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ABSTRACT

Barium zirconate-based proton conducting materials are promising candidates for solid
electrolytes in fuel cells, electrolysers, hydrogen pumps and hydrogen sensors. As such, they could
pave the way for the future hydrogen-based economy to reduce our dependence on fossil fuels and
the associated environmental impact. In this thesis, BaZro7Ce02Y01035 (BZCY72) was
synthesized by spark plasma sintering (SPS) from a lab-produced and commercial precursor
powder. Microstructural, crystallographic and electrical properties were investigated by X-ray
diffraction, electron microscopy, Raman spectroscopy as well as impedance spectroscopy and
compared to state-of-the-art materials. Samples prepared by SPS showed up to 99.7 % of relative
density that cannot be reached by any other synthesis techniques at 1450 °C. Significant barium
evaporation, typically occurring at high sintering temperatures and limiting overall electric
performance, could be prevented. The bulk conductivity for samples prepared by SPS was up to
10 % higher compared to state-of-the-art synthesis routes. In an extensive study, SPS process
parameters were varied in a systematic way. The effects of sintering temperature, pressure, heating
rate and holding time on the resulting material properties were investigated. The result of this study
provides a better understanding of the sintering mechanisms occurring during SPS. A total
conductivity of 1.25 - 102 S-cm™ was observed at 600 °C.

Quasi-elastic neutron scattering (QENS) and neutron Compton scattering (NCS) were employed
at ISIS RAL (UK) for synthesized BZCY 72 to investigate the proton diffusion and confinement
of protons within the crystal structure. The experiments confirmed a Grotthuss mechanism for this
proton conductor and phase transitions could be observed in agreement with modern understanding
of the protonic diffusion in perovskite ceramics. The analysis of the proton momentum distribution
reveals that the concentration of hydrogen in the BZCY72 lattice is constant across the
orthorhombic to rhombohedral phase transition and further down to room temperature.

As an outlook, SPS was applied to synthesize stable membrane-electrode-assemblies (MEAs)
composed of two 60 wt% NiO/40 wt% BZCY72 electrodes and a dense BZCY72 electrolyte. A
proof of concept with an SPS process for cosintering of MEAs with a possible application in
protonic ceramic electrolysers is given.






Zusammenfassung

Protonenleitende Materialien auf der Basis von Bariumzirkonat sind vielversprechende
Kandidaten fiir die Anwendung als Elektrolyt in Brennstoffzellen, Elektrolyseuren,
Wasserstoffpumpen und Sensoren. Diese gelten als wesentliche Meilensteine einer zukiinftigen
umweltfreundlichen Wasserstoffwirtschaft. In dieser Doktorarbeit wurde der Protonenleiter
BaZro7Ce02Y0.103-5 (BZCY72) aus einem lab-synthetisierten und aus einem kommerziellem
Pulver mittels des Spark Plasma Sinterns (SPS) hergestellt. Seine kristallographischen,
mikrostrukturellen und protonenleitenden Eigenschaften wurden dabei mittels Rontgenbeugung,
Elektronenmikroskope, Raman-Spektroskopie und Impedanzspektroskopie untersucht und mit
Proben verglichen, welche durch aktuelle Syntheserouten hergestellt wurden. Durch SPS
synthetisierte Proben zeichnen sich durch relative Dichten bis zu 99.7 % bei einer Temperatur von
1450 °C aus, was durch andere Methoden nicht erreicht werden kann. Dadurch konnte der
Barium-Verlust, der typischerweise bei hohen Sintertemperaturen die Leitfdhigkeit von BZCY 72
drastisch reduziert, vermieden werden. Die ermittelte Bulkleitfahigkeit der SPS-Probe war um ca.
10 % hoher als fiir Proben, die mittels State-of-the- Art-Sinterverfahren hergestellt wurden. In einer
umfangreichen Studie wurden die Prozessparameter Sintertemperatur, Druck, Heizrate und
Haltezeit variiert und deren Auswirkungen auf die Eigenschaften des Protonenleiters untersucht.
Die Ergebnisse dieser Untersuchungen leisten einen Beitrag zum besseren Verstindnis der dem
Sinterprozess zugrundeliegenden Mechanismen. Die durch Optimierung der Prozessparameter
erzielte Gesamtleitfihigkeit von BZCY27 betrug 1.25 - 107 S-cm™ bei 600 °C.

Es wurden erstmals quasi-elastischer Neutronenstreuung (QENS) und Neutron Comptonstreuung
(NCS) am ISIS RAL (UK) zur Untersuchung der zugrundeliegenden Diffusionsprozesse der
Protonen in BZCY72 eingesetzt. Der Grotthuss-Mechanismus zur Beschreibung der
Protonenbewegung, sowie die zuvor durch Neutronendiffraktion charakterisierten
Phaseniiberginge des Materials wurden dabei experimentell bestétigt. Die Analyse der Protonen-
Impulsverteilung zeigte eine konstante Protonenkonzentration innerhalb des BZCY72-
Kristallgitters von 70 K iiber die Phasentransformation bis zur Raumtemperatur.

SchlieBlich wird als ein erster Schritt auf dem Weg zur Herstellung von Membran-Elektroden-
Einheiten (MEAs) die Synthese eines Hybrides aus pordser Elektrode und dichtem Elektrolyt
mittels Co-Sintern beschrieben. Dabei wurden zwei 60 wt% NiO/40 wt% BZCY72 Elektroden
zusammen mit einem BZCY 72 Elektrolyten erfolgreich gesintert. Auf dieser Basis liegt ein erstes
Proof-of-Concept fiir eine Fabrikation von MEAs vor, z.B. fiir zukiinftige Elektrolyseure auf der
Basis von protonenleitenden Keramiken.
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INTRODUCTION

1 INTRODUCTION

This work contributes to the synthesis and characterization of yttrium and cerium doped barium
zirconate. This proton conducting ceramic is used as electrolyte in intermediate temperature fuel
cells and electrolysers and plays a key role for the future energy transition. The following section
will provide the reader with the general social and political context, before covering the
fundamentals of the thesis.

1.1 Project context

The increasing energy demand of our modern society causes major challenges for our generation.
According to the IEA World Energy Balances database, in the year 2016, 81.1% of the world total
primary energy supply relied on fossil fuels [1]. Mineral oil and coal are the backbone of the
world’s economy and enabled our predecessor generations to overcome technological challenges,
unmindful of any risks. This allowed for rapid growth of the world’s population and increased
societal polarization as the poorest typically suffer the greatest impact from climate change,
referred to as global warming. The carbon dioxide emission of any given country is a direct
evidence of its economic status. Today, the relation between human activity, such as greenhouse
gas emission, and global warming is well established and widely accepted (see appendix 8.1.1).
Effects of climate change observed today are the increase of endangered and extinct species [2],
glacial recession and associated rise of sea levels [3], extended droughts that lead to water
shortages in some regions [4] as well as increased number of severe weather events [5]. Also due
to the limited nature of fossil resources as well as their environmental impact, the search for
alternative and renewable energy supplies is of economic, environmental and social interest. The
energy transition is not a matter of “if”, but rather a matter of “how” it will be implemented.

In the past decade, many companies and governments invested in a rapid expansion of wind
turbines and photovoltaic cells. However, most of the renewable energies do not provide a
consistent power supply or generate electricity where it is not necessarily needed. They also lack
the required power densities to support urban population and it is hard to imagine that the whole
primary energy consumption can be covered directly by renewable energies without any form of
long-term storage.

The most promising approach to overcome this challenge is in chemicals such as hydrogen and
power-to-X fuels and the implementation of hydrogen technologies. Up to 95 % of H is
synthesized by steam reforming today [6]. This process provides cheap hydrogen, however, a large
volume of carbon dioxide is released into the atmosphere (“gray hydrogen”) or is released and
cost-intensively captured (“blue hydrogen”) during the process. For hydrogen to become a true
zero-carbon fuel, it needs to be produced from renewable energies (“green hydrogen”). The storage
of hydrogen can be realized by compression, liquefaction or by means of hydration of materials
and compounds such as metal hydrides or liquid organic hydrocarbons, LOHC. Research and
development of new technologies and materials for production, storage and transportation of
hydrogen has become a wide field of interest and is enabling new market routes for various
industrial branches.



Project context

The possible future implementation of hydrogen technologies to support a decentralized energy
grid is shown in figure 1.1. Electricity is generated from renewable energy sources at different
locations with short supply and distribution chains. Oversupply of electricity is used to produce
green hydrogen by means of electrolysis. Produced hydrogen can either be stored for utilization
during shortages or be transported to locations in need of higher energy demand, such as industrial
or urban areas. The utilization of hydrogen as an energy storage medium may be by fuel cells for
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Figure 1.1: Schematics of a decentralized future power grid. Electricity is generated locally from
fluctuating renewable energy sources. The local power grid is complemented by a power-to-X infrastructure
to ensure a constant power supply and long-term storage. For improvement of energy security as well as
provision of areas with high energy demand, such as industrial or urban regions, the renewable power is
supplied from multiple sources.
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direct conversion into electricity or by combustion for heat generation in mobile and stationary
energy applications.

Hydrogen is the key component in sector coupling, replacing the traditional separation of the
energy sectors of electricity, heating and cooling, transport and chemical industry and enabling
flexibility potential for producers and consumers as well as the storage of energy in its various
forms. Conversion of hydrogen into nitrogen- or carbon-based products such as ammonia or
methanol, power-to-X is a crucial route to enable cost-efficient storage and transport as well as
easy handling of hydrogen.
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1.2 Electrochemical energy devices

Electrochemical energy devices such as electrolyzers and fuel cells are essential technologies for
the implementation of the hydrogen economy. Solid oxide electrolysers and fuel cells that are
based on protonic conducting membranes may be operated at intermediate temperatures between
300 and 600 °C and are increasingly gaining significant attention. Electrolyte membranes based
on proton conducting perovskite oxides are well known to exhibit attractive conductivities while
also providing chemical and thermal durability. Since their discovery in the early 1980s, they are
wielded as promising candidates for a wide field of applications such as steam electrolysis, gas
separation membranes, CO: conversion, hydrogen sensors and for the production of green
ammonia [7-11].

NH3
C) d)

Figure 1.2: Schematic illustrations of applications of proton conducting ceramic cells: (a) Fuel cell, (b)
Electrolyser, (¢) Co-conversion or Methanisation, (d) Solid-state ammonia synthesis. Image recreated from

[7].



Perovskite structure

Potential applications for proton conducting oxides as electrolyte materials in different
electrochemical devices for energy conversion are presented in figure 1.2. Although, there are
many different types and implementation of electrochemical cells today [12], their working
principle and setup is similar. As displayed in figure 1.2, they consist of anode, electrolyte and
cathode. At the electrodes, electrochemical oxidation (anode) or reduction (cathode) occur. An
overview of the electrochemical reactions is given in appendix 8.1.2. Catalysts are employed to
enhance the reaction kinetics. The rate and selectivity of electro-catalytic reactions determine the
conversion rates from electricity to product and vice versa.

A fuel cell is an electrochemical device that converts chemical energy of a fuel directly into
electrical energy (a). Unlike a battery which stores the chemical energy in metal ions or oxides at
electrodes, fuel cells require a continuous supply of fuel (for instance hydrogen) and oxygen (for
instance supplied from ambient air) to operate. Since there are no intermediate energy conversion
steps, high efficiencies of up to 85% may be obtained by combined heat and power [13]. In fuel
cells, the fuel is oxidized at the anode and split into ions and electrons. While the electrons are
transported via an external circuit, the ions (such as protons or oxide ions) are diffusing through
the electrolyte.

A fuel cell reaction is reversible and is employed for the electrolysis of water (b). In contrast to
solid oxide electrolysers (SOEC) that are based on oxide ion-conducting electrolytes, proton
ceramic electrolysers (PCEC) are utilizing a proton conducting membrane and allow for steam
feed at the oxygen evolution electrode, and therefore spatial separation from the hydrogen
evolution electrode, thus enabling production of dry hydrogen [14]. Further examples for
application of protonic ceramics in power-to-X technologies are co-electrolysis of CO; and H>O
to produce syngas as a feedstock for synthetic fuels such as methanol, kerosene or methane (c) or
solid-state ammonia synthesis (SSAS) (d). [14, 15]. Proton conductors are particularly suitable for
ammonia production, since their operating temperature regime is favorable with regard to
prevention of ammonia decomposition at temperatures above 450 °C [14]. Since proton ceramic
electrolysers are exposed to high partial pressure of steam, thicker electrolytes are typically
employed as compared to fuel cells.

For application of proton ceramics in a) to d), protonic conductivities of around 10 mS - cm™ [8,
9] and long lifetimes are required, with low cost manufacturing of membranes-electrode-
assemblies (MEAs) [10-12].

1.3 Perovskite structure

Named after the Russian mineralogist Lev Aleksevich von Perovski, the mineral perovskite was
discovered by Gustav Rose in the Ural Mountains, in 1839 [13]. Originally, the name perovskite
described the mineral CaTiO3z, while nowadays, perovskites are a large family of structures
exhibiting ABX3 stoichiometry. The A-site is usually occupied by a 12-fold coordinated cation
with a larger ionic radius compared to the smaller 6-fold coordinated B-site cation. Perovskites
provide an immense versatility, because both metal cation sites are available for dopant
substitutions. Therefore, they exhibit a large range of properties and applications (see appendix
8.1.3).



INTRODUCTION

As illustrated in figure 1.3a, the ideal perovskite structure is cubic for a perfect match of A- and
B- cation radii [13-16]. However, the majority of perovskites deviate from the cubic symmetry,
figure 1.3b,c. According to K.S. Knight, there are three different main mechanisms of distortions
[16, 17]. Firstly, within the perovskite structure, the BO¢s octahedra may be distorted. Secondly,
displacement of the B-site cation from its central site within the octahedra may occur, as well as
displacements of A-site cations. Finally, octahedral tilting occurs across one, two or all three
crystallographic axes.

Figure 1.3: Different symmetries of perovskite unit cells. Blue spheres represents the A-site, green spheres
the B-site and red spheres the anion. a) ideal cubic structure (space group: Pm3m) for BaZrOs, b)
rhombohedral structure (space group: R3c) and ¢) orthorhombic structure (space group: Pnma) for BaCeOs.

Octahedral tilting is a direct consequence of a geometric mismatch of the ionic radii » of A- and
B-site cations. The mismatch may be express by the Goldschmidt tolerance factor, that is
calculated in equation 1.1: [18]

ity
= V2 (rg+1y) D

where 14, 5 and 7y are the ionic radii of the A-Site, B-Site and oxygen ions, respectively. It should
be noted that the perovskites are assumed here as purely ionic crystals [19, 20]. As the tolerance
factor shifts away from unity, distortions are more likely to occur. The value of ¢ for perovskites
lies between 0.8 and 1.1[19]. It therefore gives a rough estimation of the occurring perovskite
crystal structure. The correlation between the octahedral tilting and resulting space group was
described by Glazer [21, 22]. In the Glazer notation, three different letters abc describe unequal
tilt. If there are tilts along one equal axis, they are noted with the same letter. Additional
superscripts describe, whether the successive octahedra are tilted in the same sense (+), the
opposite sense (-) or no tilt (0). An undistorted system would be noted as a’’a’ and the
rhombohedral system is noted as a’a’a”. The complete list of possible tilts and their corresponding
space group can be found in appendix 8.1.4.
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1.4 Selection of material and defect chemistry

Early evidence of protonic conductivity was reported back in 1956 by Thomas and Lander who
observed a correlation between the conductivity of ZnO and the hydrogen pressure [23]. However,
the materials investigated were dominated by electron conduction and only minimal amounts of
protons could be dissolved [24]. For applications given in figure 1.2, a protonic electrolyte must
exhibit [25, 26]:

e High protonic conductivity (> 1 mS - cm™") and neglectable electronic conductivity

e (Chemical and mechanical stability over a wide temperature range ( > 5000 h operation)
e High density to prevent gas diffusion (relative density above 99 %)

e Similar thermal expansion and chemical compatibility with regard to electrodes

e FEasy and cost-efficient fabrication and sinterability

e Preferably use inexpensive materials

The first breakthrough was in 1981 when Iwahara and coworkers reported high protonic
conductivity in alkaline-earth based perovskites SrCeO; [27]. This gave rise to the new research
field of high temperature proton conductors. High protonic conductivity was found in BaCeOs3,
because of the higher ionic radius of Ba compared to Sr, giving it a more symmetric structure [28,
29]. However, BaCeOjs electrolytes are not stable in reducing atmosphere [30, 31]. They form
alkaline earth metal carbonates in CO»-containing atmosphere and furthermore decompose in the
presence of water to form Ba(OH). [13, 32]. This results in a fast degradation of the electrolyte.
To improve the stability, the B-site should therefore be occupied by a smaller cation as in BaZrOs3,
which has an excellent conductivity and stability [28]. On the other hand, the fabrication of highly
dense membranes of BaZrOs; remains challenging, due to the required elevated sintering
temperatures [8, 33-36]. Another drawback for BaZrOs electrolytes is a high grain boundary
resistivity, even if the grain boundaries are free of secondary phases [9, 34, 37]. Many different
approaches in fabrication of a dense and thin electrolyte based on this material were studied and,
up to the present day, the fabrication remains a challenge due to barium evaporation [13] or phase
seperation [38] at the required high sintering temperatures. The solid-state solution of BaCeO3 and
BaZrOs; offers advantages from both endmembers [38-42]. The phase diagram of this solid state
solution, according to Pagnier et al., is shown in figure 1.4 [43].

The introduction of oxygen vacancies and their distribution in the lattice are major requirements
for protonic conductivity. Protons are incorporated into oxygen vacancies. Lower-valent dopants
are substituted for B-site of the lattice to increase the dissolution of protons [24]. The resulting
effective negative charge is compensated for by creation of oxygen vacancies.
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Figure 1.4: Phase diagram for the BaZrO;-BaCeOs solid solution. Recreated from Pagnier et al. [43]

For the BaCeO3-BaZrOs solid solution, Y>* is most often chosen as a dopant, since it has a similar
ionic radius as Zr*' [29]. The doping and charge compensation mechanisms are shown in Kroger-
Vink-Notation [44] in equation 1.2:

1 1 1
5205 505 + By > Y; + V3 + BO, (1.2)

where B is either Zr*" or Ce*" and V3*® are oxygen vacancies. Incorporation of two Y-atoms is
compensated for by introduction of one oxygen vacancy. Nevertheless, at dopant contents above
25 at%, the bigger sized Y** ion is partially occupying the A-site, leading to reduction of nominal
oxygen vacancy concentration, according to equation 1.3 in BaCeO3 and BaZrOs:

1 1 1
Baje + 5205 +5 V3" = Vg, +5 05 + Bao, (1.3)

The optimum Y-concentration was reported between 20 and 25 at% [45, 46]. In addition, the
fabrication becomes increasingly difficult for increasing Y content due to the potential cross-
doping of Y into the A -site [45].

Since the early 1980s, Y-doped zirconium- and cerium-based perovskites remain the most studied
and utilized materials for future hydrogen applications [47, 48]. According to Ricote et al.,
BaZro7Ce2Y0.103-5, referred to as BZCY72, offers the best combination of advantages [41] and
is currently applied in demonstrator devises for technology transfer due to its high technological
potential [49, 50]. For a complete phase diagram of the ZrO,-CeO>-BaO-Y;0; system see
appendix 8.1.5.
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1.5 Proton incorporation and conductivity

In perovskite oxides, protons are not a part of the oxide lattice nor its stoichiometry. Instead, they
are present as hydroxyl defects, also known as protonic defects, which they form together with
oxide ions in equilibrium with an ambient stable hydrogen carrier [24, 51]. Water vapor is absorbed
at the surface and dissociates into a hydroxyl ion, which fills an oxygen vacancy, while the
remaining proton forms a covalent bond with the surface oxygen [52]. This is expressed in the
Stoltz-Wagner equation as:

Hy0(gas) +V3* + 03 < 20H] (1.4)

Formation of protonic defects is an exothermic reaction, meaning that protonic defects are
predominant at lower temperatures, while free oxygen vacancies are present at high temperatures
[53]. The equilibrium constant is expressed as [13]:

(S8 (~dHSy\  [OHST?
K"”‘( R )( RT >‘ [051Ve Tpmo (1)

where AS), is the change in entropy, AHJ is the enthalpy change, Pu,o1s the water vapor partial
pressure and [0} ], [OHj] and [V*] are concentrations of lattice oxygen ions, protonic defects and
oxygen vacancies, respectively. To calculate the protonic defect concentration, two simplifications
are made: 1) assuming that protonic defects are the only charge carriers in the perovskites so the
electro-neutrality condition reads: [Yy,.c.| =2[V3*]+ [OHJ], where Yy, c, denotes the Y
acceptor. 2) The number of defects and oxygen vacancies is low compared to the number of oxygen
sites [05] > [V5°*] + [OH]. Turning this into equation 1.5 and solving it for the concentration of
protonic defects yields [19, 24]:

8[YZ’r,Ce]

_ 1 1.6
[OS]KOHPHZO (1.6)

1
[OHg] = P [061KouPH,0 jl +

In reality, however, all perovskite oxides exhibit some degree of mixed conductivity [54]. Under
high oxygen partial pressure, electron holes are generated in the lattice according to:

1
502 +V5* © 05 +2h° (1.7)

giving rise to p-type electronic conduction. At low oxygen pressure, electrons are formed and n-
type electronic conduction is observed, according to the following reaction:
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1
05 © 50, +V5® + 2¢' (1.8)

Therefore, it is often meaningful to measure the conductivity as a function of oxygen partial
pressure to determine the degree of electronic contribution and its type. In ceramic proton
conductors at typical operating temperatures of 600 °C, holes and electrons do not reside in bands.
Instead, they are localized within the crystal structure as small polarons [55]. Concentrations of
electrons and holes are then noted as polaron defect concentration [0g] [56]. The concertation of
all mobile charge carriers (electrons, electron holes, protonic defects and oxygen vacancies) is well
described within the Brouwer diagram (see appendix 8.1.6) [54, 57, 58].

Modern understanding of the protonic conductivity arises from quantum molecular dynamics
simulations [59], quasi-elastic neutron scattering [60] and muon spin relaxation experiments [61].
Previous work suggest that in solid state electrolytes, protons move via the Grotthuss mechanism
[62]. This mechanism is described as a combination of rotational diffusion of the protonic defect
and transfer of the proton from oxygen to a nearest neighbor. An illustration of the Grotthus
mechanism is shown in figure 1.5. In the model, only the protons show long-range diffusion, while
the oxygen ions reside at their lattice positions. The activation energy for the rotation step is low
compared to the activation energy for the jumps, with the latter being the rate-determining process
for trans-lattice diffusion [32, 63]. Simulations have shown that protons reorientate themselves
multiple times before jumping to another oxygen ion, leading to constant stretching of the O-H
bond [59]. The time period is in the order of 10712 s and ~107' s for the rotation and hopping,
respectively [13]. During the hopping, the protons form O — H — O bonds for a short time. This
strong interaction between the proton and two oxygen ions avoids the need of extra energy to break
the O — H bond to the previous oxygen ion. In case of highly-tilted octahedrons, the proton can
also directly move between them, which is known as inter-octahedral hopping [24]. However,
distortions overall tend to suppress protonic conductivity [19]. In general, smaller lattice constants
and higher symmetry enhance protonic conductivity [64-66]. The conductivity of a material
depends on the concentration of charge carriers and their mobility. For an ionic species it can be
calculated by the equation:

o =nqu (1.9)

where 7 is the concentration of mobile species, g is the elementary charge and y the mobility.
Using the Nernst-Einstein equation, u equals [13]:

gD qf2*  qzwge EalkeT 2
K kaT ~ 6kyT 6kyT

(1.10)

where kg is the Boltzmann constant, T the temperature and D is the diffusity, which is a function
of the attempt frequency fand jump distance A.
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Figure 1.5: The trace of a proton in a perovskite showing the two principle features of proton transport:
rotational diffusion and proton transfer (data have been obtained by a quantum molecular dynamics
simulation of a proton in cubic BaCeOs. Image taken from [32, 59] ).

The attempt frequency itself is dependent on the number of possible jump directions z, the lattice
variation frequency w, and the jump activation energy E,. Combining equation 1.9 and 1.10
yields:

oT = Ae~Fa/ksT (1.11)
with the pre-exponential factor
zZnwyq?A?
A= % (1.12)

The activation energy and pre-exponential factor for bulk and grain boundary of proton conductors
can be determined experimentally by impedance spectroscopy. For protonic conductivity the value
of E, varies from 0.4 to 0.6 eV [67, 68], while for oxygen ion conductivity, E,4 was observed in
the range of 0.6-1.2 eV [69]. Consequently, proton conducting oxides work at lower temperatures
compared to ceramics based on ionic conductivity. Nevertheless, at higher temperatures, parallel
protonic and oxygen ionic conduction is observed.

10
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1.6 Spark plasma sintering

Spark plasma sintering is a bottom-up synthesis technique, which offers near crystallographic
densities of fabricated samples at low sintering temperatures and short process times [70, 71]. The
method separates itself from other sintering techniques as a low-voltage and pulsed direct current
(DC) is employed under a uniaxial pressure to consolidate the sample. Depending on the
conductivity of the sample, it is either directly heated due to Joule heating by the passing DC or
heated by thermal conduction from conductive parts of the pressing tools. Because there is no
direct evidence of spark discharge [72], SPS is also referred to as Field Assistant Sintering
Technique (FAST) [73, 74], Pulse Electric Current Sintering (PECS) [75] or Current-Activated
Pressure Assisted Densification (CAPAD) [76]. The original idea of sintering under electric
current can be traced back to British and American patents in 1906 and 1913, respectively [77,
78]. However, it took another fifty years for the initially called “spark sintering” method to be
invented by Inoue [79]. In the 1970s this technique was used to synthesize functionally graded
materials (FGM) for aerospace applications by Lockheed Missile and Space Co [74]. In the early
1990s, Japanese companies started the commercialization of SPS leading to a wide distribution
and increase in publications in materials science. More and more companies in Germany, USA,
China and Korea implemented this technology to answer the increasing demand in science and
industry due to the unique materials that can be fabricated with SPS. Those include metals, alloys,
ceramics and all imaginable composites and special material systems such as FGMs [70], as well
as porous materials [80] .

The driving force of the SPS process is the total reduction of surface energy [81, 82]. This is
accomplished by replacing the solid-vapor interfaces with solid-solid interfaces (grain
boundaries), grain growth and surfaces smoothening. Those effects are a consequence of the
accelerated mass transport at elevated temperatures of typically above 50 % of the melting
temperature (Tm). In SPS, the mass transport mechanisms are evaporation and surface diffusion
which cause particle coarsening, as well as grain boundary diffusion and volume diffusion which
lead to densification [76, 83]. While all of them simultaneously determine the sintering progress,
one mechanism is usually dominant due to different activation energies [84]. The complexity in
the sintering process lies in the interaction between mechanical, thermal and electrical effects,
which are often described separately in the literature [74]. This is the reason for the large gap
between the fundamental understanding of SPS and its application oriented practical counterpart
[85]. Parameters such as temperature, pressure, heating rate and holding time influence the
dominating mechanism(s) in the SPS process and, consequently, the sintered sample properties. A
typical SPS process profile employed for BZCY72 is seen in figure 1.6 with all its adjustable
critical process parameters. To get a better understanding of the active working mechanismes, it is
meaningful to discuss the process in four stages. In stage I the pressure increases within the sample
at a controlled rate. The applied force ensures contact between particles and mechanically densifies
the powder. Mechanical impact on the sample, attributable to compressive stress, include particle
rearrangement, plastic deformation and grain boundary sliding [86]. With increasing pressure the
densification rate decreases as more and more cavities between the particles collapse. As indicated
by the sample densification progression, most of the densification is due to this contribution
because of the porous nature of the precursor powder.
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Figure 1.6: The SPS process profile used to synthesize BZCY 72 ceramics with process parameter profiles.
The progression of sintering temperature (red line), applied pressure (black line) and BZCY72 sample
densification (blue line) define different sintering stages as described in the text. (The small peak in the
heating stage is due to the PID-control reaction time).

