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General introduction

GENERAL INTRODUCTION

With the increasing need for energy and global climate change, it is necessary to find
an alternative to fossil fuels (coal, oil, natural gas) and nuclear energy. Indeed, the use of these
resources is the major cause of greenhouse gas emissions and polluting gases and, moreover,
they are not inexhaustible. Renewable energy production systems such as wind turbines and
photovoltaic panels are highly sustainable, however, they operate intermittently. The need for
a constant energetic supply has paved the way for the use of hydrogen as an energetic vector.

In an ideal energy cycle, hydrogen is produced by sustainable systems, stored in a tank
and used into a fuel cell to fill the lack of electricity as needed. This thesis work focuses on the
fuel cell part of the cycle. Nowadays, two fuel cell technologies are more or less mature: the
proton exchange membrane fuel cell that operates at low temperature, typically bellow 200 °C,
and the solid oxide fuel cell, based on oxide ion conduction, that operates at a temperature
higher than 700 °C. The solid oxide fuel cell presents important advantages such as excellent
efficiency, fuel flexibility and the use of non-precious materials but the high operating
temperature leads to a strong degradation of the system.

This context is the driving force for the emergence of fuel cell technology which is the
subject of this study: the protonic ceramic fuel cell (PCFC). As in solid oxide fuel cells, ceramic
materials are the components of PCFC with protons as active ion species. Proton has a lower
activation energy than the oxygen ion involved in solid oxide fuel cell, allowing to decrease the
working temperature of the system in the 400 — 600 °C range. Moreover, the PCFCs exhibit the
same merits as the solid oxide fuel cells in terms of efficiency and fuel flexibility.

The protonic conduction in some oxides has been reported in early 80’s and the research
on PCFC has begun in 90’s. At the Interdisciplinaire Carnot de Bourgogne (ICB) laboratory,
work on PCFC started in 2005 with the thesis work of Sandrine Ricote [1]. Despite intensive
research around the world, several challenges remain in the PCFC area. One of the most
important resides in the highly refractory nature of the conventional electrolyte materials
requiring very high synthesis temperatures by the ceramic route and even higher temperatures
during the sintering. To answer this problematic, the hydrothermal synthesis allowing to
considerably reduce the temperature of synthesis was used in this study. In particular, a
hydrothermal device allowing a continuous synthesis and developed at the ICB laboratory since
2003 was employed. This work is a part of the Pilot-HY project (oPtimisation d’une cellule de
plLe a cOmbustible foncTionnant a I’HYdrogene), financed by the EIPHI (Engineering and
Innovation through Physical Sciences, High-technologies, and crossdlisciplinary research)
graduate school, the Bourgogne Franche-Comté region and the Fond Européen de
Développement Régional (FEDER).

The thesis manuscript is divided into four main chapters, followed by an annex chapter
concerning SOFC at the end of the manuscript.
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The first chapter exposes the energy context with a focus on the hydrogen solution. In
the second part, the different fuel cell technologies are presented and the PCFC principle is
described. In the last part, the different possible materials of each component of an elementary
cell (anode, electrolyte and cathode) are presented.

The second chapter focuses on the hydrothermal synthesis of the protonic conductor.
The two devices used in this thesis work, the batch and the continuous devices, are described.
In the second section, the results concerning the synthesis of the electrolyte material among the
Y-doped BaCeOs-BaZrOz solid solution are shown. The third part displays further
characterization (structural, microstructure, compositional and chemical) on the chosen
electrolyte material: BaZrogY0.203-5. The same analyses after annealing treatment at 1000 °C to
homogenize the powder are presented in the fourth section. Finally, the assumed synthesis
mechanism and the optimization of the synthesis procedure is shown in the last section.

The third chapter concerns the electrochemical impedance spectroscopy (EIS) of the
protonic conductor. In the first section, the principle of EIS is described. The defect chemistry
and the charge carrier species in perovskite protonic conductors are detailed, the definition and
the measurement of the conductivity are presented. In the second section, the preparation of the
symmetrical cell for the impedance measurement is described. A particular attention to the
sintering behavior and the improvement of the sinterability of BaZro.sY 02035 is given. The third
part shows the impedance measurements completed in a wide range of temperature and the
evolution of the conductivity on three samples: BaZrogY0.203-5 elaborated by the continuous
route, BaZrogY0.203-5 synthesized by the batch process and a commercial BaZrogY0.203-5 as a
comparison.

The fourth chapter deals with the elaboration of the PCFC. Two routes are evaluated.
After an introduction to present the specification of the cells, the first route consisting of a co-
tape casting and co-sintering is presented and characterizations of the elaborated half-cells are
exposed. The third section outlines the manufacturing of complete cells by co-tape casting,
reactive pulsed DC sputtering and spray deposition in order to improve the performances of the
cells. The structure and microstructure at each step of the fabrication are analyzed. In the last
section, the performances of the complete cells measured by EIS are presented.

The annex chapter presents results on solid oxide fuel cell with CeogSmo202-5 as
electrolyte material. The purpose of this study was to work out the electrochemical analysis
techniques used to test BaZrosYo0.2035 and PCFCs. In this section, the electrolyte material is
presented. Then, impedance measurements on Ceo.sSmo.202-5 symmetrical cells are exhibited,
a comparison of two electrode materials, Pt and Lao.eSro.4C0o.2Feo.80s-5 is given. The last section
provides the preparation of SOFC complete cells by co-tape casting and co-sintering, the
electrochemical performances and the study of the degradation of the cell.
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CHAPTER 1: STATE OF THE ART

The purpose of this first chapter is to describe, firstly, the current energy context and the
hydrogen solution. Secondly, the different fuel cell technologies are presented and the operation
of Protonic Ceramic Fuel Cell (PCFC) are described. Special attention will be given to the
mechanism of protonic diffusion. Finally, the specifications concerning the materials of each
constituent of an elementary fuel cell (anode, electrolyte and cathode) are established and the
materials matching the specifications are presented.

I.  The hydrogen solution

In 2018 and 2019, the society has consumed nearly 14,000 million tons of oil equivalent
(TOE), in which 12,000 million tons of oil equivalent were fossil fuels (oil, coal, natural gas)
as shown in Figure 1.1 [2]. This represents more than 85% of global energy consumption and
generates significant greenhouse gas emissions leading to a rise in global temperature. Even
though the worldwide energy consumption decreased by 3.5 % in 2020 due to the global
pandemic, the energy consumption started to rise again with a 4.1 % growth in 2021 [3].
According to the estimations of the Intergovernmental Panel on Climate Change (IPCC), global
warming is expected to reach 1.5°C between 2030 and 2052 compared to the pre-industrial
period if emissions continue to increase at the current rate [4].

Figure 1.2 exposes the forecasts concerning energy consumption in the new policies
scenario [5]. This scenario takes into account the policy commitment and the plans announced
by the countries. As exposed in the figure, the share of renewables increases but the use of fossil
fuels is still important and contributes to the rise of greenhouse gases emissions. Furthermore,
fossil energies are non-renewable on the scale of a human life, and their depletion will pose
significant problems for society. According to statistics from the Engie Group, oil, natural gas
and coal reserves are expected to cover 54, 67 and 120 years of current consumption
respectively [6]. Therefore, it becomes critical to ensure the energy transition.

