous substrates.

The microstructure and density of the final sintered layer depend strongly on spraying parameters,
including spray distance, suspension properties, droplet size, and substrate temperature. Post-deposition
drying and sintering steps are crucial to ensure the removal of residual solvents and organics while

achieving proper densification and adhesion.

Recent studies have demonstrated that WPS can effectively fabricate proton conducting electrolyte
layers. For instance, Feng et al. [147] conducted a systematic optimization of WPS parameters, such as
spray passes, solid loading, and drying conditions, and demonstrated the ability to deposit crack-free
BZCYYb films thinner than 10 pm with uniform thickness and high density, suitable for both fuel cell
and electrolysis operation modes. Duan et al. [158] successfully applied the WPS method to fabricate
proton-conducting cells featuring an electrolyte layer as thin as 3.5 um, achieving outstanding
electrochemical performance that highlights the method’s capability for producing high-quality, low-
resistance films. In addition, for the fabrication of SOCs, WPS can be used not only for preparing the
electrolyte layer but also for various functional layers, such as the fuel electrode, air electrode [131,159],
and the coating of metallic interconnects with protective or contact layers [160]. Therefore, the

deposition of different SOC components can be highly integrated within a single WPS unit.

2.2.3  Mechanical Challenges of Planar Proton Conducting Cells

As aforementioned, most planar cell configurations still employ the strategy of using fuel electrode
supports [121,150,155]. This approach has a significant advantage in that it allows for the fabrication of
thinner electrolyte layers, consequently enabling the electrolyte to retain high ionic conductivity at lower
temperatures. In this design, the fuel electrode support provides the mechanical strength for the entire
cell. A robust support layer is necessary since the cell faces many mechanical strength challenges
throughout its fabrication and operational life, including thermal cycling, and long-term service [161—
164]. To ensure reliability and durability, the cells must possess sufficient mechanical strength from the
outset - capable of withstanding the rigors of stack integration and long-term deployment. During
operation, the cells (single or in stack) need to withstand stresses caused by high temperatures, thermal
gradients, thermal cycling, and other related factors. Even minor cracks can propagate over time,
ultimately leading to the failure of the entire stack and compromising overall system performance. To
address these challenges, it is crucial to enhance the mechanical strength of the substrate to increase the
maximum tolerable stress threshold. However, this presents a demanding design trade-off for the fuel
electrode support layer, which must maintain sufficiently high porosity to ensure effective gas diffusion.
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The fuel electrode support typically has the same composition as the fuel electrode, consisting of a
certain proportion of electrolyte material and NiO (reduced to Ni during operation). For example, in the
case of oxygen ion conductors, the fuel electrode support is composed of yttria-stabilized zirconia (YSZ)
and NiO. In the research conducted over the past decades, YSZ/NiO(Ni) compound has proven its
reliable mechanical performance as a support layer for solid oxide cells (SOC), even during extended
operational periods [165]. However, in the case of PCCs utilizing BZCY/NiO(Ni)-based fuel electrode
supports, which remain at a relatively early stage of research and development, mechanical failures are
frequently observed during laboratory handling, including sample transfer and test assembly. Despite
the substantial increase in research on PCC in recent years, the focus has primarily been on their material
development and electrochemical performance [166—168]. In contrast, studies addressing the structural
integrity and mechanical properties of BZCY/NiO(Ni)-based fuel electrode supports remain limited and
relatively underexplored [14,169]. As shown in Figure 2.15, the results by Huang et al. highlight the
inferior mechanical strength of the anode support in PCFCs compared with that of YSZ/NiO [169].
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Figure 2.15. Flexural strength of the Ni-BZCYYb and Ni-3YSZ-supported half cells [169].

Bending strength is an important indicator of a material's capability to withstand mechanical loads
[170,171]. It represents the maximum stress that a component can endure during a bending test before
fracture or failure occurs. It is a highly relevant metric for assessing the mechanical reliability of PCCs.
There are several methods for testing bending strength, such as traditional three-point or four-point
bending tests [172,173]. However, these techniques all face issues with stress concentration effects,
making them less suitable for thin-sheet samples. In contrast, the ring-on-ring test offers significant
advantages when testing thin-sheet PCC samples [174,175]. By applying a load through ring-shaped
supports, this method provides a more uniform stress distribution, making it particularly well-suited for

thin, circular samples. Therefore, measuring the bending strength of the fuel electrode support using the
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ring-on-ring method is highly practical and effective for the real-world application of proton conductors,

and such data are also essential as a reference for their mechanical strength.

2.2.4 Co-Sintering of Thin Electrolyte with Fuel Electrode

In fuel electrode supported SOCs, the thin electrolyte layer is often co-sintered together with the thick
fuel electrode support. This co-sintering approach is advantageous from a fabrication and cost
perspective, allowing both structural integrity and electrochemical functionality to be realized in a single
sintering step. Unlike the sintering of a standalone electrolyte, co-sintering introduces additional factors

that significantly influence the densification behavior of the electrolyte.
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Figure 2.16. Managing the barium chemical potential at the surface of the electrolyte during sintering and its

impact on the electrolyte’s chemical composition and sintering behavior [177].

One of the primary concerns in the sintering of Ba-based PCCs is Ba evaporation, as discussed in
previous sections. Ba evaporates at elevated temperatures (>1400 °C), leading to a deviation from the
intended stoichiometry and formation of secondary phases that could hinder the electrolyte densification
[176,177]. In the co-sintering process, Ba loss remains a critical issue, and is arguably even more severe,
since Ba evaporation initiates at surfaces exposed to air. Given that the electrolyte in co-sintered half-
cells is typically only a few micrometers thick, it becomes fully susceptible to Ba loss. Choi et al. [177]
addressed this by controlling the local chemical potential of Ba at the electrolyte surface during sintering.
By placing an auxiliary Ba-containing pellet above the electrolyte as a Ba vapor source, they established
a lateral gradient in Ba chemical potential that counteracted evaporation. This method preserved

stoichiometric composition across the electrolyte, facilitated grain growth to an average size of ~10 um,
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and eliminated the need for foreign sintering aids that could otherwise cause electronic leakage.
However, in regions without Ba compensation, a substantial amount of Y- and Yb-containing secondary

phases is present, and grain growth is severely inhibited, as shown in Figure 2.16.

Nevertheless, Ba evaporation issue is further complicated by interactions between the electrolyte and
the underlying fuel electrode. The shrinkage mismatch between the two layers plays a crucial role. The
fuel electrode typically contains a high-volume fraction of NiO, which exhibits rapid shrinkage during
the initial stages of sintering. This early shrinkage may initially promote densification of the adjacent
electrolyte layer through compressive stress. For example, An et al. [155] highlighted the beneficial role
of the substrate's shrinkage in improving the densification of BZCY thin films, as show in Figure 2.17.
They showed that when a structurally and compositionally uniform NiO-BZCY anode support was co-
sintered with the electrolyte, densification occurred at a much lower temperature (1350 °C) compared
to sintering the electrolyte alone (>1600 °C). This improvement was attributed to two synergistic
mechanisms: (i) the mechanical assistance from anode shrinkage and (ii) the in-situ formation of a
transient Ba—Y—Ni—O phase (BaY2NiOs, BYN) at the anode—electrolyte interface, which acted as an
internal sintering aid by enhancing cation diffusion. Unlike externally added sintering aids, this
internally supplied phase left no detrimental residuals or compositional inhomogeneity after sintering.
By carefully matching the shrinkage behaviors of the electrode and electrolyte—achieved through
controlling particle size, granule packing structure, and green density, they produced thin (< 5 pm),
defect-free electrolyte layers with minimal grain boundaries in the through-thickness direction, thereby
lowering grain boundary resistance and enabling ohmic resistance being as low as 0.09 Q-cm? at 600 °C.
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Figure 2.17. Anode-assisted densification of electrolyte.
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Chemical interactions at the interface between the fuel electrode and the electrolyte also play a key role
in the sintering process. For instance, NiO present in the fuel electrode can diffuse into the electrolyte
layer during sintering, especially at elevated temperatures or when the electrolyte is particularly thin.

While limited Ni incorporation may facilitate sintering by enhancing mass transport and promoting
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densification, excessive diffusion can result in undesirable effects, including electronic conductivity and

a reduction in proton conductivity [111,117,178].

Furthermore, if the electrolyte composition embedded in the fuel electrode differs from that of the main
electrolyte layer, interdiffusion of cations across the interface may occur during sintering. This can
potentially lead to a different chemical gradient, and therefore have influence on the phase formation
and layer densification process. For example, in the work by Leonard et al., a comparison was made
between different substrates, specifically SrZrosCeo4Y0.1035 (SZCY) and Ba(ZrosCeo.4)39Y 02029, to
investigate their effects on electrolyte sintering. The use of a Sr-based substrate was found to reduce the
sintering temperature, and the grain growth behavior differed significantly between the substrates as
shown in Figure 2.18. This highlights the crucial influence of the interaction between the substrate and

electrolyte during co-sintering on the sintering process.
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Figure 2.18. Surface morphologies of half-cells under different sintering conditions: (a) Ba(ZrosCeo.4)s9Y0.202.9
sintered at 1450 °C for 5 hours on a NiO-SZCY cathode. (b) Ba(Zro.sCeo.4)s/9Y0.202.9 sintered at 1550 °C for 5
hours on a Ni—Ba(Zro sCeo.4)s/9Y 02029 cathode. (¢c) SZCY sintered at 1400 °C on a NiO-SZCY cathode and (d)
SZCY sintered at 1450 °C for 5 hours on a NiO-SZCY cathode.

Liu et at., [122] demonstrated that by pairing a BaCeo.4Zro.4Y0.1Ybo.1035 electrolyte with a Ba-rich
BaCeo.7Z10.1Y0.1Ybo.103-5 + NiO negative electrode, fabricated via solid-state sintering (SSS) with a fast
pre-crystallization step, it was possible to create a chemically homogeneous, single-grain—thick
electrolyte (~5 pm) with grain sizes more than twice those obtained from conventional solid-state

reactive sintering (SSRS), as shown in Figure 2.19. This pairing minimized Ba deficiency (49.4 at.% vs.
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~46.9 at.% in SSRS), suppressed Y and Yb segregation at grain boundaries, and reduced the ohmic
resistance to 0.08 Q-cm? at 450 °C. Importantly, the SSS-processed electrode acted as a Ba reservoir
during co-sintering, continuously supplying Ba to the electrolyte to compensate evaporation losses.
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Figure 2.19. By pairing the BaCe4Zr04Y0.1Ybo.103.5 electrolyte with a BaCe 7Zr0.1Y0.1Ybo.103.5 + NiO (SSS)
negative electrode, a thin, chemically uniform, single-grain—thick electrolyte with high proton conductivity is
achieved due to minimal grain boundary resistance. In contrast, using a BaCe.7Zr0.1Y0.1Ybo.103-5 + NiO (SSRS)
electrode produces multi-grain—thick electrolyte exhibiting Ba deficiency and Yb segregation at grain

boundaries.

The implications of these findings are that the electrode composition and pre-sintering history can be
deliberately engineered to serve not only as a mechanical support but also as a chemical buffer that
preserves electrolyte stoichiometry during high-temperature co-sintering. Specifically, tailoring the
chemical makeup of the fuel electrode to control the availability of volatile species such as BaO can

mitigate Ba loss from the electrolyte, thus preventing the formation of secondary phases and maintaining
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high proton conductivity. Second, achieving a close match between the shrinkage rate and the onset of
densification for the electrode and electrolyte layers is essential to avoid mechanical defects such as
warping, delamination, or crack formation, issues that become more pronounced as cell dimensions
increase in large-area manufacturing. Moreover, the selected processing route, whether via conventional
sintering, liquid-phase—assisted densification, or solid-state reactive sintering (SSRS), exerts a direct
influence on both mechanical compatibility and interfacial chemistry by modifying grain growth
dynamics, phase evolution, and cation interdiffusion. Therefore, successful co-sintering of thin
electrolyte layers with NiO-based fuel electrodes demands precise control over multiple processing
parameters, including the shrinkage profile, interfacial reaction kinetics, atmosphere composition, and
thermal gradients throughout the sintering cycle. When these strategies are combined, they enable the
fabrication of thin, dense, and compositionally stable electrolytes with minimal grain boundaries and
optimized microstructures, resulting in superior proton transport properties [179-192]. Such process
optimization not only enhances the durability and electrochemical performance of anode-supported
protonic ceramic fuel cells (PCFCs) but also offers a scalable manufacturing pathway toward

commercially viable, high-efficiency energy conversion devices.
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3 Materials and Methods

3.1 Sample preparation
3.1.1 Powders

Various powders with different compositions are used. Some are synthesized in-house, while others are
commercial powders. First, an overall introduction to the powder synthesis methods will be given,
followed by a list that details chapter by chapter, the composition, abbreviations, synthesis routes, or

sources of the powders used in each section.

In this thesis, solid-state reaction (SSR) synthesis was used to prepare the powders BaZrosxCeo2Y«O3
(x=0.1-0.3) and BaZro.16Ce0.64Y0.1Ybo.103. The raw powders BaCOs, ZrO,, CeO,, and Y203, Yb,0;3
(Sigma Aldrich, purity grade of 99%) were weighed according to the aimed stoichiometry and mixed in
ethanol in a tumbler mixer for 24 h, followed by drying in a drying cabinet at 80 °C for 24 h. The mass
ratio of powder, milling balls and ethanol is 1:2:3. The powders were collected and calcined at 1300 °C
for 10 h. After calcination, the milling and drying processes were repeated. Finally, the powders were

sieved using 100 pm mesh sieve to get the final powder.

BaZro.16Ce0.64Y0.1Ybo.103 was also prepared by Sol-gel method. The Ba, Zr, Ce, Y, YD nitrate precursors
were first dissolved in deionized water and stirred. After 10 min, citric acid was added, and the solution
was heated to 80 °C and stirred again for 1 h. Ethylene glycol was then introduced, and the pH was
adjusted to 7 by adding NH+«OH. The molar ratio of ethylene glycol : citric acid : total metal ions was
maintained at 3 : 3 : 2. The mixture was stirred until it dried into a gel, which was subsequently calcined

at 1000 °C for 5 h.

All powders used in each chapter, whether synthesized in-house or commercially obtained, are listed in

Table 3.1.

Table. 3.1 Composition, abbreviation, and source of powders used in each chapter. Some compositions are not
abbreviated due to their infrequent mention in the text. In Chapter 7, two types of BZCYYb powders are used:
one synthesized via SSR for the substrate and fuel electrode, and the other a commercial powder for the

electrolyte layer. SSR: solid-state reaction; SG: sol—gel.

Composition Abbreviation Preparation method/source
BaZry7Ce02Y0.103-5 BZCY-Y10 SSR
BaZr0_65C€0.2Y0,1503,5 BZCY-Y15 SSR
Chapter 4
BaZro_éceo_zYoQO}ﬁ BZCY-Y20 SSR
BaZr0,55Ceg,2Y0,2503,5 BZCY-Y25 SSR
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BaZr)sCe02Y 03035 BZCY-Y30 SSR
BaZr65Ce02Y 015035 BZCY-Y15 SSR
Chapter 5
NiO / Commercial (Vogler)
BaZro.16Ce0.64Y0.1Y bo.103 / SG
Commercial (Marion Technologies,
BaZro7Ce02Y 01035 /
Chapter 6 France)
Commercial (Kusaka Rare Metal
BaZro.16Ceo.64Y0.1Ybo.103 /
Products Co. Ltd Japan.)
BaZr65Ce02Y 015035 BZCY-Y15 SSR
Bang, 1 (,Ce(),mY(), le(), 1 03 BZCYYb SSR
Commercial (Kusaka Rare Metal
BaZro.16Ce0.64Y0.1Yb0.103 BZCYYb
Products Co. Ltd Japan.)
Chapter 7 NiO / Commercial (Vogler)
Commercial (Kusaka Rare Metal
SrZr95Ce04Y0.1035 SZCY
Products Co. Ltd Japan.)
Commercial (Kusaka Rare Metal
Bao_sLao_5C003.5 BLC

Products Co. Ltd Japan.)