At stage II, electric power is applied to the system. Heat is provided either directly due to Joule
heating, if the sample is conductive, or via thermal conduction from the surrounding die. This
allows for high heating rates of up to 1000 K/min as compared to conventional sintering. As all
diffusion related processes scale exponentially with temperature, the thermal effects on the
sintering body, especially when combined with high heating rates, lead to unique sample
characteristics for SPS. As the temperature rises in the initial sintering stage, particles begin to
form necks driven by surface diffusion. The increasingly rounded pores between the particles build
a network along the grain boundaries. This leads to coarsening of the grains and delays grain
growth [83, 87]. At higher temperatures, pores shrink due to increasing volume diffusion and
further densification is reached. In stage III, the maximum sintering temperature and pressure are
held for a given holding time to achieve the final densification. During this stage, grains start to
grow while smaller grains are eventually consumed by larger grains [83, 88]. Smaller particles
sizes in the precursor powder promote densification, while wider particle size distributions
generate faster grain growth [83, 89]. Depending on material and sintering conditions, small grains
may also evaporate during longer holding times, lowering the density due to emerging nano pores.
Depending on the conductivity of the sample, electrical induced mass transport will occur. For
ceramics, no current flows though the sample, excluding electro migration. However, there are
conflicting results on the effects of the electrical field [90]. Grain growth retardation was reported
for yttrium-stabilized zirconia and attributed to an altered grain boundary mobility or solute
segregation due to field effects [91, 92]. As for the current pulsing employed in SPS, there is no
evidence on an effect attributed to the frequency or pattern of the pulsing [93-95].

In the final stage IV, the system is powered down and the pressure is released, either in an abrupt
or continuous manner. The latter is usually preferred, as it reduces the samples internal stress.

12
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1.7 Aim of the thesis and overview

Up to this day, the protonic conductivity of BaCeixYxO3 (BCY) and BaZrixYxO3; (BZY) is
unmatched in the temperatures regime of 400 °C — 600 °C, despite being discovered in the 1980s
and 1990s, respectively. Therefore, most material scientists focused on the synthesis and doping
of these known compositions.

The aim of this thesis was the development of an SPS process for the synthesis of high-performing
and chemically stable BZCY 72 protonic ceramics. Conventional sintering techniques at best lead
to total conductivities of 2 - 10 S - cm™ at 750 °C for BZY samples [68, 96, 97]. For the synthesis
of BZY samples, high temperatures of around 1650 °C and long annealing times over 20 h are
required [41]. This leads to significant barium evaporation and eventually lower conductivity in
addition to comparable low density obtained from these methods. More advanced sintering
techniques make excessive use of sintering aids to lower the sintering temperature. However, those
introduce unfavorable electronic conductivity into the material and can also lead to mechanical
stress within the structure [98]. The following chapter 2 gives an overview about the experimental
details for sample preparation and characterization methods for determining crystallographic
attributes, microstructure and conductivity as well as neutron scattering setups.

It is well established that the properties of the precursor powder affect the sintering behavior and
thus the properties of the sintered specimen. For this reason, two different powders sources were
used in the initial SPS processes. Lab-produced solid-state reacted BZCY 72 powder was compared
with commercial BZCY72 powder to provide solid base conditions for further synthesis. Properties
of the SPS processed specimen were directly compared with pellets obtained by conventional
sintering and solid-state reaction sintering under the same conditions. Chapter 3 contains a
benchmark to provide main sintering characteristics for BZCY72 and its properties as well as
comparison with the existing literature.

Further work was carried out to optimize the SPS process with regard to the fabrication of
BZCY72. Studies on synthesis of proton conductors often present only one or two sets of sintering
conditions [33, 34, 38, 41, 99, 100]. For this reason, much research so far has been trial and error
with unquestioned sintering parameters, and frequently conflicting results are obtained [82]. This
is due to the complexity of the SPS process. Accordingly, chapter 4 provides a comprehensive data
set that correlates SPS process parameters to the resulting material properties. It provides a
direction for parameter optimization to determine most suitable sintering conditions for protonic
ceramics and assesses given advantages of SPS over state-of-the-art synthesis routes for
fabrication of BZCY72. Furthermore, an insight into the SPS mechanisms is given.

For a better understanding of the proton conduction mechanism, neutrons are ideal probes because
of their large cross-section for hydrogen and the typical timescales of ~10® to 1071° s in which
these processes occur. In chapter 5, the proton transport in BZCY72 is investigated by means of
quasi-elastic neutron scattering. The hopping mechanism of protons in the SPS prepared samples
1s compared to that of similar proton conductors and to theoretical models. Two different sintering
temperatures were chosen in order to answer the question if the fabrication process affects the
proton diffusion on a local level. Additional neutron Compton scattering is employed to shed a
light on the bonding and amount of hydrogen in the material and their relation to the little known
phase transition at low temperatures.

13
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When used in applications, electrolyte materials are embedded in membrane-electrode-assemblies
(MEA5s). Since each material layer has different properties, the fabrication of MEAs involves many
time consuming steps, such as tempering. A proof-of-principle for the single-step-fabrication of a
MEA based on a BZCY72 electrolyte by SPS co-sintering is described in chapter 6, where the
properties of the cell and the challenges of its fabrication are briefly enlightened.

The final chapter 7 summarizes the results and gives a prospect on the SPS technique for the
synthesis of proton conductors such as BZY, BZCY and similar stoichiometries as well as their
possible applications.

14
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2 SYNTHESIS AND CHARACTERISATION METHODS

This thesis employs a unique combination of synthesis routes and characterization methods to
improve the understanding from the material synthesis to the application, as well from the
fundamental physics of the proton diffusion to the fabrication of a membrane-electron-assembly.
All experimental methods are described in the upcoming chapter with the main focus on the
impedance spectroscopy due to its relevance for the application.

2.1 Powder synthesis and sintering
2.1.1 Synthesis of precursor powder

The composition BaZro7Ceo2Y0.103-5 was chosen as a high-performance and stable composition.
Four different BZCY 72 pellets were prepared — two by spark plasma sintering from two different
precursor powders, one by conventional sintering and one by solid state reactive sintering. Three
different sources of the BZCY72 precursor powders were used as described in what follows:

The first powder synthesis route was performed by a solid state reaction. BaCOs3 (99.5 %, Alfa
Aesar), ZrOz (99.7 %, Alfa Aesar), CeO2 (99%, Jenapharm) and Y203 (99.9%, Alfa Aesar) were
mixed together in stoichiometric ratios. The resulting powder was ball-milled (Retsch PM 100) in
hexane for 12 h in a zirconia container. To ensure homogeneity of the powder, this procedure was
repeated twice with an intermediate drying and grinding step at room temperature. Subsequently,
the powder was calcined in static air in a tube furnace for 12 h at 1200 °C, at heating and cooling
rates of 10 K/min. The powders were ball milled again and dried at room temperature. In the
following sections, this powder is referred to as lab-produced powder.

The second precursor powder was commercially available BZCY72 (Cerpotech, Norway). This
power was prepared at a large scale based on spray-pyrolysis [101]. The corresponding metal salts
are in a precursor solution that is atomized and evaporates, leaving behind a shell of metal salts
which eventually decomposes into a mix of metal oxides [102]. BZCY72 powder was obtained
after calcination and milling of the metal oxides. An additional calcination was required for the
commercial product as explained in section 2.2.2. A similar heat treatment as described for the
lab produced powder (12 h at 1200 °C) was used. Subsequently, this powder is referred to as
commercial powder.

The third source for powder was also synthesized by solid state reaction. Stoichiometric amounts
of BaCOs3 (99.95%), ZrO2 (99.7%), CeO2 (99.5%) and Y203 (99.9%), all obtained from Alpha-
Aesar, were mixed in stoichiometric ratios and ball milled in acetone for 24 hours. The resulting
mixture was calcined 24 h at 1400 °C and a few drops of PVA binder was added afterwards. This
benchmark powder was used for conventional sintering (CS) and solid-state reaction sintering
(SSRS) as a benchmark process.

For the CS route, the powder was pressed into a green body (0 2.5 cm) by uniaxial pressing under
aload of 60 MPa. The pellet was then embedded in a Ba excess powder of BaZ0.9Y0.103-5 + 20wt%
BaCOj to prevent barium evaporation and sintered for 10 h at 1650 °C [103].
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2.1.2  Solid state reactive sintering

Solid-state reactive sintering (SSRS) was first employed by Babilo and Haile in 2005 [104].
Instead of sintering the pre-reacted powder, samples were directly synthesized from precursor
powder with addition of sintering aids, mostly NiO. Precursors such as BaSO4 or BaCO;3 are
reacting with NiO and form a binary eutectic glass-phase lowering the melting point down to
1125 °C [98] (compare appendix 8.2.1). With increasing temperature the barium is then extracted
from the liquid glass phase since it is more stable and forms the more stable perovskite phase with
7Zr0,, CeO; and Y203 in the case of BZCY72. The liquid phase sintering terminates around
1500 °C — 1600 °C, depending on the Ba precursor, with the left NiO phase to accumulate within
the grain boundaries [105]. The optimal amount of NiO sintering aid was found to be between 0.5
and 1 wt% of NiO [106]. By this method grain boundary diffusion is reduced, since reaction and
sintering occur in one step and large grained BZCY 72 samples can be obtained (2-5 um grain size)
[98]. However, this synthesis route still requires dwell time over 6 h. Moreover, in reducing
atmospheres, NiO is irreversibly reduced to Ni, introducing significant electronic conductivity and
significantly lowering electrolyte performance. Therefore, an additional nickel extraction step is
required. Solid-state reaction sintering currently qualifies as the state-of-the art recipe to fabricate
dense large-grained ceramics based on barium zirconate [42, 107-110]. For the SSRS benchmark
pellet 1 wt% of NiO was added to the precursor powder. A green pellet (@ 2 cm) was pressed at
60 MPa and sintered for 10 h at 1550 °C.

2.1.3 Spark plasma sintering setup

All SPS experiments were carried out in the Tycho Sinterlab at the University of Rostock using an
HP D5 unit from FCT Systeme GmbH Rauenstein, Germany. The Setup is shown in figure 2.1
and consists of a mechanical loading system which is part of a high-power electrical circuit. The
precursor powder was loaded into a graphite die that closes the circuit. The voltage was
approximately 5 V and the current varied from 1 — 2 kA, depending on the sintering conditions.
During the initially sintering stage, no current flows through the ceramic sample. Instead, it passes
though the die (green path) [93, 111]. According to Guillon et al. most of the energy is dissipated
at the sample graphite interface for insulating materials [74]. At higher temperatures, the ceramic
become more conductive, allowing a fraction of the current to pass through it (red path) [48].
Sintering is carried out in a rough vacuum at 50 Pa to prevent chemical reactions between oxygen
and the graphite die.

In order to enhance the electrical contact and to prevent reactions between the powder and graphite
elements, the inner walls of the graphite elements were covered with graphite foil. In addition, the
dies were wrapped in carbon felt to reduce the radiation heat loss, thus minimizing temperature
gradients inside the system during the process [112]. The device allows for real-time data
acquisition of process parameters and system displacement. The temperature was monitored by a
pyrometer on top of the die focused on a spot through a hole in the upper punch, approximately
4 mm away from the sample. This temperature reading was used to control the power output via
PID (proportional-integral-derivative) controller. In order to observe densification processes
during sintering, the position and displacement of the punches were monitored by a capacitive
sensor, which was mechanically coupled with the upper punch.
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Figure 2.1: A schematic representation of the SPS configuration used at the University of Rostock. The
DC pathways for a BZCY72 sample illustrate the current flow within the setup, where green indicates high
current densities and red indicates low densities. Image recreated from [48].

2.1.4 Process protocol for synthesis of BZCY72 samples

For a final pellet thickness of 2 mm, approximately 4 g of BZCY 72 precursor powder was loaded
into a graphite die with an inner diameter of 20 mm and positioned between graphite punches. As
explained in section 2.2.1, 1 mm thick graphite foil was used to cover the sample facing surfaces.
The first sintering experiments were conducted using commercial powder. It was essential to
perform a calcination step prior to the sintering process, otherwise, released gas (presumably COz)
caused damage to the die under pressures of ~90 MPa during the heating stage at 881 °C. For more
details and reasoning behind the chosen parameters see appendix 8.2.2.

For synthesis of benchmarking pellets (chapter 3), an axial pressure of approximately 80 MPa was
employed. To allow for a better adjustment of the powder particles, the pressure rate was
maintained at 10 MPa-min’'. The heating rate was set to 150 K-min"! and the maximal sintering
temperature of 1550 °C was held for 5 min. After the dwell segment, the sample was cooled to
800 °C at 150 - min' followed by natural cooling rate averaging ~ 100 K-min™ to room
temperature. The pressure was released at a rate of 10 MPa-min™!. The duty cycle for the DC was
80% with a pulse length of 40 ms. After the sintering process, the pellet was removed from the
die using a hydraulic press. The remaining graphite stuck to the surface of the sample was removed
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by manual grinding using SiC-coated abrasive paper.

The same process was used for the lab- produced powder. To remove the last remaining graphite
the samples were calcined at 1000 °C for 2 h in static air with heating and cooling rates of 10
K/min.

For the parameter mapping in chapter 4 the SPS process was modified and previously mentioned
parameters were varied systematically. The standard parameters were:

e sintering temperature of 1350 °C

e maximum load of 24 kN, (~76 MPa)

e heating rate of 150 K-min’!

e holding time of 5 min

e pulse duty cycle was 4:1 with 40 ms pulse time

The investigated parameter ranges are given in table 2.1.

Table 2.1: Sintering parameter ranges for the BZCY72 sample property investigations. The corresponding
color code is applied for all figures in chapter 4.

Sintering parameter Investigated values

Maximum temperature JEREUREH 1350 °C | 1450 °C | 1550 °C |
Maximum load 12 kN 24 kN 28 kN 32 kN
Corresponding pressure | 38 MPa 76 MPa 89 MPa 102 MPa
Heating rate 25 K/min 150 K/min = 200 K/min
Holding time

The sintering temperature and pressure are considered to be the most influencing parameters for
the SPS process [76]. The influence of other parameters has not yet been studied for BZCY72 or
related materials to the best of the author’s knowledge. Therefore, a complete sample matrix as a
function of maximum temperature and pressure within the given values was fabricated. Exemplary
samples at 1050 °C and 1750 °C were also produced but were not further investigated due to their
extremely fragile nature.

Sintered specimen of 8 mm thickness were prepared for the neutron scattering experiments,
corresponding to ca. 8 g of precursor powder. A complete sample overview with basic properties
and comments is given in appendix 8.2.3.

2.1.5 SPS-cosintering of membrane-electrode-assemblies (MEAs)

To investigate the co-sintering behavior of electrode and electrolyte, an electrode with 60 wt% of
NiO and 40 wt% BZCY72 mixed precursor was loaded as additional layer into the graphite die.
The sintering temperature for this system was 1350 °C for 5 min holding time at a pressure of ~
76 MPa and a heating rate of 150 K-min!. The resulting symmetrical NiO-
BZCY72/BZCY72/NiO-BZCY 72 exhibited good stability in air. After grinding the sample surface
with SiC sand paper, mechanical polishing was employed for further investigation.
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2.2 Scattering Experiments
2.2.1 Static light scattering

The particle size distribution is an important property of any precursor powder, since it has a
critical effect on the sintering behavior [113, 114]. It can be accessed through Static Light
Scattering (SLS) analyzed by means of Fraunhofer diffraction or Mie scattering models [115],
where the latter yields more precise results [116]. Mie scattering describes the solution of
Maxwell’s equation for an electromagnetic plane wave scattered by spherical particles. This model
is used when the particle size » has the same dimensions as the wavelength A of the scattered light
0.1 A <r < A [117]. Particles of various sizes produce different diffraction patterns. Large
particles scatter light in narrow angles at high intensities and more in forward direction while small
particles scatter light less intensely at wider angles [118]. Generally, the scattering intensity can
be expressed as:

10,1,a) = A f K82, 0) f(a) da 2.1)

Amin

where A is a scale form-factor considering the geometry of the setup, 8 is the scattering angle and
f(a) is the particle size distribution as a function of the particle size a. K(6, 4, a) describes the
scattering process. In Mie theory an infinite series of Bessel functions and Legendre functions is
employed for the angle dependent scattering amplitude (see [119, 120] for a detailed mathematical
description). 1(8, A, a) can be measured, however, to calculate the particle size distribution the
diffraction index of the sample as well as its imaginary part (absorption index) must be known.

Wide-angle detectors
Samole particl Q 000 Maln
Expansion optics Mple particies
Laser light o ,
source I =§=
Focus hens
Backscattering

detectors Airflow

Figure 2.2: Scheme to measure particle size distribution using static light scattering (Mastersizer 2000).

All SLS experiments were performed with the Mastersizer 2000 (Malvern) with the setup shown
in figure 2.2. A helium neon laser (4 = 633 nm) produces the light beam which is expanded to
increase the scattering cross section. The light gets scattered by the particles and a Fourier lens is
employed to ensure that particles of the same size scatter to the same detector position. The main
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detector has 33 compartments to cover small angle scattering, additional 11 wide-angle detectors
cover large angles and 2 backscattering detectors track backscattered light. All detectors are
photomultipliers which convert the scattered intensity into a voltage at different scattering angles.
The position (angle) of the detector is then converted into a particle size distribution employing
the Mie theory.

Approximately 2 g of each precursor sample were used for investigation. Initial particle separation
was realized by mechanical vibration. Dry particle dispersion was subsequently achieved by
pressured air at 3.2 bar. The refractive index for the BCZY72 sample was assigned to 2.15
according to [121]. On recommendation of the manufacturer Malvern, the absorption factor for
slightly dyed particles can be estimated to be 0.1.

2.2.2 X-Ray diffraction

X-rays are a part of the electromagnetic spectrum with a wavelength ranging from 10 to 10 nm
which makes them well suited scattering probes for structural investigations on condensed matter
[122]. Within a crystal lattice X-rays are reflected at parallel lattice planes made up by the
periodically aligned atoms. If the path difference of the waves reflected from the planes with the
distance d is an integer multiple of their wavelength A constructive interference occurs and
generates sample characteristic diffractograms, as described by Bragg’s law:

nA = 2d sin 0 (2.2)

X-ray diffraction (XRD) was carried out on powders and sintered pellets at room temperature by
means of a Bruker D8 Advance X-ray diffractometer in reflection geometry, using Ni-filtered Cu
K characteristic X-rays. Patterns were collected over a range of 26 of 20 to 120°, at a step width
0f 0.02° and a data collection time of 5 s per step.

XRD patterns were analyzed by the TOPAS software, employing a Rietveld refinement procedure
[123]. In a XRD pattern, several Bragg reflections contribute to the observed intensity I; ;5 at any
scattering angle 67 in the diffractogram. For the refinement, the structural model of BZCY72 was
imported from combined high-resolution neutron and synchrotron XRD diffraction by Mather et
al. [124]. The calculated intensity is given by [125]:

Npeaks

hcae =S ). LilFl?PeA $(260; = 20) + g (23)
K

e §; is a scale factor for the incident beam,

e Krepresents a set of Miller indices for a Bragg reflection,

e Ly is the Lorenz-polarization factor

e [} describes the structure factor for the corresponding Bragg reflection K
e Py is the texture factor and takes preferred orientations into account

e A represents the absorption factor
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e ¢ is the reflection profile function for which the modified Thompson-Cox-Hastings
pseudo-Voigt “TCHZ” peak type is used in this thesis
® I pig is the background intensity

More detailed information about the Rietveld refinement is listed in appendix 8.3.1. For the
precursor powders, a quantitative phase analysis and a least square lattice parameter refinement
was carried out. For the sintered pellets, the lattice parameters, average crystallite sizes and
occupancies for Ba and Ce, Zr metal cations were refined, whereas the occupancy for oxygen was
fixed to nominal values according to equation 1.7. Due to the similar electron configurations of Zr
and Y, the occupancy of Y was fixed to 0.1 and a constraint for the B-factors of the cations was
established. From the refined data, B — O bond lengths and bond angles were calculated.

2.2.3 Raman spectroscopy

Raman spectroscopy is a non-destructive analysis technique to determine mainly vibrational
modes of molecules or phonons which provide detailed information about the structure,
crystallinity and atomic interactions. This method relies upon the interaction between light and the
chemical bonds within a material in the form of inelastic scattering or Raman scattering. If
monochromatic radiation of a frequency vy interacts with molecules or phonons and the scattered
radiation is dispersed it is found to contain not only the original frequency vo in Rayleigh scattering
but also pairs of news frequencies of the type (vo = vm) (see figure 2.3). In the case of a lower
scattered frequency the interacting molecule has a higher vibrational energy, which is known as
Stokes Raman scattering. On the other hand, if the final vibrational energy of the molecule is lower,
the scattered light has a higher frequency, which is called Anti-Stokes Raman scattering. In Raman
Spectroscopy the Raman shifts is always characterized by the frequency shift vm and are generally
reported in wavenumbers.
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Figure 2.3: The origin of Rayleigh scattering, Stokes Ramnan scattering and Antl—Stokes—Rarnan scattering
[126]. Top: The electronic energy levels Sp and S; and the vibrational energy levels (Energy scale not
linear). Bottom: Resulting Raman shift.
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Raman spectroscopy was used on the polished surfaces of the BZCY72 samples in order to detect
possible amorphous impurity phases and to determine vibrational modes of the phonons in the
crystal. Raman spectroscopy was carried out using a Renishaw inVia Raman microscope with a
RL532C100 laser source (A =532 nm). Spectra were analyzed using Renishaw's WiRE (Windows-
based Raman Environment) software using a Pseudo Voigt profile function.

2.2.4 Quasi elastic neutron scattering

Neutrons have unique properties for investigating dynamical and geometrical properties of
condensed matter. Their energy E is controlled by passing them through a moderator with a certain
temperature 7" according to:

1
E=-mv?=—kgT (2.4)

where m, v, kp are the mass, velocity and Boltzmann constant, respectively. Using the de Broglie
relation this corresponds to a wavelength of

A=— 2.5
2mE (2:5)

Neutrons used for Quasi Elastic Neutron Scattering (QENS) are thermal neutrons with
wavelengths of 6 — 10 A [127, 128]. The generation of the probing neutrons is explained in figure
2.4. The energy of those neutrons is in the same order as the thermal energy inside crystals,
allowing to study the motions within the sample. This method focuses on scattering processes at
small energy transfers within a timescale of 10 - 10713 s and is capable to investigate diffusive
motion with path lengths of 10 — 107! m [129]. Since hydrogen has the highest incoherent
scattering cross section for neutron of all elements, this method is well suited for proton diffusion
[130]. While most incoming neutrons are scattered by the sample elastically, some neutrons get a
small energy and momentum transfer caused by diffuse motions within the sample with a
corresponding wave vector Q = k — k, where ky, and k are the incident and scattered wave
vectors, respectively.

In a QENS experiment the measured intensity is proportional to the dynamic structure factor
S(0,w), which describes the probability that an incident neutron is scattered by the sample with a
momentum transfer AQ and energy transfer Aw [130, 131] where £ is the reduced Planck constant.
S(Q,w) consist of two contributions: a coherent scattering function and an incoherent scattering
function, which hold information on the collective motions of all particles and single particles,
respectively (further information is given in appendix 8.4.1). For the analysis, S(Q,w) was
modelled by the following function:

l reQ)
7 (hw)? +T(Q)2

5(Q,w) =b(Q) - §(hw) + a.(Q) +¢(Q) - (hw) +d(Q) (2.6)
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The first term is attributed to the elastic scattering from those atoms that move to slow to be
resolved in QENS [131] where b(Q) is a Q dependent constant and & (Aw) is a delta function. The
second contribution is the quasi-elastic bordering of the elastic peak. For a translational diffusion
this is approximated by a Lorentz profile with the amplitude a; and a full width at half maximum
I'(Q) [132]. The remaining parameters ¢(Q) and d(Q) describe a linear background.

In proton conductors, the diffusion model by Chudley and Elliott is usually employed [133]. It
describes the jump diffusion for a proton between oxygen sites within the lattice where the jump
length / is fixed and I'(Q) is expressed as:

rQ _a( sin(QD
— —(1— ol ) (2.7)

Here, T is the relaxation time or the time the proton spends at a new position before its next jump.
Referring to chapter 1.5, it should be noted that there are at least two different proton motions in
BZCY72. However, due to the low scattering contrast of the measurements, more elaborate models
cannot be justified and, thus, not all details of the proton motion can be resolved.

The QENS experiments were performed at the IRIS indirect neutron spectrometer within target
station 1 at the spallation source ISIS Rutherford Appleton Laboratory, United Kingdom,
figure 2.4. IRIS is an inverted geometry spectrometer where neutrons scattered by the sample are
energy-analyzed by means of Bragg scattering from large-area crystal-analyzer array. For data
analysis, the time-of-flight technique is used. Should interactions within the sample lead to a
loss/gain in neutron energy then a distribution of arrival times will result. By measuring the total
time-of-flight ¢ and knowing the distance from the moderator to the sample L;, the distance from
the sample to the detector L> and the time it takes for the neutron to travel the latter distance 2, the
energy difference can be calculated with the neutron mass m,, :

AE = %mn [(t f1t2>2 B (%2)2] (2.8)

For the QENS experiment two BZCY72 samples were prepared by SPS (p~ 76 MPa, HR = 150
K/min, t = Smin) at 1350 °C and 1550 °C, respectively. Hydration was achieved at 680 °C for 24
h under 3% H>O/Ar atmosphere within a tube furnace. The samples with a total thickness of 8 mm
and 20 mm diameter were sealed into a quartz tube and loaded into a vacuum furnace (see
appendix 8.4.2). QENS measurements were taken at 50, 200, 300, 400, 500 and 600 °C. A
graphite 002 analyzer with a wavelength of 6.7 A and an energy resolution of 15 peV was used to
screen the reflected neutrons which was cooled with liquid helium to reduce background
contributions from thermal diffuse scattering. The investigated momentum transfer range was 0.45
A1<Q<1.85 A" All Q-dependent spectra were summed into 15 groups to increase the statistics.
The strong Bragg reflection within the Q range from 1.25 A" to 1.45 A! (see appendix 8.4.4) was
excluded by discarding the corresponding detector signals. The energy dependent absorption of
neutrons was corrected using a vanadium standard spectrum. One 50 °C measurement was used as
resolution function for the data analysis [134]. Data reduction and analysis was performed by
means of the Mantid software [135, 136].
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Figure 2.4: The IRIS setup used for QENS experiments. Neutrons are produced by the spallation process
when the 160 kW proton beam from the particle accelerator hits a tungsten-tantalum target. They are then
passed through a liquid hydrogen moderator (19 K) to slow the neutron down. Two choppers are employed
to set a known band of wavelengths for neutron to define the energy window. A curved glass guild focuses
the neutron beam and gives it a characteristic wavelength of 2.5 A. An additional nickel-titanium super
mirror scales the neutron beam area down to 32 mm x 21 mm. This is the incident beam for the QENS
experiment with a neutron flux of 5 - 107 neutrons - cm™ s!. Image recreated from [134]. The sample scatters
part of the neutron beam to the Graphite analyzer, which reflects neutrons of specific energies to the ZnS
scintillator detector banks and *He gas detector banks.