Wind turbines and photovoltaic panels are some of the means envisaged. However,
these devices generate electricity intermittently and therefore cannot ensure a constant response
to the demand. Moreover, the major part of this energy is produced during the day, where the
demand is the lowest, thus, a significant part of this energy is lost. One solution to improve
efficiency is to store excess energy by the mean of hydrogen. Compared to petrol, hydrogen is
an excellent energy carrier, indeed, 1 kg of hydrogen contains 33 kWh of usable energy,
whereas gasoline and diesel only hold about 12 kWh/kg [7].
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Figure 1.2: Global energy consumption by fuel and projections up to 2040 [5]

Hydrogen is not present in its native state on Earth and about 96% of hydrogen is
produced from fossil fuel, mainly by hydrocarbon steam reforming [8]. The remaining 4%
comes from water electrolysis, a free greenhouse gas emission process [8]. The shares of
production methods of hydrogen based on the review from Pinsky et al. are presented in
Figure 1.3 [8]. Currently, research focuses on improving the efficiency of electrolysis and,
consequently, increasing the part of hydrogen produced by water electrolysis.
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Figure 1.3: Shares of hydrogen production methods based on the review from [8]

In an ideal energy cycle, hydrogen could be generated by water electrolysis from wind
turbines and photovoltaic panels excess electricity. Produced hydrogen could be stored in a tank
and used into a fuel cell to produce electricity when needed. Closed system tests have been
conducted in several projects, such as the EOLBUS project in Auxerre, a pilot project involving
wind turbine to produce hydrogen by electrolysis and the use of hydrogen into fuel cell electric
buses [9] or the Energy Observer, a zero-emission boat combining solar panels, wind turbine,
electrolyzer and fuel cell [10].

Il.  The fuel cell technology

Fuel cells are electrochemical devices that allow the direct conversion of chemical
energy into electrical energy through oxidation-reduction reactions. Wet run on pure Hy, the
only by-products are electrons and water vapor.

I1.1. Historic and generalities

In 1839, the English scientist Sir William Grove built the first system producing
electricity from gas. It was a hydrogen-oxygen cell with platinum electrodes and sulphuric acid
as electrolyte [11]. Grove detected an electric current between the electrodes when he
introduced oxygen into one electrode and hydrogen at the other electrode, however, his
discovery did not attract much academic interest. The industrial interest in fuel cells is based
on the work of Francis Thomas Bacon. In 1953, he produced a prototype Alkaline Fuel Cell,
which has served as a model for the fuel cells used in the Apollo space missions [12].

The first Solid Oxide Fuel Cell (SOFC), a fuel cell based on ceramic materials, was
developed by Baur and Preis in 1937 [13]. This cell operated at 1000 °C. Since then, a lot of
research has been done to lower the working temperature.
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The protonic conduction at high temperature in perovskite material was highlighted in
1981 by Iwahara et al. [14]. This work has paved the way for a new type of fuel cell: the
Protonic Ceramic Fuel Cell (PCFC). These cells use ceramic materials such as SOFCs but work
at an intermediate temperature (400-600 °C). As shown in Figure 1.4, the interest for high
temperature proton conductors has continuously increased over the years. Indeed, in 2020, the
number of papers containing “high temperature proton conductors” was 1638 on ScienceDirect
website.
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Figure 1.4: Number of publications per year in ScienceDirect with "high temperature proton
conductors™ as keywords (in October 2021)

An elementary fuel cell consists of an anode, where the fuel (e.g., hydrogen) is oxidized,
an electrolyte, which allows the passage of ions, and a cathode, where the oxidant (e.g., oxygen
from the air) is reduced. As the electrolyte is electrically insulating, the electrons are collected
at the electrodes by metal interconnectors, the electrons circulate in an external electrical circuit
and thus generate electricity. The elementary cells are assembled one on the other through
interconnects to form a "stack™. The power of the stack depends on the number of elementary
cells.

11.2. The different fuel cell technologies

There are several categories of fuel cells depending on the nature of the electrolyte
material, they differ by the type of conducting species and by the working range of temperature.
Figure 1.5 summarizes the characteristics of each type of fuel cell.
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Figure 1.5: The different fuel cell technologies (adapted from [15])

The research interest has mainly focused on Solid Oxide Fuel Cell (SOFC) and Proton
Exchange Membrane Fuel Cell (PEMFC) for several years [16], [17]. PEMFCs are well
advanced types of fuel cells that are suitable for cars and mass transportation. One of the main
drawbacks of this system is that PEMFCs have to be fed with ultra-pure hydrogen to avoid
carbon monoxide and sulfur poisoning. Commercialized PEMFCs typically use
perfluorosulfonic acid (Nafion) as membrane. To maintain optimal performances, the Nafion
membrane must be hydrated, for this reason, PEMFCs operate at temperatures below 100°C
[18]. However, heat is needed for a good kinetic reaction. In this context, research in PEMFC
systems concentrates on increasing the operating temperature of these systems.

In SOFC, the electrolyte material is a ceramic, classically yttrium-doped zirconia or
samarium or gadolinium-doped ceria. These systems are promising for stationary applications
due to their high efficiency, the possible cogeneration of heat and the ability to use a large
variety of fuels, even natural gas [16]. However, the high working temperature (600-1000°C)
leads to a strong degradation of the components and requires expensive specific materials for
interconnector and sealing parts.

A consensus has thus emerged for the development of Protonic Ceramic Fuel Cell able
to operate at intermediate temperatures (in the 400-600 °C temperature range). At these
temperatures, the aging of materials is slower, cogeneration of heat is still possible and a high
hydrogen purity is not necessary. Furthermore, less expensive standard interconnector materials
(like metallic alloys) can be used.

Work on PCFCs at the ICB laboratory started in 2005. The governmental plan to
develop hydrogen in France in 2018 has sparked a renewed interest in fuel cell research at the
ICB laboratory. This work, financed by the EIPHI graduate school, is a part of the Pilot-HY
project, a project funded by the Bourgogne Franche-Comté region and the Fond Européen de
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Développement Régional (FEDER) within the framework of the national “Territoires
hydrogene™ label.

I11. Protonic Ceramic Fuel Cells (PCFC)

PCFCs use an intermediate technology between the PEMFC and SOFC. PCFCs are
characterized by a proton conductive membrane made of ceramic material.

I11.1. Operation mechanism

In Protonic Ceramic Fuel Cell (PCFC), the active species is the proton. The hydrogen
gas is oxidized at the anode, releasing protons and electrons. The electrons reach the cathode
via an external circuit, generating an electric current. The protons pass through the electrolyte
to the cathode. The combination of electrons, protons and oxygen results in the formation of
water at the cathode, whereas for a SOFC cell, water vapor is produced at the anode. This
operation mechanism is represented in Figure 1.6.

]
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Figure 1.6: Operation mechanism in PCFC

111.2. Protonic conduction

Since the discovery of protonic conduction at high temperatures in cerate and zirconate-
based perovskite by Iwahara et al. in the early 80s, many applications using this property have
been developed [14], [19]. These applications include fuel cells, hydrogen sensors and steam

10
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electrolyzers [20]. The protonic conduction can be decomposed into two steps that will be
developed in the following paragraphs: the proton incorporation and the proton migration.

[11.2.a. Proton incorporation

Proton species are formed by dissociative adsorption of water vapor in oxygen vacancy
as shown in Reaction 1.1 [21].

H,0(g) +V§* + 0f & 20H; Reaction 1.1
The water reacts with an oxygen from the lattice leading to the formation of two protonic
defects in the form of hydroxyl species. As shown in this reaction, oxygen vacancies play an
important role in proton incorporation, they are usually introduced by doping with an element
of a lower valence.

When the material is exposed to H> containing atmosphere, proton incorporation occurs
by following the Reaction 1.2 [22].

%Hz(g) + 0% - OH} + ¢’ Reaction 1.2

This reaction leads to the emergence of electronic conductivity in a reductive
atmosphere which is not favorable for the cell performances.

Furthermore, the introduction of oxygen vacancies also leads to oxygen ion conductivity
at high temperatures, i.e., when the energy needed for the oxygen ions to jump from their
original sites to adjacent vacant sites is low [23].

A study from Nomura and Kageyama has shown that predominant proton conduction
appears below 600 °C in the presence of water vapor and/or hydrogen, the predominant oxide-
ion conduction happens under dry and low P(O2) conditions and the predominant hole
conduction domain takes place under dry and high P(O.) conditions [24]. These results are
consistent with the studies from Iwahara [19] and Bonanos and Poulsen [25]. Figure 1.7 shows
the “charge carrier map” of Y-doped BaZrOz from the work of Nomura and Kageyama. To
resume, in order to have sufficient protonic conductivity, it is necessary to operate under a
humid reducing atmosphere.