3.1.2 Pellet Pressing and Sintering

In Chapter 4 and 7, pellet samples were fabricated for further investigation. In a typical pellet preparation
process, the powders were filled in a 13 mm die and uniaxially pressed with 4 kN, and then pressed by

cold isostatic pressing with 3000 MPa for 2 min.

In Chapter 4, the pellets were embedded in sacrificial powder, placed in an Al,Os crucible, and then

sintered in air at 1500 °C for 10h with 5 K/min heating rate and natural cooling rate.

In Chapter 7, the purpose was to investigate the surface Ba evaporation, therefore no sacrificial powder
was used to cover the surface of the pellet during sintering. The sample was sintered at 1450 °C for 5h

with 2 K/min heating rate and cooling rate.

3.1.3 Substrate Prepared by Tape Casting

In this thesis, the fuel electrode support layer and the functional layer were fabricated by tape casting.
Chemicals used in the paste are listed in Table 3.2. The formulations of the tape casting slips are given
in Table 3.3. In Chapter 5, the BZCY-Y15/NiO fuel electrode support layer paste was prepared
according to the recipe without a pore former. In Chapter 7, the BZCYYb/NiO fuel electrode support

27



3 Materials and Methods

layer paste was prepared following the recipe with a pore former, whereas the functional layer paste was

prepared according to the recipe without a pore former.

Table 3.2. Chemical description used for tape casting paste

Product name Description Manufacturer
Ethanol i AHK Alkohol Handelskontor
GmbH
MEK Methyl ethyl ketone KMF Laborchemie GmbH
Nuosperse FX9086 Methoxy methyl ethyl acetate Elementis Specialties Inc.
PVB 98 Polyvinyl butyral (98 type) Merck KGaA
OXSOFT-3G8 2-ethylhexanoate OXEA GmbH
PEG400 Polyethylene glycol, M,~400 Merck KGaA
Pore former Starch Sigma-Aldrich
Table 3.3 Paste formulations for tape casting
Without pore former With pore former
(mass ratio %) (mass ratio %)
Powder (Elctrolyte powder : NiO=4:6) 68.78 63.83
Solvent (Ethanol : MEK=1:2) 19.84 22.43
Pore former 0 32
Nuosperse FX9086 1.05 0.95
PVB 98 4.13 3.83
OXSOFT-3G8 3.11 2.88
PEG400 3.11 2.88

The slurry preparation procedure was as follows: The solvent and dispersant (Nuosperse FX9086) were
first weighed and placed in a mixing container, followed by the addition of ceramic powder and pore
former (if applicable). Milling balls were then added, and the mixture was pre-mixed in a Thinky mixer
at 1000 rpm for 1 min. Subsequently, the plasticizers (OXSOFT and PEG400) were added sequentially,
followed by the binder (PVB98). The slurry was further mixed in the Thinky mixer at 1500 rpm for 3

min. The well-homogenized slurry was stored for 24 h prior to tape casting.

For the fabrication of the fuel electrode functional layer, the doctor blade gap was set to 70 pm, whereas
for the support layer, the gap was set to 1200 um. In Chapter 5, BZCY-Y15/NiO was used for
mechanical property studies, and only the support layer was prepared (single tape casting). In contrast,
in Chapter 7, BZCYYb/NiO fuel electrodes included both functional and support layers, which were
fabricated by sequential tape casting: the functional layer slurry was cast first, dried for 6 h, and then

the support layer slurry was cast on top.
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After complete drying, the green tapes were punched into the desired dimensions. Before any subsequent
processing, the tapes underwent debinding by heating at 0.5 K-min™' to 900 °C, holding for 1 h, and

then cooling at 2 K-min™" to room temperature.

The samples for the mechanical tests in Chapter 5 were punched into round discs with a diameter of 18
mm. After debinding, they were sintered at 1400 °C, 1450 °C, and 1500 °C for 3 h on sacrificial powder
in an AL:Os crucible, and are hereafter referred to as 1400, 1450, and 1500, respectively. The samples
sintered at 1450 °C were further subjected to a reduction treatment in an Ar + 3 vol% H: atmosphere

and are denoted as 1450 re.

3.1.4 Deposition of Electrolyte Layer by Wet Powder Spraying

The electrolyte layer was deposited onto the pre-sintered fuel electrode via the wet powder spraying
(WPS) method. The preparation of the suspension for WPS was straightforward: a given mass fraction
of electrolyte powder was simply dispersed in ethanol, without the addition of any extra dispersants or
binders. After adding the powder to the ethanol, the mixture was ultrasonicated in a water bath for 30
minutes, after which it was immediately used for the WPS process. Any unused suspension would
sediment over time; before reuse, it was re-dispersed by repeating the 30-minute ultrasonication. Chapter
6 will focus on the influence of various WPS parameters on the properties of the deposited and dried

electrolyte layer. Therefore, the specific WPS parameters are not presented here.

3.2 Characterization

3.2.1 X-ray Diffraction

X-ray diffraction (XRD) is based on the interaction between incident X-rays and the periodic atomic
arrangement within a crystalline material. When a monochromatic X-ray beam impinges on a crystal,
the electrons surrounding each atom scatter the incident radiation in all directions. The regular, periodic
arrangement of atoms means that in certain specific directions, the scattered waves interfere
constructively, producing measurable diffracted beams. This condition for constructive interference is
described by Bragg’s law,
nd = 2dsin6 (3.1)

where n is an integer representing the diffraction order, A is the X-ray wavelength, d is the spacing
between parallel lattice planes, and 0 is the angle of incidence (and reflection) with respect to these

planes.
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In practical measurements, the diffraction intensity is recorded as a function of 20, producing a pattern
of peaks whose positions are determined by the crystal lattice geometry and whose intensities are
influenced by the atomic arrangement (structure factors) within the unit cell. Each crystalline material
generates a unique set of diffraction peaks, allowing for phase identification through comparison with
reference databases. Furthermore, the breadth and shape of the diffraction peaks carry additional
microstructural information: peak broadening can be associated with finite crystallite size or lattice

strain, while systematic variations in relative intensities can indicate preferred orientation.

Beyond phase analysis, XRD can be used to refine lattice parameters, quantify phase fractions, and
evaluate structural defects. With advanced analysis methods, such as Rietveld refinement, detailed
crystallographic models can be derived from the diffraction data, enabling a deeper understanding of the
material’s structure—property relationships. Rietveld refinement is a full-pattern fitting method used to
extract detailed crystallographic information from powder diffraction data. Unlike traditional
approaches that rely solely on the positions of a few diffraction peaks, this method models the entire
diffraction profile by calculating the expected intensity at each step of the scan, based on an initial
structural model and instrumental parameters. The calculated pattern is iteratively adjusted to minimize
the weighted difference between the observed and calculated intensities, typically using the least-squares
method. In this process, both structural parameters, such as lattice constants, atomic coordinates, site
occupancies, and thermal displacement factors, and non-structural parameters, such as background
shape, peak profile functions, preferred orientation, and instrumental broadening, can be refined
simultaneously. By making use of all available diffraction data rather than selected peaks, Rietveld
refinement increases the accuracy and reliability of the derived results, especially for complex or

multiphase materials.

In this thesis, the phase composition for all the samples were examined by Bruker D4 Endeavour (Cu-
Ka-radiation). The pellet samples in Chapter 4 were ground into powder for the XRD characterization.

The 20 range for the XRD patterns used for Rietveld refinement was 10 - 120°.

3.2.2 Electronic Microscopy and Elemental Analysis

Electron microscopy encompasses a range of imaging techniques that utilize a focused beam of high-
energy electrons to examine the structure and composition of materials at much higher resolutions than
possible with light microscopy. Because the de Broglie wavelength of accelerated electrons is several
orders of magnitude shorter than that of visible light, electron microscopes can resolve features down to
the atomic scale. By controlling how the electron beam interacts with the specimen — whether scanning
the surface or transmitting through an ultrathin section — different types of information can be obtained,
including surface morphology, internal microstructure, crystallography, and chemical composition.
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Among the most widely used electron microscopy techniques in materials research are scanning electron
microscopy (SEM) and transmission electron microscopy (TEM), often complemented by energy-

dispersive X-ray spectroscopy (EDS) for compositional analysis.

SEM employs a finely focused electron beam that is raster-scanned across the specimen surface. The
interaction between incident electrons and the sample generates a variety of signals, including secondary
electrons, backscattered electrons, and characteristic X-rays. Secondary electron imaging is particularly
sensitive to surface topography, producing high-resolution, three-dimensional-like images, whereas
backscattered electrons (BSE) provide contrast related to the atomic number of the specimen’s
constituents. Owing to its large depth of field and wide range of magnifications, SEM is a powerful tool

for examining surface morphology and microstructural features.

TEM relies on the transmission of a high-energy electron beam through an ultrathin specimen, typically
less than 100 nm in thickness. The transmitted electrons are scattered by the internal atomic structure,
forming images or diffraction patterns that reveal details at the nanometer or even sub-angstrom scale.
TEM enables direct observation of lattice fringes, defects, and interfaces, and selected-area electron

diffraction can provide crystallographic information from localized regions.

In scanning transmission electron microscopy (STEM), a highly focused electron probe, often less than
1 A in diameter, is raster-scanned across the thin specimen. At each probe position, various detectors
collect signals such as bright-field, dark-field, or high-angle annular dark-field (HAADF) images, the
latter offering Z-contrast that is sensitive to the atomic number of the elements present. STEM combines
the imaging principles of TEM with the analytical flexibility of scanning methods, enabling atomic-

resolution mapping of both structure and composition.

Both SEM and TEM can be equipped with energy-dispersive X-ray spectroscopy (EDS) systems. EDS
detects the characteristic X-rays emitted when the incident electrons displace inner-shell electrons from
atoms in the sample. By measuring the energy of these X-rays, the elemental composition of the probed
region can be determined. In SEM, EDS is typically used for rapid surface compositional mapping,
while in TEM it allows chemical analysis with nanometer-scale spatial resolution. The combination of
imaging and compositional analysis makes electron microscopy coupled with EDS a versatile approach

for correlating microstructure with chemistry.

In Chapter 4, the surface microstructure and element distribution of polished samples were observed
using an SEM (ZEISS ULTRA 55, Carl Zeiss NTS GmbH, Germany) equipped with EDS (Oxford
Instruments, UK). The analysis of grain size is achieved through the linear intercept method. Multiple

intercept lines are drawn on SEM images, and the number of grains intersected by each line is counted
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to determine the average grain size along that line. Finally, the grain sizes along each intercept line are
statistically summarized to obtain the overall average grain size. Samples for scanning transmission
electron microscopy (STEM) were prepared using a conventional dimpling route to achieve a large area
of electron transparent materials, facilitating the search for suitable grain boundaries for high resolution
analysis. Bulk samples were first metallographically ground and polished to a thickness of 100 pm and
afterwards dimple ground to a minimal thickness of 10 to 15 um using a dimple grinder (Gatan Inc.,
USA). Afterwards the final hole was milled and thinned using an Ar ion milling device (PIPS II, Gatan
Inc., USA) with a final Ar energy of 500 eV. STEM imaging and spectroscopy was done using a probe
Cs-corrected Hitachi HF5000 microscope (Hitachi High-Technologies, Japan) at 200 keV equipped with
an Oxford Instruments Ultrim TLE EDS detector. EDS data analysis and curation were performed with

Aztec (Oxford Instruments, UK).

In Chapter 5, the microstructure of both polished specimens and fracture surfaces was observed using
an SEM (TM3000, Hitachi, Japan). Porosity analysis was conducted using ImageJ/Fiji software, which
identifies pores based on distinct grayscale contrast between pores and solid phases (particles), and

calculates the area fraction of pore regions.

In Chapter 6, the coating quality of the electrolyte layer was characterized by SEM (EM-30 N, Coxem,
Ltd. Korea). In Chapter 7, both ZEISS ULTRA 55 and EM-30 N were used to characterize the samples.
Samples in Chapter 7.2 for STEM were prepared using focused ion beam (FIB) to select a specific area
(containing grain boundaries), and it was also characterized by Hitachi HF5000 equipped with an Oxford

Instruments Ultrim TLE EDS detector.

3.2.3 Thermogravimetric and Sintering Shrinkage Analysis

The temperature dependence of proton concentration of the materials was evaluated by
thermogravimetric analysis (TGA, Netzsch STA449F3 Jupiter). The sintered pellets were ground into
powder and sieved to obtain particles with a size ranging from 200 to 300 um. The powder is initially
heated to 1200 °C in dry N for 1 hour to achieve complete dehydration. Subsequently, the atmosphere
is switched to water-saturated nitrogen-argon mixture (1.9 vol.% H20-10% vol. N>-Ar) with a flow rate
of 10 mL/min of dry protective gas through a balance and 50 mL/min of gas saturated with water in a
bubbler at 17 °C. During the cooling process, the powder is stabilized for two hours at each 100 °C
increment. The mass changes of the powder between 1200 °C and 100 °C are continuously recorded.
Finally, the buoyancy effect was corrected using data from a blank test. Then the proton concentration

can be calculated according to the following equation [193]:
2xAm/Mpy, 0

mo/Mpzcy

[OH;] = (3.2)
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Where Am is the mass increment relative to complete dehydrated powder at each temperature stage. mo

is the mass of the complete dehydrated powder.

The sintering shrinkage curve of the green tape was measured using a Netzsch TMA 402 F1 Hyperion
in air atmosphere, with sintering conditions identical to those used in the actual sintering process. The

specific set up will be further explained in Chapter 7.

3.2.4 Electrical Impedance Spectroscopy (EIS) and I-V Measurements

EIS is an essential analytical technique used to investigate the charge transport properties and interfacial
phenomena in ceramic materials, particularly in the context of ionically conductive oxides such as
proton- or oxygen-ion-conducting perovskites. This technique involves applying a small-amplitude
sinusoidal AC voltage (typically 5-20 mV) across the sample over a wide frequency range (from MHz
down to mHz) and recording the resulting current response. The measured complex impedance reflects
the superposition of multiple transport processes occurring within the sample and at its interfaces, each
with distinct time constants. The advantage of EIS lies in its capacity to separate these processes based
on their frequency-dependent responses, offering insights that are difficult to obtain by DC techniques

alone.

In polycrystalline ceramic systems, the total impedance is typically composed of contributions from
bulk (grain interiors), grain boundaries, and electrode—material interfaces. To interpret such complex
responses, the Brick Layer Model is widely employed [194]. This model conceptualizes the
microstructure as a periodic arrangement of cubic grains ("bricks") separated by thin grain boundaries,
mimicking the way grains and grain boundaries are distributed in sintered ceramics. In the Brick Layer
Model framework, it is assumed that the current flows across a series of alternating high-conductivity
(bulk) and low-conductivity (grain boundary) regions. Each of these regions is represented in the
equivalent circuit by a resistor—capacitor element, where the resistance corresponds to the ion transport

resistance, and the capacitance reflects the dielectric or space charge properties of that specific region.

A typical impedance spectrum obtained from such a system consists of two or more depressed
semicircles or arcs in the Nyquist plot, each corresponding to a different conduction process, as illustrate
in Figure 3.1. The high-frequency arc generally represents the response of the grain interior,
characterized by relatively low resistance and low capacitance. The intermediate-frequency arc is
usually attributed to grain boundary conduction, which typically exhibits higher resistance and
capacitance due to defect segregation, potential barriers, or secondary phases at grain boundaries. A
low-frequency tail or arc, when present, is often associated with electrode polarization and surface
processes such as charge transfer, gas adsorption, or diffusion.
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Figure 3.1. A typical Nyquist plot for a polycrystalline material [195].