2.2.5 Neutron Compton scattering

Neutron Compton Scattering (NCS), or Deep Inelastic Neutron Scattering (DINS) is a mass-
selective neutron scattering technique which employs epithermal neutrons in the eV range [137].
This method gives access to the nuclear momentum distribution for any measured isotope. Within
the eV energy region, the incident neutron energy and consequently the energy transfer is well
above the binding energies of atoms and other energy scales in the sample. In contrast to QENS,
this method is not limited by any time window [137-141]. Another advantage is the mass-
selectivity. Each atomic mass in the investigated sample contributes to the time of flight (TOF)
spectrum as a Doppler-broadened recoil peak due to their individual atomic motions [142]. The
external forces on the neutron-nucleus systems become negligible for high neutron energies and
there is a direct relationship between energy and momentum transfer. This is called the impulse
approximation (IA). Within this approximation the count intensity C(6,t) for every detector at a
given scattering angle, 6, and time of flight value, ¢, is given by the following expression [137,
138, 143-150]:

24



SYNTHESIS AND CHARACTERISATION METHODS

EoI(Ey)
Q

C(6,t) = Z My J (o) @Ry () (2.9)
M

where M is the mass of the corresponding nuclear isotope (H, O, Y, Zr, Ba, Ce from the sample
and Al from sample containers), Eyp and /(Ey) are the incident neutron energy and intensity
spectrum, respectively, and Q is the neutron momentum transfer. The Factor c,, contains the
probability of a neutron to be detected and the number of nuclei of mass M that are illuminated by
the incident beam. The convolution between the longitudinal momentum distribution J,(x,,) and
the instrument resolution function Ry, (x,) considers the effects of the finite resolution of the
spectrometer when measuring J,,(x,,) [137-141]. The variable x,, = yy, - (o,V2) ™! represents a
scaled and centered magnitude of the longitudinal momentum of a nucleus of mass M for its
standard deviation g, where y,, is the West-scaling variable [151]. For the NCS measurement on
BZCY72 ]y (x)) was modeled as a Gaussian function corrected for the deviations from ideal
impulse approximation conditions which are denoted as the third-order Hermite polynominas
H;(xy) [137, 138, 143-150]:

V2o
e~ | 1 — =L H,(xp) (2.10)

1
\2mod, 12 Q

The sample used for the NCS experiment was sintered at 1450 °C under a pressure of 76 MPa at
a heating rate of 150 K/min and 5 min holding time. The hydration procedure was the same as
applied for QENS measurements. The pellet was sealed into a square-shape (90 x 90 mm?)
aluminum container.

NCS was carried out at the VESUVIO time of flight (TOF) spectrometer at ISIS Rutherford
Appleton Laboratory, United Kingdom [152]. The setup is detailed in appendix 8.4.5.
Measurements were performed on the sintered BZCY72 sample at 70 K, 100K, 150 K, 200 K and
300 K. The following procedure was adjusted for BZCY72 from [137, 139, 146, 153, 154].

Since the BZCY72 sample did not cover the entire cross section area of the beam, a canonical
scattering of 10 % was assumed in order to fix the initial estimate of the ratio of the single to
multiple scattering from the sample. The TOF data from the backscattering detector were pre-fitted
according to equation 2.9. An estimation of the momentum distribution widths of the nuclear
species except hydrogen was generated by using stoichiometric fixing. Based on the obtained
widths of the previous step, the forward scattering data were fitted including the hydrogen
momentum distribution. For the analysis of the hydrogen recoil peak shape, the TOF region from
275 to 285 us was masked in DINS spectra in order to exclude neutron-gamma resonances from
metallic nuclear species present in BZCY72. The sample-dependent multiple scattering (MS) and
gamma background (GB) was then calculated and subtracted from the backscattering data and the
final estimates of the widths and relative scattering intensities for the heavy nuclei were
determined. The obtained results served as input for fitting the forward scattering data again to get
a more precise hydrogen peak width. MS and GB were calculated again and subtracted from the
raw forward scattering data. The hydrogen recoil peak was isolated and transformed from TOF to
the domain of longitudinal momentum fitting.

IuCxy) =
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2.3 Electron microscopy
2.3.1 Scanning electron microscopy

Scanning Electron Microscopy (SEM) was employed to analyze the microstructure of powders,
fractured surfaces and polished cross-sections of sintered specimens. Pellets were cut using a
Buehler Isomet 4000 precision saw and subsequently embedded in Epoxy EpoThin2 before being
polished by means of a Buehler AutoMet 250 Polisher to a 50 nm finish (MasterDep Polishing
Suspension). To prevent surface charging during SEM investigation, a 3 nm Au coating was
applied prior to the microscopy study by magnetron sputtering. Images were taken by a Jeol JSM
7500 F SEM, applying an acceleration voltage of 5 kV at a working distance of 6-8 mm. For a
better contrast, a low-angle backscattered electron (LABE) detector was employed, allowing for
surface information at fine-scale resolution. Also, in comparison to secondary-electron detectors,
the higher-energy backscattered electrons are less affected by charging of the sample surface by
the electron beam. Information on the grain size distribution was obtained by analyzing multiple
images (400-900 grains) by the Alicona MeX software package. The true grain size G was
calculated from the radius according to: ¢ = vér2 [83].

Energy-dispersive X-ray spectroscopy (EDX) was carried out to determine the nominal cation
ratios and composition homogeneity, applying an acceleration voltage of 25 keV. Evaluation of
the spectra was done by the Esprit software. Reference materials for the quantitative analysis were
taken from external standards from the Bruker Esprit atomic database using the L series of each
atom. For elemental analysis 10 different spots with areas of approximately 5 um? were
investigated and the average weight ratio was determined. The collection time was 2 min and 20
min for elemental analysis and EDX mapping, respectively.

2.3.2 Transmission electron microscopy

Grain boundaries of dense specimens were examined using Transmission Electron Microscopy
(TEM) at Colorado School of Mines. The lift-out specimens were prepared on an FEI Helios 6001
NanoLab SEM/FIB, using a 30 kV accelerating voltage for making the trenches and doing the
initial thinning. A final surface milling step at 2 kV was used for each face. The TEM imaging
was performed in an FEI Talos F200X using a 200 keV accelerating voltage. The STEM-HAADF
imaging used a 70 um Condenser 2 aperture and a spot size of 6 at the magnifications indicated
with the images. The EDX-maps were collected for durations between 30 and 45 minutes with a
resolution of 25 data points per nm?.

2.4 Impedance spectroscopy
2.4.1 Fundamentals

Impedance spectroscopy (IS) is a powerful and versatile tool to characterize electrical properties
of materials and their interfaces [155, 156]. The method allows to separate different responses
contributed by each phenomenon within the investigated system by resolving their ideally unique
time constants in the frequency domain. IS measurements may be performed by means of a
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Potentiostat based on a Wheatstone bridge, where the resistance and capacitance of a sample is
balanced against variable resistors and capacitors. The samples internal representation of circuit
elements (see appendix 8.5.1), also referred to as equivalent circuit, are unknown. Therefore, it is
important to measure the resistance R and capacitance C of a sample over a wide range of
frequencies. An IS experiment performs an excitation to the system based on a harmonic
perturbation voltage v(t) = V, sin(wt) for multiple frequencies and measures the phase shift ¢
and amplitude of the response i(t) = I, sin(wt — ¢) where w is the angular frequency and V,, and
I, are the amplitude of the voltage and current, respectively.

A low amplitude alternative current (AC) excitation signal (generally not more than 50 mV) is
used to operate within a linear regime of the cell [155]. This is important, since high stimulus
signals would cause harmonic distortion in the AC current response (see appendix 8.5.2).
Assuming a linear system the impedance of the system can be expressed (analogous to resistance
defined by Ohm’s law) as the ratio of the AC voltage and current:

26, w) = Vosin(wt)  Voel®* _ g b )11
o) = Iysin(wt — @)  Ije/@t=¢) o€ (211)

where j =+/—1 and Z* = Z' + jZ" is the complex impedance consisting of real and imaginary
part. For further interpretation —Z'’ is usually plotted as a function of Z’ as a Nyquist plot. Another
IS data representation is the Bode plot where Z" is plotted against the frequency /. In addition,
within complex systems it is often meaningful to calculate the electric modulus M* = M’ + jM"
to give emphasis to elements with small capacitances:

M* = jwCyZ* (2.12)
where C, 1s the vacuum capacitance of the cell. For a full IS analysis, each data representation

must be taken into consideration [157]. Assuming a RC element, the capacitance and resistance
are calculated by:

&
C= —1— (2.13)
2M " ax
1
R=— 2.14
C (2.14)

where &, is the vacuum permittivity. Within the Nyquist representation, each process contribution
appears as an arc and can be modeled as a capacitor and resistance in parallel configuration with
time constant T = RC = wy,q, *. Given that the time constant are sufficiently different, the
corresponding phenomenon can be resolved. Appendix 8.5.3 lists typical capacities for different
phenomena. To focus on the effects contributed the electrolyte, Au or Pt electrodes are applied to
both sides to prevent discharges or chemical reactions. In real systems, the ideal capacitor is often
replaced by a Constant Phase Element (CPE), denoted in parallel with a resistance as RQ element
[155, 156, 158]. CPE originate from non-uniform current density along inhomogeneous surfaces,
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resulting in “depressed semicircles” in the Nyquist plot. [156]. The impedance of a CPE and
capacity of a RQ element are given by:

Z(j,w) =

1
(jw)"Qo @15

¢ = rlit)oli) (2.16)

where 0 < n < 1 and Q is the numerical value of the admittance. The CPE represents a capacitor
when n = 1 and a resistor for n = 0. The resistivity p and conductivity ¢ of the sample and its
compartments can be calculated by:

—L 2.17
=22 (2.17)
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taking the sample thickness L and electrode area A into account. This is also known as the
geometric factor, correcting the data for the samples dimensions.

As mentioned in chapter 1.5 the ionic conductivity, depends strongly on temperature. By collecting
impedance spectra over a wide range of temperatures, the activation energy E, as well as the pre-
exponential factor 4 can be obtained from a slight variation of equation 1.11:

In(oT) = In(4) — %i—A (2.18)
B

Usually log(aT) is therefore plotted vs 1000/T to calculate E4 and 4 within an Arrhenius plot.

2.4.2 Experimental setup

The impedance measurements were conducted in a symmetric cell configuration with identical
electrodes and atmosphere at both sides of the samples (i.e., single chamber). Depending on the
mechanical integrity of the pellets, the electrode area varied from 1 to 3.1 cm? with a typical
thickness of ~ 0.18 cm. Platinum paste (OS 2, CL 11-5349, Heraeus) was painted on both sides
and fired in static air at 800 °C for 2 h. Subsequently, the samples were inserted into a measurement
jig and fixed in place with a spring-loaded mechanism (see appendix 8.5.4).

In figure 2.5, a complete overview of all components for the IS experiment is shown. The jig is
placed into a quartz tube which is itself inside a tube furnace. The measurements were performed
in a dry or moist (3% H20) 5% H/Ar atmosphere with a flow rate of ~ 40 sccm which was
monitored via a mass flow controller and via a gas flow meter. The gas was passed through sulfuric
acid for the purpose of drying. For moist atmosphere the gas was additionally passed through a
water bubbler kept at 21 °C. Data was collected by means of an Autolab PGSTAT302N and
analyzed by the NOVA 2.1 software connected to the sample by Pt current collectors.
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Figure 2.5: Experimental setup for the electrochemical impedance spectroscopy.

Patentiostat

Analysis software

IS measurements were carried out over a temperature range from 200 °C to 600 °C. The excitation
signal was an A.C. voltage of 50 mV and its frequency was varied from 10 MHz to 0.1 Hz. To
allow the system to equilibrate, it was initially heated to 600 °C with a dwell time of 14 h. The IS
measurements were performed during the cooling cycle in steps of 50 K with a cooling rate of
5 K/min and 1 h waiting time to ensure steady state conditions. All data were corrected for the
geometry of pellets.

2.4.3 Data interpretation

Due to the nature of polycrystalline materials there are usually three arcs resolved in the Nyquist
plot. Because the capacitances of each process are different (appendix 8.5.3), the semi-circles
appear at different frequencies. The arc at the highest frequencies is attributed to the bulk material,
the one at intermediate frequencies is attributed to the grain boundaries (GB) and one arc present
at low frequencies is related to electrode behavior. In a first approximation the diameter of the arcs
along the real axis is equal to the resistance. A simple model to determine the conductivity of
polycrystalline materials is the “brick layer model” (see figure 2.6) [159, 160].

Polycrystalline materials consist of many irregular shaped grains of different sizes, separated by
grain boundaries, figure 2.6 a. The “brick layer model” assumes all grains to be cubic, with a size
D separated by identical grain boundaries of thickness . Therefore, the resistances of every grain
(also referred to as “bulk”) and grain boundary adds up to a total resistance of R, and Rgp,
respectively. In the case of the grain boundaries, however, the conductivity needs to be corrected
for its microscopic geometry in addition to the macroscopic correction (equation 2.17). The reason
for this is the unknown effective area which is related to the grain size D, and the thickness ¢ of
the grain boundary.
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Figure 2.6:a) real sample microstructure b) microstructure assumed by the “brick layer model” [160].

However, a good estimation of D and o is given by the ratio of the capacitances of the bulk and
the grain boundary, assuming the same dielectric constants for bulk and grain boundary:

A
Cb Ik 7 €Bulk€o o)
- =ﬁD =— (2.19)
9 TS Egpeo

)

Then the specific (independent of microstructure) grain boundary conductivity is given by [159]:

L (Cpuxr\ 1
Sl — 2.2
ng.SP A ( Cgb Rgb ( 0)

2.4.4 Transport study for different oxygen partial pressures

For selected samples, impedance spectroscopy was also performed over a wide range of oxygen
partial pressure under dry and wet conditions in order to characterize electronic conductivities
[161]. The samples (area: 1 cm? and thickness: 1.3 mm) were coated with Pt-paste on both sides
and mounted in a tube furnace sealed inside a quartz tube (see appendix 8.5.5). The setup was
supplied with Ar/H> and Ar/O; mixtures for reducing and oxidizing conditions, respectively.
Impedance spectra were recorded at 500 °C, 600 °C and 700 °C in dry and 3% moist gases over a
frequency range from 10 Hz to 1 MHz by means of an Ivium CompactStat. The spectra were
analyzed by the ZView software.
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3 STRUCTURAL AND ELECTRICAL PROPERTIES OF BZCY72
3.1 Investigation of precursor powders

The XRD patterns of the calcined (2 h at 1200 °C) BZCY72 precursor powders in figure 3.1a
reveal a main perovskite phase for both powders. Fitted with R3¢ symmetry, according to Mather
et al. [124], the lattice parameters were observed to be a=6.010(3) A and ¢ = 14.720(7) A for the
lab produced powder and a = 6.014(2) A and ¢ = 14.72(4) A for the commercial powder. The
crystallite size at 65(5) nm was smaller for the lab produced sample compared to 99(7) nm for the
commercial sample. Small impurities of BaCO3 (PDF 00-044-1487) were found in the commercial
sample (see also appendix 8.6.1 and 8.6.2 for detailed report on the powder progression).
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Figure 3.1: Comparison of commercial and lab produced BZCY 72 precursor powders: a) XRD patterns of
calcined powders. b) Particle size distributions of calcined powders.
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The particle size distributions measured by SLS are shown in figure 3.1 b. Both powders are
characterized by a bimodal distribution, with less distinction of the two peaks for the commercial
sample. For the lab-produced powder, 90% of the particles exhibit sizes below 550 nm as opposed
to 638 nm for the commercial produced powder. SEM images in figure 3.2 confirm smaller
particle sizes for the lab produced sample. The particles tend to agglomerate for both powders.
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Figure 3.2: SEM images of the precursor powders after calcination: a) Lab produced b) Commercial.
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3.2 Properties of sintered pellets

Figure 3.3 shows the monitored SPS process for synthesis of the lab produced and commercial
powder. As described in section 2.2, the process is divided into four stages. The relative piston
position for both powders follows a similar trend during stage I as mechanical densification occurs
due to particle rearrangement under increased pressure [74, 76]. Characteristic sample-related
processes start to emerge in section II where thermal and electrical diffusion as well as gas
evaporation leads to contraction or expansion of the powder.
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Figure 3.3: Pressure, temperature trace and plunger displacement as a function of process time. Vertical
dotted lines separate the four distinguished phases of the sintering process.

The observed differences are most likely related to the different particle sizes of the powder, since
smaller particles exhibit decreased bulk deformation [113]. On the other hand, the smaller
particles, as present in the lab-produced sample, show increased mass transport phenomena, as
proved by the increased piston position at higher temperatures [113]. Additionally, small particles
result in higher total surface area which favors water absorption. During the heating stage, the lab
produced sample seems to contract because the thermal expansion of the absorbed gases surpasses
the densification by thermally activated volume diffusion until the gases eventually are vented due
to the increased pressure. The commercial powder, on the other hand, rapidly densifies during the
initial part of stage II, until the thermal expansion causes the piston to move backwards. The small
peak visible in both graphs is due to a short stop of power supply caused by the control software
and the PID controller. Further densification of both samples is achieved by lattice diffusion and
grain boundary diffusion [53] during the isothermal-isobar section I1I. On this stage smaller grains
will also evaporate and lead to grain growth [83]. During the final stage IV, both samples show a
characteristic densification curve as the thermal contraction and simultaneous pressure release are
the acting physical processes.
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Table 3.1: Comparison of the BZCY 72 pellets sintered by different methods.

Method SPS lab produced  SPS commercial SSRS Conventional
Rel. density

geometric 98.4 % 97.8 % 94 % 74 %

Rel. density

Archimedes 99.7(8) % 98.6(8) % 95.5(7) % 81.2(9) %

After a surface polish the samples appear as pictured in table 3.1. The pellet prepared from lab-
produced powder appeared black while the pellet made from commercial powder appeared beige-
colored, with grey-colored graphite remaining from the die employed for the sintering process.
The difference in color could be explained by a variation of oxygen nonstoichiometry as suggested
by Anselmi-Tamburini et al.[162]. After a second calcination step, the sample color changed to
brown. Both samples fractured into halves after their release from the graphite die by the hydraulic
press. As expected for SPS prepared samples, the densification for both samples was near 100 %
of the crystallographic density of 6.2 g cm™ in agreement with other work [34, 100]. Small
deviations between the different density determination methods suggest small amounts of open
porosity.

Compared to the BZCY72 pellet prepared by the state-of-the-art SSRS method, which appears
black due to the 1 wt% Ni content, the SPS method provides much higher densification. The
difference to BZCY72 pellets prepared by conventional sintering to SPS prepared is significant
and demonstrates a great advantage of SPS in fabrication of poorly sinterable ceramics.

As displayed in figure 3.4, the surfaces of the SPS pellets is inhomogeneous. Localized collected
Raman spectra indicate that the mode at 702-740 cm™ that represents the stretching of B-site
octahedra is greatly enhanced going from the center position to the outer parts of the pellet (the
analysis of Raman spectra for BZCY72 is covered in detail in chapter 4.1.2). Changing the
oxidation state of a metal centre will affect the strength of metal ligand bonds and consequently
the wavenumbers of the metal-ligand (M — O, M — N, M — S, M — P etc.) stretching modes [163].
Therefore, the modes with wavenumbers from 680 to 800 cm™ are assigned to the presence of
additional occurring phases exhibiting a higher Ce** oxidation state. There might also be some
degree of segregation in the outer parts of the pellets for Ce, as reported before by Theunissen et
al. [164]. However, the structure as shown by localized XRD is unaffected by the observed
position, figure 3.4 b. The outer zone of the pellets may also exhibit larger amounts of BaCOs3,
indicated by the mode at 1060 cm™! arising with increasing distance from the center position. The
inhomogeneous composition of the pellet is most certainly caused by the characteristics of the SPS
processing. As pointed out by Guillon et al., temperature gradients within the sample alter the mass
transport mechanisms [74]. For insulating samples, the temperature in the center region for cylin-
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Figure 3.4: Investigation of the sintered pellet (T = 1350 °C, p = 76 MPa) in dependence of the position.
A) Picture and corresponding position; b) XRD pattern of the positions and ¢) their Raman spectra
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drical samples is lower as compared to the outer parts. This difference is even visible to the unaided
eye, as regions with presumable higher degree of reduction under given synthesis conditions and
larger amounts of Ce** content appear brighter. For all further studies, the center part of the pellets
ranging from position 1 to position 2 was employed for analysis since only neglectable structural
variations were observed by Raman.

3.3 Crystallographic investigation

The X-ray diffraction patterns of the BZCY72 pellets are displayed in figure 3.5, with the
structural details from the Rietveld refinement listed in table 3.2 (see also appendix 8.6.3 for the
profile fittings). In all Rietveld refinements, the space group R3c (#167) for the perovskite structure
resulted in the best agreement between observed and calculated patterns. SPS samples prepared
from lab-produced powder, however, contained a secondary Zr-richer perovskite phase, with an
estimated content of 4 wt% (appendix 8.6.3 insert). For the pellet synthesized by SPS using
commercial powder, only one main perovskite phase was obtained with good agreement between
observed and calculated patterns. The BaCOj3; impurity phase (PDF 00-044-1487) at 20 = 24.3°
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Figure 3.5: XRD patterns for ground up BZCY72 pellets prepared by different sintering methods. The
detailed view is on the 110 reflection.

Table 3.2: Results of the Rietveld refinement (compare appendix 8.6.3) for BZCY72 prepared by different

synthesis methods.

Lab produced Commercial

v 3.18 o 4.01

Rup [%] 4.96 Rup [%] 4.67
a[A] 6.010(2) a[A] 5.994(1)
¢ [A] 14.716(9) ¢ [A] 14.715(2)
B—Obondlength [A]  2.131(1) B — O bond length [A] 2.127(1)
crystallite size [nm] 66(4) crystallite size [nm] 77(4)
Occupancy Ba™ 0.99(1) Occupancy Ba*™ 1.00(2)
Occupancy Zr*/Y*? 0.84(4) Occupancy Zr*/Y"? 0.78(4)
Occupancy Ce* 0.16(2) Occupancy Ce™ 0.22(2)
Solid-State reactive sintering Conventional sintering

v 5.18 e 5.20

Rup [%] 821 Rup [%] 8.50
a[A] 6.022(1) a[A] 6.02712(17)
c[A] 14.718(3) c [A] 14.715(2)
B — O bond length [A] 2.134(1) B — O bond length [A] 2.136(2)
crystallite size [nm] 122(5) crystallite size [nm] 80(9)
Occupancy Ba*™ 0.989(1) Occupancy Ba*? 0.984(2)
Occupancy Zr/Y*? 0.80(4) Occupancy Zr#/Y" 0.81(5)
Occupancy Ce™ 0.20(2) Occupancy Ce*™ 0.19(3)
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was present in the commercial powder as well as in the SPS sintered pellet. The additional peak at
20 = 26.8° for both SPS prepared samples is attributable to the graphite foil used during the SPS
process (PDF 00-041-1487). Peak ranges for both impurity phases, BaCO3 and graphite, were
excluded from the Rietveld refinement.

For the conventionally prepared sample, however, two distinct separate perovskite phases were
observed. It has been reported, that increased Ba-deficiency during conventional processing of
BZY can lead to the splitting of the perovskite into two phases with the cubic perovskite structure
[165, 166]. Following this finding, the same would be expected for BZCY72 due to its high Zr
content.

As given in table 3.2 and seen from the focus on the (110) reflection, the lattice parameters may
depend on the fabrication route. The lattice parameters for the lab-produced sample were observed
to be a = 6.010(2) A and ¢ = 14.716(9) A, which is comparable to these of the precursor powder.
However, the pellet fabricated from commercial powder exhibits lattice parameters of a = 5.994(1)
A and ¢ = 14.715(2), which are slightly smaller than values reported in the literature [41, 124].
Since the SPS densification process indicated different working mechanisms between the two
samples, the aberration for the lattice parameters is likely caused during the heating stage. Both
samples prepared by SPS show smaller lattice parameters due to the uniaxial pressure used by this
technique which cause defects within the lattice [83]. Another reason for decreased lattice
parameters could be oxygen losses from the reducing SPS environment, suggested by other authors
[82, 167]. The lattice parameters obtained for the SSRS sintered sample are close to the values
determined by Mather et al. using high resolution neutron diffraction after application of SSRS for
BZCY72 sample preparation [124]. Since proton diffusion in BaCeOs; and BaZrOs3 occurs by
transfers between oxygen ions in the same BOg octahedron, the O — B — O bond angle and B - O
bond length were also calculated to allow for correlations between structure and electrochemical
properties. According to Kreuer, higher symmetry and shorter B — O bond distances enhance the
bulk protonic conductivity [66, 168]. As expected, the bond distance decreases as the lattice
parameter get smaller since the position of the oxygen site does not change significantly between
the fabrication routes, however, XRD only provides limited access to the O position.

Due to the shortest process times in the SPS route, there is almost no detectible Ba deficiency by
XRD and no evidence of barium evaporation. On the other hand, for SSRS or conventional
sintering the longer dwell times lead to barium evaporation as indicated by the Ba deficiency.
During the SSRS, the Ni-BZCY72 eutectic phase can also cause repression of Ba [106]. For this
reason, the latter fabrication processes are challenging and dwell times should not exceed 12 hours.
Furthermore, the observed occupancies of the cations allow the calculation of the Goldschmidt
tolerance factor according to equation 1.1 and the ionic radii from Shannon [29]. Values between
0.93 for the minor Ce-rich phase within the lab-produced SPS sample and 0.995 for the main lab-
produced SPS sample confirms the R3¢ space group for all present phases. The R3¢ phase at high
Ce-contents is also in agreement with Malavasi et al. [169].
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3.4 Microstructure

SEM images confirm high microstructural densities for both SPS samples. The sample prepared
from lab-produced powder appears to be close to fully densified (figure 3.6 a), whilst the sample
prepared from the commercial powder still shows some small pores (figure 3.6 b). Grains are
generally inhomogeneous in size and shape, indicating abnormal grain growth for both samples.
Such heterogeneous microstructure is a typical consequence of the sintering mechanism that
occurs in ceramics with a broad particle size distribution of the precursor powder where large seed
grains consume neighboring small grains [83, 170, 171].

Presence of segregated phases are also known to cause abnormal grain growth. For the lab-
produced sample, this may be caused by the presence of minor perovskite phase, whilst for the
commercial sample, the presence and decomposition of BaCO3; impurities may cause further
abnormalities in grain growth. From the SEM images, no evidence of neck formation is observed
for samples prepared by SPS. Therefore, the dominating sintering mechanism is presumably the
evaporation of small grains which is to be expected at high sintering temperatures [76, 172]. The
grain sizes in the SPS samples range from 50 nm to 1.1 um and from 50 nm to1.8 um for the lab
produced and commercial sample, respectively, with the majority of grains found within the range
of 300 to 600 nm. This difference in distributions is likely to arise from the different particle sizes
of precursor powders. The generally small grain size range is in accordance with the literature on
SPS samples [34, 173]. Due to short processing times applied in SPS (~ 12 min above 800 °C) the
grain growth is limited. Diffusion effects linearly scale with process time and are therefore
significantly enhanced in the SSRS and conventional process, figure 3.6 ¢ and d. As displayed by
the grain size distributions, the average grain is one order of magnitude larger for SSRS and still
3-4 times larger for conventional sintering, exhibiting average grain sizes of 5.25 pm and 1.88 um,
respectively. In the case of former, the sintering aid NiO enhances volume diffusion by the formed
liquid phase [9, 98]. This has also a positive effect on the density compared to the conventional
sintering process where large pores are present as already indicated by the relative density.
Appendix 8.6.4 shows the 3D surface representation of a fractured BZCY72 sample prepared by
SPS (a) and SSRS (b) recreated by imaging under different tilting angles. Fracture always occurs
at the grain boundaries. Hence, the surface of the SPS pellets is finer and offers more potential
breaking points. This is also the reason why previous authors repeatedly reported on poor
mechanical integrity of SPS prepared BZCY72 samples [48, 173].
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Figure 3.6: SEM images of polished cross section of pellets sintered by SPS including the corresponding
grain size distributions a) SPS lab produced, b) SPS commercial, ¢) SSRS, d) conventional sintering
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3.5 Electrical properties

A tabular and graphic representation of the BZCY72 sample data obtained by impedance
spectroscopy at 350 °C in 3% H>0 5% Ha/Ar atmosphere is presented in table 3.3 and figure 3.7,
respectively. For both SPS samples only two contributions are apparent, while for SSRS and
conventional prepared samples the Nyquist plot is more complex. As explained in section 2.5.3,
the contributions for the high and intermediate frequencies can be associated to the bulk and grain
boundary regions. To confirm this hypothesis, the resistances and capacitances were calculated
assuming a circuit of parallel RC elements.