11
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Figure I.7: The “charge carrier map” of BaZrogY0203-sbetween 673 and 873 K [24]

I11.2.b. Proton migration

The conductivity depends not only on the number of charge carriers but also on the
mobility of the charge carriers. For proton conduction, three relevant conduction mechanisms
have been proposed [26]. The first considers that the proton is bound to a mobile ion, e.g., an
oxygen ion, to form a mobile OH" hydroxyl group. The second assumes that the proton is
attached to a mobile molecule such as water or ammonia, to form a hydronium ion HsO" or an
ammonium ion NH4". In both cases, the proton then moves through the network via "a vehicle
mechanism". The third mechanism considers the proton acceptor site to be a stationary ion in
the lattice. In this case, the proton jump from the acceptor site to an adjacent site. This transport
model is called the Grotthuss mechanism.

In perovskite oxides, the most common PCFC electrolyte material, the Grotthuss
mechanism was confirmed using quantum-MD simulation [27]. The proton, in the form of
hydroxyl specie, moves from oxygen ion to oxygen ion following a two-step mechanism:

- the rotation of the proton. This step presents a very low activation energy (Ea < 0.1
eV)

- the proton jump to the nearest acceptor site neighbor. This process is considered as the
limiting step of proton conduction [28]-[30].

This mechanism is illustrated in Figure 1.8.

12
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Figure 1.8: The Grotthuss mechanism: rotation and proton transfer [27]

111.3. Constituent materials of PCFC

This paragraph describes the material specification for each part of the elementary cell
and the possible materials that meet the specifications.

I11.3.a. Specifications

Detailed materials specifications for PCFC components are difficult to ascertain as this
technology is not yet mature [31]. However, it is possible to draw up the specifications of PCFC
components based on that corresponding to the SOFC [23], [32]-[34].

The electrodes must have high electro-catalytic activity regarding the oxidation-
reduction reactions, i.e. the oxidation of hydrogen on the anode side and the reduction of oxygen
on the cathode side. Their electronic conductivity must be higher than 100 S.cm™ at the
operating temperature and a protonic conductivity of 10®° S.cm™ should be sufficient. The
polarization resistance of the electrodes is characterized by the area specific resistance (ASR),
and, in order to obtain good electrochemical performance, the ASR of both cathode and anode
have to be lower than 0.3 Q.cm?. The anode has to be stable in a water-containing reductive
atmosphere and the cathode has to be stable in a water-containing oxidizing atmosphere.
Finally, both electrodes must present a porous microstructure.

The electrolyte has a large impact on fuel cell performance through its contribution to
the internal ohmic resistance. For optimum cell performance, the electrolyte has to exhibit a
protonic conductivity greater than 102 S.cm™ at the operating temperature and has to be an
electronic insulator or to present negligible electronic conductivity. The electrolyte must be
stable in both water-containing reducing and oxidizing atmosphere and, finally, it must have a
dense microstructure to ensure gas separation.

Lastly, the chosen materials must have similar thermal expansion coefficients in order
to avoid mechanical stresses during the elaboration and the thermal cycling in operation. They

13
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must also be chemically stable toward the other cell components in order to prevent chemical
reactions leading to an insulating phase.

The different specifications of each part of the elementary cell are presented in
Table I.1.

Element of the cell Anode Electrolyte Cathode
Protonic
conductivity > 102 S.cm™ 5 4 >102S.cm?
>10“S.cm
between 400 and 600 preferable preferable
°C
Electronic
conductivit -
y >100 S.cm™ Negligible >100 S.cm™
between 400 and 600
°C
Area specific ) ) )
<0.3 Q.cm <0.3Q.cm <0.3Q.cm

resistance (ASR)
Microstructure Porous Dense Porous
Table 1.1: Specification for each part of elementary cell, adapted from [23], [32], [33].

The cell interconnects have to separate fuel and oxidant gases in addition to the electrons
collection. Then, the cell interconnects must present a good electronic conductivity (> 100
S.cm™) and have to be chemically stable against water-containing reducing and oxidizing
atmosphere at the operating temperature.

[11.3.b. Electrolyte materials

Several materials present protonic conduction in the 400 — 600 °C range. The
perovskite-type oxides have attracted the most attention. Some pyrochlore-type, Fergusonic-
type and fluorite-type structure have also been considered.

I11.3.b.i. Perovskite-type materials

The perovskite is defined by ABOs formula. The crystal structure is presented in
Figure 1.9. The substitution of B site by a trivalent element creates the oxygen vacancies
required for proton incorporation.

14
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Figure 1.9: Perovskite crystal structure where the blue spheres represent the A cation, the
black sphere the B cation and the red spheres the oxygen anion.

Acceptor-doped A2*B*Os-type perovskites are the most studied electrolyte materials.
Research in perovskite-type materials for proton conductors has started with the work of
Iwahara et al. on SrCeOs with Ce partially substituted by an aliovalent cation like Yb or Mg
[14]. Since then, two major classes of perovskite-type proton conductors have emerged: the
cerate-based materials and the zirconate-based materials [17], [35], [36].

BaCeOs-based oxides are currently the most studied electrolyte material for PCFC [17],
[37]-[40]. It is generally reported that doped-BaCeOs exhibits the highest protonic conductivity
among the perovskite-type material [27], [41]-[44]. Several dopants like Y, Nd, Yb, Gd or In
have been examined [40], [45]-[47] and Y-doped BaCeOz appears to be the most promising
electrolyte candidate with a protonic conductivity equal or superior to 2 x 102 S.cm™ & 600°C
[42], [48]-[50].

However, BaCeOz-based perovskites exhibit low stability in H>O and/or CO- containing
atmosphere which limits their practical application. Indeed, BaCeO3 reacts with water vapor to
form barium hydroxide (Reaction 1.3) and reacts with CO, to form barium carbonate
(Reactionl.4) [41], [43], [51], [52]:

BaCeOs + H2O — Ba(OH)2 + CeO> Reaction 1.3
BaCeOs + CO2, — BaCO3 + CeO2 Reaction 1.4

To increase BaCeOs stability, some researchers have investigated the co-doping by a
metallic and a non-metallic element [53], [54]. Wang et al. considered the influence of ClI
doping on BaCep.sSmo.203-5 on stability and protonic conductivity. Even if the stability against
CO2 was improved, they highlighted a drop in the conductivity [55]. Su et al. studied F-doped
BaCeo.sSmo.203-5, they succeeded to improved chemical stability and no conductivity loss was
observed [56].

Acceptor-doped BaZrOs is considered as a good electrolyte material, especially with a
substitution of 20%mol of yttrium [57]-[59]. Y-doped BaZrOs presents excellent chemical
stability [36], [38], [60]. However, the highly refractive nature of BaZrOs requires high
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sintering temperatures (1600-1700 °C) and long annealing times (>24 h), to achieve dense
membranes with large grains [43]. When such high sintering temperatures are used, the
stoichiometry of the composition can be changed due to partial vaporization of barium from the
perovskite and, for high Ba-losses, a segregation of yttrium oxide (Y203) at the grain boundaries
can be observed, causing the decrease of the total proton conductivity [43].

Doped-BaZrOs shows lower total conductivity than BaCeOs because of the large grain
boundary resistance [38], [43]. Different strategies exist to improve BZY sinterability. The first
one is to synthesize ultrafine powder of BZY and the second one is to add sintering aids [38].
For example, Khani and al. reached 95% densification on a pellet of BZY 10 after sintering at
1500°C by using 10-15nm particles synthesized by hydrogelation of acrylates [61].
Nevertheless, the addition of sintering aid such as ZnO, NiO or CuO remains the most used
strategy [62]-[64]. However, the use of NiO and CuO as sintering aid involves electronic
conductivity or leads to secondary phase formation [36], [65], [66], then ZnO appears to be the
best candidate for sintering aid [62], [67]. In fact, doped-BaZrOsz exhibit high bulk conductivity
(> 102 S.cm™ at 600°C) but the grain boundary resistance limits the total protonic conductivity
(i.e., the sum of bulk and grain boundary conductivity) [27], [62], [64], [68], [69]. Reported
total conductivity values of Y-doped BaZrOs differ from 10 to 102 S.cm™ at 600°C in wet H2
depending on the sample manufacturing [70].