The separation of these contributions becomes more distinct at elevated temperatures, where the
conductivity contrast between bulk and grain boundaries increases. To quantitatively evaluate the
individual components, impedance data are fitted to an equivalent circuit model (ECM) using complex
nonlinear least squares fitting. From the fitted resistance values, temperature-dependent conductivities
of the bulk and grain boundary phases can be extracted, and corresponding activation energies calculated
using Arrhenius analysis. This information is crucial for understanding the defect chemistry, transport
mechanisms, and microstructural effects on ion conduction in ceramic materials. It is to note that the

ECM simply represents the form of the measured Nyquist plot but has no physical meaning.

The EIS characterizations in Chapter 4 were recorded over a temperature range of 150-700 °C using an
Alpha -A frequency analyzer in the frequency range 0.1-10° Hz. Within the temperature range of 150-
250 °C, the testing temperature intervals are set at 25 K. Sputtered Au electrodes were utilized as the
current collectors, which are conducive to deconvoluting grain boundary and polarization responses. At
elevated temperatures (300-650 °C), the testing temperature intervals were extended to 50 K, and more
stable Pt electrodes were employed. In order to make the Pt electrode, Pt paste (EVOCHEM Advanced
Materials GmbH) was brushed on the surface of the sample and then annealed at 900 °C for one hour to
obtain stable Pt electrodes. The EIS results were collected from high to low temperatures. The
equilibration time at each measurement temperature was set to 2 hours. The tests were conducted in wet
air. The humidification of the gas was realized by bubbling the gas through water at RT resulting in ca.
3 vol.% H,O saturation in the gas. The EIS data were finally analyzed by the RelaxIS commercial

software.

The current-voltage (I-V) curves and EIS of the fabricated full cells in Chapter 7 were evaluated using

a potentiostat (Bio-Logic, VMP- 250) at temperatures ranging from 500 to 700 °C. The impedance
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spectra were measured at open circuit voltage (OCV) over a frequency range from 0.1-10° Hz, with an
AC amplitude of 10 mV. Silver-palladium paste and platinum wires were used as current collectors and
leads, respectively. Complete cells were mounted and sealed with Pyrex glass in a Probostat (NorECS,
Oslo, Norway). In fuel cell mode, the fuel electrode was supplied with humidified H» (3 % HO) at a
flow rate of 100 ml min™', while the air electrode was exposed to a similar flow rate of ambient air. In

electrolysis mode, the air electrode was exposed to wet air (80 % H,O).

3.2.5 Mechanical Properties and Thermochemical Stability Test

In Chapter 4, the elastic modulus and hardness of the material were determined through the load-
displacement curves [196] obtained by the Vickers micro-indentation device HC100 (Fischer, Windsor,
USA). 25 micro-indentation tests with 1 N load were conducted for each specimen. The specimens
underwent grinding and polishing prior to testing. The thermo-chemical stability tests were carried out
through high temperature exposure to various atmospheres and their reaction with the materials could
be estimated by any phase composition changes. Three atmospheric conditions including Ar saturated
with water vapor at 82 °C resulting in 50 vol.% H»0, 50 vol.% Ar + 50 vol.% CO,, and 96 vol.% Ar +
4 vol.% H, were applied. In a typical experiment, the sintered pellet was ground into powder and heated
up to 700 °C, then the powder was subjected to a 24-hours heat treatment under a specific gas
atmosphere. After that, the phase composition of the powder was identified again using XRD and

compared to a reference measurement.

Elastic modulus and bending strength were evaluated using a ring-on-ring test configuration (Instron
1362-DOLI, Warren, USA). Disc-shaped samples with a diameter of around 14.5 mm were tested using
a loading ring and support ring with diameters 3.43 mm and 9.99 mm, respectively. The loading rate
was set to 100 N/min and a Poisson’s ratio of 0.24 was assumed for the calculation. For each sample
series, 25 samples were tested at room temperature to determine the average elastic modulus, average
bending strength, characteristic strength, and Weibull modulus via linear regression analysis.
Additionally, three samples per series were tested at elevated temperatures (500 °C and 600 °C) in both

air and a reducing atmosphere (3 vol.% Ha/Ar) to determine average fracture stresses.

The ring-on-ring sample testing setup is illustrated in Figure 3.2. Following the international standard
procedure ISO 20501, the global elastic modulus is calculated from the linear region of the load-

displacement curve using the formula:

P -2 -1 () +2 ()< ()< ()] 0o
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where AF is the force difference and Af is the corresponding displacement change within the linear
region; v is the Poisson’s ratio, / is the specimen thickness, and 7, mand r3 represent the radius of the

loading ring, supporting ring, and specimen, respectively.
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Figure 3.2. Illustration of the ring-on-ring bending test.

The maximum stress is uniformly distributed within the tensile surface area defined by the
loading ring, expressed as:

__ 3(1+V)Fp r, (1-v) rZ-r?
B ™ onn2 [ln n +(1+v) X 2r2 ] G4

where Fz denotes the fracture load.
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4 Characterization of High Zr/Ce Ratio Ba(Zr,Ce,Y)O3.q4 Proton

Conductors

This Chapter comprises the systematic characterization of high Zr/Ce ratio Ba(Zr,Ce,Y)Os.q proton
conductors. Particularly, 20 mol.% of Ce was introduced into the lattice of BaZrOs3, to maintain certain
stability but also counteract with the low grain boundary conductivity. And 0.5 wt.% of NiO was added
as a sintering aid. The substituent Y>Os varies within the range of 10-30 mol.%, in order to study the
influence of Y on the phase formation, microstructure, and electrical performance. The proton
conductivity divided into bulk and grain boundary is discussed separately to explore the effect of Y. In
addition, mechanical performance and thermal-chemical stability are also taken into consideration to

evaluate the suitability of this material for electrochemical devices.
4.1 Phase Analysis and Microstructure

Fig. 4.1a shows the XRD patterns of materials in the BaZros<Ceo2YxOs.s series recorded at RT. All
phases exhibit a cubic perovskite structure with space group Pm-3m. No apparent secondary phases
were observed in the XRD patterns. The shoulder to the right of each main peak is Ka2 peak, which is
more distinctly separated from the main peak at a higher angle. There is an apparent trend in the XRD
patterns that with increasing the Y concentration, the peaks shift towards the smaller angles due to an
obvious lattice expansion upon substitution. The reason is that the ionic radius, i, of Zr*" is 0.072 nm,
which is smaller than that of Y*" (ri=0.090 nm). With adding more of the larger Y3*, the inter-planar
crystal spacing d will increase upon substitution, and 6 will correspondingly decrease, according to the

Bragg’s law of diffraction, 2dsin6=nA.
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Figure 4.1 (a) XRD patterns of the BaZrosxCe2YxO3.5 ceramics. (b) Lattice parameters and relative density with

the increase of Y content. (Fitting results are only visual reference)

All XRD patterns were refined in order to obtain more accurate analysis of the results as shown in Fig.

4.2, the refinement results for all samples exhibited a low weighted profile R-factor (Rwp) and goodness
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of fit (Gof), indicating a good match between the calculated results and experimental data. The
refinement results provided precise lattice parameters. As mentioned earlier, the ionic radius of Y3" is
larger than that of Zr*', and substitution of Zr*" with Y3* ions will lead to an increase in the lattice
parameters. Fig. 4.1b shows the changes in the lattice parameters with increasing Y»O3 concentration.
The increase in lattice parameters with Y content exhibited a good linear relationship in accordance with
the Vegard's law [197] and with single phase composition evidenced by qualitative XRD analysis, which
means that even at high concentrations of Y>0;3, Y** ions are possible to substitute into the perovskite
structure at the given sintering temperature. Meanwhile, Fig. 4.1b also shows that with increasing Y
content, the relative density decreased. The observed effect suggests that high concentration of Y03
had an inhibitory effect on the densification of BaZrs.«Ceo2YxOs.5 during sintering, which will be

discussed further combined with the microstructural investigations.

@) ; (b) i
_ Experimental data _ Experimental data
= 9 = 9
Ryp=4.58% Calculated curve Rip=514% Calculated curve
Gof =1.81 Difference Gof = 2.02 Difference
—— Background —— Background

Intensity (a.u.)
Intensity (a.u.)

20 40 60 80 100 120 20 40 60 80 100 120
20(%) 20(%)
(C) R =529% Experimental data (d) R =544% Experimental data
e —— Calculated curve ol —— Calculated curve
Gof =192 Difference Gof =1.93 Difference
—— Background —— Background

Intensity (a.u.)
Intensity (a.u.)

20 40 60 80 100 120 20 40 60 80 100 120
26(°) 26(°)

38



4 Characterization of high Zr/Ce ratio Ba(Zr,Ce,Y)O3.4 proton conductors

(e) o Experil
_ C perimental data
Rop = 4.92% Calculated curve
Gof = 1.82 — Difference
—— Background

Intensity (a.u.)

T
20 40 60 80 100 120
20()

Figure 4.2. XRD patterns of the BaZrog.<Ceo2Y«O3.5 ceramics with refined data based on Rietveld method. (a)
BZCY - Y10, (b) BZCY - Y15, (c) BZCY — Y20, (d) BZCY — Y25, (¢) BZCY — Y30.

The SEM images of polished BaZros<Ceo2Y«Os.5 ceramics were obtained using a backscattered electron
detector (BSD) as shown in Fig. 4.3. As can be seen from the images, the number of pores increases
while the Y content increases, which is consistent with the results of the relative density. Moreover,
when the Y content is greater than 25%, a secondary phase with different contrast compared to the main
phase can be found. In the BZCY-Y30 sample, two typical regions have been identified: one is a
relatively dense region, and the other is a relatively porous region. The grain size analysis in Fig. 4.3
reveals that with increasing Y content, the average grain size initially increases and then decreases. In
the BZCY-Y30 sample, the grains in the dense region are smaller compared to the grains in the relatively

porous region.
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Figure 4.3. (a-¢) SEM-BSD images of the polished surface of BaZros<Ceo2YxO3.5 ceramics. Inserts show the
grain size distribution (a) BZCY-Y 10, the marked particles are identified as residual NiO (b) BZCY-Y15, (c)
BZCY-Y20, (d) BZCY-Y25, (¢) BZCY-Y30. (f) Average grain size as a function of the Y content.
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EDS analysis was performed on the BZCY-Y30 sample to determine the composition of the secondary
phase. Elemental mapping was applied on a typical area encompassing the relatively dense and relatively
porous regions, as shown in Fig. 4.4. The spectrum results show that Ba, Zr, and Ce are uniformly
distributed, but there are Y-rich areas. The enrichment observed in the relatively dense and relatively
porous regions differs. As shown in Fig. 4.4, the Y-rich phases in the relatively dense region exhibit
smaller grain sizes but higher density. Conversely, the Y-rich phases in the relatively porous region
show the opposite trend. This non-uniform segregation is likely a result of insufficient homogeneity in
the calcined powder before sintering. Additionally, the presence of secondary Y-rich phases is expected
to impact mass transfer during the sintering process. This is manifested in the inhibition of grain growth,
as observed in the more dense region. The Y-rich particles in the porous region have larger grain size
and thus have less surface energy. Owing to the lower driving force for further growth, they tend to
anchor between two matrix grains, affecting densification during sintering and preventing the
elimination of pores. This can be observed in Fig. 4.4, where the porous region shows large pores always
adjacent to the larger Y particles. Although no apparent secondary Y-rich phases were detected in
samples with lower Y content, the possibility of trace Y precipitation at grain boundaries, inhibiting
grain growth, cannot be ruled out. This also explains the gradual reduction in average grain size when
Y content exceeds 15 mol%. However, note that no impurity peaks belonging to the secondary phase
were found in the XRD results, indicating that the proportion of the secondary phase was very low
(below the XRD detection limit). In addition, the linear relationship between the lattice parameters and
Y concentration shown in Fig. 4.1b also indicated that most of the Y was substituted into the main

perovskite phase, and only a small amount of Y aggregated to form Y-rich secondary phases.

Figure 4.4. Element mapping of the polished BZCY-Y30 specimen.

40



4 Characterization of high Zr/Ce ratio Ba(Zr,Ce,Y)O3.4 proton conductors

4.2 Hydration Behavior

Fig. 4.5 depicts the mass change recorded versus time and temperature for the studied BaZros-

xCe0.2YxOs.5 materials, from which the proton concentration can be derived according to Eq. 3.2. Fig.

4.6a additionally illustrates the temperature dependency behavior of the proton concentration. As can

be observed in the figure, due to the exothermal nature of the hydration process, as the temperature

decreases, the degree of hydration gradually increases. It is also evident that with an increase in the Y

content, the generated oxygen vacancies, the proton concentration also gradually rises. The hydration

process can be expressed using the following defect equation (Eq. 4.1), from that it is seen that oxygen

vacancies and proton concentration are proportionally dependent:

H,0 (g) + 0 + V" & 20H; (4.1)
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Figure 4.5. Mass change recorded versus time and temperature for materials in the BaZrg s.<Ceo2YxOs-5 series.
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Figure 4.6. (a) Temperature dependency of the proton concentration for the materials in the BaZrog.<Ceo2YxO3-5

series. (b) Effective acceptor concentration versus the nominal acceptor concentration: dashed line shows the
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based on data collected at 100 °C.
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Therefore, the proton concentration is highly dependent on the concentration of oxygen vacancies, and
the concentration of oxygen vacancies is determined by the content of acceptor Y. This formation of
oxygen vacancy can be expressed by the following equation:

Y,05 = 2Y}, + 305+Vy 4.2)

Combining Eq. 4.1 and 4.2, it can be noted that two Y atoms generate one oxygen vacancy, and during
the hydration process, one oxygen vacancy produces two protons. Therefore, the proton concentration
should be theoretically equal to the nominal Y concentration after complete hydration. Here, the proton
concentration at 100 °C is considered as the effective acceptor concentration and is plotted against the
nominal acceptor concentration as shown in Fig. 4.6b. The dashed line represents the theoretical
maximum effective acceptor substituent concentration. It can be observed that the effective substituent
concentration increases with an increase in Y content. This suggests that even at high Y concentrations,
most of the Y can still effectively substitute into the B-site in the perovskite lattice then generating
oxygen vacancies. However, it is worth noting that the effective acceptor concentration is still lower
than the theoretical concentration. There are two possible reasons. [111,178] Firstly, SEM analysis
indicates that a small amount of Y tends to segregate into a secondary Y-rich phase. Secondly, several
studies suggest that the addition of NiO as a sintering aid leads to a lower proton uptake. Huang et al.
[117] discussed various reasons for NiO reducing proton concentration, with the most likely being the
formation of a liquid phase of (Ba, Ni, Y)Ox during sintering, which consumes Y but also Ba at the A-
site of the perovskite. This may lead to a small amount of Y substituting for Ba, forming Yg, defects,

thereby reducing the effective doping concentration of the substituent.