The first (R1C1) arc attributed to the bulk, as suggested by the calculated capacitance of
Ci~ 10" F - cm™, is show in more detail in figure 3.7b. The bulk resistance appears to be most
dominant and broadest for the lab-produced sample, likely due to the poor homogeneity of the
pellet (presence of the minor perovskite-like phase and associated deviation from nominal
stoichiometry). Higher bulk resistance of BZCY72 prepared by SSRS and conventional sintering
may be caused by Ba-deficiency as suggested by XRD data. The highest bulk conductivity was
achieved by SPS using commercial powder. Therefore, SPS is fully capable of producing BZCY72
samples which exhibit high bulk conductivity, provided that homogeneous precursor powder is
employed.

However, grain boundaries represented by the second (R2Cz) arc with C2 ~ 10° F - cm™ are
significantly more distinct. As suggested by SEM, the grain size is comparably small
corresponding to a high grain boundary density. For both SPS samples, grain boundary resistances
were found to be around 100 kQ - cm, with most resistive grain boundaries for the lab-produced
sample. In contrast, the large-grained samples produced by SSRS and CS provide grain boundary
conductivities that are about one order of magnitude higher. Space charge depletion layers have
been proposed to explain the blocking behavior of grain boundaries in barium zirconates [37, 174,
175]. There is an excess of oxygen vacancies at the grain boundary core since this minimizes the
energy of the mismatches between the two lattices. The core possesses a positive charge that repels
any positive charge carriers creating a negative space charge layer [19, 176]. This effect can be
partially reduced by Y segregation to the grain boundary core.

The third low frequency contribution (R3C3) within the Nquist plot is attributed to the electrode
with typical capacities of C3~ 10° F - cm™ and higher [42, 159]. R3Cjs is apparent for SSRS and
CS samples, but dominated by the grain boundary contribution for pellets prepared by SPS. For
the CS samples, the plateau shape of the plot at low frequencies is presumably caused by the porous
nature of this particular pellet. Such porosities act as an additional phase, adding more overlapping
contributions and rendering IS experiments impractical. At higher measurement temperatures
(600 °C) there is increasing induction observed from the current collectors for all samples.
Dielectric constants of ca. 35 calculated for the grain interior are comparable for CS and SPS. The
aberration for the SSRS could be caused by its deviating geometry compared to the other samples.
Nevertheless, these values are in the same range as dielectric constants reported for BaZr;xYxOs.
5 systems: 70-90 [174] and 30-90 [177].
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Figure 3.7: AC impedance spectroscopy data recorded at 350 °C in 3% H>O 5% H./Ar atmosphere: a)
Nyquist plot for all recorded frequencies, b) high frequency region, c¢) spectroscopic plot of Z’’

Table 3.3: Impedance data for pellets sintered at 350 °C in 3% H>O 5% H,/Ar atmosphere.

SPS lab-produced SPS commercial SSRS Conventional
Reuk [kQ - cm]  3.75 0.64 1.60 1.79
Rge [kQ - cm]  137.95 97.83 7.82 7.79
Cpuk [F-cm'] 29310 8.4-10"2 2.88 - 107! 1.69 - 107!
Cos [F-cm!]  1.26-107 1.41-10° 2.68 - 10° 2.88- 107
£l 39.7 34.5 49.3 34.4
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Figure 3.8: Arrhenius plot representation of the bulk conductivity as a function of temperature for the
BZCY72 pellets prepared by SPS and SSRS in 3% moist 5% H,/Ar atmosphere.

Figure 3.8 displays fairly linear Arrhenius plots of bulk conductivities in wet Ho/Ar atmosphere,
with calculated activation energies listed in table 3.4. For the commercial SPS sample, a higher
bulk conductivity is observed as compared to the pellet using lab produced powder. The activation
energies were found to be around 0.5 eV for both samples indicating that proton conduction is
dominating the overall bulk conductivity [13, 42]. The small increase of bulk conductivity in the
pellet that was prepared from commercial powder is in good agreement with the result of the TGA
study described in detail within appendix 8.6.5, suggesting a higher overall concentration of
oxygen vacancies and consequently protonic defects in this sample. This is further backed up by
the increased pre-exponential factor 4 of the commercial sample, indicating the presence of a
higher number of charge carriers, table 3.4. The lower activation energy for the sample prepared
by SSRS is in agreement with previous studies by Ricote et al. where a bulk activation energy of
0.47 eV was reported [98], well within the range of protonic conductivity. Due to the larger pre-
exponential factor it is also assumed that there are more charge carriers within SSRS prepared
samples as a result of enhanced water uptake.

As already evident from figure 3.7, the specific grain boundary resistance is approximately two
orders of magnitudes lower for both SPS prepared samples compared to the SSRS fabrication. For
the grain boundary regions, higher activation energies around 1.0 eV were observed for both SPS
pellets. Even higher values were found for SPS BZY 10 samples by Wang et al. according to whom
electronic conductivity contribution could cause high activation energies [33]. For the SSRS
prepared sample the activation energy was observed to be 0.69 eV, which is lower compared to
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values reported by Ricote et al. [98]. Possible explanations for the differences are related to the
presence of additional insulating amorphous grain boundary phases, clustered defects and other
non-stoichiometric impurities [176, 178, 179]. However, it should be noted that the grain
boundaries are more mobile during the SPS process [85] and grain boundary heating might be
preferred [88]. Both effects may therefore lead to an increase in activation energy as compared to
SSRS.
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Figure 3.9: Total and specific grain boundary conductivity from impedance measurements on BZCY72 in
3% moist 5% Ha/Ar atmosphere.

Table 3.4: Total conductivity, pre-exponential factor and activation energies determined from the
Arrhenius plots on the BZCY72 pellets sintered by SPS and SSRS.

SPS Lab produced SPS commercial = SSRS

Ootal at 600 °C 258-10*S-ecm! 3.13-10*S-em! 1.82-107% S-cm’!
pre-exponential factor, A 1.64(5) S - cm’! 1.97(3) S - cm™! 3.46(8) S - cm™!

Ex bulk 0.49(12) eV 0.51(1) eV 0.44(2) eV

Ea specific grain boundary 1.12(6) eV 1.05(5) eV 0.69(4) eV

While the highest bulk conductivity was achieved for the SPS synthesis route using commercial
powder, the total conductivity at 600 °C was observed to be seven times larger for the SSRS route.
This gap increases for lower temperatures with two order of magnitude difference in conductivity
at 200 °C. It must be considered that the blocking behavior of the grain boundaries is drastically
reduced by the enhanced grain growth of time consuming methods [9]. To bypass this negative
effect longer sintering times and a better thermal processing are mandatory.

42



STRUCTURAL AND ELECTRICAL PROPERTIES OF BZCY72

3.6 Thermal expansion

The linear coefficient of thermal expansion (CTE) is usually defined as the change in lattice axis
dimension assuming homogeneous expansion in all directions for polycrystalline materials [180].
For materials in high temperature fuel cell stacks the knowledge of the thermal expansion is
essential since a difference between electrolyte material and electrode will cause thermal stress
during operating and accelerate the ageing process of the system. The thermal expansion
coefficient « is expressed as contraction dL of an initial length L for a given change in temperature:
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Figure 3.10: Dilatometry data of the BZCY 72 sample prepared by SPS using commercial powder. Thermal
expansion coefficients are displayed with the two temperature regimes on heating and cooling cycle. The
measurement was performed on a Netzsch DIL 402C dilatometer using an Al,O3 calibration standard.

As displayed in figure 3.10, the thermal expansion of BZCY 72 does not follow a linear behavior.
Instead, the thermal expansion coefficient varies depending on the temperature regime. From room
temperature to 350 °C the CTE also differs for heating and cooling cycle, with values of
9.10(6) - 10° K! and 8.85(2) - 10°° K'!, respectively. The latter observation is caused by the
additional chemical expansion on the heating cycle due to prior water uptake in laboratory air with
sufficient humidity. In reality, the chemical expansion has also taken into account for the whole
temperature range [180].

Table 3.5 summarizes values for the CTE on similar systems. For the PCFC operating regime
from 350 °C to 600 °C (highlighted area), a CTE of 8.96(3) - 10 K! was determined, which is
higher compared to the CTE reported by Hudish et al. employing in-situ high temperature XRD
[180], table 3.5. Similarly, for the high temperature regime this aberration continues. The CTE
obtained in this work are more comparable to Leken et al. who also used dilatometry [181]. To
increase the accuracy on the CTE, a drying process in a vacuum chamber is therefore inevitable
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[182]. For the application, however, it should also be noted that the total expansion also includes
a not neglectable chemical expansion contribution, since the material is always hydrated during
operation.

Table 3.5: Comparison of thermal expansion coefficient for BZCY system with various literature values.

Material Thermal expansion coefficient Ref

BaZrsY 02035 9.65 - 10° K'!' (100-800 °C) [183]
BaZr9Y0.10s.5 8.80 - 10° K (100-800 °C) [183]
BaZr9Y0.10s- 8.78 - 10° K (30-1000 °C) [182]
BaZrosCe02Y 02035 9.1-10° K (100-900 °C) [184]
BaZr7Ce0.1Y 0203 8.4 - 10 K (100-900 °C) [184]

9.64 - 10° K (25-350 °C)
BaZry7Ce02Y0.103:5 7.77 - 10° K1 (350-600 °C) [180]

8.76 - 10° K- (600-1000 °C)
8.5(3) - 10 K (100-750 °C) Rate: 1 K/min

BaZry7Ce02Y0.105:5 8.5(2) - 10° K! (170-750 °C), Rate: 10 K/min [181]
9.3(3) - 10° K1 (750-1000 °C)
9.10(6) - 10 K-! (25-350 °C)

BaZro7Ce02Y0.10s5 8.96(3) - 10° K-! (350-600 °C) This work
10.84(6) - 10 K-1 (650-1500 °C)
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4 CORRELATION BETWEEN SPS PARAMETERS AND
PROPERTIES OF BZCY72

4.1 Influence of sintering temperature and pressure

According to the literature on the SPS method, the sintering temperature as well as the applied
pressure are the most influencing parameters for most materials [74, 76, 85]. Since the working
pressure effects depends on the sintering temperature, the following section will cover both
parameters combined. Since the IS measurements in the previous chapter provided better results
for the commercial powder all following experiments are based on the commercial powder. The
heating rate in this chapter was always maintained at 150 K/min and the holding time kept at Smin.

4.1.1 Densification and pellet stability
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Figure 4.1: The normalized piston position in respective to the standard conditions (T = 1350 °C,
p =76 MPa): a) in relation to the sintering temperature, b) in relation to the applied pressure.

The maximal piston displacement (4 piston position) in figure 4.1 provides relevant information
on the densification of the sample [19]. It describes the difference between the starting position
and end position of the upper punch, as described in section 2.1.3. For a better comparison, 4
piston position was normalized to the standard parameters (section 2.1.4). The detailed trace of the
piston position during the SPS process is shown in appendix 8.7.1. Increasing the maximal
sintering temperature from 1150 °C to 1350 °C causes the maximal piston displacement to
increase, meaning that the samples are likely to show a higher relative density. A similar trend can
be observed for the applied pressure from 40 to 60 MPa. Only one noticeable difference can be
observed upon varying the sintering temperature. It is mainly seen during stage III and stage IV,
and results from the increase of thermal expansion or contraction with higher temperatures,
respectively. Other minor differences in Stage Il are attributed to varying particle size distributions
in the precursor powder. In other words, there is no evidence for different diffusion processes
during SPS when changing maximum sintering temperatures for BZCY72. Regarding the
variations of the applied pressure, the differences in 4 piston position are observed during stage 1.
Mechanical densification mostly occurs in this stage. Naturally by increasing the pressure, more
powder agglomerates break resulting in reduced pore size [74].
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Figure 4.2: Photographs of the first set of BZCY72 pellets 24 h after the SPS processing. Pellets sintered
at 1350 °C and 1450 °C were observed to exhibit higher stability in ambient atmosphere.
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During the final stage IV and at higher applied pressures, samples mechanically expand during the
release of the pressure. This is an indication of structural changes within the crystal.

From the appearance of the SPS pellets, a clear picture of the mechanical integrity depending on
the SPS parameters emerges, figure 4.2. Pellets that were produced at 1350 °C and 1450 °C
appeared to be stable in ambient laboratory environment. The difference in sample color from
beige to black is related to the reduction of Zr*" and Ce*" at temperatures of 1350 °C and above in
carbon rich environments according to the following reaction [37]:

C + 205 v-gazrceoy = 2V (v—Bazrceoy T 4€(v—pazrceo) + CO2 (4.1)

In addition pellets disintegrated during the post sintering heat treatment directly after the pellets
were released from the mold, due to the reduced internal stress during the re-oxidation of the B-
site cations [164].

The long-term stability of the samples over a period of 12 months can be observed in appendix
8.7.2. Higher temperatures, especially i.e. 1550 °C, always resulted in complete degradation of the
samples. According to Bu et al. this is a result of Ce*" reduction which causes significant internal
strain due to the higher ionic radius of Ce** [99, 185]. This effect is greatly emphasized within
appendix 8.7.3, where the Ce** is visible by light microscopy as growing brighter yellowish
regions at increased temperatures. The effects of internal strain become apparent for samples
sintered at 1650 °C, with the presence of cracks resulting in disintegration of pellets.
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Figure 4.3: Relative density of SPS BZCY72 in relation to sintering temperature and applied pressure
under conditions applied.

The applied pressure had no noticeable effect on the mechanical integrity of the sample, however,
higher pressures lead to increased compaction of the sample within the die and consequently more
force was required to release the pellet, where the latter broke apart. For temperatures around
1350 °C and 1450 °C, most samples remained intact over a period of 12 months.

Relative densities determined by Archimedes’ method are shown in figure 4.3. There was no
significant difference between densities determined by geometric method and Archimedes’
method. As already indicated by figure 4.1, density generally increases with temperature and
pressure. However, at sintering temperatures of 1550 °C and higher this trend seems to slightly
reverse, most likely related to degradation. At lower temperatures the applied pressure has a
distinct impact on the relative density. The highest density in this sample matrix (99.56 + 0.08 %)
was measured on samples prepared at 1450 °C and 89 MPa. Results from figure 4.3 are in
excellent agreement with the literature for SPS prepared BZCY, ranging from 92.4 % (Wang et
al., 1400 °C, 4 MPa) to 99.8 % (Ricote et al., 1700 °C, 100 MPa) [33, 34, 99, 100, 174, 186].

As previously discussed, the SPS process leads to significantly higher densifications compared to
other sintering techniques. For example the relative density of conventionally at 1650 °C [41]
sintered samples is archived by SPS at 1150 °C under 64 MPa. Densities achieved in SSRS at
1550 °C [42] are exceeded in SPS processing at 1350 °C and 76 MPa. Conventionally sintered
pellets with high densification (99.7 %) were fabricated at extremely high temperatures of 1850 °C
in a vacuum furnace [187], resulting in samples with severe barium loss.
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4.1.2 Crystallographic structure

The R3c structure model described in section 3 was applied for the Rietveld refinement [124]. Due
to rhombohedral distortion, peak splitting of fundamental reflection occurred at higher 26. An
exemplary Rietveld refinement is shown in appendix 8.7.4 which also holds additional
information for all refined patterns. For all samples x> was calculated between 2.1 and 2.8 and Ry,
values were between 4.0 % and 5.3 %, indicating sufficient goodness of fit.
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Figure 4.4: XRD patterns of the BZCY72 samples (vertically shifted) prepared by SPS at various sintering
temperatures from 1150 °C to 1650 °C. The insert displays a close view on the impurities.

The XRD patterns for the investigation on the sintering temperatures are displayed in figure 4.4.
Traces of carbon, Y203 and BaO were found in samples independent of the sintering temperatures.
Since small amounts of BaCOs3 was already present in the precursor powder, the minor BaO phases
(PDF 01-078-5719) can form without Ba deficiency of the perovskite. The latter was not observed
even at temperatures where traditional methods show significant Ba loss at 1650 °C. The highest
phase purity is observed for samples SPS processed at a temperature of 1350 °C. The small
shoulder before the (110) reflex at 20 ~ 29°, as clearly shown from the insert, could be assigned to
Y203 (PDF 00-041-1105).

Figure 4.5 presents crystallographic properties as a function of the sintering temperature. There is
no evidence for a clear relation to the lattice parameters. This seems to be in contradiction to Wang
et al. [33] who reported increasing lattice parameters for higher sintering temperatures for SPS
prepared BaZro9Y0.103.5. However, they used a lower calcination temperature. Figure 4.5b shows
that the crystallite sizes increase with rising temperature, following an exponential crystallite
growth. This is expected from the description of crystallite growth and the reaction rate which is
an exponential function of the temperature and in agreement with the literature [188-191].
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Figure 4.5: Results for crystallographic parameters observed from Rietveld refinement: (a) Lattice
parameters,(b) crystallite size, (¢c) B— O distance and (d) B— O — B angle in relation to sintering temperature.
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Figure 4.6: Results for crystallographic parameters observed from Rietveld refinement. (a) Lattice
parameters (b), crystallite size, (¢) B — O distance and (d) B — O — B angle as a function of applied pressure.
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Figure 4.7: XRD patterns of the SPS BZCY72 (vertically shifted) prepared at different applied pressures
from approximately 38 MPa to 101 MPa. The insert displays a close view on the impurities and peak shift.

The B — O bond distance slightly decreases while the B — O bond angle increases with increasing
the sintering temperature, figure 4.5¢,d. In other words, the BOs-octhaedra are slightly less tilted
as the sintering temperature increases (i.e. higher symmetry).

The BZCY72 crystallographic parameters as a function of the applied pressure are displayed in
figure 4.6 and the XRD pattern in figure 4.7. Here, the additional BaCOs3 impurity is not related
to the particular pressure but result from a different batch of BZCY72 delivered by Cerpotech.
Other impurities are the same as found upon the previous investigation. The lattice parameter
decreases with increasing pressures as the perovskite reflexes shift towards higher 20 values. As
covered in section 3.3, the applied pressure in SPS seems to have a shrinking effect on the final
unit cell volume. The same trend was found for ZrC-Mo cermet by Yung et al. [192]. An
explanation is the formation of lattice defects under high pressure that cause smaller unit cells,
which is also supported by increased micro strain for high pressures, as shown in appendix 8.7.4.
During the SPS process there are situations where the unit cell is compacted under the pressure.
However, this is an elastic phenomenon and is reversed as soon as the pressure gets released which
is evident from appendix 8.7.1 especially at 101 MPa. The crystallite size also decreases with the
applied pressure. As the particles begin to rearrange and break down in the initial sintering stage,
they also grind each other during this process which causes smaller crystallite sizes [83]. This
effect is proportional to the mechanical force and has a maximum depending on the particle size
which also explains why the crystallites stagnate in size at higher pressures. Both the B — O bond
distance and B — O bond angle decrease for increased pressure as a direct result of the smaller unit
cell (figure 4.6¢ and d). The compression of the unit cell therefore leads to increasing tilt angles
and reduced symmetry. Within this study the space group and the tilt system a'a’a” is not affected,
since the investigated pressures are nearly sufficient to induce a phase transition. According to
Vogt et al. who investigated LaCoO; (also R3¢ space group) under high pressures, such transition
occurs in pressure ranges in the order of several GPa [193].
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Figure 4.8: Raman spectra for SPS BZCY72 pellets for different maximal sintering temperatures. All major
modes are indicated and described in the text.

A complementary structural Raman study is presented in figure 4.8 for different maximum
sintering temperatures: all spectra look similar showing the main phase BZCY72. Nevertheless,
modes from increasing BaCOj arise in the spectra from samples sintered at higher temperatures
due to higher excess Barium (vi, v2, v11). A detailed analysis with corresponding peak attributes
is given in appendix 8.7.5. Recalling from section 1.4, the structure is composed of a covalent-
bonded sub-lattice formed by BOs octahedra (where B = Zr, Ce, Y) and a Coulomb dominated Ba
cation sub-lattice. The wavenumber region below 200 cm™ is dominated by the translational
oscillation modes of the Ba cations, such as Ba — O stretching and O — Ba — O bending [194, 195].
Moreover, according to Charrier-Cougoulic et al. the R3¢ structure is confirmed by only one band
in the low wavenumber regime at vi = 100 cm™ [194], which is unfortunately out of the
measurement range of the used setup. The following middle range shows characteristic symmetric
stretching bands (200 — 400 cm™') and bending bands (400 — 600 cm™") for the BOg octahedra [196].
In the BZCY72 system the structure consists of three types of different octahedra which all
contribute to rather broad Raman modes, because of their interactions among each other [195].
Consequently, nanodomains with different symmetries are known to arise in perovskite materials
[195]. The Raman mode at v4 = 230 cm™' does not appear in pure BCY systems and is therefore
assigned to the Zr — O bending mode [40]. A minor mode of v¢ = 368 cm™! is likely to be related
to the Y — O bending mode [47]. The most intense mode vs = 534 cm’! is attributed to the ZrOs
octahedra stretching which is accompanied by a shoulder at lower wavenumber related to the CeOg
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octahedra stretching mode. This is a result of the Ce*" ions being heavier than the Zr*' ions [40].
The Raman vibration at vo = 702 cm’! is related to the oxygen vacancies. According to Slodczyk
et al. this doublet is assigned to the Zr — O bonds disturbed by a nearby vacancy [196]. Another
origin of this mode might be the partial reduction of Ce*" where the different oxidation state affects
the strength of the metal ligand bond and thus, the stretching mode. At higher sintering
temperatures, the presence of BaCOj3 is indicated by mainly the lattice modes v2 = 135 cm™ and v3
=149 cm! [197]. For higher wavenumbers an additional symmetric stretching of the CO3* anion
of the BaCOs structure can be observed at vi1 = 1060 cm™ [197]. BaCOs does not show up in the
XRD patterns, presumably either due to the amorphous nature of this phase or too small amounts
to be detected.

The Raman spectra collected for samples prepared at different applied pressures are shown in
appendix 8.7.6. All present modes are already discussed above. It is apparent that the applied
pressure during SPS has no strong effect on the BZCY 72 modes. Only minor peak shape changes
are most likely the result of the changing unit cell size suggested by XRD. At high pressure BaCO3
is present, however, there is no evidence this is related to the parametrization of the SPS process.

4.1.3 Microstructure

From results for density and stability in chapter 4.1.1, it is apparent that the BZCY72
microstructure is strongly affected by the sintering temperature and applied pressure. Figure 4.9
presents exemplary SEM-images for the material sintered at various maximal sintering
temperatures and pressures. In addition, the grain size distributions for a set of temperatures and
pressures are summarized in figure 4.10. Samples prepared at low sintering temperatures show
intergranular pores, which shrink with increasing temperatures and pressures in agreement with
observed increase of relative densities. Microscopically dense samples appearing can be obtained
at 1350 °C, which is in agreement with results by Bu et al. [99]. For higher temperatures, small
pores appear again. Presumably, the temperature is high enough to evaporate small nanograins or
gas 1s trapped within in the material. Furthermore, small cracks are present within the samples
processed at 1550 °C and 1650 °C. The fractures always occur along the grain boundaries and
eventually lead to premature degradation as already discussed.

As expected, the grain sizes remain comparably small due to the limited process time (chapter 3.4).
Typical mean grain sizes observed for samples prepared at lower sintering temperatures are
between 190 nm and 290 nm. Higher sintering temperatures lead to larger grains, averaging
500 nm, but also to wider grain size distributions. Comparable to the crystallite size, the grain
growth is exponential to the sintering temperature as mass transport across the grain boundaries
requires high activation energy [83, 198]. At lower temperatures, atomic diffusivity occurs along
the grain boundary in form of surface diffusion, which is responsible for high relative densities at
comparably low temperatures [89]. As the maximum sintering temperatures increases, the acting
diffusion mechanism change in favor of volume diffusion and/or grain boundary diffusion. Those
mechanisms allow for net atomic diffusivity between grains, leading to grain growth [83]. Typical
for SPS ceramics, there is no distinct neck formation between particles [93], since no to little
current is running through the samples.
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Figure 4.9: SEM images of polished cross section of SPS BZCY72 samples prepared at different
temperatures (which increases from top to bottom) and pressures (which rises from left to right).
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Figure 4.10: Histogram of grain size distribution obtained from statistical analysis of various SEM images:
a) at 76 MPa; b) at 1350 °C.

At 1650 °C there are no pores sizes below 100 nm, as they are likely evaporated at this point. The
difference in size and grain shapes for samples sintered at higher sintering temperature suggest
abnormal grain growth during the process, which can be expected according to German et al. [83].
The applied pressure does not seem to have a noticeable effect on grain growth (figure 4.9 and
4.10b). Increasing the applied pressure only leads to higher densification, in agreement with the
general understanding of the influence of external pressure on density [87]. SPS pressure studies
on SiC and WC led to the same conclusion: the applied pressure has no influence on the material
grain growth [199, 200]. However, some authors concluded that higher pressures affect the
temperature gradients within the punch/die/sample assembly, which could be responsible for the
observed broader grain size distribution at lower pressures [201].

Elemental EDX mapping of the BZCY72 cross-section is presented in figure 4.11. Homogeneous
elemental distributions are observed for the samples sintered at 1350 °C, with evidance of graphite
impurities. These could either arise from the sintering process or from the polishing step, since
SiC sand paper was employed and Si could also be detected (see appendix 8.7.7). At higher
temperatures, the elemental distribution appears inhomogeneous, with impurity phases (as BaCOs
and Ba(OH)) preferentially located in cracks or at grain boundaries. This could be expected
considering the higher diffusion rates under those conditions and was also apparent in XRD and
Raman. These impurities could also explain the instability of the BZCY72 samples prepared at
high sintering temperatures.
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Figure 4.11: EDX analysis of BZCY72 samples prepared at 76 MPa and a) a sintering temperature of
1350 °C or b) a sintering temperature of 1750 °C.

4.1.4 Conductivity

The effect of the sintering temperature and applied pressure on the impedance response is
displayed in figure 4.12 with detailed information given in table 4.1. All SPS prepared samples
show a typical Nyquist plot with a low resistance RiC; element at high frequencies in series with
a dominant RoCs element. Again, R;C; represents the bulk with a typical geometrically corrected
capacity of C1 ~ 1012 to 10! F - cm™ and the second dominating R>C» semicircle is assigned to
the grain boundary, with a capacity in the range of C2 ~0.5to 1.5 x 10° F - cm™'. Atlow frequencies
there is a third contribution (R3C3) which is attributed to the electrode with a capacity of C3~107
F - cm™!. With increasing sintering temperature, the grain boundary resistance R> decreases, figure
4.12a. This trend is more significant at lower sintering temperatures. The reason for this correlation
lies in the enhanced grain growth for higher sintering temperatures and thus leading to smaller
grain boundary density corresponding to enhanced grain boundary conductivity [9]. Additionally,
below 1350 °C samples are not fully densified (see figure 4.3). Therefore, porosity within the
sample results in overestimating the bulk and grain boundary resistances. Despite enhanced grain
growth at temperatures above 1550 °C, the conductivity could not be obtained due to the premature
sample degradation. The grain boundary capacity increases with increasing sintering temperature,
presumably related to changing grain boundary geometries due to enhanced grain boundary
diffusion. Similar trends are known for yttrium stabilized zirconia (YSZ) [162].
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Figure 4.12: IS data obtained at 300 °C in 3 % H20 5% Ha/Ar atmosphere for BZCY72 samples prepared
by SPS. Data is presented in Nyquist plots on the left with the insert emphasizing the R;C; arc. On the right
the spectroscopic plot is displayed above the modulus. First set of data is related to the sintering temperature
at 76 MPa (a) and second set is for the varied applied pressure at 1350 °C (b).