Finally, the best perovskite-type electrolyte material seems to be an acceptor-doped
BaCeOs-BaZrOs solid solution which appears to be a good compromise between protonic
conductivity and chemical stability [71]. Shi et al. reported a sufficient stability and a protonic
conductivity of 9 x 102 S.cm™ & 600°C in wet hydrogen for BaZro3CeosY0203-s [72]. Other
authors highlighted a conductivity higher than > 102 S.cm™ at 600°C with no-reactivity during
operating condition for BaCeo.7Zro.1Y0203-s [71], [73], [74]. Yang et al. reported a maximum
protonic conductivity of 5x102 S.cm™ at 600°C for BaCeo.7Zr0.1Y0.1Ybo103-s [75].

111.3.b.ii. Other materials

Some pyrochlore-type oxides have also been considered as electrolytes for PCFC.
Shimura et al. found a protonic conductivity up to 102 S.cm™ at 600 °C in a hydrogen-
containing atmosphere for Ln2Zr18Y0.207.5, with Ln = La, Nd, Sm and Gd [76]. Eurenius et al.
investigated the protonic conductivity in Lni.96Cao04Sn207-s with Ln=La, Sm and Yb and they
highlighted a protonic conductivity of 10 S.cm™ at 600 °C in wet argon for Lai.06Ca0.04Sn207-
s [77].

Doped LaNbOs4, with Fergusonic-type structure below 500°C and Scheelite-type
structure above 500 °C, is considered as an attractive proton conductor material due to its good
thermal, chemical and mechanical stability [78]-[80]. A protonic conductivity of 10 S.cm™
was found for Ca-doped LaNbO4 at 800°C [80]. Nonetheless, this conductivity value remains
one order of magnitude lower than those attainable in the best perovskite proton conductors.
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In a recent study, Zamudio-Garcia et al. have explored the protonic conduction of doped
La,Ce»07. LaxCe207 presents a disordered fluorite structure with composition CegsLags02.75.
This oxide exhibits protonic conductivity in wet atmosphere and the substitution of La** by an
aliovalent element (Na*, Ca®*, Sr?*, Ba?*) allows to increase protonic conductivity up to 9x10-
3S.cm™in wet air at 700°C [81]. However, in a reductive atmosphere, Ce** is partially reduced
in Ce** involving the consequent formation of electronic charge carriers which limit its
application as electrolyte for PCFC [82].

[11.3.b.iii. Summary

A review from Kreuer has referenced many different proton-conducting oxides
depending on their protonic conductivity as represented in Figure 1.10 [27]. This figure
demonstrates that perovskite-type oxides have the highest protonic conduction. This result is in
adequacy with several other studies [33], [76], [77], [79], [81]-[83]. Based on this conclusion,
this work will focus on perovskite-type electrolyte material.
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Figure 1.10: Proton conductivities of various doped oxides calculated from proton
concentration and motilities (type of dopant is not indicated) [27]
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[11.3.c. Anode materials

As described before, the anode material has to be an electronic conductor and is intended
to catalyze the hydrogen oxidation reaction (HOR) according to Reaction 1.5 [84]:
Hyg) + 205 — 20H; + 2¢’ Reaction 1.5

I11.3.c.i. Pure electronic conductor

Noble metals like platinum and palladium are well known to catalyze the oxidation
reaction of hydrogen [85], [86]. Due to their high price, they have been replaced by transition
metals such as nickel and cobalt [86], [87]. Those materials are pure electronic conductors,
hence, the metallic material must be in contact with a proton-conducting material and the fuel
for the HOR to occur. As shown in Figure 1.11, this reaction can only take place at the
anode/electrolyte/gas interface named the Triple Phase Boundary (TPB). Thus, the use of pure
electronic conductor limits the number of reactive and the active volume of the electrode is
restricted to the electrode-electrolyte interface.

H,

Electrode

H* H*
L (0] Electrolyte

Figure 1.11: Reaction at the interface anode/electrolyte/gas for a pure electronic conductor
anode material [86]

I11.3.c.ii. Mixed electronic protonic conductor

To increase the number of TPBs and thus the performances, the most common strategy
is to combine an electronic conductor with a protonic conductor. Usually, the metallic material
is mixed with the electrolyte material to form a porous cermet [88]. In that case, the HOR can
occur in the volume of the anode as represented in Figure 1.12.
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Figure 1.12: Reaction in the volume of the anode for a cermet material [86]

Nickel is currently the most chosen material for the metallic component due to its good
catalytic activity of the HOR and its good electrical conductivity [74], [89]-[92]. In classical
SOFC systems, it is widely reported that nickel exhibits low tolerance to carbon deposition,
named coking, and sulfur poisoning in the case of not pure hydrogen at the operating
temperature [93]-[98]. However, nickel associated with proton conducting materials like Y or
Yb-doped BaZrOz shows good tolerance to coking and sulfur poisoning [99]. In fact, the
adsorbed water on the perovskite material reacts with adsorbed carbon or sulfur on the Ni
surface to form CO and SO- respectively [100]. As for SOFC, cobalt-based cermet has also
been considered [86]. Cobalt presents a better sulfur tolerance than nickel, but cobalt is not
commonly used due to its high cost [101].

111.3.d. Cathode materials

The cathode side is the place of Oxygen Reduction Reaction (ORR) according to
Reaction 1.6 [84].
Y20,y + 20Hj + 2e' © H,04) + 20, Reaction 1.6
As the water vapor is produced at the cathode side in the fuel cell mode, it is necessary
to have a porous microstructure to ensure water vapor evacuation and dioxygen refueling.

111.3.d.i. Mixed electronic-oxygen ion conductor

Mixed ionic-electronic ion conductor (MIEC) material, the usual cathode material in

SOFC systems, was also proposed for PCFC [102]. In this case, the simplified ORR mechanism
occurs in two steps (Reaction 1.7 and 8):

1204 + 267 & 077 Reaction 1.7

0% +2H* & H,0, Reaction 1.8

These reactions are represented in the Figure 1.13. The most studied SOFC material,

La1-xSrxMnOs.5, was intended for PCFC cathode, but its poor ionic conductivity limits the
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performance of the cell [103]. Cobalt-based perovskite such as LaixSrxCoOs; was also
proposed but presents the same drawback as Lai-xSrxMnQOz-s [45], [46].

The partial substitution of Co by Fe allows to increase the ionic conductivity and
Lao.eSro4C0o.2Fen 035 is widely reported as a promising cathode material [75], [104]-[106].
SmosSrosC003.s has been proposed due to its high catalytic activity for ORR and its acceptable
ionic conductivity [107]-[111]. Extensive research about Bao 5Sro5C0o.sF€0.203-5 is also carried,
since this material exhibits high catalytic activity toward ORR, low ARS and acceptable ionic
and electronic conductivity [112]-[115].

Finally, these three materials, Lao.6Sro.4Coo2FeosOs-s, SmosSrosC00s5 and
Bao sSrosCoo.8Fe0.203-5 exhibit the highest catalytic activity for the reduction of dioxygen and,
then are the most employed in PCFC area [107], [116], [117].

Oz 025

Electrode

Electrolyte

Figure 1.13: Representation of the ORR in the case of a mixed electronic oxygen ion
conductor [86]

As illustrated in Figure 1.13, the formation of water can only be carried out at the
interface electrode/electrolyte. To enhance the efficiency of ORR by increasing the number of
place where Reaction 1.8 can occur, it is necessary to introduce protonic conduction into the
cathode material [116].