4.3 Electrical Properties

The electrochemical impedance analysis of the sample BZCY-Y 10 is presented in Fig. 4.7 to illustrate
the analysis process. At a relatively low testing temperature of 150 °C, two distinct arcs can be identified
at high frequencies. The fitting equivalent circuit for these two arcs is shown in Fig. 4.7a. Resistor (R)
and constant phase element (CPE) are in parallel, representing the grain interiors or grain boundaries.
The two of the R/CPE components are connected in series according to the brick layer model explained
in detail by Haile et al. [195] The fitting resulted in obtaining the capacitances of two arcs that can be
then assigned to the deconvoluted bulk and grain boundary contributions. For the first arc in the high-
frequency region a capacitance of 5.74x10!"" F was calculated, while for the second arc the obtained
value is 1.38x10® F, which typically represent the responses of bulk and grain boundary, respectively
[194]. When the temperature rises to 200 °C, the fitted capacitance values show consistency (Fig. 4.7b).
In this case, it is possible to obtain the resistance of both bulk and grain boundary separately. However,
the arcs of bulk and grain boundary gradually overlap at higher temperatures as shown in Fig. 4.7c, and

the tail of the grain boundary arc (high frequency) is the only visible part eventually. In this situation, it
42



4 Characterization of high Zr/Ce ratio Ba(Zr,Ce,Y)O3.4 proton conductors

is impossible to separately obtain the electrochemical responses of bulk and grain boundary. Only the
total resistance value can be estimated by the intercept of the tangent line of the tail of the grain boundary
arc with the real axis. The grain conductivity and the total conductivity can be calculated by the
following equation:
0= (43)

Where L is the thickness of the sample, R is the resistance and S is the cross-sectional area. When
calculating the grain boundary conductivity, there are two different definitions: one is the apparent grain
boundary conductivity (g «»), Which is also calculated using Eq. 4.3 as mentioned above. However, the
grain boundary is associated with a particular effective thickness that considering in conductivity
calculation leads to the so-called specific grain boundary conductivity (ogs s»). Assuming that the
dielectric constants of the bulk and grain boundary are consistent, the specific grain boundary

conductivity can be calculated using the following equation [32]:

— Leley 1
O = 3G D7 (44

Where C; and Cy are the capacitance of grain interior and grain boundary respectively, calculated from
the fitted CPE results based on following equation:
Q
€= (" (49)
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Figure 4.7. Nyquist plots of BZCY-Y10 at elevated temperature. (a) 150 °C. (b) 200 °C. (c) 250 — 400 °C.
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Based on the analysis and calculation of the electrochemical impedance spectroscopy results mentioned
above, an Arrhenius plot of the total conductivity of the BZCY sample can be obtained as shown in Fig.
4.8a. Data for the BZCY-30 sample above 250 °C are not available due to sample disintegration at
elevated temperatures caused by chemical expansion combined with thermal expansion. Except for
BZCY-30, the total conductivity of the remaining samples increases with increasing the Y content over
the studied temperature range. The total conductivity data at 600 °C in humid air are summarized and

presented in Table 4.1.
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Figure 4.8. Conductivity of materials in the BaZro.xCeo2YxOs.; series: (a) Arrhenius plots of total conductivity
in the temperature range 150-600 °C under humid air, (b) Arrhenius plots of bulk (full symbol) and specific
grain boundary (half symbol) conductivities in the temperature range 150-250 °C, (c) bulk, apparent and specific

grain boundary conductivities as a function of Y content at 250 °C.

The conductivities of bulk and grain boundary at temperatures below 250 °C were obtained by fitting
EIS. Arrhenius plots of bulk conductivity and specific grain boundary conductivity are shown in Fig.
4.8b. By linear fitting, the activation energies of bulk and grain boundary can be obtained as shown in
Table 4.1. With increasing the Y content, the activation energy of the bulk increases slightly, and the
activation energy of BZCY-Y30 is significantly higher than that of other low Y concentration samples.
The variation in activation energy of grain boundary shows no clear compositional trend. Furthermore,

three of the BZCY-Y 10 samples were selected to confirm the experiment reproducibility. The result is
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shown in Figure 4.9. The variation of both o) and o 4, for these three samples are in an acceptable

range.

Table 4.1 Summary of conductivity and activation energy data for materials in the BaZro3.<Ceo2YxO3.5 series
based on the EIS analysis. Total conductivity at 600 °C in humid air; activation energy of bulk and grain
boundary conductivity at 100-250 °C; bulk conductivity, apparent and specific grain boundary conductivity at
250 °C.

BZCY-Y10 BZCY-Y15 BZCY-Y20 BZCY-Y25 BZCY-Y30

Total Conductivity at 600 °C

5.3x107 6.6x107 8.0x107 9.4x1073 N/A
(S-em™)

Activation energy

0.54 0.54 0.56 0.57 0.63
(from 100-250 °C) of bulk (eV)

Activation energy

(from 100-250 °C) of grain 0.72 0.73 0.69 0.68 0.73
boundary (eV)

o) at 250 °C (S-em™) 9.5x107° 1.3x10* 2.0x10* 2.6x10* 9.7x10°3
Ogh_ap at 250 °C (S-cm™) 6.8x10* 1.7x1073 9.9x104 7.7x10* 2.0x10*
O sp at 250 °C (S-em™) 3.5%10°¢ 3.5x10°¢ 7.1x10°¢ 1.2x10° 1.3x10°3
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Figure 4.9. (a) Arrhenius plots of bulk and specific grain boundary conductivities of three different BZCY-Y 10

samples in the temperature range 150-250 °C.

In order to better understand the effect of the employed different Y contents on the conductivity of the
studied BZCY samples, one needs to consider and analyze their bulk and grain boundary conductivities

in detail as depicted in Figure. 4.8c.
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Bulk conductivity. Fig. 4.8c illustrates the variation of bulk conductivity with Y content at 250 °C. A
significant decrease in conductivity is observed for BZCY-Y30, which is related to the excess Y-rich
phases observed in the SEM images in Fig. 4.3e. BZCY-Y30 will be excluded in the subsequent
discussion regarding conductivity. Except for BZCY-Y30, the bulk conductivity continues to increase
with increasing the Y content. The comparison of the conductivity at 250 °C has several advantages.
Firstly, as mentioned above, it is difficult to separate the conduction contributions from bulk and grain
boundary in EIS at higher temperatures. Secondly, at this temperature, the degree of hydration of BZCY
material is nearly at the saturation level, as shown in Figure 4.6a, providing a better reference value
when considering proton concentration. Finally, at such a relatively low temperature, the conductivity
contribution mainly comes from proton migration rather than other charge carriers such as electrons or
oxygen ions [198]. According to the conductivity equation:
o =nqu (4.6)

n represents the charge carrier concentration, protons in this case, ¢ is the electron charge constant
(1.6x10" C), and u is the proton mobility. According to Eq. 4.1 and 4.2, as well as the
thermogravimetric analysis shown in Fig. 4.6, the proton concentration () is directly correlated with
the Y substituent concentration. Interestingly, as shown in Table 4.1, as the Y concentration increases,
the increase in bulk conductivity follows the same multiplicative relationship with the Y content. Taking
BZCY-Y10 as a reference, the bulk conductivity of BZCY-Y15, BZCY-Y20 and BZCY-Y25 is higher
than that of the reference by a factor of 1.4, 2.1 and 2.7, respectively. This holds true except for BZCY-
Y30. This indicates that the variation in conductivity (¢) with changing Y substituent levels is mostly
attributed to the increase in proton concentration (7) due to more Y substitution. In other words, the
multiplicative relationship of n directly leads to the same multiplicative relationship of ¢ in Eq. 4.6,
which means the mobility («) does not significantly change with Y substitutional concentration. This is

also reflected in the almost unchanged activation energy as shown in Table 4.1.

As suggested by Eq. 4.6, apart from the concentration of charge carriers, also their mobility plays an
essential role. In literature, two mechanisms describing the influence of Y cations on the proton mobility
in BZCY materials are discussed. The first one is the trapping effect of the dopant [93]. In this concept,
Y?" acts as an aliovalent dopant on e.g., Zr*" site, thus forming a negative charge center. When a proton
migrates to an O-site adjacent to a Y-site, it gets captured there because the energy required for this
proton to rotate or migrate within the region is lower than the energy required to migrate out of it
[84,199]. This confinement restricts the long-range migration capability of protons. Therefore, Y

substitution will be expected to decrease the proton mobility based on the trapping effect theory.

Another mechanism discusses an alternative effect of high Y concentrations on proton long-range
migration, which is called the nanoscale percolation effect [98]. The trapping effect of individual Y

cation on protons is also acknowledged in this theory. However, as the concentration of Y is high, there
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is a probability for Y cations to become adjacent to each other. When protons migrate within such
regions formed by continuous Y-sites, the activation energy required is even lower than that for
migration to other sites such as Zr-sites. This rapid pathway for protons formed by continuous Y-site is
termed the nanoscale percolation effect. Such effect becomes more pronounced at higher Y
concentrations. In other words, high concentrations of Y substitution facilitate an increase in proton

mobility.

The competitive relationship between these two mechanisms regarding proton mobility, one having a
negative impact and the other having a positive impact, collectively contributes to the effect of Y
substitution on proton mobility. Considering the experimental results shown in Table 4.1, it is verified
that the mobility of protons at 250 °C does not significantly change with increased Y content (from 10
at.% to 0.25 at.%). One may therefore speculate that these two effects have almost equal influence in
the BZCY materials. The slight increase in bulk conductivity activation energy as shown in Table 4.1
also confirms this. In the computational work by Toyoura et al. [200], the degree of influence of the
trapping effect and percolation effect of dopants on proton mobility was assessed. The authors similarly
pointed out that the preferential conduction pathways formed by Y cations moderate the strong trapping
effect, resulting in a minor reduction of proton diffusivity and mobility. Moreover, they also noted that
interactions between protons could have a negative impact on their mobility [201], but this effect is also

counteracted by the Y nanoscale percolation effect.

Most of the studies on the influence of Y on proton mobility are conducted using computational
methods, for example density functional theory or molecular dynamics [98,199,200]. In this work, this
influence has been demonstrated from an experimental perspective. However, it should be noted that
both mechanisms are temperature-dependent [93,98]. This means that one effect may have a stronger
influence than the other at different temperatures. Unfortunately, it is not possible to obtain solely bulk
conductivity information from EIS at higher temperatures. It can only be demonstrated that at the
relatively low temperature of 250 °C, there is a balancing among different mechanisms in this studied

BZCY composition, resulting in minor changes in mobility with the increase of Y.

Grain boundary conductivity. The effect of Y content on both the apparent and specific grain boundary
conductivities is depicted in Fig. 4.8c. The g 4 is significantly influenced by grain size, as the grain
boundary density is directly affected by the average grain size. In fact, the trend of oy 4, With Y content
in Figure 4.8c matches the grain size variation shown in Fig. 4.3f very well. Therefore, comparing the
o sp can be more helpful for a better understanding of the grain boundary properties. As shown in Fig.

4.8c, the oy, 5 gradually increases with an increase in Y content.
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Investigating the proton conduction across the grain boundary is more complex due to the unique
microstructure. To gain better insights into the grain boundary chemistry, the elemental composition of
BZCY-Y 10 was characterized using STEM-EDS analysis, as shown in Fig. 4.10. A characterization of
selected grain boundaries is done here to compare the chemical composition of interfaces discussed in
this study to other reports in literature. The selected area of analysis is shown in Fig. 4.10a, b. As shown
in Fig. 4.10c and d, Ba, Zr, Ce and O are relatively homogeneously distributed in the adjacent grains
with a slight deficiency for Zr and O in the grain boundary areas analyzed. However, the EDS results
clearly illustrate the segregation of Y and Ni to the grain boundary that can be explained by the grain
boundary space charge layer model [91]. During sintering, positive charge point defects such as oxygen
vacancies segregate to the grain boundary due to energetic reasons induced by the structural change of
the crystal lattice, forming positive charge grain boundary cores [87]. Consequently, negative charge
defects such as Y, and Niy, segregate to the grain boundary to compensate for the positive grain
boundary core charge, thus forming an acceptor concentration gradient. Similar segregation effects have
been observed in different BaZrO; based compositions mainly by using atom probe tomography and
transmission electron microscopy techniques [87,202-206]. The electrostatic driving force is also the
reason why the cations of Zr and Ce did not show obvious segregation at the grain boundaries. The same
phenomenon was also confirmed for the high Y concentration sample BZCY-Y30 by STEM-EDS as
shown in Fig. 4.11. However, due to the higher bulk concentration of Y on the B-site in this composition,

the ratio between Y segregation and bulk concentration is lower.

— Ce Lat
Ba La1
| ——2ZrKa1

Y Ka1
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—— O Ka1

Normalized Intensity (a

Distance (nm)

Figure 4.10. (a, b) High-angle annular dark-field images (HAADF) of the BZCY-Y 10 microstructure and an
edge-on grain boundary (the electron beam is parallel to the grain boundary). (c) Integrated linescan derived

from the EDS element mapping in (d).
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Figure 4.11. (a, b) HAADF of the BZCY-Y 10 microstructure and an edge-on grain boundary (the electron beam
is parallel to the grain boundary). (c) Integrated linescan derived from the EDS element mapping in (d).
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Figure 4.12. Space charge layer model and the corresponding distribution of Y, and OH;, concentrations.

Fig. 4.12 illustrates how such a space charge layer affects proton conduction at the grain boundaries.
The positively charged grain boundary core leads to an electrostatic potential difference from the grain
boundary core to the bulk, as indicated by the red curve. Under this electrostatic driving force, a
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depletion of protonic defects (OHg) occurs within the space charge layer, as shown by the dashed blue
curve. This directly leads to a decrease in grain boundary conductivity. Fortunately, the segregation of
Y as shown by the solid blue line partially compensates the electrostatic potential, mitigating proton
depletion at the grain boundary. This is also the reason why with increasing Y substitution content, the

conductivity at grain boundaries gradually increases as shown in Fig. 4.8c.

The proton conductivity of similar compositions from the literature are plotted in Figure 4.13 to compare
the conductivity in this work. For bulk conductivity, our results are within the same order of magnitude
as those reported in the literature. However, for grain boundary conductivity, both our results and those
from the literature span a wider range. This is because grain boundaries are more significantly affected

by the ceramics processing conditions than bulk conductivity.

1
04 (a) o (b) -
14 -1+ . 2 °
2 24 n < 24 - A .
< 2 < 3
‘ - s § =
g 3+ [ ] A [ ] g 4
o o ]
= -
= 41 ° ~ -5 A .
L ke a A
£ 5 s 64 A
-7 4
-6
8 - s
-7 T T ‘ ‘ T -9 . 7 ‘ ‘ T
0.10 0.15 0.20 0.25 0.30 0.10 0.15 0.20 0.25 0.30
Content of Y Content of Y
Op ngjp ng_sp
n . A This work
- = = BaZrygCey 7Y 015055 [1]
- - = BalrysCey5Y 15055 [2]
4 A BaZry 5Ce; 3Y 02055 [3]
@ © ¢ Baj15Z00654CC0.20Y 0136055 [4]
“ < BaZr, ,Ceq,Y( 10455151
. -

BaZr, 4Ce; ;Y0055 [6]

Figure 4.13. (a) Bulk, (b) apparent and specific grain boundary conductivities as a function of Y content at
250 °C, including a comparison of the results from this work with those from literature. References [1-6] in the

figure refer to [62,101,118,207-209].