The bulk resistance (R1) was observed to show its minimum at 1350 °C. It follows the same trend
as the B — O bond distance which is the lowest for this preparation temperature. It is assumed that
smaller B — O distances are related to smaller hopping distance for the protons and thus, higher
bulk conductivity. The bulk semicircles in the Nyquist plots become more depressed at
temperatures around and above 1350 °C. This effect may originate from grain inhomogeneity,
resulting from the abnormal grain growth and broader grain size distribution at higher temperatures
[202].
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Table 4.1: Results of the IS data fitting at 300 °C in 3 % H,O 5% H./Ar atmosphere. Resistance,
capacitance and bulk dielectric constant for BZCY72 are reported for different sintering temperatures at
constant pressure of 76 MPa (top) and pressures at a constant sintering temperature of 1350 °C (bottom).

T [°C] Ci [F - cm] R [kQ-cm] C;[F-cm’] R: [kQ * cm] €r Bulk
1150 8.87 - 10712 8.81 4.22-101° 1132 72
1250 8.77 - 10712 7.71 5.80-101° 626 85
1350 1.07 - 10" 4.06 9.96 - 10°71° 495 68
1450 8.91- 10" 5.29 1.46 - 10 419 92
1550 8.67 - 10712 6.47 3.03- 107 394 116
p [MPa] Ci [F * cm] R [kQ-em!] C;[F-cm] R [KQ cem’l] & Buk
51 1.03- 10" 10.43 5.00 - 10710 592 76
63 1.09 - 10" 7.41 5.80-101° 426 69
76 1.07 - 10" 4.06 9.96 - 1071° 495 68
101 1.12- 10" 6.86 8.09-10°1° 388 80

For samples prepared at higher applied pressure, R, decreases up to a 76 MPa when full
densification is achieved (compare figure 4.3). At temperatures around 1550 °C, a pressure of
101 MPa had a negative effect on the grain boundary conductivity. In contrast to the temperature
variation, the capacity C> does not show a trend for increasing pressures suggesting a certain
preservation of the grain boundary geometry. The different shapes of the R1C; arc of the bulk could
be a result of small variations in the oxidation conditions for the samples [37] in combination with
inhomogeneous grain sizes. Overall, the bulk conductivity increases with increasing pressure as a
result of the smaller B — O bond distances.

The bulk dielectric constants were observed to increase with temperature. This may be caused by
increasing impurities or inhomogeneity as suggested by EDX. The calculated values fit within the
range of 30 and 90 reported in the literature [177] except for the sample prepared at 1550 °C.
Furthermore, the dielectric constant appears to be independent of the applied pressure.

Figure 4.13 shows the calculated Arrhenius plots for the bulk and grain boundary conductivity for
all investigated temperatures and pressures in 3% moist 5% H>/Ar atmosphere that follow a linear
behavior. The activation energies were calculated from the equations 1.11 and 2.18 and are
displayed in figure 4.14. The activation energy for the bulk remains independent of the sintering
temperature at approximately 0.57 eV, which corresponds to protonic conductivity [67, 68]. For
the grain boundary region, the activation energy was found to increase from 0.79 eV to 0.94 eV
with increasing sintering temperature. This is most likely caused by varying impurity segregation
at the grain boundary. Another explanation could be the porosity within samples prepared below
1350 °C, there are less solid-solid interfaces where space charge layer can be formed. Thus, the
charge carrier concentration differ, resulting in different activation energies. Increasing sintering
temperatures also enhance diffusion processes along the grain boundaries. Impurities such as BaO
or Ba(OH), might accumulate in the grain boundary regions and could be responsible for higher
activation energies.
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Figure 4.13: Arrhenius plots for bulk and grain boundary and total conductivity of BZCY72 samples in 3
% H>0 5% Ha/Ar atmosphere for (a) different sintering temperatures and (b) varying applied pressures.
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Figure 4.14: Relation between activation energies for bulk and grain boundaries for SPS BZCY72 samples
and varying (a) sintering temperatures at 76 MPa, (b) applied pressures at 1350 °C and.

In this work, the reported activation energies are about 0.2 eV higher as compared to the SSRS
prepared BZCY72 samples [42, 98, 103] but in the same range as the SPS synthesized pellets [33].
Bulk and grain boundary activation energies were observed to decrease with rising pressure during
SPS. This is in accordance with the decrease of B — O distance observed by XRD. A further
explanation was proposed by Irvine et al. for the BZY by suggesting the presence of two cubic
phases: an a-phase with lower conductivity/higher activation energy and a higher-conducting f3-
phase [165]. Higher bulk activation energies above 0.6 eV would indicate high concentration of
the a-phase [47]. The applied pressure might therefore have an influence on the phase polymorph
distribution. There was no indication of this separation observable by XRD, likely due to poor
resolution as depicted by Wang et al. [33]. Neutron powder diffraction experiments are necessary
to reveal the local structure and thus, the true cause of this behavior. The pre-exponential factor
increases with rising temperatures and pressures, indicating higher concentration of protonic
change carriers

The total conductivity of SPS prepared BZCY 72 samples as a function of temperature and pressure
is presented in figure 4.15a. At 76 MPa, the total conductivity at 600 °C rapidly rises from
1.32-10* S - cm™ for the sample prepared at 1150 °C to 9.24 - 10 S - cm™! for a sample prepared
at 1350 °C while the highest conductivity in this set of measurements with 6 =1.015 - 10~ S-cm’!
was achieved for the sample prepared at 1450 °C and 76 MPa. In general, samples prepared at
higher pressures showed poorer stability in moist conditions in the environment of the IS
measurement. This is the reason for reduced performance under the conditions in the top right
corner of figure 4.15a. The conductivity is also shown as a function of rel. density of the material
and grain sizes, figure 4.15b-c. Below 1350 °C, the relative density is the determining influence
for the conductivity. After full densification, the grain size is the defining factor to increase the
conductivity.
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Figure 4.15: Summary of the total conductivity at 600 °C dependence on sintering parameters (a) , the

relative density at 76 MPa (b) and grain size at 76 MPa (c).

It is however interesting to note that the conductivity remains constant when increasing the
sintering temperature from 1450 °C to 1550 °C, despite the grain growth. A possible reason is the
degradation of the pellets. This degradation becomes even more apparent in wet oxidizing
atmosphere (setup described in chapter 2.5.4). Appendix 8.7.8 emphasizes the effect of the
Ba(OH), formation in the form of needles according to [203]:

BaCeOs; + H,0 — Ba(OH), + Ce0, (4.2a)
BaO + H,0 - Ba(OH), (4.2b)

Figure 4.16 displays the total conductivity as a function of oxygen partial pressure for BZCY72
samples prepared at different sintering temperatures at 76 MPa. Within the investigated pO> range,
the electro-neutrality condition 2[V,;*] = [Yz,] is obtained, appendix 8.1.5. Protonic conductivity
appears to be dominant, since no dependence on pOs: is visible [54, 204]. At higher temperatures,
in oxidizing atmospheres, p-type conductivity becomes arises, attributable to defect formation
shifting in favor of electron holes (see equation 1.7). It is presumed that the p-type conduction
occurs via O-site polarons [65, 205]. Significant p-type conductivities were reported for SPS
prepared samples [41]. It was concluded that in reducing atmosphere during the SPS process holes
are created. Due to the relatively fast cooling there is no time for a reoxidation step and holes
become trapped in the material. The greater slope in conductivity at high pO; for the higher
preparation temperature supports this theory, since more holes are generated at more extreme
conditions, increasing the p-type conductivity. Unfortunately, progressive degradation renders
measurements under moist conditions impractical.
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Figure 4.16: The pO, dependence of the total conductivity for a SPS BZCY72 at (a) 1350 °C and (b)
1550 °C in moist and dry atmospheres. The numbers indicate the order of the measurements for the
degrading sample under moist oxidizing conditions.

For the sample prepared at 1350 °C numbering of data set indicate the order of the measurements.
It was observed that the conductivity values decrease drastically as measurements are progressing
due to degradation of samples. The sample prepared at 1550 °C degraded much faster under
oxidizing conditions, so that no reliable results could be obtained. Interestingly, under low pO-
conditions and moist conditions this effect was partially reversible, presumably due to the
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depletion of Ba(OH); and other oxide impurities. Because of the severe degradation of the sample
prepared at 1550 °C, only the results obtained for the sample sintered at 1350 °C are discussed.
Under reducing atmosphere, the conductivity rises when switching to moist conditions. According
to the Brouwer diagram the concentration of protonic defects increases under those conditions due
to hydration, see appendix 8.1.5 [65]. Under dry reducing conditions, the conductivity increases
with decreasing the oxygen partial pressure and is suggested to be n-type due to the presence of
small cerium polarons [65]. Such cerium polarons have been observed on thin BZCY72
membranes [206]. Moreover, the mobility of charge carriers also differs along the grain
boundaries. While they are blocking for protonic defects and still highly resistive to holes, they
are fairly conductive for electronic contributions [37, 47, 207]. This might be the possible reason
for observation of electronic conductivity at higher grain boundary densities present for the sample
prepared at 1350 °C. In general, the conductivity follows the expression:

1 1
Oror = 0; + 0,(Po,) /a + 0,(Po,) /a (4.3)

which is typically observed for proton conducting materials where o;, g, and g, are the ionic, p-
type and n-type conductivity, respectively [65, 161, 208]. The highest measured total conductivity
in this setup was 1.25- 10 S-cm™ which is higher than the previous measurement most likely
because of a longer equilibrium time (5 days vs 14 hours).

4.2 Influence of heating rate

SPS is characterized by high heating rates that are not achievable by other sintering techniques.
The idea behind the variation of this parameter is that certain sintering mechanisms can be either
bypassed using high heating rates or enhanced in the case of low heating rates [198]. In the
following section the sintering temperature was maintained at 1350 °C and the pressure at 76 MPa
since those parameters resulted in the highest conductivities.

4.2.1 Densification

The detailed densification progression monitored by the plunger displacement is shown in
appendix 8.7.9 and the final relative densities of BZCY72 samples are plotted in figure 4.17. The
progression of the piston position at 25 K/min shows, that densification does not take place until
a certain temperature threshold around 900 °C is reached. This observation is in agreement with
the SPS models, where densification and coarsening mechanisms take place at different
temperature regimes [76, 82, 83, 198, 209]. Hence, an SPS process employing high heating rates
bypasses the temperature regimes where no densification of the material occurs and increased
densification rates are expected, as shown in appendix 8.7.9. At 200 K/min the densification starts
right at the beginning of stage II with a high rate. In this particular process the maximum
densification is already reached before the heating has ended and the rapid thermal expansion
causes the piston to move backwards at the end of this sintering stage.
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Figure 4.17: The relative densifications obtained at different heating hates under the given conditions.

Despite the different densification progression, from variation of the plunger position, the final
density appears to be little affected by heating rate, in agreement with geometric density
calculations. This is in contrast to previous experiments on SPS-prepared Al,O3 that showed a
strong correlation between heating rate, temperature and density [75, 210]. Density increased with
the heating rate at 1150 °C but, not at 1300 °C. It was also observed that the densification even
decreases at very high heating rates of 600 K/min. Presumably, at lower sintering temperatures
around 1150 °C, the heating rate would have an effect on the densification of BZCY72 as well.

4.2.2 Crystallographic structure

The XRD patterns of the BZCY72 samples prepared at different heating rates show no visual
differences, figure 4.18. Samples synthesized within this series provided the best overall quality
in terms of phase purity. This might partly explain greater mechanical integrity obtained at all
heating rates which is also in agreement with earlier discussed results (referring to appendix
8.7.2).

Figure 4.19 gives an overview for the calculated crystallographic parameters with detailed values
presented in appendix 8.7.10. The heating rate does not appear to have an effect on the lattice
parameters although a slightly higher unit cell volume was found at 25 K/min. Aldica et al.
investigated the effect of the heating rate on the superconductor MgB» and also reported constant
lattice parameters within the range between 20 K/min and 475 K/min [211]. The crystallite size
decreases with increasing heating rate since the sample is exposed longer to temperatures of which
coarsening occurs via mass transport mechanisms along the grain boundaries with lower activation
energies such as surface diffusion [83].
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Figure 4.18: XRD patterns for the SPS BZCY72 samples at different heating rates from 25 K/min to
200 K/min. The insert displays the 20 region between 20 and 40° were impurity peaks are observed.
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Figure 4.19: Results of the Rietveld refinement of XRD patterns in figure 4.18. Lattice parameters (a),
crystallite size, (¢) B — O distance and (d) B — O — B angle as a function of heating rate.
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Therefore, the heating rate allows for control of the microstructure without any losses in
densification or varying other crystallographic properties. Due to the high accessible range for
heating rates in SPS, this method allows for more control of the material properties [76, 81, 82].
In accordance with this work, Anselmi-Tamburini et al. found the same relation between
crystallite size and heating rate for yttrium stabilized zirconia (YSZ) [212]. Khalil et al.
demonstrated that the crystallite size even further decreases with higher heating rates up to
1200 K/min [213].

To the best of the author’s knowledge, there is no systematic study of the bond geometry in SPS
prepared samples based on barium zirconate as a function of heating rate so far. In this study, in
accordance to variations of the lattice parameters, the B — O bond distance remains independent of
the heating rate. Nevertheless, the B — O — B angle was observed to decrease with rising heating
rates. This may be a result of the thermal stress within the sample. In electronically insulating SPS
materials produced at higher heating rates, thermal gradients were introduced during the heating
stage [74]. Furthermore, there were also defects initially stored in the material by the powder
synthesis or in the particle boundaries [82, 214]. According to those authors, high heating rates
promote the formation of initial defects. This goes back to assumptions where large DC currents
required for rapid heating generate high-temperature plasma on the particle surfaces [215, 216].
In perovskites, defects can cause a tilting of the BOs octahedra which is responsible for the
observed deviation of the B — O — B bond angle from 180°. This might add an explanation for the
higher observed lattice parameters for the sample prepared at 25 K/min.

4.2.3 Microstructure

An overview of the microstructure of BZCY72 samples prepared at varying heating rates is given
in figure 4.20. No conclusive trend in grain sizes was observed, despite the decreasing crystallite
sizes with rising heating rate. The smallest grain sizes were obtained at 25 K/min. It is important
to note that grain growth proceeds slow below a rel. density of 70% [83]. In other words, even for
a longer periods of time spent under particle coarsening conditions in the case of 25 K/min,
densification and grain growth might not be expected. For rapid grain growth, a rel. density of 90
% and more is essential. Since the sintering time spent above this threshold is approximately equal
for all heating rates (see appendix 8.7.9), the mean grain size is not significantly affected by the
heating rate. However, there is a major disagreement in literature. Conflicting results for the same
materials are reported where the grain size was observed to be either proportional [216, 217],
inversely proportional [75, 210, 218] or invariable to the heating rate [209]. The impact of the
heating rate also depends on the sintering temperature and pressure [209, 210].

The SEM images in figure 4.20 reveal different shapes of the grain boundary regions. At
200 K/min the grains exhibited smooth boundaries while at lower heating rates the grain transitions
appeared to be sharp. This is an evidence for different mass transport mechanisms. More surface
diffusion occurs at lower heating rates that cannot penetrate the grain boundaries.
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Figure 4.20: Top: SEM images of polished cross section of SPS BZCY72 samples prepared at different
heating rates. Bottom: The corresponding grain size distribution in relation to the heating rate.

Mass transport along the grain boundaries results in sharp distinct edges of the grains, which
appears to cause broader grain boundaries. At higher heating rates of 200 K/min, the above
mentioned mechanisms are bypassed. The sample directly enters the temperature regime where
volume diffusion is dominant and atoms start to move across the grain boundaries. This leads to
less defined grain boundaries as shown in figure 4.20 for the samples prepared at 200 K/min.
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Figure 4.21: High-angle annular dark field (HAADF) image and TEM-EDX mapping of a grain boundary
in BZCY72 samples prepared by SPS with a heating rate of (a) 25 K/min and (b) 150 K/min.

A closer inspection of local structure of the grain boundaries employing TEM in figure 4.21 shows
that grain boundaries are free of any significant accumulation of secondary phases visible on the
XRD patterns. Nevertheless, major differences for the investigated heating rates were found in the
elemental composition. The BZCY 72 sample prepared at 25 K/min exhibits a higher concentration
of Y while a Ba deficiency occurs at the grain boundaries. Excess Y was not found in the grain
boundaries of the samples synthesized at 150 K/min (figure 4.21b) or 50 K/min (appendix
8.7.11). Instead, for the latter sample, Zr-deficiency is evident in the grain boundary region. The
higher concentration of the acceptor dopant within the grain boundary region can be discussed in
terms of the space charge layer model for proton conductors proposed by Kjelseth et al. [174].
Employing this model, the Schottky barrier height Ap(0) is expected to be higher for the sample
prepared at 25 K/min. This quantity describes the potential of the intersection between grain
boundary core and space charge layer relative to the grain interior and can be used to determine
the width of the space charge layer (see subsection below). The width of the grain boundary can
be estimated from the EDX line scans (figure 4.22), where the grain boundary width for the lower
heating rate was observed to be double of that of the sample prepared at 150 K/min. Therefore, the
mass transport mechanisms across the grain boundary for higher heating rates has likely a thinning
effect on this region. Diffusion processes along the grain boundary, however, allow for dopant
accumulation since the grain boundary core acts as a barrier and prevents cation mixing. Outside
of the grain boundary regions, all samples appeared homogeneous in terms of the elemental
composition.
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Figure 4.22: EDX line scan revealing the atomic composition through the grain boundaries
investigated in the figure 4.21: (a) 25 K/min and (b) 150 K/min.

4.2.4 Conductivity

The results of the IS for all investigated heating rates are presented within figure 4.23 and table
4.2. The Nyquist plots show bulk and grain boundary contributions expressed as RiC; and R2Cs,
respectively. Ro decreases with rising heating rates, which could be explained by the decreasing Y
dopant concentration as suggested by TEM. Referring back to the space charge layer model,
protonic defects are repelled from the positively charged grain boundary core [174]. From the EDX
and TEM analysis, wider grain boundaries were observed for low heating rates, suggesting higher
grain boundary resistances. On the other hand, the capacitances C are decreasing first and start to
increase again at high heating rates. Presumably, varying the dopant concentration in combination
with decreasing the space charge layer widths are responsible for this trend. Bulk resistances R
are within the same range as for the previously investigated samples, however, R values are
noticeably higher for lower heating rates, and higher dielectric constants were obtained. A possible
explanation for this observation could be the accumulation of Y** at the grain boundary and the
depletion of Y within the bulk. Therefore, according to equation 1.2 and 1.4, less protonic defects
are formed, resulting in lower bulk conductivities. For heating rates of 100 K/min and above, the
dielectric constants are in agreement with the literature [174, 177].

For an estimation of the dimensions of the space charge layer the eponymous model originally
introduced by Kim et al. [219] which was adjusted for proton conductors [174] is used. In a first
step, the Schottky barrier height A¢@(0) is calculated via the following equation:

e: Aq)(O))

Opulk _ xp( kgT

Ocp 2e - Ap(0)
kgT

(4.4)
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Figure 4.23: IS data obtained at 300 °C in 3 % moist 5% H»/Ar atmosphere for BZCY 72 samples prepared
by SPS at different heating rates. Left: Nyquist plot, Right: Spectroscopic plot and modulus plot.

Table 4.2: Results of the IS data fitting at 300 °C in 3 % moist 5% H,/Ar atmosphere. Resistance,
capacitance and bulk dielectric constant for BZCY 72 are presented for different heating rates (HR).

HR [K/min]  C; [F-cm] R [kQ-cm] C;[F-cm’] R; [KQ - cm] &r Bulk
25 8.76 - 10712 11.47 1.31-107 1847 147
50 7.34- 1012 10.52 1.16 - 107 1429 138
100 9.59- 1012 9.98 5.82-1071° 971 67
150 1.07 - 10! 4.06 9.96 - 10710 495 68
200 1.05- 10" 7.16 1.31-107 431 73

where e, kg and T have their typical meaning and conductivity values were obtained from
impedance spectroscopy, figure 4.24. The subsequent calculation is presented in table 4.3 and the
effective space charge layer width can now be calculated using equation 4.5:

(4.5)

where ¢ is the dielectric constant and C, (o) is the Y-concentration in the grain interior for which
the value of 8.9 - 10% m™ was used according to Iguchi et al. [177]. All results are shown in table
4.3, confirming a lowering of the Schottky barrier height and the effective space charge layer width
for samples prepared at higher SPS heating rates. Similar values for barrier heights were reported
for BZY'10 by other authors [174, 177, 220]. The effective space charge layer width is slightly
higher compared to BZY 10 prepared by SPS by Ricote et al. [34, 221].
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Figure 4.24: Arrhenius plots for bulk and grain boundary conductivity as well as total conductivity of SPS
BZCY72 samples prepared at different heating rates in 3 % H>O moist 5% H/Ar atmosphere.
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Table 4.3: The Schottky barrier height (Ae) and the
effective space charge layer width (1) calculated by

equation 4.4 and 4.5

Sample prepared Sample prepared
at 25 K/min At 150 K/min

T [°C] | Ap(0) [V] 1" [nm] | Ap(0) [V] A" [nm]

200 0.38 2.7 0.34 1.7

250 0.37 2.7 0.34 1.7

300 0.37 2.7 0.33 1.7

350 0.34 2.6 0.32 1.7

400 0.34 2.6 0.31 1.6

Figure 4.25: Bulk and grain boundary activation energies for SPS BZCY72 samples as a function of
heating rate.
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As displayed in figure 4.24, Arrhenius plots for bulk and GB follow a linear trend. The activation
energies obtained from the Arrhenius plots are plotted in figure 4.25 do not show a dependence
on the SPS heating rate. They are similar to the values reported in section 4.1.4, implying protonic
conductivity for the bulk and mixed conductivity for the grain boundary region.
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Figure 4.26: The pO, dependence of the total conductivity in dry atmosphere for a BZCY72 samples
prepared at different heating rates by SPS.

To further explore the conductivity mechanism, the IS experiment was performed in different
atmospheres with the results shown in figure 4.26. Under reducing conditions, the measured
conductivities show the same trend as for the sintering temperature investigation. It is, however,
evident that there is an increased n-type conductivity as the heating rate rises which also
contributes to the observed progression of the total conductivity. It is reasonable to assume that
cerium polarons are the source of n-type conductivity as already discussed in the previous
investigation (section 4.1.4). In the regime of high oxygen partial pressure, the conductivity rises
for all samples due to the incorporation of the oxygen and consequent p-type conduction (equation
1.7). At 600 °C and below, most of the conductivity is ionic given the plateau shape of the graph.
The sample prepared at 50 K/min turned out to be unstable under oxidizing conditions which is
the reason for the lower conductivity in this regime. Generally, it can be concluded that higher
heating rates result in higher conductivities.
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4.3 Influence of holding time

Holding times over 10 min are rarely investigated in SPS fabrication routes, since long-dwell times
defeat the original advantages of SPS in terms of short process times with conserved
microstructure. In fact, this process parameter is not even discussed in most review papers on SPS.
However, it is well known from other fabrication routes, such as SSRS and CS, that sufficient
grain growth requires time [9, 103]. Therefore, it is worth to explore this relatively uncharted
process region to reveal its impact on the grain growth and material performance.

4.3.1 Densification

In appendix 8.7.12 the detailed densification route is displayed where the final relative densities
are shown in figure 4.27. Densification happens mainly during the first 5 min of dwell time. No
further densification is observed when increasing the dwell time. For a holding time of 60 min, the
plunger displacement during the SPS process was stagnating for the last 35 min of the dwell time
before it changed again during the cooling due to thermal contraction. While all samples prepared
up to 40 min did not show any signs of degradation, no stable samples could be fabricated beyond
this time limit. The sintering temperature, pressure and heating rate as given in figure 4.27 were
chosen based on promising conductivity results from the previous chapters.
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Figure 4.27: The relative densities of SPS BZCY72 samples at different holding times.

The results can be correlated to yttria stabilized zirconia (YSZ) investigated by Khor et al. The
relative densification increased up to holding times of 3 min and remained constant [222]. Guillard
et al. also reported increasing densities up to only holding times of Smin for SiC and concluded
that the dwell time is not as significant as other SPS parameters in this matter [200]. In this context,
it should be mentioned that the holding time has more impact on the final sample density of
BZCY72 samples when lower sintering temperatures are employed. Nevertheless, as with the
heating rate, a higher sintering temperature is preferred over longer dwell times.
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4.3.2 Crystallographic structure

The XRD patterns of the BZCY71 samples for different SPS dwell times are presented in figure
4.28. The obvious background aberration for 60 min comes from the sample holder, since less
sample material could be used. Furthermore, it cannot be excluded that amorphous impurity phases
are present as a result of extended diffusion and reaction processes. Otherwise, the XRD patterns
do not show any difference in respect to the holding time. From the Rietveld refinement, no signs
of Ba evaporation were observed up to 60 min holding time.
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Figure 4.28: XRD patterns of the BZCY 72 samples (vertically shifted) prepared by SPS at different holding
times from 5 min to 60 min. The insert displays a close view on the impurities and peak shift.

A small peak shift in this series is observed from the inset of figure 4.28 and from the lattice
parameters in figure 4.29a (with additional information in appendix 8.7.14). A consistent trend
with holding time is, however, not apparent, in agreement with the literature. Longer dwell times
for the SSRS process caused Ba evaporation which led to a slight decrease in the lattice parameter
of only 0.05 A [109]. However, this phenomenon was only observed after 12 h dwell time —
considerably longer than the holding times in this work. The crystallite sizes increase with longer
dwell times, and so does the micro strain (figure 4.29b). The micro strain for the sample prepared
with a 60 min dwell time is by far the highest of all investigated samples. One possible explanation
are additional defects from extended carbon containing diffusion processes due to the longer dwell
time.

Crystallite sizes may be expected to increase since growth processes advance with time in most
materials as atoms have longer diffusion paths. From figure 4.29¢ and 4.29d it appears that the
perovskite geometry is barely changing for different times. The bond length follows the same trend
as the unit cell volume and B — O bond angle, namely slightly increasing for the sample prepared
at 60 min.
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Figure 4.29: Results from the Rietveld refinement of the XRD pattern in figure 4.28. Lattice parameters
(a), crystallite size (b), B site cation — oxygen distance (c) and angle (d) as a function of holding time.

The Raman spectra in appendix 8.7.13 reveal major intensity differences in modes which was
similarly observed for the outer regions in chapter 4.1.2 (figure 4.8). This can be interpreted as the
result of advanced diffusion mechanisms and reduction of Ce*" over longer dwell times.

4.3.3 Microstructure

The SEM images as well as the grain size distribution in figure 4.30 clearly show drastically
increasing grain sizes with longer holding times. After 5 — 20 min, the maximum densification is
reached and grain growth is accelerated since the internal energy can only be further lowered by
reduction of the total area of grain boundary [83]. As with the crystallite size, the mass transport
processes (presumably grain boundary or volume diffusion) continue over the whole dwell time
period. This is a well expected result and has been demonstrated by Khor et al. for SPS prepared
YSZ where the grain size increased from 5 pm for 1 min dwell time to 15 um at 12 min [222].
However, the discontinuous nature of the grain growth for SPS prepared BZCY72 samples as
shown for preparation at 60 min dwell time leads to premature degradation due to microstrains.
Some grains have sizes of 5 pm while areas with smaller grains are still found, figure 4.30. The
transition from 40 to 60 min dwell times appears very drastic, which was also confirmed in
repetitions of sample preparation, appendix 8.7.15. Initially formed large particles (apparent in
figure 4.30 for a setting of Smin) may act as a nucleation for abnormal grain growth.
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Figure 4.30: Top: SEM images of polished cross section of BZCY72 samples prepared by SPS at given
holding times. Bottom: The corresponding grain size distribution for different holding times in SPS.