[11.3.d.ii. Mixed conductor/protonic conductor composite

To increase the number of TPB, the most promising method in to employ a composite
of MIEC and a protonic conductor (usually the electrolyte material) [45], [46], [75], [104],
[111],[118], [119]. In the case of such composite, the ORR occurs in the volume of the cathode
as illustrated in Figure 1.14. Furthermore, the use of a composite cathode allows to reduce the
Thermal Expansion Coefficient (TEC) mismatch existing between classical cathode and
electrolyte material [120], [121].
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Figure 1.14: Representation of the ORR in the case of a mixed conductor/protonic conductor
composite [86]

I11.3.d.iii. Mixed protonic-electronic-oxygen ion conductor

To promote the ORR in the entire volume of the cathode as illustrated in Figure 1.15,
mixed protonic-electronic-oxygen ion conductors have been developed. Cerate based material
such as BaCe1xYbxOz;s ,BaCe1xBixO35 and BaCeogyPryGdo203-5 have been proposed since
they exhibit triple conduction under wet air atmosphere but their poor stability against CO>
limits their practical application [122], [123]. NdBagsSrosCo15F€050s5+5 and
BaCoo.4Feo.4Zr0.1Y0.103.5 have also been reported as single-phase cathode materials. The cell
based on BaCoo.4Feo.4Zro.1Y0.103-5 using a BaCeo.7Zro.1Y0.1Ybo103-5 electrolyte exhibited at a
peak power density of 0.455 W.cm™ at 500 °C without degradation of the performances after
1400 hours [124]. The cell using BaCeo7Zro1Yo1Ybo1035 as electrolyte material and
NdBao5SrosCo15Fe0s0s+5 as cathode material showed at peak power density of 0.69 W.cm™
for 500 hours at 500 °C [125].
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Figure 1.15: Representation of the ORR in the case of a mixed conductor/protonic conductor
composite [86]
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IV. Conclusions and course of the study

Among the various alternative energy production, the use of hydrogen into fuel cell is
attracting more and more interest. For a few years now, PCFCs are considered as one of the
most promising fuel cell technology. In contrast to SOFCs that operate at a temperature above
600 °C and where the oxygen ions are the charge carriers, PCFCs use protons. Indeed, the lower
activation energy of proton diffusion compared to that of the oxygen ion allows to decrease the
operating temperature down to the 400-600 °C range.

Among the different high temperature proton conductors that have been presented in
this chapter, the perovskite-type oxides and in particular the solid solution of acceptor-doped
BaCeO3-BaZrOs appears to be the most promising electrolyte material in terms of protonic
conductivity and chemical stability. In this study, the hydrothermal synthesis of different
protonic conductors among the Y-doped BaCeOs—BaZrOz solid solution has been carried out.
The synthesis route and the results will be presented in the second chapter. The electrochemical
properties of the chosen electrolyte material have been studied by electrochemical impedance
spectroscopy and will be shown in the third chapter.

The anode and cathode materials have also been selected to elaborate complete cells
presented in the fourth chapter. Since Ni-electrolyte cermet is well known for SOFC as well as
PCFC applications, it is the anode material that will be used in this study. Concerning the
cathode material, the choice has felt on a composite Bao.5Sro.5sC00.8Fe0.203-5-electrolyte material
due to the high catalytic activity of this oxide, its low ASR and its sufficient electronic and
oxygen ion conductivity. Even though the triple conducting oxides are highly promising, they
were not chosen since they are not commercially available.
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CHAPTER Il: HYDROTHERMAL SYNTHESIS AND
CHARACTERIZATION OF THE PROTONIC CERAMIC
CONDUCTOR

The present chapter describes, in the first part the principle of the hydrothermal process.
Two variants were evaluated: one by a classical batch hydrothermal device and the other one
by a novel continuous hydrothermal device developed at ICB laboratory [126].

The second part presents the different protonic electrolyte candidates among the Y-
doped BaCeOs—BaZrOz solid solution elaborated by the hydrothermal synthesis and their
structural analysis.

Lastly, the final section provides further characterizations about Ba(Zr,Y)Os3, the chosen
electrolyte material elaborated the batch and the continuous process. The structure, the
microstructure, the composition and the surface chemistry of the as-synthesized powders was
analyzed. Furthermore, the same study was carried on the annealed at 1000 °C powder.

The main results of the study of Ba(Zr,Y)O3z powder elaborated by the continuous
hydrothermal process has been published in Ceramics International in 2021 [127].

I.  The hydrothermal route

The hydrothermal synthesis initially refers to the geological formation of minerals in
the earth’s crust thanks to the action of hot and pressurized water [128]. To reproduce these
conditions, hydrothermal synthesis is carried out in a close vessel brought at high temperature
and high pressure to control the equilibrium reaction and promote the formation of the targeted
product [129], [130].

I.1. Introduction

Ceramics materials are commonly elaborated by several methods: solid-state reaction,
co-precipitation, sol-gel process, spray drying and hydrothermal route [131]. The solid-state
reaction (also called the ceramic route) remains the most used method for elaborating perovskite
[65]. It consists of the mixing and grinding of metal oxides, metal carbonates or metal salts
followed by a calcination at high temperature [132]. In the case of BaZrogYo.203.5 and
BaCeo.9Y0.103-5 preparation, the calcination temperature is 1400 °C [133], [134]. Despite its
simplicity, this method presents several limitations, such as the presence of impurities
(contamination from ball milling and crucible) and the large grains size obtained with a broad
particle size distribution [65], [131].
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The need for better purity and finer powders has triggered the development of soft-
chemistry processes. The co-precipitation method consists in the dissolution of the starting
materials (metal salts) in a common solvent (usually water), followed by precipitation using a
precipitating agent (for example NH4") [135]. The resulting precipitate is therefore calcinated
in order to obtain the oxide powder. This route provides a satisfying control of the composition
and of the particle size [136].

The sol-gel route involves a series of hydrolysis-condensation reactions of metal
alkoxides leading to an inorganic network that is annealed to convert it into oxide powder [137],
[138]. This process offers a precise control of the chemical composition of the powder and the
formation of fine particles [139].

The Pechini method is derivated from the sol-gel route, used for metallic precursors with
no hydroxo-stable species. The principle is based on the chelation reaction of the metallic cation
followed by the esterification between the chelate and a monomer (usually ethylene glycol) to
form a gel [140]. As for the co-precipitation and the sol-gel processes, the Pechini method
requires a calcination treatment to obtain an oxide powder.

The spray drying process consists of spraying a precursors solution followed by a rapid
drying of the droplets by using a hot gas and a calcination step to obtain the ceramic powder
[141], [142]. This method allows to obtain spherical particles with a good control of the particle
size and the particle size distribution [143].

The hydrothermal synthesis is defined as a process that uses solubility parameters and
heterogeneous reactions in aqueous media at elevated temperature and pressure to directly
crystallize inorganic materials from solution [144]-[146]. On the contrary to the other soft
chemistry routes, the hydrothermal synthesis does not usually require additional calcination
treatment to obtain a crystalline ceramic powder.

Table I1.1 lists the advantages and drawbacks of the previous synthesis methods
according to Yoshimura et al. [147]. The spray drying characteristics were added according
to Santos et al. and Lintingre et al. [148], [149]. Based on this review, the hydrothermal
synthesis offers many advantages such as a precise control of the morphology and the size of
the particles with a narrow size distribution, a moderate cost and no requirement of additional
thermal treatment.
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Solid State o Polymerized :
i Co-precipitation Sol-gel Hydrothermal Spray drying
Reaction complex (*)
Cost Low-moderate  Moderate High High Moderate Moderate
. Commercial/ . .
State of development ~ Commercial . R&D R&D Demonstration Commercial
demonstration
Compositional control  Poor Good Excellent Good/Excellent Good/Excellent Good
Morphology control Poor Moderate Moderate Moderate Good Moderate
Powder reactivity Poor Good Good Good Good Good
Purity (%) <99.5 >99.5 >99.9 >99.9 >99.5 N.D.
Calcination step Yes Yes Yes Yes No Yes
Milling step Yes Yes Yes Yes No No

Table I1.1: Comparison of advanced oxide powder processes from Yoshimura et al. (2017), Santos et al. (2018) and Lintingre et al. (2016)

[147]-[149]

*Polymerized complex refers to the Pechini method; N.D. = not defined
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1.2. Principle of hydrothermal synthesis and water properties

The state of matter, liquid, solid and gas, depends on the temperature T, the pressure P
and the specific volume V as presented in Figure 11.1. To simplify the representation, the states
of matter are commonly represented on a 2D phase diagram as a function of the T and the P.
Figure 11.2 shows the 2D phase diagram of water. The prevalence domain of each state is
delimited by the state change curves, joining at the triple point, where the three phases of water
are co-existents. The vaporization curve, separating liquid and gas states, stops in a point called
the critical point (Tc = 374 °C and Pc = 221 bar). Above the critical point, water is in its
supercritical state and exhibits physicochemical properties intermediate between a liquid and a
gas. The hydrothermal synthesis exploits this property and is usually carried out in the
supercritical condition.