4.4 Mechanical Properties and Thermo-Chemical Stability

In addition to the electrochemical properties, the mechanical performance and thermo-chemical stability
of BZCY materials also deserve attention from the perspective of application. Figure 4.14 shows the
hardness and elastic modulus of BZCY materials with different Y content. BZCY-Y 10 shows similar
elastic modulus value as those reported in the literature [210,211]. With the same lattice structure, the

increase in lattice parameter due to the Zr substitution with Y generally leads to a decrease in elastic
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modulus [210]. Except for BZCY-Y 15, the elastic modulus shown in Figure 4.14 does exhibit an overall
decreasing trend. The exception for BZCY-Y 15 might be related to a grain size dependency of the elastic
modulus. The elastic modulus of the grain boundary might differ from that of the grain interior, and
different grain sizes can affect the fraction of grain boundary within the indentation area, thus impacting
the elastic modulus [212]. The hardness of ceramic materials is influenced by many factors, including
grain size and porosity, in addition to the inherent properties of the material [213]. The hardness of

BZCY materials remains quite constant within the studied compositional range with values ranging from
8 to 9 GPa.
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Figure 4.14. Compositional dependence of the micro-indentation hardness and the elastic modulus within the

series BaZro 3.«Ceo2YxOs.5. (Fitting results are only visual reference)

Next to mechanical properties, the chemical stability of BZCY materials in water and CO; containing
atmospheres is of significant concern for the durable operation of electrochemical devices based on
BZCY ceramics. The element Ba readily reacts with water to form Ba(OH), [214], and Ba(OH); can
easily convert to BaCO3 upon exposure to CO, containing atmosphere. Ba can also react directly with
CO; to form BaCO; [46]. Fig. 4.15 shows the XRD patterns recorded for BZCY-Y20 exposed to
different atmospheres at 700 °C. To better observe potential minor peaks indicating phase instabilities,
the intensity is displayed on a logarithmic scale. As expected, BZCY samples with a high Zr/Ce ratio
maintain their original perovskite structure after exposure to various atmospheres, with no significant
secondary phases detected. Fig. 4.16 presents the XRD patterns of other compositions exposed to
different atmospheres. Only the BZCY-Y30 sample exposed to water vapor showed a small amount of
BaCO; phase. As observed from SEM-EDS, the Y-rich secondary phase is present in the BZCY-30
composition, which disbalance the stoichiometry. This increases the A/B ratio in the perovskite structure
ABOs, making the main perovskite phase BZCY to be Ba over-stoichiometric. The Ba over-

stoichiometry makes BZCY more prone to degradation reactions [215,216]. Nevertheless, the
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compositions studied in the high Zr/Ce ratio series BaZrosxCeo2YxOs3.5 are proven to have high

resistance to Hz, H>O, and CO,.
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Figure 4.15. XRD patterns of BZCY-Y20 after exposure to H,, water vapor and CO; containing atmospheres at
700 °C. Peak intensity is amplified by log scale.
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Figure 4.16. XRD patterns of materials from BaZrg.<Ceo.YxOs.5 series after exposure to (a) Ar/ 4 vol.% Ha, Ar
/50 vol.% H>0 and Ar / 50 vol.% CO; at 700 °C. Peak intensity is amplified by log scale.

4.5 Summary

In this chapter, a systematic study was conducted on the phase composition, microstructure, and the
resulting hydration ability and electrochemical performance of high Zr/Ce ratio Ba(Zr,Ce)Os solid
solutions with different Y substitution levels (10 at.% to 30 at.%). Owing to high Zit/Ce ratio, the
composition of BaZrs<Ceo2YxOs.5 exhibited enough thermal-chemical stability for the potential
application in electrochemical devices. Within the range of Y substitution concentrations studied, no
significant secondary phases were detected in the XRD analysis. However, SEM analysis revealed the
presence of Y-rich phases in samples with high Y substitution content. The proton conductivity is
strongly related to the concentration of the acceptor Y. More Y means higher conductivity, primarily

due to the higher proton concentration resulting from the increased Y content. From the EIS analysis
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results, the proton mobility in the bulk is almost independent of the Y concentration when Y is less than
25 at.%, indicating a balance between different mechanisms influencing proton migration, such as the
Y trapping effect and the Y nanoscale percolation effect. High Y substitution also contributes to higher
grain boundary conductivity, as Y segregation promote the proton conduction based on the space charge
layer theory. However, this does not mean that more Y is always better, as excessive Y content can lead
to the formation of secondary phases due to solubility saturation, which adversely affects both
conductivity and stability. Therefore, 20 at.% of Y content is the optimal substitution concentration to

ensure the highest conductivity without formation of secondary phases.
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5 Mechanical Properties of the Fuel Electrode Support

In this chapter, the bending strength and elastic modulus of BZCY-Y15/NiO fuel electrode supports
were investigated to examine the effects of varying sintering temperature as well post-reduction
conditions. Considering the superior thermochemical stability of high Zr content compositions and the
reduced risk of secondary phase formation at moderate Y substitution levels [52,53,176], BZCY-Y15
was selected as the focus of this study. The influence of porosity on mechanical performance was
analyzed through SEM image analysis and quantitatively modeled using exponential decay
relationships. Fracture origins and microstructural failure mechanisms were further revealed through
SEM-based fractography. Finally, we evaluated the mechanical reliability of the supports by Weibull
statistics analysis and benchmarked their performance against conventional YSZ/NiO-based systems.
This study aims to address the knowledge gap in the mechanical reliability of BZCY-based fuel
electrode supports and provide practical insights and guidance for future structural optimization and

material design.
5.1 Phase Analysis and Microstructure

The XRD patterns of the fuel electrode supports sintered at different temperatures and post-reduction
are shown in Figure 5.1. Analysis of the diffraction patterns confirms that all samples, regardless of the
sintering temperature, predominantly consist of the cubic perovskite phase BZCY alongside the NiO
phase. No secondary or impurity phases were detected, indicating high phase purity. The sample sintered
at 1450 °C was selected for further reduction. Post-reduction XRD analysis reveals that NiO is
successfully transformed into metallic Ni, with no significant formation of any additional phases. This
confirms that all samples maintain their structural integrity and can be classified as “XRD-pure”.

—— 1400

1450

' ) —— 1500
|

1450_re

Normalized intensity (a.u.)

20 40 60 80

Figure 5.1. XRD patterns of BZCY/NiO fuel electrode supports sintered at 1400 °C, 1450 °C and 1500 °C. The
sample labeled 1450-re refers to the 1450 °C-sintered sample after reduction in 3 vol.% Ha/Ar at 900 °C.
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Figure 5.2 shows the SEM-BSE (backscattered electron) images of the BZCY-Y15/NiO(Ni) fuel
electrode supports after various thermal and chemical treatment processes. In backscattered mode,
regions with elements of higher atomic numbers appear brighter. Accordingly, in these micrographs,
black areas represent pores, bright areas correspond to BZCY-Y15 phases, and the intermediate gray

areas indicate NiO or metallic Ni phases, depending on the treatment.
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Figure 5.2. SEM images of BZCY-Y15/NiO fuel electrode supports sintered at 1400 °C, 1450 °C, and 1500 °C
(a-c), and after reduction at 900 °C following sintering at 1450 °C (d). In each image, the right half is highlighted

in red to indicate the pore regions identified by ImagelJ/Fiji software during porosity analysis.

It can be observed that with increasing sintering temperature, the porosity gradually decreases. At these
three sintering temperatures, there is no significant difference in the size and morphology of the NiO
particles. The BZCY-Y15 particles seem to exhibit a better connection (enhanced necking) and
densification at higher sintering temperatures, suggesting improved interparticle bonding. Furthermore,
the porosity of 1450_re increases compared to the unreduced 1450 °C sample due to the reduction-

induced phase transformation of NiO to metallic Ni, associated also with volume shrinkage.

Given the significant impact of porosity on mechanical performance, accurate quantification of porosity
is crucial. In each SEM image, the pores on the right half are highlighted in red, illustrating the process

by which Imagel/Fiji identifies the pores based on grayscale contrast. The software then calculates the
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area fraction occupied by pores and determines a porosity level. Porosity values were statistically
evaluated by analyzing 10 randomly selected regions from SEM images of each sample, with the results
summarized in Figure 5.3.
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Figure 5.3. Porosity variation of BZCY/NiO fuel electrode supports under different thermal treatment histories.

5.2 Mechanical Properties and Weibull Statistical Analysis

Figure 5.4a shows the average bending strength and elastic modulus values derived from 25 room-
temperature bending tests for each BZCY-Y15/NiO fuel electrode support subjected to different heat
treatment histories. A clear trend emerges from these results, with both average bending strength and
elastic modulus showing significant increase as the sintering temperature rises. This enhancement in
mechanical properties is attributed primarily to the corresponding reduction in porosity observed at

higher sintering temperature, which leads to a denser and structurally more robust material.
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Figure 5.4. (a) Bending strength and elastic modulus variation of BZCY-Y 15/NiO fuel electrode supports under

different thermal treatment histories. (b) The dependence of bending strength and elastic modulus on porosity.
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Conversely, the sample sintered at 1450 °C followed by reduction at 900 °C demonstrates a notable
decrease in both bending strength and elastic modulus. This decline is attributed to the introduction of
porosity due to the reduction of NiO to Ni, thereby weakening the overall structure and compromising

the mechanical strength of the support. The related mechanical data are listed in Table 5.1.

Table 5.1. Result of the ring-on-ring test at room temperature. E is the elastic modulus. o} is the average bending

strength. o. and m are characteristic strength and Weibull modulus with confidence interval obtained from

Weibull analysis.
Porosity (%) E (GPa) o» (MPa) o. (MPa) m No. of test
1400 25.6+1.9 39+7 50+7 533 7.633 25
1450 8.5+ 1.4 87+30 106 + 24 11634 5.3%% 25
1500 1.7+0.7 149 + 51 158 £ 41 17415 4337 25
1450 reduced  29.0+ 1.4 3549 54+ 12 598 5.493 25

Figure 5.4b illustrates a strong correlation between the magnitude of bending strength and elastic
modulus with the level of porosity. Although various microstructural changes can occur with increasing
sintering temperature, porosity appears to be the dominant factor influencing the mechanical
performance across the investigated sample set. To visualize this macroscopic trend, the porosity
dependence of the Young’s modulus and bending strength was described by the Equation 5.1 and 5.2
[217,218]:

E =E,-exp(—a-P) (5.1)

oy = 0y " exp(—b - P) (5.2)
where Ey and oy are the elastic modulus and bending strength when the porosity is 0. The experimental
data can be fitted with £y = 149 GPa, a = 0.05, go= 163 MPa and b = 0.05. This empirical fitting is not
intended to serve as a detailed physical model but rather to capture a general trend observed in the
experimental data. It emphasizes the strong influence of porosity on mechanical strength while
acknowledging that other sintering-related factors, e.g., grain connectivity or local composition changes,

may also play a secondary role.

Strength is commonly employed as the critical design criterion for the mechanical limits of brittle
ceramic materials. However, the measured strength values exhibit significant statistical scatter due to
the influence of flaw size distribution. This inherent variability can be effectively characterized by
Weibull statistics [219], which has become one of the most prevalent statistical tools for analyzing
fracture strength in ceramic materials, particularly for defect-dominated failure mechanisms. The two-

parameter Weibull distribution is mathematically expressed as [220]:
m
Pr=1—exp [— (gi) ] (5.3)
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where Py represents the cumulative failure probability at applied stress o, o. denotes the characteristic
strength corresponding to 63.2% failure probability, and m is the Weibull modulus quantifying strength
distribution uniformity. A higher m value indicates superior reliability through narrower strength

distribution, while lower m values reflect increased strength variability caused by diverse critical flaws.

Figure 5.5 presents the Weibull statistical analysis with 90% confidence intervals for the bending
strength of BZCY-Y 15/NiO(Ni) fuel electrode supports processed under different sintering conditions.
The failure probability (P;) was logarithmically transformed according to classical two-parameter
Weibull methodology for linear regression analysis. The Weibull parameters derived in Table 5.1 reveal
an inverse correlation between sintering temperature and Weibull modulus. Specimens sintered at

elevated temperatures exhibited decreased Weibull moduli, indicating broader strength distributions.
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Figure 5.5. Weibull plots with confidence intervals. (a)1400, (b) 1450, (c)1500 and (d)1450 _re.

This trend suggests fundamental microstructural differences that 1400 °C-sintered specimens
demonstrated relatively uniform porosity distribution acting as stress-concentrating failure origins,
resulting in tighter strength clustering. Conversely, higher temperature processing appears to promote

anomalous critical flaws, potentially through exaggerated grain growth or heterogeneous pore
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coalescence. These irregular defects create weak links in the microstructure, introducing greater strength

variability and consequently reducing the Weibull modulus.

To investigate the critical flaws responsible for strength degradation and elucidate the origin of increased
strength dispersion in high-temperature sintered specimens, the fracture surface was characterized by
SEM, as illustrated in Figure 5.6. The fracture surface of specimens sintered at 1400 °C (Fig. 6a) reveals
agglomerated BZCY-Y15 particles without detectable macroscopic pores. When the sintering
temperature increased to 1450 °C (Fig. 6b), elongated continuous pores were observed along the

periphery of these BZCY agglomerates. This phenomenon became more pronounced with further

temperature elevation to 1500 °C (Fig. 6¢), where extensive pore networks developed.

Figure 5.6. SEM images of the fracture surface of BZCY-Y 15/NiO fuel electrode support sintered at (a)
1400 °C, (b) 1450 °C and (c) 1500 °C. The yellow circles in (a) mark the agglomeration of BZCY particles, and

the arrows in (b) and (c) mark the elongated continuous pores around the BZCY material phase.

The formation mechanism can be attributed to differential sintering rates between the BZCY-Y15
agglomerates and surrounding matrix particles during thermal processing. This mismatch induces
heterogeneous shrinkage, generating localized stress concentrations that evolve into elongated pores.
Such pores act as preferential stress concentrators under mechanical loading, serving as critical failure
initiation sites. Crucially, the stochastic spatial distribution of these pores introduces inherent variability
in strength-limiting flaw sizes and geometries. This microstructural heterogeneity provides an
explanation for both the widened strength distribution and reduced Weibull modulus observed in higher

temperature sintered specimens.

To evaluate the operational reliability of BZCY-Y 15/NiO fuel electrode supports, the high-temperature
fracture strength of specimens sintered at 1450 °C was investigated at protonic ceramic fuel cell
operating temperatures. Mechanical testing was conducted at 500 °C and 600 °C as well as on reduced-
state specimens. Due to the time-intensive nature of high-temperature testing, a limited dataset of three
samples per condition was acquired. The measured bending strength and elastic modulus values are

summarized in Table 5.2, with comparative analysis against room-temperature performance.
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Table 5.2. Comparison of the room-temperature and high-temperature mechanical properties of pre-reduction

and post-reduction samples sintered at 1450 °C.

Testing temperature (°C) E (GPa) o» (MPa) No. of test
RT 87 +30 106 + 24 25
1450 500 121£12 137 +£26 3
600 87+13 121+6 3
RT 35+9 54+12 25
1450_reduced 500 33+5 6113 3
600 41 £12 65+ 14 3

Notably, both bending strength and elastic modulus exhibited no degradation across the evaluated
temperature range compared to ambient conditions. There appears to be even a tendency towards a slight
improvement. This anomalous behavior may originate from two potential factors: (1) statistical
uncertainty inherent to small sample amount, and (2) thermally induced hydration or dehydration of the
BZCY phase that could potentially influence the mechanical performance [221,222]. However, the
mechanistic relationship between hydration kinetics and mechanical response remains ambiguous and
warrants further investigation. Nevertheless, the results show that the BZCY-Y15/NiO substrate is not

expected to exhibit special high temperature mechanical failures in the operating condition.

5.3 Comparison with YSZ/NiO substrate

A comparison of the characteristic strengths between 1450 °C-sintered BZCY-Y15/NiO and
conventional YSZ/NiO oxygen-ion conductor half-cells is summarized in Table 5.3. Specimens sintered
at 1450 °C were selected for this comparative analysis due to their optimal porosity for fuel electrode
support applications and compatibility with commonly used co-sintering temperatures for electrolyte
integration. Notably, the BZCY-Y15/NiO system demonstrates significantly lower bending strength
than YSZ/NiO counterparts, particularly in the reduced state. This mechanical deficiency poses twofold
challenge: the pre-reduction weakness increases susceptibility to structural failure during manufacturing
and stack assembly, while the post-reduction strength degradation raises concerns about long-term
operational stability, especially during thermocycling. These observations align with prior reports
highlighting low mechanical properties in BZCY-Y15/NiO substrate [14,169,223]. The bending
strength of 50 MPa in our 1400 °C sample and 106 MPa in our 1450 °C sample is reasonably consistent
with the 58.5 MPa reported by Huang et al. [169] and 55.3 MPa reported by Wang et al. [223], given
differences in porosity and testing methods. Despite the growing interest in scaling up BZCY-based
protonic ceramic electrochemical cells, mechanical reliability remains an under addressed issue that

could hinder their technological advancement.
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Table 5.3. Comparison of characteristic strengths (MPa) of BZCY-Y15/NiO (1450 °C) and conventional
YSZ/NiO fuel electrode supports

Condition BZCY-Y15/NiO YSZ/NiO [141] YSZ/NiO [164]
Oxidized 116 175 240
Reduced 59 165 157

Fractographic analysis in Figure 5.6 suggests potential optimization pathways through microstructural
engineering. Improved compositional homogeneity achieved via optimized processing parameters may
mitigate heterogeneous shrinkage-induced defects. Furthermore, tuning of the Zr/Ce ratio in BZCY
could influence sintering behavior [53,207], possibly leading to enhanced mechanical properties,
although this remains speculative and requires validation. An alternative approach proposed by Huang
etal. [169] involves a bilayer architecture combining YSZ/NiO as the structural support and BZCY/NiO
as the functional electrode layer. This hybrid design improves mechanical robustness compared to
BZCY/NiO systems while maintaining comparable electrochemical performance. Another strength
enhancing idea might be the use of fiber reinforcement which will be the topic of the PhD thesis of F.
Lang at IMD-2.