The larger grains exhibit a lower surface energy per unit volume. Accordingly, random diffusion
events are more likely to happen at the expense of smaller grains. Moreover, abnormal grain
growth results in increased micro-strain as suggested by XRD and can also lead to the formation
of cracks where impurities could easily accumulate. Despite the discontinuous behavior of grain
growth, some general trends may be observed. The grain boundary angles approaching 120 degree
from 5 min to 40 min holding time. Nevertheless, inhomogeneous grain growth behavior provides
a major challenge for achieving large-grained SPS BZCY72 specimens, because of stress and
inhomogeneous enhanced diffusion.
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4.3.4 Conductivity

Electrochemical data calculated and summarized in table 4.4 as well as the corresponding Nyquist
plots in appendix 8.7.16 show results for different holding times. The grain boundary conductivity
appears to be independent of the holding time across the whole measurement range. The bulk
conductivity decreases with longer dwell times (figure 4.31). Results from spectroscopy suggest
diffusion of C and reduction of Ce*" as a possible explanation. Moreover, the electrical field during
SPS affects all mobile charge carriers including Ce**, [Y'] and [V$°] and lead to segregation of
those elements. Presumably, more Y** accumulates into the space charge layers and oxygen
vacancies segregate in the grin boundary core for longer dwell times. Interestingly, there was no
increase in grain boundary conductivity observed, presumably due to dominance of the grain
boundary resistance by other factors such as defect formation and presence of impurities

Table 4.4: Results of the IS data fitting at 300 °C in 3 % moist 5% H./Ar atmosphere. Resistance,
capacitance and bulk dielectric constant for BZCY72 are presented for different holding times.

Holding time [min] C; [F - cm™] Ri[kQ-cm] Cy[F-em’] Ry [kQ cem] & Buk
5 1.07 - 101 4.06 9.96 - 1071° 495 68
20 737102 17.16 1.44 - 10° 549 135
40 8.67 102 21.15 1.57 - 107 581 148
Temperature [°C] Temperature [°C]
600 500 400 300 200 600 500 400 300 200
Holding time Holding time
0r ”\ Bulk and GB conductivity ] 10'3 L o Total conductiviy -
|—|'1 B X T = -4 :
% \\ ¥'10 .
£ % £ .
O L J O
£ N 2 10°} .
< S,
A_3 | —_ °
O & 10°
(@) (@) °
(@) ) (@)
— -4 | e 5minBulk R -
20 min Bulk 107 ¢ 3
40 min Bulk °
o 5min GB ® 5min
5} 20 min GB 4 20 min
40 min GB 1 0-8 L 40 min
12 14 16 18 20 12 14 16 18 20
1000/T [K™] 1000/T [K™]

Figure 4.31: Arrhenius plots for bulk and grain boundaries as well as total conductivity of SPS BZCY72
samples prepared at different holding times in 3 % H>O 5% Ha/Ar atmosphere.
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This suggests that longer holding times lead to an increase of the Schottky barrier height or a
broader effective space charge layer width, limiting the total conductivity [174, 219].
Consequently, concentration of oxygen vacancies and, therefore, of protonic defects is reduced
lowering bulk conductivity. This is confirmed by an increase of bulk dielectric constant with
holding time by a factor of 2 over the investigated time range.

4.4 Chapter summary

The influence of SPS process parameters on the BZCY72 sample properties is summarized in table
4.5. The sintering temperature had the most significant impact, because of its exponential
contribution to the mass transport mechanism during the sintering process. At temperatures above
800 °C, the diffusion across the grain boundary (volume diffusion) seems to cross the activation
energy for this material and becomes the dominant mass transport contribution during the heating
step II. However, within the holding time (step III), a significant portion to the mass transport
comes from evaporation from small grains that accumulate at larger grains. At 1650 °C and above
this process is the dominant mass transport mechanism and is most likely responsible for the
unstable pellets prepared at this temperature as suggested by pores within the grain boundaries in
the SEM images. With increasing temperature the samples were denser, exhibited larger
crystallite and grain sizes and consequently higher grain boundary conductivities. Other
crystallographic attributes i.e. bond lengths between B-site cation and oxygen were less effected
and are likely responsible for the nonlinear progression of the bulk conductivity as a function of
sintering temperature. Samples prepared by higher sintering temperatures indicated a slightly
higher crystal symmetry as suggested by the decreasing octahedra tilts with increasing
temperatures. One possible explanation could be the evaporation small Ba amounts that cannot be
detected by XRD. The change is only 0.1 © for a 500 °C temperature difference. However, this
could be sufficient enough to alter the arrangement to create more room for the octahedras.

The applied pressure plays a major role in densification at temperatures below 1450 °C. At
100 MPa, a relative densification of 96 % was archived at only 1250 °C. Furthermore, increased
pressure lead to smaller unit cells within the BZCY 72 samples, which is most likely an effect of
the increasing micro strain and corresponding defects in the lattice. As a result, the B — O distance
was shorter at higher applied pressures which lowered the bulk activation energy for the proton
jumps and could in addition explain the increasing bulk conductivity. Grain sizes and grain
boundary conductivity were not significantly affected by variation of the applied pressure. Within
the investigated pressure range there were no indication of different active mass transport
mechanisms. However, for pressures below 40 MPa the grain growth was enhanced. It can be
assumed that further decrease in pressure will result in larger grains but at the cost of lower
densification as observed from other synthesis routes.

As a result of increasing heating rates, the BZCY72 exhibited higher grain boundary
conductivities. TEM investigation suggest that the grain boundaries are broader for lower heating
rates. Presumably, mass transport processes across the grain boundaries only occur at higher
temperatures due to the higher activation energy. Below 900 °C the dominant mass transport
mechanism is the surface diffusion as it requires lower energies. In this context, the effective width
of the space charge layer, a phenomenon responsible for the high grain boundary resistance in
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BZCY72, could be determined. The space charge width is decreasing from 2.7 nm to 1.7 nm for
higher heating rates. The reason behind this experimentally confirmed phenomenon is a higher Y-
concentration within the grain boundaries for low heating rates. Since the Y dopant is negatively
charged it presumably undergoes electro migration along the grain boundaries where it
accumulates for a longer time in the case of a low heating rate. Crystallographic properties did not
show variations, except for a slight decrease of the crystallite size.

An increasing holding time within the SPS process lead to larger crystallite sizes and grain sizes,
since grain growth is most efficient during this sintering stage. Grain sizes of 3 um and more were
observed at 60 min holding time. However, the grain growth was found to be inconsistent and
abnormal, as small grains were still present in the microstructure. The longer holding time lead to
carbon diffusion into the sample causing strain and cracking of the sample. Samples that remained
intact did not show higher conductivity values presumably due to higher yttrium accumulation in
the space charge layer.

The highest performance was achieved at a sintering temperature of 1350 °C, an applied pressure
of 76 MPa, a heating rate of 150 K/min and a holding time of 5 min (see appendix 8.7.18). The
Conductivity was ¢ = 1.25 - 103 S:cm? and ¢ = 4.6 - 107 S-cm! at 600 °C and 800 °C,
respectively. A comparison with conductivities reported in the literature is given in table 4.6,
showing promising performance of SPS sintered specimen. The higher total conductivity reported
by Fish et al. was measured in a more H> containing atmosphere which could improve the total
conductivity if n-type conductivity is present [223]. Other authors archived improved
conductivities only by employing SSRS due to the large grained samples produced by it and the
resulting low grain boundary resistances. It should be noted, however, that due to the NiO sintering
aid, there might be an n-type contribution which enhances the total conductivity but might not be
suitable for an application.
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Table 4.5: Overview off the effects on BZCY72 properties caused by SPS process parameter variation.
Important property trends for applications are marked green (desirable effect) or red (adverse effect).

SPS parameter variation Effect on BZCY72 attributes
T Rel. density increases (only up to 1450 °C)
Unit cell Volume remains constant
Crystallite size increases
Grain size increases
Bulk conductivity slightly increases
Grain boundary conductivity increases
Activation energy increases
Rel. density increases
Unit cell Volume decreases
Crystallite size decreases
Grain size slightly decreases
Bulk conductivity increases
Grain boundary conductivity remains constant
Activation energy decreases
Rel. density remains constant
Unit cell Volume remains constant
Crystallite size slightly increases
Grain size slightly remains constant
Bulk conductivity remains constant
Grain boundary conductivity increases
Activation energy remains constant
Rel. density remains constant
Unit cell Volume remains constant
Crystallite size increases
Grain size increases
Bulk conductivity decreases
Grain boundary conductivity remains constant
Activation energy remains constant

Increase of sintering temperature

Increase of applied pressure

Increase of heating rate

Increase of holding time

R e e S A A e N A N A e e R e e e = s e )

Table 4.6: Comparison of total conductivities in this work and reported values from the literature related
to BZCY72 prepared by SPS and SSRS.

Synthesis Conditions Total conductivity Atmosphere Ref

SPS 900°C, 5 min 0.1 mS - cm™ (550°C) Air, 2.35 % H,O [224]
SPS 1350°C 0.44 mS - cm™ (600°C)  Ha, 3 % H,O [99]

SPS 1350°C, 5 min 1.25mS - cm™ (600°) 5% Hz, 3 % H,O This work
SPS 1350°C, 5 min 2.8 mS - cm™! (600°C) 9% Haz, 3 % H,0 [223]
SSRS 1600°C, 16 h 1.3 mS - cm™ (600°C) 5% Hz, 3 % H,O [98]
SSRS 1550°C, 6 h 1.82mS - cm™ (600 °C) 5% H>, 3 % H,O This work
SSRS 1700°C, 6 h 1.89 mS - em” (600°C) 9% Ha, 1.5 % H,O [173]
SSRS 1575°C 2.08 mS - cm™ (600°C) 9% H, 1.5 % H,O [42]
SSRS 1600°C, 8 h 3.7mS - cm! (700°C) 5% Ha, 3 % H>O [225]
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5 NEUTRON STUDIES OF THE PROTON TRANSPORT

The profound understanding of proton motions in proton conducting ceramics is important to
determine material properties, such as dopant concentrations. New materials are specifically
designed with the proton path in mind. Neutron scattering experiments offer the possibility to
determine the proton mobility on an atomic length scale and correlate the macroscopic
conductivity with the atomic level.

5.1 Proton diffusion by QENS

Figure 5.1 displays the experimental data Smeas(®,Q) at various temperatures, while appendix
8.8.1 shows the QENS spectra at different Q values. In both graphs the quasi-elastic component
has a comparably small amplitude for both samples. Additionally, it decreases with increasing Q
values.
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Figure 5.1: Corrected quasi-clastic neutron scattering spectra of hydrated BZCY 72 prepared by SPS at (a)
1350 °C and (b) 1550 °C.

From figure 5.1 it is evident that the quasi-elastic contribution appears broader with increasing
temperature, which is expected for a thermally activated proton motion. Similar quasi-elastic
broadenings were observed for samples sintered at 1350 and 1550 °C, suggesting the same
characteristic timescale. However, the ratio between the elastic and total scattering intensity is
smaller for the sample prepared at 1550 °C for all Q values. Since from XRD there is no evidence
of a different structural geometry one reasonable explanation could be a different proton uptake,
which is a known phenomenon from TGA measurement on similar samples (appendix 8.6.5). As
shown in appendix 8.8.1, all spectra could be fitted using a Lorentzian quasi-elastic scattering
function and an elastic delta function in convolution with the instrument resolution function as
well as a linear background contribution, as exercised in equation 2.6. Even upon close inspection
and brute force fitting, it was not possible to find a second stable Lorentzian. The dynamical
window of the experiment was optimized to see translational diffusion. Localized motions of
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trapped proton states near dopant sites, as suggested by Hempelmann et al. were not resolvable
[226, 227]. Moreover, the rotation of the proton around the oxygen ions predicted by the Grotthuss
mechanism were difficult to detect. For this reason, the proton jump behavior at temperatures of
400 °C and above manifests in one single Lorentzian.
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Figure 5.2: The quasi-elastic linewidths as a function of the scattering vector modulus Q and its accordance

with the Chudley-Elliott jump model. Data points are the linewidths for the BZCY72 sample prepared at
1350 °C using the Chudley-Elliot model. The solid line represents the linewidth I'(Q) calculated by eq. 2.7

The quasi-elastic linewidth as a function of Q is shown in figure 5.2. For small Q values, the
FWHM is proportional to f;—f Q% where / is the jump length and t the residence time, as described in
chapter 2.3.4. At large Q values, the line width begins to oscillate around an average value given
by%. A similar behavior was reported for BCY20 by Chen et al. [228]. The lack of data points at
1.25 <Q < 1.45 is due to a Bragg reflex causing strong elastic scattering at this Q range.

Table 5.1 summarizes the results for the fit employing equation 2.7. The diffusion constant is
calculated by the expression D = é—i The jump distance coincides with the interatomic distance
between two oxygen ions within the Pm3m structure at a given temperature and confirms the inter-
octahedra transfer of protons as suggested by the Grotthuss diffusion [32, 62, 124]. Due to the
thermal lattice expansion the jump distance increases with increasing temperature. A possible
proton migration path is demonstrated in figure 5.3.

Table 5.1: Results of the Chudley-Elliot fit for both BZCY72 samples sintered at 1350 °C and 1550 °C.

Tsinter = 1350 °C Tsinter = 1550 °C
T [°C] 17A] 1 [ps] D [cm?/s] 17A] 1 [ps] D [cm?/s]
400 2.98(5) 24.8(4) 597-10° | 3.024) 22.202) 6.85 10
500 3.01(7) 18.3(3) 8.25-10° 3.05(4) 15.89(9) 9.75-10°¢
600 3.12(5) 13.6(5) 1.19 - 107 3.12(3) 12.03(7) 1.34-10°
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Figure 5.3: Schematic image of a possible migration path for the lateral proton diffusion, the mean jump
distance is around 3 A — the typical distance between oxygen atoms in Pm3m.

Typical residence times between 10 and 25 ps were obtained which matches values reported for
proton conductors [228]. As expected for diffusional behavior, higher thermal energy results in
shorter residence times since the activation energy for the proton jump is easier to overcome. The
observations moreover suggest slightly higher proton mobility for the sample prepared at 1550 °C
which corresponds with the first conductivity measurements in chapter 4.1. The value obtained for
the diffusion constant D ~ 0.6 — 1.3 - 107 cm? s! is nearly two orders of magnitude higher than
reported by Noferini et al. [229] but smaller than the values reported by Braun et al. [230] which
both investigated BZY 10. The activation energies for the proton jumps have been calculated to
Ea=0.16 eV for BZCY72 prepared by SPS at 1350 °C and Ea = 0.17 eV for the sample prepared
at 1550 °C. The small difference is likely due to the different B — O bond distance for both samples,
as suggested by XRD in figure 4.5. Both values are in good agreement with energies reported for
the BZY 10 parent compound [131, 230].

To further verify the results, an alternative calculation was employed. For low Q values the details
about the jump mechanism are lost, because of the view on a large number of jumps
simultaneously. In other words, the same expression to describe macroscopic diffusion can be
used, known as Fick diffusion. The quasi-elastic peak broadening caused by the proton motion can
therefore be simplified to [133, 230]:

r(Q) = 2hDQ> (5.1)

Here, the slope 2AD follows a linear trend as depicted in figure 5.4 for both samples. Confirming
the previous calculation, the diffusion constant increases with temperature and is larger for the
sample prepared at 1550 °C, appendix 8.8.2. The activation energies were Ea =0.17 eV and Ea =
0.18 eV for 1350 °C and 1550 °C preparation temperature, respectively, in good agreement with
the values calculated from the Chudley-Elliot model, justifying the latter to be applicable.
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Figure 5.4: The Full width at half maximum (FWHM) plotted vs Q? with a linear regression to determine
to determine Ea for the proton jump diffusion: (a) BZCY72 prepared at 1350 °C and (b) prepared at
1550 °C.

An additional elastic window scan performed from 50 °C to 600 °C in the energy window
AE = 0.03 meV (figure 5.5) shows an intensity anomaly at 300 °C. Since the incoherent scattering
of neutrons gives information about the dynamics, this result suggests alternation within the proton
movement within the BZCY72 structure. This can be interpreted as phase transition from R3c to
Pm3m as reported by Mather et al. [124]. Presumably, the second order phase transition around
this temperature to the more symmetric cubic space group enhances translational protonic
diffusion at the expense of local diffusion.
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Figure 5.5: Elastic window scan for the BZCY72 sample prepared at 1350 °C. The peak at 300 °C can be
interpreted as a proton dynamics change as a result of the phase transition from R3c to Pm3m.

84



NEUTRON STUDIES OF THE PROTON TRANSPORT

To assess whether a further localized motion exists, a fit with a further Lorentzian line was applied
in equation 2.6 instead of the background. A localized motion will contribute with a Lorentzian
line, which is expected to be quite broad due to the fast localized motion and an elastic
contribution. Detection of this fast motion proved to be difficult since the additional flat Lorentzian
was spread out over a wide energy window that may be exceeding the energy boundaries of the
measurement and hence difficult to separate unambiguously from vibrations. At a temperature of
500 °C it was possible to extract a meaningful elastic incoherent structure factor (EISF) which is
the ratio of the elastic intensity and the total intensity (see appendix 8.4.1). The EISF is related to
the motion geometry and is interpreted as the probability for a proton to be found in the same
volume of space defined as 27/Q after a certain time ¢ [130].

As suggested by Hempelmann et al., two models describing the localized motion were employed
[231]. Firstly, a 180 degree jump around one oxygen site is considered where the FWHM for the
second Lorentzian is fixed for different Q values. This is reasonable because for other perovskite
proton conductors such as SrCeOs3 no significant Q-dependence of the FWHM was observed for
the rotational diffusion [226]. The second model represents an isotropic rotation on a sphere, which
is a good approximation for the adjacent oxygen ions regularly formed around the protonic defect.
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Figure 5.6: Elastic incoherent structure factor (EISF) at 500 °C of (a) SPS sample prepared at 1350 °C and
(b) prepared at 1550 °C (p = 76 MPa, HR = 150 K/min, 5 min dwell time). The measured data is marked
by the symbols with error bars. The continuous line and dashed line represent the progression of the EISF
modeled by a jump over two sites and spherical rotation, respectively.

Figure 5.6 displays the elastic incoherent structure factor EISF for both BZCY72 samples
prepared at 1350 °C and 1550 °C by SPS. Higher Q values could not be used due to the Bragg
reflection. The calculation used for the two jump model and spherical diffusion is given in
appendix 8.4.1 and the fitted parameters are presented in table 5.2. The O — H distances obtained
by the two-site jump model are smaller compared to the spherical diffusion with a radius of the
motions of 0.90 and 1.02 A, respectively. Matzke et al. reported a rotation radius of 1.1 A using
the model for the isotropic spherical rotation in SrCeO3 with a similar perovskite structure [226].
On the other hand, Mather et al. loaded BZCY 72 with deuterium and determined an O — D distance
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of 0.76 — 0.94 A by neutron diffraction [124]. Considering the generally larger O — H distance the
values from our QENS experiments are in good agreement. Furthermore, atomistic simulation
techniques on BaZrO; provide additional accordance (O — H distance of 0.98 A) [232]. For the
rotational diffusion in SPS sintered BZCY72 the spherical rotation seems to be the underlying
motion geometry. Both samples provide similar O — H distances within the error regime indicating
no influence of the sintering temperature of this bond distance. A subsequent QENS experiment
with a broader energy window (at least 2 meV [226, 231]) at a broader temperature range is
required to uncover more details such as activation energy and timescales of the fast reorientation
step of the Grotthuss mechanism.

Table 5.2: Resulting O — H distances for the two geometric models discussed in the text for SPS prepared
samples at sintering temperatures of 1350 °C and 1550 °C.

| Tsinter = 1350 °C | Tsinter = 1550 °C
Two-site jump model | 0.90(2) A 0.88 (4) A
Spherical rotation 1.02(4) A 1.01(6) A

5.2 Neutron Compton scattering and proton transports in BZCY72

In a preceding neutron diffraction experiment pellet at VESUVIO an alternative view on the crystal
structure of BZCY72 was investigated. The neutron diffractograms of BZCY72 are shown in
appendix 8.8.3. Excluding the d-space regions corresponding to peaks arising from the Al sample
container, the quality of the refinement is satisfactory with an Ry, value of 2.0 %. Mather et al.
concluded from high resolution neutron and synchrotron X-ray diffraction experiments a phase
transition from orthorhombic to rhombohedral symmetry at 85 K [124]. Within this work, a low
temperature data refinement at 70 K affirmatively suggested the /mma space group at this
temperature for BZCY72, while at 300 K the R3¢ space group resulted in the best fit. For the data
recorded at 70 K, the fitted lattice are a = 5.990 A, b = 8.508 A, and ¢ = 6.0193 A. The lattice
parameters for the data recorded at 300 K are a=6.0246 A, b=6.0246 A, and c = 14.724 A. Those
values are comparable to the results obtained by Marther et al., considering the different
measurement temperatures. The ND refinement suggested a slightly (~ 0.5 %) larger unit cell
compared to previous XRD investigations.

The localization of the hydrogen atoms within the hydrated sample turned out to be challenging,
since fitting procedures had a tendency to locate hydrogen atoms pointing towards centers of the
BOs octahedra, which was disproved by Kreuer et al. [32]. Previous XRD studies were carried out
on pristine (free of hydrogen) BZCY72 samples, while the ND data was obtained for hydrated
samples. By comparing the arrangements of the Ba,Y,Zr,Ce and O framework atoms the root-
mean-square deviations (RMSDs) of both refinements were obtained and are shown within
appendix 8.8.4. The RMSDs of oxygen atoms are ca. four (at 300K) to five (at 70 K) times bigger
than the values for the other BZCY72 framework atoms, where the latter are almost identical at
both temperatures. Thus, the presence of the hydrogen in the BZCY 72 lattice causes a neglectable
amount of lattice distortion for the cations but rather a displacement of the oxygen atoms placed
at the corners of the octahedra. This effect is a direct consequence of the O — H bonding.
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Figure 5.7: NCS data (black points) from BZCY72 (prepared at 1450 °C) at (a) 300 K and (b) 70 K
recorded in backscattering after corrections described in section 2.3.5. The recoil peaks present in the
corrected NCS data were fitted using Gaussian profile functions, shown as shaded areas with labels
pertaining to respective atomic species present in the sample. The sum of the fitted recoil peaks is shown
as a solid red line.

Figure 5.7 displays the data generated from the neutron Compton scattering (NCS) experiments
in backscattering after the correction as described in chapter 2.3.5. Due to kinematics of NCS, the
single scattering events of protons present in the sample are not present in backscattering. The
order of the recoil peaks of each element is determined by its atomic mass [137, 233-235]. Thus,
oxygen appears at lower ToF values followed by Al from the sample container and the heavier
nuclei (Y, Zr, Ba, Ce). Furthermore, the resolution is inversely proportional to the square of the
recoiling mass [137, 233-235]. The BZCY72 cations recoil peaks are therefore closely stacked.
Despite comparable cation masses, the widths of each peak could be fitted with satisfying precision
as shown in appendix 8.8.5. As expected, the values of the widths are greater for larger nuclear
masses and increase with increasing temperature in an almost monotonic manner. Thus, reflecting
the Boltzmann population of partial vibrational densities of states contributing to respective peak
Doppler broadening, a situation commonly occurring in the case of heavyweight nuclear species
in condensed matter systems [ 137, 235]. Deviations from the harmonic lattice-dynamics predicted
trends for the widths of nuclear momentum distributions as a function of temperature are most
evident for O and Ce. The degree of binding or confinement is higher than expected and indicates
strong anharmonicity for all nuclear species except for Ba, which is the only evenly distributed ion
within this system. Material systems with anharmonicity also have low thermal conductivities as
a consequence of enhanced phonon scattering [236-238]. While this has not been determined for
BZCY72 directly, BaZrO3 and BaCeO; both show low thermal conductivities [239, 240].
Additionally, the increase in the anharmonic character observed for Ce with increasing temperature
seems to correlate with models and observations present in the literature suggesting that an
increased level of cerium in BZCY is responsible for increased parameters, water uptake and
increased conductivity (total and ionic) [41, 180, 241]. The behavior of Ce*" and O* may therefore
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be viewed as a sign for anharmonicity-driven mixed conductivity at higher temperatures as proved
repeatedly in chapter 4. Observations based on NCS data recorded in backscattering therefore
provide important information for the modeling and further understanding of proton conduction in
BZCY72.
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Figure 5.8: The mass-resolved NCS of BZCY72 (prepared at 1450 °C) in forward scattering at a
temperature of 70 K. The black data points with error bars represent the corrected NCS data and the red
solid line the total fit to the data. The shaded areas represent the contribution to the total count rate from
individual nuclear mass species. The presented data has been corrected for multiple scattering and gamma
background, according to the procedure described in section 2.3.5.

Further information is obtained from the NCS data recorded in forward scattering where the
hydrogen is visible in figure 5.8 as a broad and flat recoil peak (orange area). The heights and
position of peaks arising from cations are different from the backscattering data due to different
trajectories of the scattered neutrons in the O, domain during the measurement. The forward
scattering data for all investigated temperatures is furthermore presented in appendix 8.8.6. In all
graphs, a well-resolved hydrogen recoil peak is visible, enabling the quantitation of the hydrogen
in BZCY72 as a function of temperature. In an NCS experiment, the peak area is proportional to
the product of the total bound scattering cross-section and the number of moles per formula unit
of the corresponding nuclear isotope [137, 242]. Following this correlation, the hydrogen
concentration in BZCY72 is obtained as a function of temperature from the ratio of the integral
scattering intensities of hydrogen and any heavier nuclear species. For the latter, Ba is chosen due
to its non-statistical occupation and high integral intensity. Results of the hydrogen quantization
together with the widths of the hydrogen momentum distributions are shown in figure 5.9.
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Figure 5.9: (a) The number of hydrogen atoms per formula unit (nyg) of BZCY72 obtained as a function of
temperature using the scattering intensities of H and Ba, fitted from mass-resolved NCS spectra recorded
in forward scattering (b) Widths of the hydrogen momentum distribution in BZCY72 as function of
temperature. The phase transition from orthorhombic to rhombohedral is marked as vertical line.

The number of H atoms per formula unit was found to be stable across the orthorhombic to a
rhombohedral phase transition, averaging 0.22 + 0.01. This value is in accordance with
concentrations of protons in acceptor doped BaZrOs; and BaCeOs at lower temperatures, and
commensurate with the total concentration of vacancies [181]. From figure 5.9b there is a distinct
increase of the hydrogen NMD width across the phase transition at 85 K as a consequence of the
higher crystal symmetry from Imma to R3c space group and thus change in the degree of O — H
bonding. Within the orthorhombic structure, there are two independent H —sites and the H NMD
width results from the average between the two proton sites. On the other hand, there is only one
proton site within the rhombohedral structure that should represent the NMDs of H above 85 K.
Inspired by the NMD decrease at 300 K, further investigations at higher temperatures are highly
desired to investigate the hydrogen bonding at operation temperatures.

5.3 Comparison with results from impedance spectroscopy

IS and QENS experiments are both capable to measure the mobility of the charge carriers.
Complementary to QENS, in an IS measurement the conductivity o can be translated into a
diffusion constant D by the Nernst-Einstein equation [228, 230]:

kyT V

D=0 —
7 "¢z [0H"]

(5.2)

where V is the unit cell volume determined by XRD, [OH*®] is the protonic defect concentration
which can be extracted from NCS or TGA measurements (appendix 8.6.5) and kg, T and e have
their usual meaning. The unit cell volume was taken from [180] for the pseudo cubic unit cell,
which is implemented here because of the phase transition of BZCY72. From the NCS experiment
in the previous section, the number of hydrogen atoms per formula unit was determined to 0.2
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which is equal to the protonic defect concentration per formula unit. From TGA measurements, it
is concluded that water loss and consequently charge carrier loss starts at 450 °C.

The resulting diffusion constants of all experiments are shown in figure 5.10. The activation
energies obtained for bulk and grain boundary below 600 °C were 0.58 and 0.88 eV, respectively.
Above 600 °C the activation energy for the grain boundary was 1.38 eV. Similar D(T) progressions
were obtained for BCY20 by Chen et al. and resulted from other contributions and water loss at
higher temperatures [228].
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Figure 5.10: Diffusion constants obtained at various temperatures by QENS and IS compared for BZCY72
prepared by SPS at a sintering temperature of 1350 °C (p = 76 MPa, HR = 150 K/Min, t = 5min).