PRESSURE —

Figure I1.1: 3D phase diagram of a pure material (CC BY-SA 3.0)
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Figure 11.2: Water phase diagram, simplified from [150]
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Figure 11.3 shows the evolution of the water's properties as a function of the temperature
at 245 bar. The density drops rapidly near the critical point, reaching a value of 280 kg.m™ at
the critical point and stabilizes around 50 kg.m™ at higher T and P [151]. This decrease and the
viscosity close to that of the gas after the critical point allow rapid and homogeneous mixing
during the hydrothermal synthesis in supercritical conditions. The passage of the critical point
is complemented by a fall of the thermal conductivity, which limits the heat exchanges within
the reaction environment. The specific heat capacity reaches a maximum at the critical point
with a abrupt rise and fall in specific heat capacity around the critical point indicates that the
critical point is difficult to cross. At 25 °C and 1 bar, the dielectric constant of water is 78 F.m™,
by increasing the temperature, the dielectric constant regularly decreases to 2 F.m™ after the
critical point [152].
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Figure 11.3: Evolution of the water properties as a function of the temperature at 245 bar
[153]

The dielectric constant is a key parameter of the hydrothermal synthesis since it affects
the solubility of the species as it represents the bulk polarity of the solvent [154]. The solubility
of the inorganics and hydrocarbons at 253 bar depending on the temperature is presented in
Figure 11.4. Before the critical point, hydrocarbons are insoluble in water while inorganics are
soluble. At a temperature higher than 374 °C, hydrocarbons become soluble while inorganics
become insoluble, leading to the formation of hydroxide nuclei which are immediately
dehydrated to form ultrafine particles [155].
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Figure 11.4: Evolution of inorganics and hydrocarbons solubility at 253 bar depending on the
temperature [156]

The combination of the properties in sub- and supercritical domain presented above
makes the hydrothermal synthesis very interesting for several applications, mainly for the
extraction, for example, the extraction of caffeine or the processing of inorganic materials, such
as perovskite oxides.

1.3. Hydrothermal apparatus and synthesis protocols

Two variants of the process were evaluated, one by a classical batch hydrothermal
device and the other one by a continuous hydrothermal device developed at ICB laboratory
[157]. The supercritical hydrothermal synthesis of metal oxide particles using a continuous flow
reactor was first proposed by Adschiri et al. in 1992 [158]. Besides the improved productivity,
using a continuous flow involves a short reaction time leading to the possible formation of
metastable and highly doped structures [159], [160].

|.3.a. The batch reactor

The batch process can be used for solvothermal synthesis up to 500 °C and 350 bar.
Since the couple critical temperature/critical pressure is 374 °C and 221 bar for water, this
device is able to work in supercritical conditions. In our experiments, all the syntheses were
carried out at 400 °C and 300 bar. ZrO(NOs),:6H20, Ba(NOs)., Ce(NOz)3-6H.O and
Y (NO3)2:6H20 have been used as precursor materials (purchased from Sigma-Aldrich). 50 mL
of metallic precursors in solution at 5x102 mol.L™, prepared according to the stoichiometry of
the target composition by dissolution in deionized water and homogenized with an ultrasonic
rod, is introduced into the reactor. 50 mL of another solution, consisting of sodium hydroxide
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at 3x10 mol.L %, employed in order to avoid the formation of ZrO, is also introduced into the
reactor [161]. The final pH in the reactor is equal to 13. Finally, to complete the working volume
of the reactor, which is 150 mL, 50 mL of deionized water is added. The reactor, in Inconel, is
sealed by an Inconel seal and eight screws, also in Inconel, tightened to a force of 60 N.m. The
reactor is then heated by external resistances to the target temperature. A thermocouple, passing
through the reactor, measures the temperature of the solution. By increasing the temperature,
and because the reactor is sealed, the pressure also increases. The obtained pressure depends on
the temperature and the volume of the solution. A stirring blade ensures the mixing and the
homogenization of the solution. After two hours, the conditions (T and P) are reached, meaning
the experiment is finished. The reactor is brought back to room temperature by air circulation
between the reactor walls and the electric furnace and the solution containing the particles is
recovered. Figure 11.5 shows the schematic and the photography of the batch set-up.
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Figure 11.5: Schematic and photography of the batch hydrothermal set-up

1.3.b. The continuous reactor

The continuous process can be used up to 600 °C and 350 bar. For the experiments, the
syntheses were carried out between 400 °C and 500 °C and at 300 bar. The solution of metallic
precursors and the sodium hydroxide solution are prepared by the same method as before.
Figure 11.6 shows the scheme of the continuous set-up. Container (a), at the beginning of the
process, holds the aqueous solution of metal cations, container (b) holds the solution of sodium
hydroxide and the third container (c) holds the distilled water. The reactor consists of a “pipe
to pipe” cylinder with a total volume of 25 mL, the inner diameter of the external pipe is 10
mm. Pressurized solutions (a) and (b) are brought to the reactor inlet at room temperature by
high-pressure pumps. Pressurized demineralized water is pre-heated and brought counter-
currently through the internal pipe of the reactor so that the three solutions meet at the mixing

29



Chapter Il: Hydrothermal synthesis and characterization of the protonic ceramic conductor

zone. In the reactor the pH is equal to 13. The resulting solution is evacuated through the
external tube, where the reactions leading to the formation of metal oxides take place. The flow
rate of the three solutions is set to around 10 mL min* per solution, the final flow measured at
the end of the set-up (after the backpressure regulator) varies between 30 and 35 mL.min. The
residence time into the reactor under supercritical conditions is of the order of few seconds
(determined by Computational Fluid Dynamics calculations) [162]. At the reactor outlet, a
cooling system stops the germination and growth stages. A filtration system at the end of the
device captures the agglomerated particles to avoid damage to the backpressure regulator.
These particles are added to the suspension obtained after the backpressure regulator. The
particles sediment at the bottom of the beaker, the surfactant is siphoned off and distilled water
is added to wash the particles. This operation is repeated until a neutral pH is obtained. The
supernatant water is siphoned off one last time and the suspension is dried in an oven at 80 °C
for three days to get a powder.
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Figure 11.6: Schematic and photography of the continuous hydrothermal set-up
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Il. Structural characterization of the synthesized
materials

Based on the review from the first chapter, the target material is BaCeo.7Zro.1Y0.203-.
To achieve this objective, different syntheses were carried out: BaZrOs, BaCeOs, Ba(Ce,Zr)0Os3,
Ba(Zr,Ce,Y)O3.s and Ba(Zr,Y)0Os.s. To simplify the notation, each composition is noted as
described in Table 11.2. The synthesized powders are analyzed by X-Ray Diffraction (XRD) to
verify the composition, the structure and the lattice parameter. XRD analysis is conducted on
Bruker D2 Phaser coupled with linear detector Lynxeye XE T using the Cu Ko radiation (Aka1
= 1.54056 A and Ake2 = 1.54439 A), in the 260 range from 20 to 80 ° with steps of 0.02 °, the
acquisition time of each step was 0.5 second. The XRD patterns were refined using the Rietveld
method using Fullprof software (Version 2.0). The crystallographic data and structural
parameters of each phase as inputted in the software are presented in Annex A.