5.4 Summary

This chapter presents a comprehensive mechanical evaluation of BZCY-Y15/NiO fuel electrode
supports for proton-conducting ceramic cells. Both bending strength and elastic modulus increased with
higher sintering temperature, primarily due to reduced porosity and improved densification. However,
significant mechanical degradation was observed following reduction, attributed to the formation of
internal pores resulting from the NiO-to-Ni transformation. Weibull statistical analysis revealed that
higher sintering temperatures led to more heterogeneous flaw distributions, reducing mechanical
reliability. SEM analysis of fracture surfaces confirmed that abnormal pore networks acted as critical
stress concentrators in high-temperature specimens. Despite recent advancements, the mechanical
strength of BZCY/NiO remains notably inferior to that of conventional YSZ/NiO systems, particularly
in the reduced condition, posing serious challenges for scale-up to stack-relevant sizes and long-term
structural stability and reliability. Future efforts should focus on microstructural optimization,
compositional tuning (e.g., Zr/Ce ratio), and the development of hybrid support architectures to enhance

mechanical robustness in real-world applications.
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6 Deposition of Thin and Uniform Electrolyte Layer via Wet Powder
Spraying

Among various powder deposition methods for preparing ceramic oxide thin films, tape casting and
screen printing are the most commonly used techniques for fabricating the electrolyte layer for SOCs
[144,224-229]. This is mainly for two reasons. First, these methods produce films with a thickness well-
suited for SOCs electrolyte layers, typically around 10 pm. Secondly, both methods are scalable for
large-scale production. Wet powder spraying (WPS) also shares these two advantages, but its potential
for fabricating electrolyte layers has been largely underestimated. Research on using WPS to prepare
SOCs electrolyte layers is much less extensive compared to tape casting and screen printing
[126,131,146-148,159,160,226,230-235]. Moreover, WPS can be applied not only to planar SOC but
also to tubular SOC designs.

The process of depositing thin electrolyte powder layers via WPS involves numerous parameters that
require exploration. The first key step is the preparation of the suspension used for spraying. In most
studies, organic functional additives such as dispersants and binders are essential. Dispersants are used
to maintain the stability of the suspension and prevent powder agglomeration in the liquid. Binders
enhance the adhesion between powder particles. More importantly, an appropriate amount of binder can
alleviate drying stress after coating, preventing drying cracks. However, these organic additives
decompose during sintering, leaving behind pores that have negative impact on the densification of the
film.

The WPS technique introduced in this chapter utilizes a suspension composed solely of ethanol and
ceramic powder, simplifying the preparation process and reducing overall manufacturing costs. The
suspension does not need to maintain long-term stability or resist agglomeration. Ultrasonic treatment
before spraying is sufficient to disperse the powder and meet the requirements for WPS, avoiding the
need for dispersants. Although omitting binders introduces the challenge of drying cracks, this can be
addressed by adjusting the spraying parameters. When the suspension has a high solid content and the
liquid loading rate during spraying is high, a large amount of suspension will be deposited on the
substrate during each spraying pass. In this case, the drying process of the wet layer is similar to that of
screen printing or tape casting, where the coating dries from the surface first and then gradually
throughout the entire layer. This creates a gradient of drying stress, making drying cracks likely. Under
these conditions, the use of binders is necessary. However, for depositing relatively thin electrolyte
layers, WPS parameters can be modified to fundamentally alter the drying process. Specifically, by
significantly reducing the solid content of the suspension and the liquid loading rate. After each spraying

pass, a very thin deposited wet layer dries individually before the next spraying pass. This approach
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significantly reduces drying stress along the thickness direction. The desired layer thickness can be

finally achieved through multiple spraying passes.

Based on this WPS process, various parameters were explored, which is the main focus of this chapter.
The aim is to achieve a sintered electrolyte layer that is dense and crack-free. The occurrence of drying
cracks in the coating layer after WPS directly determines whether cracks will appear after sintering. This

chapter investigates the effects of spraying parameters on the quality of the dried coating layers.

6.1 Parameters Involved in the WPS Technique

Before optimizing the spray parameters, it's essential to first identify which parameters need to be
considered. Figure 6.1 illustrates the movement trajectory of the nozzle during the WPS spraying
process. The parameters involved in this process include temperature, humidity, atomizing air pressure,
liquid loading rate, nozzle moving speed, nozzle size, solid concentration in the suspension, particle size
distribution of the powder used, and nozzle-sample distance. Among these, temperature and humidity
undoubtedly affect the evaporation rate of the coating layer. Unfortunately, these two factors are not
fully controllable in the used lab and equipment and experiments can only be conducted under as
consistent temperature and humidity conditions as possible. Based on extensive experimental
experience, whether cracks appear in the dried layer does not seem to be particularly sensitive to

temperature and humidity in the special case used here.
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Figure 6.1. The movement trajectory of the nozzle during a single spraying pass in the WPS process.

Among the remaining parameters, it’s impractical to consider all of them simultaneously, as too many
variables would increase the complexity of the experiment. Many parameters can be initially set within
reasonable ranges based on empirical knowledge. For example, the air pressure must not be too high.
otherwise, the spraying velocity will become excessive, causing the spray to disperse outward upon
reaching the substrate. Conversely, the liquid atomization will be poor if the pressure is too low, or the

velocity will be insufficient.
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As discussed in the previous section, the liquid loading rate should be kept as low as possible. This rate
is controlled by adjusting the needle lift height inside the nozzle—the lower the height, the lower the
liquid output. However, if the liquid loading rate is too low, the gap between the needle tip and the
nozzle outlet becomes minimal, which may cause the outlet to clog with powder during spraying,
making liquid discharge difficult. Therefore, the liquid loading rate must strike a balance: it should be
as low as possible while ensuring that the nozzle does not clog and can spray liquid evenly throughout

the process.
The nozzle moving speed also affects the amount of suspension deposited with each spraying pass. A
higher speed results in less liquid being deposited. This speed is also set within a reasonable range based

on experience. Table 6.1 shows the preliminary fixed parameters used for the experiment.

Table 6.1. Fixed spraying parameters set in the WPS experiment.

Air pressure Nozzle moving speed  Liquid loading rate Nozzle size

0.16 bar 200 mm/s 0.033 ml/s 0.3 mm

Based on the fixed parameters mentioned above, a detailed study was conducted on the remaining
parameters: solid concentration in the suspension, powder particle size distribution, and nozzle-sample

distance.

6.2 Impact of Solid Concentration in the Suspension

For the remaining three parameters, the study first focused on solid concentration in the suspension.
Self-prepared BaZro.16Ce0.64Y0.1Ybo.103.4 powder synthesized via the sol-gel method was used for this
investigation. The nozzle height was fixed at 10 cm, and the solid concentration in the suspension was
set at 0.5 wt%, 1 wt%, and 2 wt%, respectively. To ensure consistent coating thickness, the number of

spraying passes was adjusted to 60, 40, and 20, respectively.

Figure 6.2 shows the SEM images of the coating surface after drying, as well as the electrolyte surface
and cross section after sintering. It can be observed that when the concentration was 0.5 wt%, no cracks
appeared in the dried coating layer or in the sintered electrolyte. At a concentration of 1 wt%, fine cracks
began to form. These small cracks were not fully visible after sintering. However, the electrolyte surface
was not entirely smooth, exhibiting small pits. When the solid concentration increased to 2 wt%, the
drying cracks became more pronounced and larger. These larger cracks extended during sintering,

leading to peeling off and curling of the electrolyte layer.
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Figure 6.2. SEM images of the coating surface after drying, as well as the surface and cross section of the

electrolyte after sintering, with solid concentrations in the suspension of 0.5 wt%, 1 wt%, and 2 wt%,

respectively.

When a suspension containing ceramic powders is deposited onto a rigid substrate, solvent evaporation
induces capillary forces due to the liquid’s surface tension [236]. These forces tend to pull the particles
together, causing shrinkage of the film. However, the rigid substrate constrains this shrinkage, resulting
in the buildup of tensile stress within the film. Once the stress exceeds a critical value, the film cracks
during drying. The magnitude of this stress increases with film thickness, and the maximum film
thickness below which no cracking occurs is defined as the critical cracking thickness [237,238].
Therefore, during one spraying pass, a higher solid concentration in the suspension leads to a thicker
dried layer, increased thickness in turn increases the likelihood of cracking. This explains why drying

cracks become more pronounced and severe at higher solid concentrations.

Thus, increasing solid concentration poses the risk of forming drying cracks. However, if the solid
loading is too low, achieving the desired coating thickness requires an excessive number of spraying
passes, which increases the processing time and spraying cost. Therefore, further exploration of other

parameters is needed to achieve higher solid concentration while avoiding crack formation.

6.3 Impact of Powder Particle Size Distribution

To ensure that the deposited layer remains crack-free while maintaining a solid concentration of at least
2 wt% in the suspension, the particle size distribution of the powders was then considered. As shown in
Figure 6.3a, the self-made BaZrj.16Ceo64Y0.1Ybo.103.a powder A exhibits a bimodal particle size
distribution. Meanwhile, four other powder sets were also evaluated. Figures 6.3b and 6.3c depict the
particle size distributions of Powder B (commercial BaZry7Ceo2Y0.103.4) and Powder C (commercial
BaZro.16Ce0.64Y0.1Ybo.103.4), respectively. Figure 3d shows the distribution of Powder D, which is a 1:1

mixture of Powders A and B, while Figure 3e represents Powder E, a 1:1 mixture of Powders A and C.
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It is evident that the latter four powders all exhibit nearly monomodal and continuous particle size

distributions.
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Figure 6.3. Particle size distribution of (a) powder A: self-made BaZro 16Ceo.64Y0.1Ybo.103.4, (b) powder B:
commercial powder BaZry7Ce2Y0.103.4, (¢) Powder C: commercial powder BaZry.16Ceo.64Y0.1Yb0.103.4, (d)

powder D: 1:1 mixture of powder A and B, (¢) powder E: 1:1 mixture of powder A and C.

Subsequently, coatings were sprayed using the suspension made of these five powders, maintaining a
solid concentration of 2 wt% and a nozzle height of 10 cm. Figure 6.4 presents SEM images of the dried
coating surfaces. It is clearly evident from Figures 6.4b—d that when the particle size distribution is
continuous, the coating surface remains free of drying cracks. This highlights a strong correlation

between the particle size distribution of the powder and the occurrence of cracks in the coating. During
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the drying process, differences in drying rates between larger and smaller particles can result in
variations in internal drying stress. When the particle size distribution is uneven, localized drying stress
concentrations can occur, leading to the formation of drying cracks. If the particle size distribution is
more uniform, the stress distribution will also become more even, thereby preventing the formation of
drying cracks. Zhou et al. [231] observed the same phenomenon that no cracks were found after drying

the suspension with a monomodal PSD, whereas the bimodal PSD led to cracking after drying.

Figure 6.4. SEM images of the dried coating surfaces sprayed using powders with different particle size

distributions. (a) powder A: self-made BaZry 16Ceo.64Y0.1Yb0.103.4, (b) powder B: commercial powder
BaZry7Ce02Y0.103.4, (¢) powder C: commercial powder BaZrg 16Ceo.64Y0.1Yb0.103.4, (d) powder D: 1:1 mixture of
powder A and B, (e) powder E: 1:1 mixture of powder A and C.

6.4 Impact of the Nozzle-Sample Distance

Further investigations were carried out related to the nozzle-sample distance. In this experiment, powder
D from the previous section was used, with a solid concentration of 2 wt% in the suspension. The coating
quality was studied at nozzle distances of 10 cm and 12 cm. It can be observed from Figure 6.5 that
when the height was increased to 12 cm, drying cracks appeared on the coating surface. This
phenomenon is closely related to the drying state of the spray when it reaches the substrate. A larger
nozzle distance prolongs the flight time of the droplets, leading to more solvent evaporation in the air
before deposition. As a result, the droplets arrive at the substrate in a more solidified or partially dried
state, which hinders the proper rearrangement of powder particles and promotes the formation of internal

stresses during film drying.
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Figure 6.5. SEM images of the coating surfaces sprayed with different nozzle heights. (a) 10 cm, (b) 12 cm. 2

wt% of powder D in ethanol was used as the spraying suspension.

6.5 Summary

This chapter explores the development and optimization of a simplified, binder-free wet powder
spraying (WPS) process for depositing thin, uniform, and crack-free BZCY YD electrolyte layers. Unlike
conventional deposition methods such as tape casting and screen printing, the WPS method presented
here employs only ethanol and ceramic powder, eliminating the need for organic additives such as
dispersants and binders. This not only reduces fabrication complexity and cost, but also minimizes the

residual porosity caused by binder burnout during sintering.

A key innovation in this WPS approach is the use of a low solid content suspension combined with a
reduced liquid loading rate, enabling thin individual wet layers that dry completely between each
spraying pass. This significantly alleviates drying-induced tensile stress and mitigates the risk of crack
formation. A comprehensive investigation was conducted into the effects of three critical spraying
parameters, solid concentration, particle size distribution, and nozzle-sample distance, on the quality of

both dried coatings and sintered electrolyte layers.

The study found that high solid concentrations (e.g., 2 wt%) tend to increase the thickness of each
sprayed layer, raising internal capillary stresses during drying and leading to cracks. However, by
optimizing the particle size distribution, especially shifting from bimodal to monomodal or continuous
distributions, the drying stress can be evenly distributed across the coating, effectively preventing crack
formation even at higher solid loadings. This finding underscores the crucial role of powder

characteristics in the mechanical stability of thin films during drying.
Additionally, the nozzle-sample distance was shown to impact the evaporation dynamics and droplet
solidification during flight. Increasing the distance beyond 10 cm caused premature drying of droplets

before they reached the substrate, thereby restricting particle rearrangement and leading to crack
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formation upon drying. A nozzle height of 10 cm was identified as optimal for maintaining coating

integrity.

Together, these results demonstrate that a carefully tuned WPS process can successfully produce dense,
defect-free electrolyte layers suitable for solid oxide cell applications. The findings offer valuable
guidelines for scaling the WPS technique toward industrial-level fabrication while maintaining film

quality and consistency.
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Sintering of Ba-based proton conductors has long been recognized as a major technical barrier to the
development of PCCs, due to their high refractory nature and the issue of barium evaporation [100,239—
251]. When thin Ba-based electrolyte layers are co-sintered with fuel electrodes, the process becomes
even more complex. Additional factors come into play, including cations exchange between the
electrolyte and the fuel electrode, as well as the influence of substrate shrinkage on the sintering process.
The main objective of this chapter is to gain deeper insight into the sintering behavior of half-cells,

aiming to achieve a dense electrolyte layer suitable for full-cell characterization.

This chapter is divided into two main sections. The first part investigates the sintering behavior of
BZCYYDb electrolytes on various Ba-based fuel electrodes, highlighting the impact of substrate
shrinkage on Ba evaporation and its subsequent effect on electrolyte densification. The second section
focuses on the sintering of BZCYYb electrolyte on SZCY/NiO substrates, with particular emphasis on

Sr diffusion and its role in compensating Ba loss and influencing the sintering behavior of BZCYYb.
7.1 Ba-based Fuel Electrodes

7.1.1 Ba Evaporation Issue

To understand Ba evaporation during the sintering process, the sintering behavior of
BaZr.16Ce0.64Y0.1Yb0.103 (BZCYYD) bulk samples was studied. 0.5 wt.% NiO was added to the
BZCYYbas a sintering aid, and the samples were sintered at 1450 °C for 5 hours.