The diffusion coefficients measured by QENS are at least one order of magnitude higher than those
extracted from the IS data. It should be noted, however, that the electric response in IS and neutrons
for QENS are entirely different probes and thus, give different diffusion constants and activation
energies. While the former measures the sum of proton diffusion and other diffusion (i.e. oxygen
vacancies and electronic charge carriers) on a macroscopic scale, QENS investigates only the
proton self-diffusion on an atomic scale [228, 230]. Thus, the protonic diffusion processes can be
separated from other conductivity contributions. Diffusion constants are higher for QENS because
it is also able to resolve fast local proton movements. From the progression of the diffusion
constant of the bulk, it seems that it merges with the diffusion constant obtained from the QENS
experiment 550 °C, as a result of the decreasing defect concentration [243]. QENS spectra for
higher temperatures would be helpful together with IS to determine the ratio of protonic
conductivity to total conductivity.
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6 CO-SINTERING OF A MEMBRANE-ELECTRODE-ASSEMBLY

Electrolytes are often manufactured together with the supporting anode. Such Membrane-
electrode-assembles require carefully designed fabrication routes that consist of multiple steps. In
the following chapter, a proof-of-concept for an SPS process for co-sintering of MEAs is provided.

6.1 Structural investigations

The electrolyte in ceramic based fuel cells is commonly co-sintered together with the composite
anode. NiO is the most common used compound employed in anodes, applied as a BZCY7/NiO
Cermet [26]. Synthesis is usually a two-step process, where the electrolyte is co-sintered with
BZCY72/NiO first and subsequently, NiO is reduced to Ni in a second tempering, leaving a porous
BZCY7/Ni composite electrode. Ni provides a good electronic conductivity and catalytic activity
at PCFC operating temperatures of 500-600 °C. BZCY72 exhibits protonic conductivity and
matches the thermal expansion coefficient of the cermet for the electrode [244]. Combined with
the porosity of the electrode this provides a larger triple-phase boundary, where gas phase, electron
and proton conductor coexist. Since SPS is used for synthesis of bulk materials, there are no studies
investigating BZCY72 thin electrolytes. Figure 6.1 shows the first thin-film-synthesis of an SPS
BZCY72 on the minimum layer thickness for BZCY72 of <200 um. Although, the layer remains
intact at 200 um thickness, thinner layers are likely to break during SPS and contaminated with
the electrode composite, as displayed in figure 6.1b. Reduction of the NiO to Ni in SPS
BZCY72/NiO is shown in figure 6.2 introducing porosity into the electrode layer. The reduction
is not complete in all samples regions, i.e. the outer layers. Nevertheless, the results for this one-
step process are encouraging. Samples with thickness below 200 pm are challenging for
preparation by SPS for the following reasons. First and foremost, depending on the tool diameter,
the precursor powder is required to be evenly distributed inside the die. This is difficult to achieve
for thinner layers. The second reason is percolation of the electric current through the thin
electrically insulating layer, i.e. the electrolyte [245]. There are small channels through which the
current is able to penetrate the BZCY72. If the layer is thin enough, mass transport along these
channels occurs and leads to the impurities observed in figure 6.1b. Additionally, ceramic layers
with thicknesses below 200 pm are more fragile to mechanical stress during the sintering process,
increasing the chances of crack formation.

Figure 6.1: Microscopic images of the NiO-BZCY72 MEA co-sintered at 1350 °C, 76 MPa and 150 K/min
heating rate: a) electrolyte thickness of 250 um, b) electrolyte thickness of 100 um.
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Figure 6.2: Microscopic images of the polished symmetrical cell with 200 pum electrolyte layer thickness.
The reduction of NiO only occurs close to the electrolyte layer and asymmetrical.

Unevenly distributed degree of NiO reduction may be attributed to the electric field in SPS. While
NiO is fully reducing to Ni in air at 1000 °C [246], it is assumed that the BZCY 72 electrolyte acts
as a dielectric layer between two conductive electrodes during the process comparable to a
capacitor. Consequently, the electric field varies within the sample which might affect the
reduction processes. An alternative explanation might be oxidation of the sample when handled in
atmospheric air after the sintering.

The figure 6.3 displays the XRD patterns of the electrode regions with details given in appendix
8.9.1. The outer face of the MEA reveals the main phases of NiO and BZCY 72 but also impurity
phases such as BaNiO3z (PDF 00-029-0196) and BaY;NiOs (PDF 00-047-0090) in figure 6.3a.
Both phases are known to from during co-sintering of NiO — BZY mixtures in solid-state synthesis
from BaCOjs precursors [247-249]. Following this literature, BaY2NiOs forms at around 900 °C at
only 2 wt% NiO addition and BaNiOs forms at around 800 °C. In figure 6.3b, it appears that all
NiO has been reduced to Ni. From calculated results, 82.1 wt% Ni which are present, much more
than the nominal value of 60 wt% NiO. A possible reason is poor percolation of the BZCY72
phase. No impurity phases were observed in this part of the MEA. According to Tong et al.,
BaNiO; disappears at temperatures above 900 °C. Possibly, it was formed during the stage IV of
the SPS process at the outer layers. Additionally, partial melting of the BaO-NiO mixed phase
should be taken into consideration, referring to appendix 8.2.1, where the eutectic phase lowers
the melting point down to 1400 °C which could locally be reached. During the cool-down and the
solidification, BaN1O3 might emerge as a result. Further phases are C from the SPS environment
and BaCO3 from the precursor powder.

The lattice parameters for Ni and NiO (Fm3m space group for both) were refined to ani = 3.524(1)
A and anio = 4.178(1) A, respectively. This is in good agreement with the literature [250, 251].
However, the BZCY 72 unit cell observed for the electrode region is about 1.3 % smaller compared
to the BZCY72 unit cell in the electrolyte. The lattice parameters are a = 5.980(3) A and ¢ =
14.714(14) A as a result of the coexisting Ni phase where the atoms are more closely arranged.
Similar trends were observed for functionally graded materials, where the unit cells of each
material slightly adjust to each other [73, 252]. Even smaller lattice parameters were found for the
NiO-rich part of the electrode with a = 5.968(4) A and ¢ = 14.686(13) A. Ba-deficiency was
observed by Rietveld refinement. This is most likely linked to the formation of BaNiO3z and
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BaY2NiOs. As a result of Ba deficiency, the unit cell volume is decreased down in accordance
with reports by Yamazaki et al. [253]. The crystallite size for the BZCY72 within the electrode is
in the same range as purely sintered BZCY72 under the same conditions at around 63 nm.
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Figure 6.3: XRD patterns aof the two different regions in the electrode of the NiO-BZCY 72 MEA prepared
at 1350 °C, 76 MPa, 150 K/min and 5 min holding time: a) non-reduced area, b) reduced area.
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Figure 6.4: EDX analysis of the symmetric NiO-BZCY 72 cell prepared at 1350°C, 150 K/min and 76 MPa.

Figure 6.4 shows the elemental distribution of the symmetrical NiO-BZCY72 cell. The layers are
well separated. As already evident from the previous images, BZCY72 and NiO are not
homogeneously distributed within the electrode. Instead, BZCY72 is present within the elongated
hotspots that form under the pressure during the SPS process. Nevertheless, within the BZCY72
electrolyte layer, all corresponding elements are uniformly distributed. Furthermore, there are also
small quantities of Ni present in the BZCY72 electrolyte as a result of diffusion.

Upon closer inspection in figure 6.5, the grains are significantly larger compared to previous pure
BZCY72 samples by SPS under similar conditions. An average grain size of (910 = 120) nm was
determined by SEM which corresponds to an increase of 200 %. The grain boundaries are smooth
compared to the sharp grain edges observed for BZCY72 (figure 4.9). The positive effect of small
amounts of NiO (as suggested by EDX) on the grain growth in barium zirconates is well
established within the literature and utilized in SSRS [9, 42, 98, 103, 248] which was covered in
section 2.1.2.

The interface between electrode and electrolyte remains a challenge due to the different expansion
coefficients combined with the high heating and cooling rate in SPS which causes fissures along
the boundaries as shown in appendix 8.9.2.

Figure 6.5: SEM image of the BZCY72 layer and its microstructure prepared at 1350 °C and 76 MPa.
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6.2 Electrical investigations

In order to carry out conductivity measurements, the outer layer of the MEA-faces containing NiO
was polished to provide evaluable data as shown in figure 6.6. There are four contributions. The
RiC; arc (enlarged) could be from the bulk of the electrolyte layer with a capacity of C; ~10"!! F.
The R>C; arc may be the bulk contribution of the BZCY72 inside the electrode region since it has
a similar capacity but a much higher resistance due to the poor percolation of the BZCY72 as
suggested by XRD. The R3Cs arc could be attributed to the grain boundary resistance of the cell
with a capacity of C3~10" F. The R4C4 contribution with a capacity of C4~10" F may be related
to the electrode. The calculated data for each RC element are given in table 6.1. The bulk
conductivity obtained for the electrolyte is 2.29 - 102 S - cm™ at 400 °C which is considerably
higher compared to the bulk conductivities of other samples covered in this work and not far from
the highest reported bulk conductivities of 1.2- 102 S - cm™ at 450 °C by Haile et al. for this
material class [9]. Presumably, due to the larger grains, the GB resistance was observed to be lower
compared to electrolytes investigated in chapter 3 and 4. Nevertheless, the poor percolation of
BZCY72 in the electrode might limit the ionic pathways and results in high R4 values.
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Figure 6.6: IS data obtained at 300 °C in 3 % H>O 5% Ha,/Ar atmosphere for the MEAs prepared by SPS.
The high frequency region of the Nyquist plot is magnified to emphasize the show the R;C; contribution.

Table 6.1: Details of the IS experiment on the symmetrical NiO-BZCY72 cell. All values were obtained in
3 % H>0 5% Hy/Ar atmosphere at the given temperatures.

Bulk electrolyte BZCY72 electrode GB Electrode
R (300 °C) 411 Q 60.97 kQ 41.15kQ 228.7kQ
C (300 °C) 534 - 1011 F 7131011 F 9.46 - 10°F 1.10- 10 F
¢ (400 °C) 229 -103S-em?  5.71-10°S-em? 2.61-105S-em” 1.69-10°S - cm’!
6 (600 °C) - 6.34-10*S-cm? 9.65-10%S-cm™’ 3.16-10%S - cm’!
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7 CONCLUSIONS

7.1 Summary

Sintered specimen of the state-of-the-art ceramic proton conductor BaZro7Ceo2Y0.103-5 were
successfully prepared by spark plasma sintering. This work demonstrates the possibilities but also
the challenges for the preparation of BZCY 72 ceramic proton conductors by SPS.

The first part was to investigate to what extent the SPS route is viable to synthesize barium
zirconate based proton conductors suitable for applications. An important aspect is the relative
density where SPS provides an attractive approach to produce BZCY72 pellets with densities near
100% and high phase purity in a rapid process. Bulk proton conductivities were exceeding state-
of-the-art solid state reactive sintering since Ba-evaporation is avoided and no impurities diffuse
into the grain interior. However, the grain boundaries exhibited high resistivity due to the space
charge layer formed around the grain boundary core. Determined by the SPS process, sintered
specimens were characterized by small grain sizes. This translates to high grain boundary densities
in the case of BZCY72 which is a severe drawback for applications as electrolyte materials.

The objective was to investigate the effect of the SPS process parameters on the properties of the
resulting BZCY72 samples to study the most favorable conditions for enhanced grain growth and
conductivity. One approach to improve the grain growth is to enhance diffusion processes across
the grain boundaries by increasing the sintering temperature. Within a wide range of investigated
sintering temperatures, it was shown that the total conductivity of the samples decreases above
1450 °C despite larger grains. Raman studies suggested a significant increase in BaCOj3 impurities
which arises due to the enhanced diffusion of C from the surrounding die during the process and
negatively affects the mechanical integrity of BZCY72. A second and more effective way to
enhance the grain boundary conductivity is to reduce the space charge layer width. The Schottky
barrier height, as well as the space charge layer width were calculated for various heating rates.
The results suggested that higher heating rates lead to decreased space charge layer widths. This
could be verified by TEM measurements which indicated smaller grain boundary widths for
increasing heating rates. The third approach for increasing grain growth is application of longer
holding times. However, this was shown to be limited by the abnormal grain growth behavior and
resulting microstrain suggested by SEM and XRD, respectively.

The best conditions for BZCY72 in terms of its desirable properties are a sintering temperature of
1350 °C, an applied pressure of 76 MPa, a heating rate of 150 K/min and a holding time of 5 min.
The best achieved total conductivity at 600 °C in wet 5 % Ho/Ar atmosphere was
1.25-103 S - cm™!. Even though descent conductivity level can be reached by SPS, the SSRS
synthesis route provides overall better conductivity for BZCY72 samples. For a broad
commercialization the conductivity needs to be around 102 S - cm™! at 600 °C.

The purpose second part of this thesis was to improve the understanding of the proton conduction
mechanism. For the first time quasi-elastic neutron scattering was employed to access the two
underlying local motions within one energy window. The results confirm that protons move
through the lattice by successive jumps along the oxygen ions as suggested by the Grotthuss
mechanism. The data could be fitted according to the Chudley-Elliott model. QENS studies have
shown that the typical residence time of the proton at an oxygen site is around 2 - 107! s with a
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jump activation energy of 0.17 eV which gets smaller for decreasing B — O distances. Additionally,
rotational motions of the proton around the oxygen sites could be implemented with a reasonable
O — H distance of 0.9 - 1.01. The EISF of this local motion could be modeled as either a 180 degree
jump over two sites or a rotation around a sphere. Diffusion constants obtained by QENS and
impedance data could be compared and suggested that there are significant other than proton
conductivity contributions especially within the grain boundaries, which are mostly electron-holes
and possibly cerium polarons according to obtained progressions of the conductivity as a function
of oxygen partial pressure.

The phase transition of BZCY 72 from R3¢ to Pm3m suggested a decrease in local protonic motion,
indicating an enhanced translational protonic diffusion for the cubic symmetry. Likewise, the
transition from Imma to R3c could be observed by the change of the nuclear momentum
distribution of the incorporated hydrogen due to reorientation of the O — H bonds.

For the first time, a mass selective view of the combined thermal and nuclear quantum effect on
the local, effective binding of atomic species present in hydrated BZCY72 was given. The NCS
analysis of the proton momentum distribution reveals that the concentration of the hydrogen in the
BZCY72 lattice is constant across the orthorhombic to thombohedral phase transition and further
down to the room temperature. Moreover, the average hydrogen concentration obtained from the
NCS analysis seems to be commensurate with the total vacancy concentration in BZCY72
framework.

A co-sintered BZCY72/NiO symmetrical cell (MEA) was synthesized by SPS for the first time. It
was shown that the state-of-the-art two-step process of co-sintering and NiO reduction could be
achieved in one SPS process. The minimum thickness of a BZCY72 electrolyte layer that remained
stable was 200 um. Nevertheless, both outer layers of the electrodes still had significant amounts
of NiO and Ni diffused into the electrolyte layer. The latter effect increased the grain size. Bulk
conductivities were higher compared to pure BZCY72 samples, although this might be an effect
of additional non-protonic conductivity contributions.

Without significant grain growth in SPS, further increase of the conductivity cannot be expected.
Moreover, the fabrication of thin electrolyte layers below 10 pm with large electrode areas by this
technique is unrealistic. Therefore, the preparation of electrolyte layers for fuel cells by SPS in a
direct approach is not recommended. Other synthesis routs i.e. SSRS or tape casting and additional
tempering provide solutions to the challenges mentioned above and are commonly used today. In
electrolysers, however, thicker electrolytes that are producible by SPS could be employed when
used in high pressure environment. Due to the cost efficiency and large scale capability of SPS,
MEAs produced by this technique might be able to find such niche applications and is most
certainly a worthy route to follow in the future.
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7.2 Outlook and future work

The development of proton conducting electrolytes for energy conversion devices remains a wide
open field and interest of the research and industry. Up to this day BZCY72 is still considered the
most promising electrolyte candidate for PCFCs or PCECs. Lowering the high grain boundary
resistivity would give electrochemical cells a remarkable field for applications. Fabrication of
BZCY72 self-supported electrolytes by SPS is unlikely to lead to further improvement. For this
reason, the best alternative for SPS is the preparation of BZCY72 or other ceramic targets for
sputtering deposition if thin layers are required. This synthesis route is highly suited for this
approach due to the high densities, mechanical stability and reasonable purities. Material
deposition by magnetron sputtering using ceramic targets prepared by SPS provides thin
electrolyte layers under 10 um thickness that could pave the way for future applications for PCFC
such as ammonia synthesis and processing.

However, independently of this alternative path, there are still other open questions regarding the
properties of BZCY 72 prepared by SPS. So far, the mechanical properties were only superficially
covered by the samples extrinsic integrity. The Vickers hardness and fracture toughness of
BZCY72 would be of great interest from an applications’ perspective. Higher pressures during the
SPS process could lower the sintering temperature even more, although this would mean using
SiC composite dies in the setup. Such a high pressure experiment would give more insight into the
crystallographic attributes as a function of applied pressure, since the defect formation that causes
the decreasing lattice parameters remains unclear at this moment. More TEM experiments are also
desirable due to the importance of the grain boundaries in this material. Especially the effect of
the temperature and holding time on the space charge layer could be revealed to further understand
the conductivity behavior. More and recurring experiments on the holding time should be carried
out to observe the grain growth more thoroughly.

From the experimental physics perspective, a subsequent QENS experiments at higher
temperatures up to 900 °C gives more precise results of the translational proton diffusion and jump
activation energies. More importantly, the energy window could be varied to further investigate
on other proton dynamics. While a broader window would give more insights into the rotational
diffusion, a narrower window would be used to reveal the proton trapping at the Y sites. As for the
Neutron Compton scattering, more spectroscopic work above room temperature is highly desired
in order to fully understand the structure-properties relationship in hydrated BZCY72 with the
ultimate goal of being able to engineer the conductivity of this technologically important system.
Ideally, those findings should be augmented by ab initio density functional theory modelling.
This context leaves also room for sintering aids. As demonstrated in chapter 6, the diffused NiO
had a positive effect on the conductivity in the BZCY72 electrolyte layer. Small amounts under
0.5 wt% of commonly used sintering aids such as NiO, CoO or ZnO could significantly improve
the grain growth and are worth investigating. The co-sintering of NiO-BZCY72/BZCY72/NiO-
BZCY72 MEAs by SPS provides a very cost-efficient method, although a better understanding is
required. Sinter parameters should be varied more and further conductivity measurements of such
a system are of high interest. As the transition from bulk materials to thinner layers and the
influence of the electrodes changes the material properties of SPS BZCY72, further synthesis
experiments should reveal the potential of this novel approach.
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8 APPENDIX

8.1 Introduction

Temperature deviation from 1880 [°C]

Appendix 8.1.1: The world-wide temperature anomaly since the beginning area of the industrial revolution
and the atmospheric CO» concentration increased due to burning fossil fuels. With the known greenhouse
effect of CO, the recent temperature rise has most probably an anthropogenic origin. Source data from [254-

256].

Appendix 8.1.2: Electrochemical reactions for the applications given in chapter 1.2. The Methanisation is
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more complex and has at least 7 different reactions for both electrodes [7] [8, 26, 244].

Apllication Reactions
Anode: H, - 2H* + 2e~
1
T 2H* +2¢e~ > H
Fuel cell Cathode > 0, + A e1 - H,0
Overall: H,0 - H, + 502
1
Anode: H,0 — 502 +2H* + 2e”
Electrolyser Cathode: 2H* +2e~ - H,
1
Overall: H,0 - H, + EOZ
Methanisation Overall: 4H, +C0O, » CH,+ 2H,0
3
Anode: : 3H,0 — 502 + 6H* + 6e~
SSAS Cathode: N, + 6H* + 6e~ — 2NHj;
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APPENDIX

Appendix 8.1.3: The versatility of perovskite materials leads to their description as chemical chameleon.
Properties and applications of perovskites taken from [13].

Property Application Material Ref.
Proton conductivity ~ SOFC electrolyte, H, sensor, H, production BaCeOs3, SrCeO; ,BaZrO; [27, 108,
257]
Mixed conductivity  SOFC electrode La(Sr,Ca)MnO3.5, LaCoO3;  [258, 259]
Ferromagnetic Magnetic memory GdFeO3, LaMnO3 [260]
Electric Multilayer capacitor, Thin film resistor BaTiOs, BaZrOs [261]
piezoelectric Piezoelectric transducer BaTiOs, Pb(Zr,T1)O; [262]
Superconductivity Superconductor Ba(Pb,Bi)0O3, BaKBiO; [263, 264]
Catalytic Catalyst LaFeO3, La(Ce,C0)0s3 [265,266]
Optical Laser YAIO3 [267]
Photoelectric Solar cell MH;NH;PbI3 [268]

Appendix 8.1.4: The classification of the octahedral tilting and their relation to the space group in the

perovskite structure according to Glazer [21, 22].
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BaO

BaO + BaxZrO4+BZY

BaO + Ba;CeO.
BaO + BazZr0a P

BaO + BaxfrOa+ BZY BaZros-CexYo10a0s
BaZrog«Cex¥o 2020 .

BaCepsYn10z2as

BaCeosYo20zs
BazZra0s+ BaZrOs + BZY

BaZrixCed0s (o)
(x=0.5-0.2)
-~

CeO,

BaZri«Cex0s (r)
(x=0.2-0.5)

-
-

Zr0z (m)
+
BaZrOs (c)

BaZrOs (c)
+
Zroz (k)
+

Ce02 (c) + BaCeOs (o)

BaZrOs (c)+ ZrO
() z Ce02 [c) + BaCeOs o) + Y205

BaZrOs (c) + Zr0;z (c) + ZrOz(m)

BaCeOs (0) + Y202

Appendix 8.1.5: The estimated and over simplified four dimensional phase diagram of the BZCY system.
The abbreviations r,m and ¢ stand for rhombohedral, monoclinic and cubic space symmetries, respectively.
Data was combined from [17, 43, 194, 253, 269].
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n=2[vi]  2Vil=[Yzl  p=[Yy]  p=3vy
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b) log p(H,0)

Appendix 8.1.6: The Brouwer diagram for BZCY systems shows the defect concentration in dependence
of (a) oxygen partial pressure and (b) water vapor partial pressure. The Brouwer-type charge neutrality
conditions are displayed on the top and determine the different regions where there are varying effects on
the charge carrier concentration. Figure redrawn from [58].
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8.2 Sample preparation

BaO - NiO
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Appendix 8.2.1: Binary phase diagram from BaO-NiO [270].
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Appendix 8.2.2: (a) First experiments on BZCY72 fabricated by SPS. Top: The Die was destroyed at
881 °C during the heating cycle. Bottom: First successful run including the densification progress. (b) A
starting point for the maximum sintering temperature was based on a series of experiments varying the peak
sintering temperature from 1450°C (Wang et al.) [33] to 1700°C (Ricote et al.)[41].While higher
densification could be reached for higher temperatures the most stable samples were fabricated below
1600°C. Thus, the temperature range from 1150 °C to 1650 °C was chosen.
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Appendix 8.2.3: Overview of all relevant samples produced and used in the current work. The sintering
details, sample quality, relative density and use are given. The quality refers to the mechanical integrity of
the sample: (*) means full disintegration into small pieces (*****) means the sample remained in one piece.
Impedance measurements required at least *** quality.

Sample Name Twmax; pmax; heating rate; holding time  Quality Density[ %] Remarks/Use
161026 _SPS1 1500 °C ; ~100 MPa; 150 K-min''; 5 min - - Die broke
161026 _SPS2 1500 °C ; ~100 MPa; 150 K-min''; 5 min - - Die broke
161026 _SPS3 1500 °C ; ~100 MPa; 150 K-min'!; 5 min - - Die broke
170227 SPSI1 1500 °C ; ~80 MPa 150 K-min''; 5 min *% 96.4% First successful
sample
170227 SPS2 1500 °C ; ~100 MPa 150 K-min''; 5 min W - Test series
170227 SPS3 1500 °C ; ~100 MPa 150 K-min'; 10 min ** - Test series
170227 _SPS4 1600 °C ; ~100 MPa 150 K-min''; 10 min e - Test series
170227 SPS5 1700 °C ; ~100 MPa 150 K-min™'; 10 min * 83.5% Test series
170306 1450 1450 °C ; ~100 MPa; 150 K-min’!; 0 min ok 94.61% Temperature test
170306 1500 1500 °C ; ~100 MPa; 150 K-min''; 0 min Hok* 95.60% Temperature test
170307 _1550 1550 °C ; ~100 MPa; 150 K-min’'; 0 min I 97.48% Temperature test
170307 _1600 1600 °C ; ~100 MPa; 150 K-min''; 0 min *ok 99.03% Temperature test
170307_1650 1650 °C ; ~100 MPa; 150 K min'!; 0 min o 96.26% Temperature test
170307 _1700 1700 °C ; ~100 MPa; 150 K-min''; 0 min * 92.94% Temperature test
170328 QENSI 1550 °C ; ~100 MPa; 150 K-min'!; 5 min R 99.3% QENS sample
170328 QENS2 1550 °C ; ~100 MPa; 150 K-min™'; 5 min *kk - QENS sample
170328 QENS3 1550 °C ; ~100 MPa; 150 K-min'!; 5 min R 98.9% QENS sample
161221 SSRI1 1650 °C ; 600 min il 54% Conventional sintering
161221 SSRSI 1550 °C ; 600 min ok 94% SSRS Benchmark
170117 _SSRS2 1550 °C ; 600 min Hokok ok 94% SSRS Benchmark
170117 _SSR2 1675 °C ; 600 min ok 76% CS Benchmark
170620 _CO 1550 °C ; ~100 MPa; 150 K-min'!; 5 min wk 99.4% Cerpotech powder
170620 MO 1550 °C ; ~100 MPa; 150 K-min™'; 5 min S 98.7% Marion powder
170620 C1 1550 °C ; ~100 MPa 150 K-min™'; 10 min Hokk 99.7% Cerpotech powder
170620 M1 1550 °C ; ~100 MPa 150 K-min'!; 10 min s 99.2 Marion...XRD, SEM
170620 _C2 1650 °C ; ~100 MPa; 150 K-min'!; 5 min ok - Cerpotech powder
170620 M2 1650 °C ; ~100 MPa; 150 K min’!; 5 min s - Marion powder
170719 NiO C 1550 °C ; ~100 MPa; 150 K-min™'; 5 min oAk 99.0% 1 wt% NiO Cerpotech
170719 NiO M 1550 °C ; ~100 MPa; 150 K-min'!; 5 min T 99.1% 1 wt% NiO Marion
170720 NiO_C 1550 °C ; ~80 MPa; 150 K-min!; 5 min rorck - 1 wt% NiO Cerpotech
170720 NiO M 1550 °C ; ~80 MPa; 150 K -min!; 5 min R - 1 wt% NiO Marion
170720 LP1 1550 °C ; ~80 MPa; 150 K-min!; 5 min o 98.4% Lab produced sample
170720_LP2 1550 °C ; ~80 MPa; 150 K -min'; 5 min R 99.7% (L) XRD,SEM and IS
170808 Coml 1550 °C ; ~80 MPa; 150 K-min'; 5 min Hokx 98.9% Commercial sample
170808 Com2 1550 °C ; ~100 MPa; 150 K-min’'; 5 min OEIES 98.6% (C) XRD,SEM and IS
170808 Com3 1500 °C ; ~100 MPa; 150 K-min'!'; 5 min wkx Commercial sample
170808 Com4 1600 °C ; ~100 MPa; 150 K-min™'; 5 min W - -
170808 Com5 1650 °C ; ~100 MPa; 150 K-min''; 5 min * - -
170808 Com6 1700 °C ; ~100 MPa; 150 K-min'!; 5 min & - -
170809 _Com7 1550 °C ; ~80 MPa; 150 K-min™'; 10 min oAk (O)IS
170809 Com8 1550 °C ; ~100 MPa 150 K-min''; 10 min I (C) SEM, EDX
170809 _Com9 1550 °C ; ~80 MPa; 150 K-min’'; 5 min oAk (C) XRD
171116 _f16 13 1350 °C ; ~51 MPa; 150 K-min’!; 5 min SRS 95.22 % SEM, EDX, IS
171116_f20 13 1350 °C ; ~64 MPa; 150 K-min’'; 5 min oAk 97.86 % SEM, EDX, IS
171116 _24 13 1350 °C ; ~76 MPa; 150 K-min’'; 5 min SEIES 97.9 % SEM, EDX, IS
171116 _f28 13 1350 °C ; ~89 MPa; 150 K-min''; 5 min ok ok 98.4 % SEM, IS
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171116 _f16 14
171116 _f20 14
171116 _f24 14
171116 28 14
180221 10min
180221 20min
180221 40min
180221 60min
180221 QENSx
180424 QENSS
180424 QENS4
180424 QENS3
180620 _T1250
180620 T1350
180620_T1450
180620 T1550
180620_T1650
180620 T1750
180621 22
180621 f32
180621 HR25
180621 HRS50
180621 HR75
180622 HR100
180622 30min
180622 1150
180622 1250
181116 T1150
181116_T1250
181116 T1350
181116_T1450
181116 _T1550
181116 _T1650
181117 _HR25
181117 _HRS50
181117 _HR100
181117_HR200
181117_20min
181118 40min
181118 60min
181119 _T1150
181119 T1250
181119 _T1450
181119 _T1550
190304 pt10ms
190304 pt70ms
190304 pt100ms
190304 pt150ms
190304 pt200ms
190304 pt250ms