Composition Synthesis process Notation
BaZrOs Batch BZ-b
BaZrOs Continuous BZ-c
BaCeOs Continuous BC-c

BaCeo.9Zr0.103 Continuous BCZ10-c
BaCeo0.1Zr0903 Continuous BCZ90-c
BaCeo.7Zr0.1Y 02035 Continuous BCZY712-c
BaZrosYo0.203-5 Batch BZY?20-b
BaZrosY0.203-5 Continuous BZY?20-c

Table 11.2: Notation of the different compositions

11.1. BaZrOs (BZ)

The synthesis of BZ by the continuous process was investigated previously at the ICB
laboratory by Aimable et al. [161]. BZ powder was synthesized with the continuous
hydrothermal process in supercritical water at 400 °C — 300 bar and 500 °C — 300 bar. In the
batch set-up, the conditions were 400 °C — 300 bar. Figure 11.7 shows the diffractograms of
the synthesized powders. Two phases were identified. The main phase corresponds to BaZrOs
which exhibits a cubic perovskite structure with Pm-3m space group. Such high symmetrical
structure promotes the excellent stability of this compound [86]. All diffractograms show a
secondary phase consisting of BaCOz (orthorhombic system, space group Pnma). The quantity
varies with the synthesis conditions. Many studies focusing on the synthesis of Ba-based
perovskite report the presence of BaCOs impurity [163]-[166]. BaCOs is formed by free Ba*
and CO> from the atmosphere [167].
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Figure I1.7: X-ray diffractogram of BaZrOs synthesized by the batch process at 400°C, the
continuous process at 400°C and the continuous process at 500°C

Rietveld refinement was performed on the three diffractograms and the results are
recorded in Table 11.3. The refined lattice parameters are 4.193(0) A for BZ-b at 400 °C,
4.193(2) A for BZ-c at 400 °C and 4.191(0) A for BZ-c at 500 °C. The values obtained for the
synthesis at 400 °C are in perfect agreement with the values obtained by the Nufiez group
(4.1930 A) and the Akbarzadeh group (4.1943 A) [168], [169]. However, the lattice parameter
obtained for the powder synthesized by the continuous process at 500 °C is slightly lower than
expected, suggesting ions sub-stoichiometry and/or crystal defect.

BZ-c at 400 °C contains 1.6 wt% of BaCOs while BZ-b at 400 °C and BZ-c at 500 °C
exhibit respectively 11.8 and 6.0 wt% of BaCOs. According to these considerations, i.e.,
composition/crystal defect and amount of BaCOs, the synthesis should be conducted at 400 °C
using the continuous process.

Lattice parameter of the

Name ) W1% of BaZrOs W1t% of BaCO3
perovskite phase

BZ-b 400 °C 4.193(0) A 88.2 11.8

BZ-c 400 °C 4.193(2) A 98.4 1.6

BZ-c 500 °C 4.191(0) A 94.0 6.0

Table 11.3: Rietveld refinement of BaZrOs synthesized by the batch process at 400°C, the
continuous process at 400°C and the continuous process at 500°C

32



Chapter Il: Hydrothermal synthesis and characterization of the protonic ceramic conductor

11.2. BaCeOs3

The synthesis of BaCeOs was attempted in the continuous reactor at 400 °C and 300 bar
following a similar protocol as BaZrOz. Figure 11.8 presents the X-ray diffractogram of the
obtained powder. Three phases were detected: one major CeO; phase (cubic, Fm-3m), BaCOs
and BaZrOz with respective weight percentages obtained by Rietveld refinement of 95.7, 3.7
and 0.6 wt%. The presence of BaZrOs is a contamination due to a remainder of the previous
synthesized powder into the set-up.

It has been widely shown that BaCeOs is not stable in H.O and CO2-containing
atmospheres [43], [170], [171]. In an H2O-containing atmosphere, BaCeO3z decomposes into
CeO2 and Ba(OH)2 according to Reaction 11.1 [172]. This chemical degradation is induced by
the high basicity of BaCeO3 [173], [174].

BaCeO; + H,0 — Ce0, + Ba(OH), Reaction I1.1
The resultant Ba(OH)2 reacts with CO> from the atmosphere according to Reaction 11.2:
Ba(OH), + C0O, —» BaC03 + H,0 Reaction 11.2
¢ BaZrO,
° e CeQ,
= BaCO,
S5
s
2
‘B °
c
D
k= °
L]
[ ]
" J ¢ ||m ..l ° ° X
n
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26 (%)

Figure 11.8: X-ray diffractogram of BaCeOz-target obtained powder synthesized by the
continuous process at 400 °C and 300 bar.

Moreover, the synthesized CeO2 material exhibits large diffraction peaks, characteristic
of small coherent diffraction domains. The average crystallite size t was estimated by the
Williamson and Hall method. In this method, the integral breadth g of the sample is considered

as a summation of the breadth due to the particle size broadening fr and the lattice strain
yl
tcosf

size, A the X-ray wavelength, 6 the Bragg angle and & the lattice strain rate, the integral breadth
of the sample is defined as showed in Equation I1.1 [175]:

B = A

tcosfO

broadening f.. Since fp =

and 3, = 4¢ tan 8, where t represents the apparent crystallite

+ 4&tan 6 Equation 11.1

33



Chapter Il: Hydrothermal synthesis and characterization of the protonic ceramic conductor

Then by plotting £ cos 6 as a function of sin 8, the crystallite size can be calculated from
the y-intercept corresponding to A/t and the lattice strain rate from the slope which is 4&. In
order to obtain the integral breadth g of the sample, it is first necessary to subtract the
broadening due to the instrument according to Equation 11.2:

Psample = fobserved — finstrumental Equation 11.2

To obtain the Binstrumental, a single-cristal of BaF. considered as an infinite
crystallite that does not give rise to a widening of peaks, i.e. (Bsample = 0), was analyzed. The
obtained XRD diffractogram is presented in Annex B.

The Williamson and Hall diagram of CeO> phase is presented in Figure 11.9. The point
atsinf =0.49, i.e., 8 =59 °, is not in line with the others due to the slightly asymmetric shape
of the diffraction peak and was not taken into account for the linear fit. A negative slope is not
expected and is probably related to this diffraction peak, then, the slope can be considered close
to zero and the lattice strain broadening can be neglected. The crystallite size calculated using
Equation 11.3 is 18 nm, only Akq1 Was taken into account, since the diffraction contribution due
to the Akqa2 Of Cu was subtracted in the data set. This small crystallite size suggests that the
kinetics of CeO; precipitation and nucleation is considerably higher than the one of BaCeOs3,

leaving not enough free Ce** ion for the precipitation of BaCeOs.

Y—intercept
t=—7—

These chemical and kinetics considerations make the hydrothermal synthesis of BaCeOs
impracticable.

Equation 11.3

0.010

0.008 y =-0.0002x + 0.0074
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0.006

B cos O (rad)

0.004

0.002
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Figure 11.9: Williamson and Hall diagram of the CeO> phase synthesized by the continuous
hydrothermal process at 400 °C and 300 bar
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11.3. Ba(Ce,Zr)Os

Solid solution of BaCeO3-BaZrOs has been developed to improve the chemical stability
of the compound [71], [170]. High Zr-content highly increases the stability of the compound in
detriment to the protonic conductivity. To evaluate the possibility of synthesizing BCZ
material, two target compositions were considered: BaCeo.9Zro.103.5 and BaCeo.1Zr0.903.5. The
syntheses were carried out at 400 °C and 300 bar. Figure 11.10 shows the X-ray diffractogram
of the synthesized powders. The obtained powder for the BaCeo.1Zr0.9O3-5 target exhibits two
phases: the major phase consisting of perovskite and a minor ceria phase. Concerning
BaCeo.9Zr0.103-5 three phases were obtained: perovskite, ceria and BaCOs.