Ba L series Ce L series Zr

Y L series Yb M series Ni K series

Figure 7.1. Surface SEM image and EDS mapping of the sintered BZCY Yb pellet.
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The surface microstructure of the bulk sample was first examined, as shown in Figure 7.1. The surface
morphology of the BZCYYb pellet was found to be porous. EDS mapping revealed that the surface was
filled with Y-Yb-rich secondary phases. This is a direct result of Ba evaporation during the sintering
process. Consequences of Ba loss include the formation of secondary phases, failure to achieve

densification of the electrolyte, and restricted grain growth.

Furthermore, the cross section of the sintered BZCYYb sample was studied to investigate the
distribution of Ba evaporation from the surface to the interior of the bulk sample. As shown in Figure
7.2, a large amount of Y-Yb-rich secondary phases can be observed on the surface and near-surface
region of the sample. Additionally, it is clearly seen that the grain size of BZCYYDb in the near-surface
layer is significantly smaller than that in the interior of the sample. This further highlights the inhibitory
effect of secondary phases on grain growth. Based on this observation, it can be roughly estimated that

the thickness of the surface layer affected by Ba evaporation is at least around 10 pm.

These results emphasize the negative impact of Ba evaporation on the sintering of BZCYYb. When
testing and characterizing pellet samples, both sides of the sample will be polished before any
measurements such as EIS. Therefore, Ba evaporation does not have a significant effect on the intrinsic
study of the pellet samples. However, in the case of full cells that are supported by fuel electrodes, the
electrolyte layer is only about 10 pum thick or even thinner. But just as shown in Figure 7.2, the near-
surface region (approximately 10 pm), which is exposed to air, is strongly affected by Ba evaporation.
Thus, Ba loss presents a major challenge in achieving densification of the electrolyte layer during the

co-sintering of BZCY'Yb with the fuel electrode support.
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Figure 7.2. SEM images and EDS mapping of the cross section of the sintered BZCY Yb pellet.
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Two different substrates, BZCYYb/NiO and BaZr¢5Ceo2Y0.1503-5(BZCY-Y 15)/NiO (the former has a
high Ce content, while the latter has a high Zr content), are selected to investigate their effects on the
sintering of BZCY'Yb electrolyte. The sintering temperature and conditions were the same as those used
for the bulk sample in the previous section, i.e., 1450 °C for 5 hours, 2K/min as ramping rate. Figure 7.3
shows the microstructure of the electrolyte after sintering. It can be observed that the surface of the
electrolyte is very similar to that of the bulk sample shown in Figure 7.1. The electrolyte is highly
porous, and the grains have not grown sufficiently. This indicates that the sintering behavior of the
electrolyte on the BZCY-Y 15/NiO substrate is similar to the near-surface layer of the bulk sample, both
being affected by Ba evaporation. As a result, Y-Yb-rich secondary phases form, grain growth is
suppressed, and the electrolyte fails to densify. In contrast, the same electrolyte composition exhibits
completely different sintering behavior on the BZCYYb/NiO substrate. As shown in Figure 7.4, the
electrolyte layer achieves full densification, with no apparent formation of Y-Yb-rich secondary phases.

The cross-sectional image also confirms that the electrolyte layer is dense.

BaZry 16C€0.64Y0.1Yb0.1054
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Figure 7.3. Co-sintering of BZCYYb and BZCY-Y15/NiO. SEM image of the surface (left) and cross section
(right) of the half-cell sintered at 1450 °C for 5h.
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Figure 7.4. Co-sintering of BZCYYb and BZCYb-Y15/NiO. SEM image of the surface (left) and cross section
(right) of the half-cell sintered at 1450 °C for Sh.

The role of substrate shrinkage in assisting electrolyte sintering must be considered first to understand
the difference. Due to its higher Zr content, BZCY-Y15/NiO exhibits lower shrinkage compared to
BZCYYDb/NiO. As a result, the electrolyte layer experiences less shrinkage-induced stress that could aid
sintering. However, the shrinkage should not be the reason to have different Ba evaporation and

formation of secondary phases since both of them were sintered at the same temperature.
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To demonstrate that substrate shrinkage is not the key factor influencing densification and Ba
evaporation behavior, an additional experiment was conducted. The co-sintering temperature of
BZCYYb with the BZCY-Y15/NiO substrate was increased to 1475°C. At this higher sintering
temperature, the shrinkage of the substrate should be larger and should better assist electrolyte
densification, and also the electrolyte itself undergoes more intense sintering with higher temperature.

Therefore, the electrolyte layer would be expected to be dense.

However, as shown in Figure 7.5, increasing the sintering temperature did not lead to improved
densification of the electrolyte layer. On the contrary, severe Ba evaporation caused abnormal grain
shapes, and a large amount of Y/Yb-rich secondary phases were observed on the surface. Thus, although
substrate shrinkage can promote electrolyte sintering to some extent, it cannot explain the distinct
differences in Ba evaporation and sintering behavior observed between the BZCY-Y15/NiO and
BZCYYb/NiO substrates.

BaZr; 16Cep64Y0.1Ybg 103,
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Figure 7.5. SEM image and EDS mapping of the electrolyte surface of the BZCYYb+BZCY-Y15/NiO half-cell
sintered at 1475 °C for 5h.

7.1.2  Correlation Between Substrate Shrinkage and Ba Evaporation

In the research by Choi [252] et al., microstructures similar to those shown in Figure 7.3 were observed.
Their study supports that under conditions of Ba evaporation, the formation of secondary phases is
observed, and electrolyte densification was affected. Therefore, the next step is to investigate how

different substrates affect Ba evaporation in the electrolyte.

From the shrinkage curves, it can be seen that BZCYYDb/NiO exhibits higher shrinkage than BZCY -
Y 15/NiO across the entire temperature range. According to literature [252-256], Ba evaporation begins
at approximately 1400 °C. By examining the shrinkage rates at 1400 °C in Figure 7.6, it is evident that

BZCY-Y15/NiO undergoes significantly less shrinkage compared to BZCYYb/NiO. Therefore, at
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1400 °C, the electrolyte layer co-sintered with the BZCY-Y15/NiO substrate experiences much less
sintering-induced compressive stress than that co-sintered with BZCYYb/NiO. In other words, when Ba

evaporation starts at 1400 °C, the electrolyte sintered on BZCYYb/NiO should be relatively denser than

that sintered on BZCY-Y 15/NiO.
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Figure 7.6. Shrinkage curve of the BZCY-Y15/NiO and BZCYYb/NiO substrate measured by the dilatometer

with cross-shaped free-standing green tape.

To verify this hypothesis, another experiment was conducted. BZCYYDb was co-sintered with the two
different substrates at 1400 °C, with a dwelling time of only 1 minute. The surface morphology of the
electrolyte after sintering under these conditions was then examined. As shown in Figure 7.7, the
electrolyte sintered on the BZCY'Y-15/NiO substrate at 1400 °C exhibited more porosity. Image analysis
using ImagelJ/Fiji revealed an open porosity of 11% on the surface. In contrast, the electrolyte sintered

on the BZCYYb/NiO substrate showed an open porosity of only 3%.

As previously mentioned, Ba evaporation begins at around 1400 °C. Due to the higher number of open
pores in the electrolyte on the BZCY-Y15/NiO substrate, the contact area between the electrolyte and
air is significantly larger, which promotes more extensive Ba evaporation. On the other hand, the
electrolyte sintered on the BZCY Yb/NiO substrate is already close to being dense at 1400 °C, with only

a small number of open pores remaining, thus resulting in less Ba loss.

Higher Ba evaporation leads to the formation of more secondary phases in the electrolyte sintered on

BZCY-Y15/NiO, which in turn hinders grain growth. In contrast, the lower level of Ba evaporation in
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the electrolyte on BZCY Yb/NiO prevents the formation of large amounts of secondary phases, allowing

grain growth and densification to proceed more smoothly.

Intuitively, substrate shrinkage can promote electrolyte densification — the greater the substrate
shrinkage, the more it assists the densification of the electrolyte. This study does not deny that principle
rather, this study provides a deeper understanding of how substrate shrinkage affects Ba evaporation,

which in turn influences the overall sintering process.
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Figure 7.7. SEM images of the surface of the electrolyte co-sintered with BZCYY-15/NiO substrate (top) and

BZCYYb/NiO (bottom) substrate at 1400 °C for 1 min. On the right side is the pore fraction analysis via

Imagel/Fuji software.

7.1.3 Electrochemical Performance of Full Cells

The BZCYYD electrolyte co-sintered on BZCYYb/NiO substrate, despite its ultrathin thickness, is
susceptible to Ba evaporation during the sintering process. However, with the assistance of shrinkage
from the underlying substrate, a highly dense electrolyte layer free from significant secondary phases
was achieved, as observed in Figure 7.4. Therefore, this cell was selected for further performance

evaluation under both PCFC and PCEC modes.

For the electrochemical testing, a BagsLaosCoOs.s BLC air electrode was used. Figure 7.8a shows an
SEM image of the polished cross section of the single cell after testing. The electrolyte layer remained
structurally intact, indicating good stability under operational conditions. From the cross-section, it
appears that the porosity of the fuel electrode is still insufficient. While gas diffusion may not yet pose
a significant limitation for button operation, further improvement of the fuel electrode’s porosity will
likely be necessary for future scale-up applications. Additionally, the BLC air electrode also exhibits

relatively low porosity, which is another aspect that requires optimization in subsequent work.
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Despite the suboptimal porosity of the electrodes, the ultrathin and dense electrolyte enabled excellent
electrochemical performance, as shown in Figure 7.8. In PCFC mode, the open-circuit voltage (OCV)
reached 1.06 V at 600 °C, which is comparable to OCV values typically reported for PCC [257-262].
This result demonstrates that the ultrathin electrolyte is able to maintain excellent gas-tightness due to

its high densification.

Under SOFC operation, the cell achieved a remarkable power density of over 1000 mW cm™ at 600 °C
and 0.7 V. Even at a lower temperature of 500 °C, the power density remained as high as 473 mW cm?,
reflecting efficient proton transport and low ohmic resistance of the thin electrolyte. As shown in Figure
7.8c¢, the PCEC performance was also outstanding. At 600 °C and an applied voltage of 1.3 V, the current

density reached 2911 mA cm™, indicating highly effective electrochemical water splitting.
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Figure 7.8. (a) SEM image of the polished cross section of the tested single cell. (b) I-V curve and power density
in PCFC mode. (¢) I-V curve in PCEC mode.

These results highlight the significant advantage of employing ultrathin, dense electrolytes in PCCs.
With further optimization of electrode porosity and microstructure, this approach holds great promise
for high-performance, low-temperature solid oxide cell applications in both fuel cell and electrolysis

modes.
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The excellent performance of the cell under both PCFC and PCEC modes is further evidenced by the
EIS results. As shown in Figure 7.9, the total resistance is impressively low at 600 °C, with an ohmic
resistance of only 0.11 Q-cm? and a polarization resistance of merely 0.07 Q-cm? The low ohmic
resistance reflects not only the high ionic conductivity of the dense, ultrathin BZCYYb electrolyte but
also the minimized interfacial resistance between the electrolyte and electrodes. The polarization
resistance, which is closely related to the electrode reaction kinetics and gas transport phenomena,
remains particularly low, suggesting highly active electrode surfaces and adequate gas access to reaction

sites, despite the aforementioned limitations in electrode porosity.

The Arrhenius plot shown in Figure 7.10 reveals the temperature dependence of the resistive
components and further clarifies the cell’s transport and reaction characteristics. The activation energy
for ohmic resistance is relatively low, indicative of the dominant role of proton conduction in the
electrolyte. This is consistent with the protonic nature of BZCYYb, which benefits from its high proton
mobility especially in humidified atmospheres. The linearity of the Arrhenius relationship confirms that
the bulk conduction mechanism remains stable across the examined temperature range, without abrupt

transitions or degradation-induced deviations.

At reduced temperatures, such as 500 °C, the polarization resistance becomes the dominant contributor
to the total cell resistance. This behavior reflects a slowdown in the surface exchange and charge transfer
reactions at the electrode interfaces. In particular, at lower temperatures, the reaction at the BLC air
electrode becomes increasingly sluggish, and the limited porosity may restrict sufficient gas-phase
reactant transport to active triple-phase boundaries. Additionally, the reactions on the fuel side also
become kinetically hindered at these lower temperatures. The increased polarization resistance at 500 °C
suggests that further improvements in electrode microstructure, especially higher porosity and optimized

particle connectivity, would be necessary to sustain high performance under such conditions.
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Figure 7.9. Nyquist plots of the full cell in OCV condition under different temperature.
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79



7 Co-Sintering of Thin Electrolyte with Different Fuel Electrodes

7.2 Sr-Based Fuel Electrode
7.2.1 Compensation of Ba Loss by Sr Diffusion

Figure 7.11a shows the SEM image of the surface morphology of a sintered BZCY'Yb electrolyte layer,
which was deposited via WPS on a SZCY-based fuel electrode. The BZCYYD layer appears highly
dense and shows large grain sizes. The average grain size was determined to be approximately 7.6 um
using the line intersection method on ten SEM images. The sintering temperature of similar
compositions in the literature is generally above 1400 °C, typically around 1450 °C. This suggests that
the SZCY fuel electrode significantly promotes the sintering and grain growth of the BZCYYb
electrolyte. This promotion effect can be attributed to three main factors: (1) the larger shrinkage of the
SZCY/NiO substrate during sintering due to its lower sintering temperature [263], which facilitates
densification of the BZCYYD layer; (2) Sr diffusion between the fuel electrode and the electrolyte layer
during the sintering process, making the final composition of the electrolyte no longer pure BZCYYb
but rather Sr-doped BZCYYb. This modified composition inherently has a lower sintering temperature.
Studies by Lee et al. [264] and Sailaja et al. [265] have demonstrated that Sr doping in BZCY facilitates
the grain growth; and (3) the compensation of Ba evaporation by Sr diffusion from the substrate, which

suppresses the formation of Y-rich secondary phases and promotes larger grain growth.

Figure 7.11. (a) SEM image of the surface of the BZCY'Yb electrolyte layer sintered at 1375 °C. (b) SEM image
of the polished cross-section of the reduced half-cell that was sintered at 1375 °C.

Since both SZCY and BZCYYb have ABOs-type perovskite crystal structure, the A-site element
interdiffusion between Sr and Ba is inevitable [263]. This interdiffusion plays a crucial role in achieving
the densification of the electrolyte layer. Sr and Ba diffusion will be further discussed through STEM
characterization. The grain morphology shown in Figure 7.11a is distinct from that typically observed
in sintered BZCYYD electrolyte materials [155,158,252,258,263]. To further validate the role of Sr
diffusion in promoting sintering, we conducted additional experiments at a lower sintering temperature
of 1350 °C, as shown in Figure 7.12. The results revealed that the grains sintered at 1350 °C were much
smaller, and the electrolyte is not completely dense. Some particles have typical smaller size. The EDS

mapping first confirms the Sr diffuses from the fuel electrode to almost all the electrolyte layer. And the

80



7 Co-Sintering of Thin Electrolyte with Different Fuel Electrodes

smaller particles, further confirmed by EDS point analysis on position 2 (the secondary phase), can be
identified as Y-, Yb- and Ni-rich secondary phases together with high Sr content and the other elements.
The cell sintered at 1350 °C indicating incomplete densification and compositional inhomogeneity.
Therefore, the following inference can be made regarding the sintering of the BZCYYb electrolyte on
SZCY. During the sintering process, the evaporation of the A-site element Ba causes the precipitation
of the B-site elements Y and Yb. The Sr from the fuel electrode diffuses into the electrolyte layer,
compensating for this missing of Ba. However, the diffusion rate of cations is relatively slow at 1350

°C, preventing the electrolyte layer from achieving complete homogenization.
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Figure 7.12. (a) SEM image of the surface of the BZCY YD electrolyte layer sintered at 1350 °C. The EDS
mapping area is marked with red dashed rectangular box, and two marked areas are for the point EDS analysis.