1450 °C ; ~51 MPa; 150 K-min''; 5 min
1450 °C ; ~64 MPa; 150 K-min'; 5 min
1450 °C ; ~76 MPa; 150 K:min'; 5 min
1450 °C ; ~89 MPa; 150 K-min!; 5 min
1450 °C ; ~62 MPa; 150 K':min!; 10 min
1450 °C ; ~62 MPa; 150 K'min!; 20 min
1450 °C ; ~62 MPa; 150 K'min!; 40 min
1450 °C ; ~62 MPa; 150 K-min!; 60 min
1550 °C ; ~76 MPa; 150 K-min™'; 5 min
1550 °C ; ~51 MPa; 150 K-min'; 5 min
1450 °C ; ~51 MPa; 150 K-min’'; 5 min
1350 °C ; ~51 MPa; 150 K-min'; 5 min
1250 °C ; ~38 MPa; 150 K-min’'; 5 min
1350 °C ; ~38 MPa; 150 K-min'; 5 min
1450 °C ; ~38 MPa; 150 K'min'; 5 min
1550 °C ; ~38 MPa; 150 K-min!; 5 min
1650 °C ; ~38 MPa; 150 K-min'; 5 min
1750 °C ; ~38 MPa; 150 K-min’!; 5 min
1450 °C ; ~70 MPa; 150 K min'; 5 min
1450 °C ; ~100 MPa; 150 K'min'; 5 min
1450 °C ; ~64 MPa; 25 K-min’'; 5 min
1450 °C ; ~64 MPa; 50 K min’!; 5 min
1450 °C ; ~64 MPa; 750 K'min'; 5 min
1450 °C ; ~64 MPa; 100 K-min'; 5 min
1450 °C ; ~76 MPa; 150 K-min'; 30 min
1150 °C ; ~100 MPa; 150 K':min'; 5 min
1250 °C ; ~100 MPa; 150 K min™'; 5 min
1150 °C ; ~64 MPa; 150 K-min’!; 5 min
1250 °C ; ~64 MPa; 150 K-min''; 5 min
1350 °C ; ~64 MPa; 150 K-min!; 5 min
1450 °C ; ~64 MPa; 150 K-min'; 5 min
1550 °C ; ~64 MPa; 150 K-min'; 5 min
1650 °C ; ~64 MPa; 150 K-min'; 5 min
1350 °C ; ~64 MPa; 25 K-min''; 5 min
1350 °C ; ~64 MPa; 50 K min’!; 5 min
1350 °C ; ~64 MPa; 100 K-min'; 5 min
1350 °C ; ~64 MPa; 200 K-min'; 5 min
1350 °C ; ~64 MPa; 150 K-min'; 20 min
1350 °C ; ~64 MPa; 150 K-min™'; 40 min
1350 °C ; ~64 MPa; 150 K-min'; 60 min
1350 °C ; ~51 MPa; 150 K-min’'; 5 min
1350 °C ; ~51 MPa; 150 K-min'; 5 min
1350 °C ; ~51 MPa; 150 K'min'; 5 min
1350 °C ; ~51 MPa; 150 K'min'; 5 min
1350 °C ; ~64 MPa; 150 K'min'; 5 min
1350 °C ; ~64 MPa; 150 K'min'; 5 min
1350 °C ; ~64 MPa; 150 K'min'; 5 min
1350 °C ; ~64 MPa; 150 K-min'; 5 min
1350 °C ; ~64 MPa; 150 K-min’'; 5 min
1350 °C ; ~64 MPa; 150 K-min’'; 5 min

ok ko
sokkx
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ok k
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dok sk
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*ok sk
sk sk
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97.41 %
98.60 %
99.39 %
99.45 %
97.9 %
98.1 %
98.1 %

912 %
94.2 %
97.40 %
97.5%

97.5%
98.1 %
98.0 %
98.2 %

92.02 %
95.96 %
88.9 %
94.14 %
97.86 %
99.39 %
98.42 %

98.35 %
97.99 %
98.03 %
98.74 %
98.12 %
98.19 %

84.3 %
89.3 %
98.6 %
98.36 %

SEM, IS
XRD, SEM
XRD, SEM, IS
XRD, SEM, IS
SEM
XRD, SEM, IS
XRD, SEM

Test sample for QENS

QENS
NCS
QENS
XRD, SEM
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM
XRD,SEM,EDX

XRD,SEM
XRD,SEM,IS
XRD,SEM
XRD,SEM

XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
XRD,SEM,IS
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8.3 Rietveld refinement

Appendix 8.3.1: Details and Formulas used for the Rietveld Refinement from the TOPAS technical
reference.
Structure factor

Fy = Z N;f; exp(2mi(hxj + ky; + lz;) exp(—8muZsin®6/2%)
J
Where N; is the site occupancy multiplier; 4,k,/ are the Miller indices; x;,y;, z; are the atomic
positions; u? is the root-mean-square thermal displacement of the atoms

Gaussian (G) and Lorentzian (L) profile shape function

Vin(2) xp <_4 In(2)(26; — 291<)2>

e
Hn H

L2 <1 + 4(20; — zeK)2>

 Hym HE

Where H? = U tan?@ + V tan@ + W is the full width at half maximum with U,V and W
being refinable parameters [271].
Modified Thompson-Cox-Hastings pseudo Voigt “TCHZ” profile function

TCHZ = nL + (1 — )G
n = 1.36603 g — 0.47719 g% + 0.116 ¢°
q= 1./
I'= (Ip + ATZT, + BIZT? + CTATE + DIGT + I,°)02
A = 2.69269,B = 2.42843,C = 4.47163,D = 0.07842

I; = JU tan*0 + V tand + W + Z/cos*0
[ = Xtan® + Y/cosO

With U,V,W.,X,Y,Z as refinable parameters
Weighted profile R-factor (Rwp) and expected R factor (Rexp) [125, 272]

R = Z{V Wi (Ii,calc - Ii,obs)z R _ (N —P)
e Z{V Wi (Ii,obs) 2 p Z{V w; (Ii,obs) 2

Goodness of fit G




Neutron scattering experiments

8.4 Neutron scattering experiments

Appendix 8.4.1: Important formulas used in the QENS experiments. Q and w are the momentum and
energy transfer, respectively.

Dynamic structure factor for protonic motion in proton conductors [273]

vibrations (Debye-Waller) Elastic contribution Rotations

S(Q,w)=-{-+1 r(e 1 TR(Q) }

T w? + T(Q)? [ ]nwz + 'z (Q)?
motion geometry(EISF)

Elastic incoherent structure factor (EISF)

5¢(Q, »)
5eHQ, w) + S9°(Q, )

F@) =

Where S¢(Q, w) is the elastic intensity and $7¢(Q, w) the quasi-elastic intensity.
Jump model between two equivalent sites [130, 273, 274]

F(Q) = %[1 N sinQ(Sd)

Where d is the distance between the two sites. Q is the momentum transfer.

Spherical diffusion
3j Qd 2

Where d is the radius of the sphere, A the scale factor and ji is the first order spherical Bessel
function.

Appendix 8.4.2: The quartz container used for the QENS experiments. The neutron beam has an area
of 3cm - 2cm and went through the bottom part of the containment where the sample is located. On the
top side there was a stainless steel Swagelok interface to connect the sample with the system. Saturated
argon was transferred through the container.
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Appendix 8.4.3: (a) Spectrum of incident white neutron beam and (b) Spectrum of transmitted neutrons.
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Appendix 8.4.4: The contour plot of a typical QENS signal from BZCY72. The intensity as a function of
energy transfer integrated over all Q-ranges is shown on the top where the resulting peak is from the elastic
and quasi elastic scattering. On the right side the intensity is summed over all AE as a function of momentum
transfer. The visible peak is a Bragg reflection of the system.
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Appendix 8.4.5: Schematic of the VESUVIO TOF spectrometer. The sample sits in the middle inside of
an Al container. Neutrons from the target are slowed down by a water moderator and guided to the setup.
VESUVIO provides routine access to energy transfers from 0.5 eV to 150 eV and momentum transfers
from 20 A" to 300 A™'. 64 forward and 132 backward scattering detectors record the TOF spectra. Energy
selection is done by using an Au foil as resonance filter after scattering. Image is taken from [137].

4

Appendix 8.4.6: Photograph of the VESUVIO ab initio sample setup. The sample is located within the
square shaped aluminum can. The setup is mounted to a rod that includes different seals.

110



APPENDIX

8.5 Impedance spectroscopy

Appendix 8.5.1: Overview over circuit elements relevant for this thesis and their impedance.

Circuit element Current voltage relation Frequency dependent relationship
Resistor Av(t) = RAIi(t) Z(j,w) =R
Capacitor d(4v(t)) . 1
i(t) =C ——— Z(j,w) =——
i(t) I U, w) FaC
Induct d(4i(t Z(j,w) = jowL
nductor Av(t) =L (dt( ) (,w) =jw

Constant phase element 20, ) = — 1n
()" Qo

5| — :
Ny & | H—nc
/ ™ / D
=g /
|
d ) Voltage b ) Voltage

Appendix 8.5.2: The typical electrochemical cell as a nonlinear system: (a) Appling a high ac voltage
results in a distorted response, (b) in the case of a small perturbation voltage the system responds pseudo
linear. Image recreated from [155].

Appendix 8.5.1: Summery of encounterable phenomena in IS and their corresponding capacitance. [155,
158]

Capacitance [F] Phenomenon responsible

10-12-10-" Bulk

10 Minor second phase

1071°-10° Bulk ferromagnetic

1071°-10°8 Grain boundary

10°-107 Surface layer

107-107 Space charge layer/ sample electrode interface
107 Charge transfer

10 Electrochemical reaction

10-3-107! Mass transfer
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C) k ,‘,- .

Appendix 8.5.2: Preparation of BZCY 72 samples for impedance spectroscopy: (a) sintered Pellets on gold
foil (b) pellets after coating with Heraeus platinum paste c) samples inside the Al,O3; impedance jig with Pt
current collectors. The thermocouple and Pt current collectors run inside the small capillary tube.

Pt-coated samples

Appendix 8.5.3: Conductivity measurements at varying pO,: (a) Close up on the sample fixation and Pt
current collectors (b) Setup for measurements of two samples.
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8.6 Properties of BZCY72
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Appendix 8.6.1: XRD patterns of the precursor Cerpotech commercial powder after different heat
treatments.

® BaCO, 2 Tirll
" 210y / /:/ *
A Ce02 // //, /
N A
1 Y203 //////////// * A T
* BZY/BaZrO, /// A e 3 * *
VBCY/BaCeO3 - / /. // % 24 h
xBZCYT2 // S v _
e - s / . ry 12h .S
NSNS 6h =
- NS <
Sy / // iV P
vy yavs Vo , y y 2h
14oo~// YIS, ,
AV s iy : e 1200 °C
1200 /v /. —
21000F . at7/1100°C.2
g soop / 1000 °C -5
q.) .// / /,/ /A /] (Y /, / O
2 600F =
L= V% 900 °C
a0 - /
200 ¢ / untreated
0 KL, /
20 30 40 50 60
26 [°]

Appendix 8.6.2: Progress of phase formation for the lab produced powder starting from the precursor
powders. Calcination temperatures of at least 1200°C are necessary to form barium cerate and zirconate.
After ball milling, the final perovskite phase BZCY72 is formed from BZY and BCY.
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Appendix 8.6.3: Rietveld refinements of BZCY72 pellets sintered by different methods.
(a) SPS lab produced, (b) SPS commercial, (c) solid-state reactive sintering (d) conventional
sintering.
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Appendix 8.6.4: 3D imaging and profiling of fractured cross-section of BZCY72 samples: (a) Sample
prepared by SPS using commercial powder, (b) Sample prepared by SSRS. Images were created
using the MeX software from Bruker Alicona.
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Appendix 8.6.5: TGA Measurements were carried out by a STA instrument (STA7200RV, Hitachi) for
170-200 mg of powder using a Pt pan. The samples were heated at 5 °C/min from 40 °C to 950 °C under
Ar atmosphere with a gas flow of 100 ml/min, while the weight change was recorded simultaneously. After
reaching 950 °C the temperature was held for 20 min and then subsequently cooled at 5 °C/min to 40 °C,
which was held again for 20 min.

100.3 e 100

100.2

[%] [.°HO]

100.1

100.0

99.9

Mass [%]

99.8

—— TG Commercial
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Temperature [°C]

99.7

Weight traces and protonic defect concentration of the commercial and lab-produced sample in 3 % H>O
Argon atmosphere. For both samples similar weight traces are observed. The weight uptake during heating
can be correlated to water incorporation (hydration) whilst the weight loss maybe attributable to water loss
(dehydration), although other species such as carbon dioxide may also be lost during heating [275]. For the
lab-produced sample, the weight uptake happens between temperatures T = 300 °C and T, = 480 °C, with
a weight gain of 0.11 % corresponding to an estimated content of 38 % vacancies being filled by protonic
defects. For the commercial sample, a larger weight gain of 0.15 mass% occurred at significant lower
temperatures T =230 °C and T, = 380 °C, with 52% of the vacancy being hydrated at its maximum value.
This may be caused by the higher Ce*" content calculated by Rietveld refinement of XRD data. Also,
equilibration of the lab-produced sample during heating in moist atmosphere might be poor due to its high
density as compared to the commercial sample that was observed to contain some porosity. At Tz = 860 °C
there is an inflection point apparent which is more distinct in the trace for the commercial sample. Above
this temperature, weight loss occurs probably due to commencement of oxygen loss from the perovskite or
marking commencement of decomposition of barium carbonate that is present as a minor phase.
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8.7 Influence of SPS parameters on BZCY72
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Appendix 8.7.1: The detailed progression of the relative piston position in dependence of the (a) maximum
sintering temperature at p = 76 MPa and (b) the applied pressure at T = 1350°C.
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Appendix 8.7.2: Approximate degradation time for BZCY72 as a function of the sintering temperature
and the applied pressure. Observation was carried out over one year.
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1250 °C

1350 °C

1550 °C

Appendix 8.7.3: Images of the polished cross section of BZCY72 samples prepared at different sintering
temperatures taken by light microscopy. The difference in color is related to the increasing reduction of
mainly Ce and enhanced diffusion of C into the sample at higher sintering temperatures. Interestingly, this
process starts from the top site of the sample likely due to the direction of the DC current.
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Appendix 8.7.4: Top: Exemplary Rietveld refinement of the BZCY72 sample sintered at 1350 °C,

76 MPa, 150 K/min and 5 min dwell time. The observed XRD pattern is represented by red dots while the
calculated pattern is shown as black line and the difference as blue line.

Bottom: Structural parameters and selected B — O bond characteristics obtained from Rietveld refinement
for different sintering temperatures (76 MPa) and applied pressures (1350 °C). The heating rates and
holding times were kept at 150 K/min and 5 min, respectively.

Tmax [°C] | a [A] c [A] crystallites [nm] strain [10°] Bond length [A] Angle [°]  Rwp [%]
1150 6.0142) 14.701(5) 62(7) L1 2.1337(6) 89.681(15) 445
1250 6.0152) 14.700(5) 63(6) 1.01(9) 2.1341(7) 89.675(18) 4.86
1350 6.014(1) 14.7043) 76(7) 0.84(6) 2.1324(5) 89.732(13) 4.39
1450 6.014(1) 14.707(3) 88(7) 0.86(7) 2.1333(5) 89.733(13) 3.93
1550 6.014(1) 14.702(3) 108(9) 0.91(8) 2.1327(6) 89.743(14) 4.28
1650 6.014(1) 14.7054) 170(12) 0.90(9) 2.1312(5) 89.765(14) 4.48
p [MPa] | a [A] c[A] crystallites [nm] strain [10°] Bond length [A] Angle [°]  Rwp [%]
39 6.0183) 14.761(6) 116(9) 1.1Q2) 2.1378(9) 89.808(2)  4.15
51 6.0152) 14.711(5) 94(7) 0.93(9) 2.1357(8) 89.680(19) 5.1
64 6.0142) 14.7043) 76(7) 0.84(3) 2.1324(5) 89.732(12) 4.39
76 6.0103) 14.700(4) 51(5) 1.0(1) 2.1325(4) 89.711(11) 3.05
101 5.998(3) 14.690(7) 54(6) 1.8(3) 2.1304(6) 89.733(13) 5.5
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S *v ' ' Calculated sum
1.0 g8 7 > Observed
: —— Difference
0.8 — T'(Ba)
iy —BaCO,
=
S, 0.6 — &' (Zr-Op)
2 — 3" (Ce-Oy)
)
C [ )
5 04 8" (Y-Og)
< , V' (Zr-Og)
0.2 V' (Ce-Og)
V' (Ce-04-V©°)
0-0 Vl (Z 06 VOO)
v' (CO%)
200 400 600 800 1000
Wavenumber [cm]
Mode Wavenumber FWHM Area Assignment
Vi 108 cm™ - - Translational oscillation of Ba
V2 134 cm™! 52.74 19.6 Lattice mode BaCO;
V3 148 cm™ - - Lattice mode BaCO;
V4 230cm’! 55.85 19.8 Zr—0 bending mode
Vs 290 cm’! 78.99 9.4 Ce-O bending mode
V6 368 cm'! 23.7 0.7 Y-O bending mode
V7 490 cm™ 50.2 43.0 CeOg octaredra stretching
Vs 534 cm’! 96.9 40.3 Z1Og octaredra stretching
Vo 701 cm! 43.1 5.6 Zr-O stretching mode
disturbed by near V**
V10 740 cm™! 71.4 11.51 Ce-O stretching mode
disturbed by near V**
Vit 1059 cm’! 18.0 5.4 Symmetric stretch of CO5*

Appendix 8.7.5: Analysis,

Fitting process (WiRE software) and additional data for the Raman
spectroscopy. The 11 Modes are described by Pseudo Voigt Profile functions for the analysis part. All

modes were assigned according to various sources [194-196, 276].

120



APPENDIX

Intensity [a.u.]

200 400 600 800 1000

Wavenumber [cm™]

Appendix 8.7.6: Raman spectra of BZCY72 pellets for different applied pressures at 1350 °C, 150 K/min
and 5 min dwell time with all major modes explained in section 4.1.3.
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Appendix 8.7.7: EDX spectra of BZCY 72 prepared at 1550 °C and 76 MPa using commercial powder with
all elements and their characteristic energies shown in the graph.
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Appendix 8.7.8: SEM micrographs of the BZCY72 sample measured in different oxygen partial pressure
atmospheres. (a) Before IS measurement in wet oxygen atmosphere (b) after the measurement. The needles
are Ba(OH); crystals forming in humid oxidizing atmosphere from BaO impurities [203].
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Appendix 8.7.9: Detailed progression of the plunger displacement during the SPS process on BZCY72
sample using varying heating rates.
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Appendix 8.7.10: Results from the Rietveld refinement of BZCY72 samples prepared by SPS applying
various heating rates. Sintering temperature and applied pressure where 1350 °C and 76 MPa, respectively.

HR [K/min] | a [A] c[A] Crystallites [nm]  Strain [10°] Bond length [A] Angle [°] Rwp
25 6.015(7) 14.724(8) 127(10) 0.54(4) 2.132(2) 89.815(3) 5.69
50 6.013(5) 14.703(7) 89(16) 0.75(6) 2.1320(9) 89.780(2) 5.47
100 6.0147(3) 14.71(1)  86(7) 1.12(9) 2.132(1) 89.785(3) 5.15
150 6.014(1)  14.704(3) 76(4) 0.84(6) 2.1324(5) 89.732(2) 4.39
200 6.0132)  14.7088) 72(7) 1.9Q2) 2.132(1) 89.716(2) 4.12

Appendix 8.7.11: TEM-EDX mapping of the grain boundary for a BZCY72 sample prepared at 1350 °C,
76 MPa and a heating rate of 50 K/min.

123



Influence of SPS parameters on BZCY72

1

1400 F 100

C

21200 | 80

1000 — 60

800

Temperature
[edIN] @inssald

1

20

(¢)]
T
|
|
|
|
|
|
1

N
T
1

TTTTTTT T
1

—— 60 min ]
40 min 1}
20 min ]

A piston position [mm]
w
T

-
T
1

TR RPN N S NP N S S |

10 20 30 40 50 60 70 80
Process time [min]

o
T

Appendix 8.7.12: Detailed progression of the plunger displacement during the SPS process on BZCY72
sample using varying dwell times.
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Appendix 8.7.13: Raman spectra of BZCY72 pellets for different holding times with all modes explained

in section 4.1.2 and additional C diffusion impurities (T = 1350 °C. p = 76 MPa, HR = 150 K/min).
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Appendix 8.7.14: Results from the Rietveld refinement of BZCY72 samples prepared by SPS applying
various holding times. Sintering temperature and applied pressure where 1350 °C and 76 MPa, respectively.

Time [min] | a [A] c [A] Crystallites [nm]  Strain [10°] Bond length [A] Angle [°] Rwp
5 6.014(1) 14.704(3) 76(4) 0.84(6) 2.1324(5) 89.732(2) 4.39
20 6.015(2)  14.707(8) 78(4) 1.93) 2.1326(9) 89.750(2) 4.98
40 6.012(3)  14.703(6) 81(5) 1.8(3) 2.132(12) 89.746(3) 4.82
60 6.0133) 14.71(17) 134(15) 2.6(4) 2.133(3) 89.780(5) 5.15
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Appendix 8.7.16: IS data obtained at 300 °C in 3 % moist 5% H/Ar atmosphere for BZCY72 samples
prepared by SPS at different holding times (T = 1350 °C, p= 76 MPa, HR = 150 K/min). Left: Nyquist plot,
Right: Spectroscopic plot and modulus plot.
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Appendix 8.7.17: Bulk and GB activation energies for different holding times extracted from figure 4.31.
(T =1350 °C, p= 76 MPa, HR = 150 K/min).
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Appendix 8.7.18: According to chapter 4, the best set of conditions for SPS is T = 1350 °C, p = 76 MPa,
HR = 150 K/min and t = 5 min. To confirm reproducibility, a second sample following those parameters
was prepared. The resulting sample was stable as shown as picture in the graph. The total conductivity was
measured up to 800 °C and is in accordance with former results. Due to water loss the Arrhenius plots starts
bending above 650 °C. Conductivity: 6 = 1.06- 10~ S-cm-! at 600 °C and 6 = 4.6- 10 S-cm-tat 800 °C.
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8.8 Neutron studies of BZCY72
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Appendix 8.8.1: QENS spectra of BZCY72 at various Q-values at T = 600 °C. The points represent the
energy binned experimental data, grey areas are the elastic scattering part (resolution function) and black
the quasi-elastic contribution. (a) SPS sample prepared at 1350 °C, (b) SPS sample prepared at 1550 °C.
The elastic contribution is truncated to emphasize the quasi-elastic peak (p= 76 MPa, HR = 150 K/min).
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Neutron studies of BZCY72

Appendix 8.8.2: Diffusion constants of mobile species obtained by the Fick diffusion approximation
through equation 5.1 (p= 76 MPa, HR = 150 K/min).

Temperature Tsinyer = 1350 °C Tsinter = 1550 °C
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Appendix 8.8.3: Neutron diffraction (ND) data recorded at VESUVIO for SPS prepared (1450 °C, 76 MPa,
150 K/min and 5 min) BZCY72 at (a) 300 K and (b) 70 K. Open red symbols — experimental data, thin
black solid line — the Rietveld fit to the data, thin blue solid line — residual, thin vertical green lines — refined
and indexed positions of the Bragg reflexes. The raw ND data were reduced using Mantid software and
exported as ASCII for further treatment and Rietveld refinement using the TOPAS 5.0 software (Rw, = 2%).
The d-spacing regions between 1.38 and 1.48 and between 2.23 and 2.40 corresponding to the scattering of
the aluminium sample container have been excluded from the refinement.

Appendix 8.8.4: Root-mean-square deviations (RMSD) of atomic positions in the unit cell of BZCY72
obtained from XRD (untreated pellet) and ND (hydrated sample) refinement. The higher numbers for
oxygen indicate the effect of the O — H bonding from the incorporated protonic defects.

Atom type RMSD [A] at 300 K RMSD [A] at 70 K

Ba 0.0022 0.0082
Zr 0.0022 0.0076
Ce 0.0022 0.0076
Y 0.0022 0.0076
0) 0.0783 0.0405
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Appendix 8.8.5: Values of the widths of Gaussian recoil peaks fitted to BZCY72 data recorded in
backscattering. Widths are given by the Boltzmann population of partial vibrational densities of states
causing Doppler broadening. The sample was prepared by SPS at 1450 °C, 76 MPa and 150 K/min.

r0.5

Appendix 8.8.6: Neutron Compton Scattering (NCS) of BZCY72 in forward scattering for all measured
temperatures minus 70 K measured at VESUVIO. The black data points with error bars represent the
corrected NCS data and the red solid line the total fit to the data. The presented data has been corrected for
multiple scattering and gamma background, according to the procedure described in section 2.3.5.
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8.9 Co-sintering of a membrane-electrode-assembly

Appendix 8.9.1: Results of the Rietveld refinement for the reduced and non-reduced part of the electrode.

Non-reduced layer Reduced layer

Rexp =0.97 pr: 3.20 Rexp =1.85 pr: 2.82
Rp =227 »*=3.30 Rp=2.00 2=1.52
Quantitative Analysis Quantitative Analysis
NiO: 57.2(2) % Ni: 82.1(11) %
BZCY72: 37.8(3) % BZCY72: 16.2(3) %
BaNiOs: 1.5(2) % BaCOs: 1.7(2) %

BaY;NiOs: 2.4(5) %
BaCOs: 1.5(2) %

Nickel oxide Nickel

Space group: Fm3m Space group: Fm3m

Lattice parameter: a=4.178(1) A Lattice parameter: a = 3.524(1) A

Crystallite size: 330(16) nm Crystallite size: 174(9) nm

BaZro.7Ce0.2Y0.103-5 BaZro.7Ce0.2Y0.103-5

Space group: R3c Space group: R3c

Lattice parameter: a = 5.968(4) A Lattice parameter: a =5.980(3) A
c=14.686(13) A c=14.714(14) A

Crystallite size: 57(9) nm Crystallite size: 69(15) nm

Ba Occupancy: 0.92(2) Ba Occupancy: 0.98(3)

Zr/Y Occupancy: 0.79 (18) Zr/Y Occupancy: 0.82 (2)

I
5pum

Appendix 8.9.2: SEM image of the interface between electrode and electrolyte for SPS prepared
symmetrical NiO-BZCY72 cell prepared at 1350 °C, 76 MPa and 150 K/min.
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