(b) EDS mapping of the selected area. EDS analysis of the point at (c) position 1 and (d) position 2.

Furthermore, no apparent secondary phases were observed in the electrolyte layer sintered at 1375 °C.
This confirms that the compensation for Ba evaporation due to Sr diffusion prevents the formation of
Y-rich secondary phases in the electrolyte layer sintered at 1375 °C. According to different reports
[176,252,266], it is clear that Ba under-stoichiometry caused by Ba evaporation can result in the
formation of Y-rich phases, and typically leads to smaller grain sizes and poor sintering behavior. This
phenomenon may be related to a retarding effect of Y-rich phase on grain growth in BZCYYb. With Sr
compensation from the substrate, the formation of Y-rich phase is avoided, resulting in large grains after

sintering.

Figure 7.11b shows the polished cross-sectional image of the half-cell after reduction. The entire
electrolyte layer is thin and dense, with no evidence of delamination issues post-reduction. A well-

connected percolation pathway between the electrolyte layer and the SZCY in the fuel electrode is
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observed. The fuel electrode functional layer and support layer, which exhibits higher porosity, are

distinguishable.

To better investigate the microstructure of the electrolyte layer, STEM characterization was conducted
on the half-cell. Figure 7.13a displays the sampling position during the FIB preparation of the STEM
lamella. Two grain boundaries were deliberately included within the lamella, and the sampling region
contained a narrow-grain area. In the STEM bright-field image (Figure 7.13b), as indicated by the
sampling position in Figure 7.13a, two distinct vertical grain boundaries are clearly visible. There is
only one grain present along the proton transport direction. Although the middle grain appears narrow
on the surface, no horizontal grain boundaries were observed in the cross-section that could impede
proton conduction. The local positive core charge at grain boundaries in proton-conducting ceramics
typically acts as a significant barrier to proton transport, leading to much lower grain boundary
conductivity compared to the bulk one [267]. However, the structure shown in Figure 7.13b lacks these
grain boundary barriers, which facilitates rapid proton transport through the electrolyte. At the sampling

position, the electrolyte layer thickness is approximately 3 um.

STEM-EDS elemental analysis was performed for the region in Figure 7.13b. Peak overlapping was
prevalent in the EDS spectra due to the large number of elements, such as Yb and Ni. Consequently, the
YD elemental mapping was excluded due to its unreliability. At the selected region, the electrolyte layer
was in contact with NiO and SZCY particles from the fuel electrode. It is evident that Ba in the BZCYYDb
layer had completely interdiffused with Sr in SZCY. Although the partial overlap of Sr and Ce peaks
complicated quantification, the uniform signal intensity of Ba and Sr indicates extensive interdiffusion.
Moreover, the initial compositions of SZCY and BZCYYb exhibit different Zr/Ce ratios. However, EDS
mapping revealed no strong compositional differences in Zr and Ce between these two particles, further
confirming substantial elemental exchange between the electrolyte and SZCY in the fuel electrode. This
interdiffusion altered the stoichiometry of the electrolyte from its initial composition to a new modified
composition with more Sr at A-site. With Sr inclusion, it is expected to exhibit a lower sintering
temperature, which further explains the dense microstructure and large grain sizes achieved at 1375 °C.
However, Sr-based proton-conducting ceramics typically demonstrate lower proton conductivity
compared to their Ba-based counterparts due to a reduced hydration ability [268]. This trade-off

represents a compromise strategy for achieving lower sintering temperatures.
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Figure 7.13. (a) SEM image of the surface of the electrolyte layer sintered at 1375 °C. The area marked by a red
rectangle indicates the position where the lamella specimen was prepared by FIB. (b) STEM-bright field image
of the electrolyte and fuel electrode (GBs indicate grain boundaries). (c) EDS mapping of the selected area,
including Ba, Zr, Y, Ce, Sr, Ni, O.

7.2.2 Electrochemical Performance of Full cells

To perform electrochemical testing of the full cell, BLC was used as the air electrode. Figure 7.14a
shows the cross-sectional fracture surface of the full cell. Figure 7.14b illustrates the voltage (V) and
power density (P) as functions of current density (I) measured at different temperatures (500-700 °C)
in fuel cell mode. At 600 °C, the power density achieves 422 mW/cm? at a voltage of 0.7 V. Figure
7.14c shows the EIS results of the full cell in a Nyquist plot. The ohmic resistance and polarization
resistance at different temperatures can be obtained from the plots, which are further plotted as an
Arrhenius plot in Figure 7.14d. At 700 °C, the ohmic resistance of the full cell is 0.19 Q-cm? The
activation energy of the ohmic resistance fitted within the temperature range of 500-700 °C is 0.32 eV,
which is similar to the activation energy reported for BZCYYb compositions in the literature
[158,264,269]. This relatively low activation energy suggests a favorable ion conduction pathway and
indicates that the electrolyte material is well-suited for operation at intermediate temperatures.
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At 700 °C, the polarization resistance is lower than the ohmic resistance. However, due to the higher
activation energy, the polarization resistance dominates the total resistance when the temperature is
below 650 °C. This phenomenon highlights the importance of optimizing both the electrolyte material
and the electrode-electrolyte interface to reduce polarization resistance, which becomes a key limiting
factor at lower temperatures. It can be observed that the activation energy of the polarization resistance
varies in different temperature regions. By segmented fitting, the activation energy is found to be 1.34
eV in the range of 600-700 °C and 0.45 eV in the range of 500-600 °C. The polarization resistance
obtained from the single cell includes contributions from both the anode and cathode. Nevertheless, the
observed temperature-dependent transition in activation energy is likely related to the behavior of the
BLC cathode. This variation, which has also been observed in materials with similar compositions
[270,271], is attributed to the different dominant ion transport mechanisms in the BLC air electrode at
different temperatures. Oxygen ion transport dominates at higher temperatures, while proton transport

becomes dominant at relatively lower temperatures.
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Figure 7.14. (a) SEM image of the fracture surface of the single cell sintered at 1375 °C. (b) The voltage and
power density as a function of current density measured at temperature range 500 to 700 °C. (c¢) Nyquist plots of
the full cell measured at temperature range 500 to 700 °C. (d) Arrhenius plots of the ohmic resistance and the

polarization resistance.

The reduced ohmic resistance and boosted electrochemical performance brought by the thin electrolyte

layer are evident, but some issues have also been exposed. Figure 7.15 shows the open-circuit voltage
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(OCV) of the full cell at different temperatures. At 600 °C, the OCV is 1.01 V, slightly lower than the
reported values in the literature (1.03, 1.04 V) [158,258]. However, when the temperature decreases to
500 °C, the OCV drops to 0.92 V. Although proton-conducting ceramics are known to exhibit slightly
lower OCVs due to electronic leakage caused by electronic conductivity, the electronic conductivity of
proton-conducting ceramics should also theoretically decrease as the temperature decreases, leading to
a higher OCV. Therefore, the low OCV observed in the tested full cell should not be attributed to
electronic leakage. Subsequently, the surface of the sintered electrolyte layer was extensively
investigated again, and a few defects were identified that might lead to gas leakage. The insert in Figure
7.15 shows a specific defect that was discovered. Due to the thinness of the electrolyte layer, even minor
defects can result in gas leakage. At high temperatures, rapid reactions may mitigate the impact of these
small defects, but as the temperature decreases and gas reaction rates at the interface slow down, the
leakage can cause more severe issues. This explains why the OCV decreases as the temperature is

lowered.

Nevertheless, these defects are not caused by unreasonable WPS conditions. Before spraying, the
substrate undergoes multiple pre-treatments, such as pre-calcination, which can lead to contamination
by impurities like dust. Unlike other thin-film deposition methods, WPS involves layer-by-layer
deposition of ceramic powder onto the substrate. Any dust or contamination present can be embedded
during the spraying process, resulting in defects after sintering. The defect shown in the insert of Figure
7.15 strongly resembles one caused by a small contaminant covered by subsequent layers. These defects
can be avoided through stricter quality control throughout the preparation process or coating in a dust-
reduced or -free environment. Especially compared to the rudimentary conditions in the existing

laboratory, a rigorous industrial production process can completely prevent such issues.
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Figure 7.15. Open circuit voltage of the full cell at different measurement temperatures. Insert SEM image

presenting one example of defect on the electrolyte surface that may lead to gas leakage.
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7.3 Summary

This chapter systematically investigated the co-sintering behavior of ultrathin BZCYYb electrolyte
layers with different fuel electrode substrates, focusing on the underlying mechanisms that affect
densification, Ba evaporation, and electrochemical performance. For Ba-based fuel electrodes, it was
confirmed that Ba evaporation during high-temperature sintering leads to the formation of Y/Yb-rich
secondary phases, suppressed grain growth, and incomplete densification, especially when the substrate
exhibits insufficient shrinkage. Among the tested substrates, BZCYYb/NiO demonstrated a favorable
shrinkage profile that assisted the electrolyte in achieving high density and phase purity. Notably, denser
microstructures formed before the onset of significant Ba loss were found to reduce the degree of
evaporation, suggesting a strong correlation between substrate shrinkage, early densification, and Ba

retention.

To further probe the relationship between substrate characteristics and electrolyte sintering, BZCYYb
was also co-sintered with a Sr-based SZCY/NiO substrate. The results revealed that Sr diffusion from
the substrate into the electrolyte played a critical role in compensating Ba loss, facilitating grain growth,
and enabling densification at a significantly reduced sintering temperature (as low as 1375 °C). STEM-
EDS characterization confirmed extensive interdiffusion at the interface, leading to modified electrolyte
compositions with Sr partially occupying the A-site, which improved sinterability but potentially

compromised proton conductivity due to reduced hydration capability.

Electrochemical performance tests of full cells based on both BZCYYb/NiO and SZCY/NiO fuel
electrodes validated the structural observations. Cells with dense ultrathin electrolytes exhibited high
power densities exceeding 1000 mW/cm? at 600 °C in PCFC mode and excellent current output under
PCEC operation. Impedance measurements confirmed low ohmic and polarization resistances, while
Arrhenius analysis highlighted the activation energies associated with different transport processes.
Nevertheless, low OCV values at reduced temperatures were observed in Sr-based cells, primarily due

to minor defects in the thin electrolyte layer introduced during the WPS process.
Overall, this chapter underscores the critical role of substrate selection and interfacial interactions in

achieving dense, defect-free, and high-performance electrolyte layers through co-sintering, offering

valuable insights for scaling up PCCs toward practical applications.
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8 Conclusion and Outlook

This dissertation has systematically investigated the scientific and technological challenges associated
with the practical implementation of proton-conducting ceramics in electrochemical energy devices.
Through a combination of materials design, mechanical characterization, advanced processing, and cell-
level integration, a scalable fabrication route has been established for producing ultrathin proton-
conducting electrolyte layers, enabling the realization of high-performance fuel and electrolysis cells.

Based on these advances, the following major conclusions have been drawn:

(1) Optimizing Y substitution in BZCY proton conductor

Increasing Y content improves hydration ability and thus proton conductivity due to higher oxygen
vacancy concentration. However, excessive Y amount (>20 at.%) leads to nanoscale phase separation
and secondary phase formation, as shown by SEM and XRD analysis. A composition with 20 at.% Y
balances bulk and grain boundary conductivity while maintaining phase purity and sinterability. Y-
induced space charge layer effects enhance grain boundary conductivity, highlighting the importance of

defect chemistry control.

(2) Mechanical properties of Ba-based fuel electrode support

BZCY-Y15/NiO exhibits increased bending strength and elastic modulus with higher sintering
temperature due to improved densification. However, post-reduction leads to strength degradation
caused by internal pore formation during NiO reduction. Weibull analysis reveals increased Weibull
modulus for the higher temperature sintered samples, resulting from inhomogeneous flaw distribution.
Compared to conventional YSZ-based supports, BZCY/NiO remains mechanically weaker,

necessitating improved processing control and support architecture engineering.

(3) WPS for thin electrolyte layer fabrication

The binder-free WPS process developed in this study allows for controllable deposition of ultrathin,
crack-free electrolyte layers with high density after sintering. By using low solid content suspensions
and optimizing spray parameters, drying stress is effectively minimized. This process eliminates organic
additives, reduces cost, and offers high reproducibility. Such a simple yet effective approach has

potential for industrial-scale production of proton conducting ceramic fuel and electrolysis cells.

(4) Half-cell co-sintering studies aiming for dense electrolyte

Successful co-sintering depends critically on substrate shrinkage behavior and interfacial cation
dynamics. BZCYYb/NiO provided a compatible shrinkage match, enabling dense, high-quality thin
electrolyte layers. Sr-doped substrates introduced beneficial Sr diffusion, which compensated for Ba

loss and lowered the sintering temperature.
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(5) Full Cell Performance Validation

Full cells fabricated using optimized electrolyte layers and co-sintering protocols demonstrated excellent
electrochemical performance. Power densities exceeded 1000 mW/cm? at 600 °C and 0.7 V in fuel cell
mode with low ohmic and polarization resistance, and current density reached 2911 mA/cm? at an

applied voltage of 1.3 V in electrolysis mode.

The achievements presented in this dissertation establish a solid foundation for the advancement of
proton-conducting ceramic cells (PCCs), from material development to device-level fabrication.
Nevertheless, several crucial research directions remain to be addressed to further unlock the full

potential of PCCs for practical and scalable energy applications.

(1) Advanced microstructural engineering

The control of porosity and microstructural uniformity in both the fuel and air electrodes remains an
issue in present work. Insufficient porosity in these electrodes can hinder gas transport and limit overall
cell performance. Moreover, defect control and homogenization within the BZCY phase in the
BZCY/NiO fuel electrode are critical for improving the mechanical reliability of the fuel electrode.
Future work should focus on eliminating local phase aggregation and tailoring the pore structure to

enhance both mechanical strength and electrochemical performance.

(2) Faradaic efficiency

The deployment of ultrathin electrolyte layers, while beneficial for reducing ohmic losses, may
compromise Faradaic efficiency due to increased electronic leakage. Proton-conducting electrolytes
such as BZCYYD exhibit small but non-negligible electronic conductivity, which becomes more
significant as the electrolyte thickness decreases. One major contributor to this issue is Ni diffusion from
the fuel electrode into the thin electrolyte during high-temperature sintering, which degrades hydration
capability and reduces proton concentration, meantime increasing the electronic conductivity. To
address this, a promising strategy involves the deposition of a secondary, Ni-free BZCY YD layer on top
of the sintered electrolyte using techniques such as physical vapor deposition or pulsed laser deposition.
This additional layer, not subjected to high-temperature sintering, could retain high hydration capacity
and serve as an effective electronic barrier, thereby enhancing Faradaic efficiency in both fuel cell and

electrolysis modes.

(3) Scale-up and long-term operational stability

The fabrication processes developed in this work, including wet powder spraying (WPS), co-sintering
strategies, and component integration, offer scalable solutions suitable for large-area PCCs
manufacturing. However, scaling up introduces new challenges, such as mechanical deformation (e.g.,

warping) during co-sintering, which must be addressed through further optimization of substrate-
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electrolyte compatibility, shrinkage matching, and sintering profiles. Additionally, although PCCs show
promising initial performance, their long-term stability under continuous operation remains
underexplored. To ensure commercial viability, future studies must focus on degradation mechanisms,
such as electrode delamination, microstructural evolution, and performance loss over extended cycling.
Systematic aging tests and operando characterization will be essential to establish reliable degradation

models and lifetime prediction frameworks.
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