¢ BazZrO,
M = BaCO,
* CeQ,
= Target BaCe, ,Zr, O,
< o ¢
> ¢
1 N
e |* W * \ A A
2
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*
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20 (°)
Figure 11.10: X-ray diffractogram of BaCeo.9Zro.103-s and BaCeo.1Zro903.5-target powders
synthesized by the continuous process at 400 °C and 300 bar.

The results of the Rietveld on these diffractograms are presented in Table 11.4. The
obtained lattice parameter of the perovskite phase is similar to the one of pure BaZrOs,
indicating no substitution of Zr by Ce. Furthermore, as for the synthesis of BaCeO3, CeO-
precipitates faster than the perovskite target BaCe1.xZrxOz-s (the width of the peak of CeOs: is
large, indicating a lot of nucleation), making impossible the synthesis of BaCe1-xZrxOs-5 by the
hydrothermal route.

Lattice
Name parameter of the Wi% of BaZrOs  W1t% of CeO>  W1t% of BaCO3
perovskite phase
BaCe.9Zr0.103 4.192(5) A 89.7 10.3 0
BaCeo.1Zr0.903-5 4.193(4) A 11.3 77.7 10.9

Table 11.4: Rietveld refinement of BaCeo.9Zr0.103.5 and BaCeo.1Zr0.903-5-target powders
synthesized by the continuous process at 400 °C and 300 bar.
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11.4. Ba(Ce,Zr,Y)Os.5

The synthesis of BaCeo7Zro.1Y02035 was attempted, Figure 11.11 gives the X-ray
diffractogram of the obtained powder. Three phases were obtained, one major ceria phase, one
perovskite and one BaCOgz with corresponding phase percentages of 80.0, 10.2 and 9.8 %
determined by Rietveld refinement. The refined lattice parameter of the ceria phase is 5.400(9)
A, lower than the 5.410(0) A expected, suggesting a partial substitution of Ce by Y. The refined
lattice parameter of the perovskite phase is 4.194(3) A, corresponding to pure BZ. As before,
peaks corresponding to the ceria phase are much larger than those of the perovskite phase,
indicating a faster precipitation of Y-doped CeO2, making the synthesis of BaCeo.7Zr0.1Y0.203-
impossible by the hydrothermal process.

¢ BaZrO,
= BaCO,
e CeO,

Intensity (a.u.)

20 25 30 35 40 45 50 55 60 65 70 75 80
26 ()
Figure 11.11: X-ray diffractogram of BaCeo.7Zro.1Y0.203.s-target powder synthesized by the
continuous process at 400 °C and 300 bar.

11.5. Ba(Zr,Y)Os5 (BZY)

BaZrogY0.2035 was synthesized at 400 °C and 300 bar by both batch and continuous
process. Figure 11.12 shows the obtained X-Ray diffractogram of the synthesized powders. The
two diffractograms evidence the presence of three phases: a major phase consisting of
perovskite cubic structure with Pm-3m space group, BaCOs, with an orthorhombic Pnma
structure, and YO(OH), with a monoclinic P2:/m structure. Rietveld refinement was conducted
of the diffractograms and the results are presented in Table I1.5. The structural parameters
inputted in FullProf program are reported in Annex A. The obtained lattice parameters are
4.201(5) A for BZY-c and 4.211(5) A for BZY-h. The increase of the lattice parameter
compared to the one of BaZrO3 confirms the effective substitution of Zr by Y. Moreover, since
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BZY-b exhibits a higher lattice parameter than BZY-c, BZY-b should incorporate more Y than
BZY-c.

+ Ba(Zr,Y)0O,
[ BaCO3
. YO(OH)
S N Continuous
S *
*
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£
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260 (°)
Figure 11.12: X-ray diffractogram of Ba(Zr,Y)Oz.s synthesized by the batch process and the
continuous process at 400 °C

Lattice
W1t% of Wt% of
Name parameter of the Wit% of BaCO3
. Ba(Zr,Y)0s.s YO(OH)
perovskite phase
Ba(Zr,Y)0O3.5-
( : )0 4.201(5) A 86.2 10.6 3.1
continuous
Ba(Zr,Y)0s-s5-batch 4.211(5) A 80.9 13.7 5.4

Table 11.5: Rietveld refinement of Ba(Zr,Y)Os.s synthesized by the batch process and the
continuous process at 400 °C

As presented in Figure 11.13, which displays the reported lattice parameter of different
studies as a function of the substitution of Zr by Y, there are significant discrepancies
concerning the value of BZY lattice parameter. For example, BZY 10 exhibits lattice parameter
between 4.198(2) A and 4.210(1) A. Information concerning the sample preparation are given
in Table 11.6. The general tendency is that samples prepared by solid-state reaction or sintered
at high temperature exhibit larger lattice parameter than sample synthesized at low temperature.

As it can be seen, the lattice parameter is widely related to the preparation method,
which can imply distortions and inaccurate composition of the sample. The key factors related
to the composition impact on the lattice parameter are the amount of Ba and the substitution
rate by Y in both A- and B- site of the perovskite, in fact, Y is an amphoteric species that can
substitute for Ba and Zr [176]. Then, in the next section, further characterization of the
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synthesized BZY will be presented in order to investigate more precisely the structure of the
perovskite phase.

4.24 n  Kreuer 2003

= Schober 2000
Iguchi 2007
4.2 | = Hoedl 2018 as prepared
| Hoed| 2018 sintered
= Rjoja 2018
Sazinas 2016
Tsvetkov 2019
Duval 2009 SSR
Duval 2009 spray pyrolysis
Sun 2013
Nuriez 2015
Sazinas 2016 sacrificial powder

4.20 -

4.18 - .

Lattice parameter (A)
.
| } |

416 4

T T T T T T T T T
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Y content (%)

Figure 11.13: Comparison of the lattice parameter of BZY reported in the literature as a
function of Y content. More details about the preparation of the sample are given in
Table I1.6.

38



Chapter Il: Hydrothermal synthesis and characterization of the protonic ceramic conductor

Evaluation  of

Study %Y (%) a(A) Space group Sample preparation Sintering the composition
Kreuer 2001 2 41971 Pm-3m SSR* 1700. O.C time not Not specified [177]
1250°C 15h specified
5 4.2058 Pm-3m
a=4.2151
10 c= P4mm
4.2047
a=4.2317
15 c= P4mm
4.2113
a=4.2413
20 c= P4mm
4.2259
25 4.2163 Pm-3m
* o
Schober 2000 0 4.1898 Pm-3m iSSRO °C 10 h ;Z)Sho ¢ Not specified [178]
3 4.1938 Pm-3m
6 4.1988 Pm-3m
Iguchi 2007 5 4.201 Pm-3m SSR* 1380 °C 3 h 1800 °C 20 h Florescence X [179]
10 4.209 Pm-3m
15 4.216 Pm-3m
1600 °C
Han 2013 BaooZrossY0.12035 4.2016 Pm-3m SSR* 1300 °C 10h 2 % 24 h STEM-EDS [180]
Bao.74Zros5Y 045035  4.2109 Pm-3m STEM-EDS
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Bao.97Zros1Y0.1903-5 4.223 Pm-3m ICP-AES
Ba02M0aY012050 ) 908 Pm-3m ICP-AES
*H>O
Hoedl 2018 1.5 4.1969 Pm-3m SSR* 1300 °C 8h SEM-EDS [181]
5.5 4.2026 Pm-3m
10 4.2101 Pm-3m
17 4.2228 Pm-3m
SPS 1600 °C 5
15 4,1962 Pm-3m min + 1600 °C
5h
5.5 4.202 Pm-3m
10 4.2087 Pm-3m
17 4.221 Pm-3m
. Modified Pechini method — -
Rioja 2018 0 4.160 Pm-3m calcination 1000 °C 6h Not specified [182]
20 4,182 Pm-3m
.. Spray pyrolysis - . SEM-EDS
Sazinas 2016 O 4.1931 Pm-3m calcination 950 °C 12 h 1600 °C 10 h [183]
5 4.1953 Pm-3m 1600 °C 10 h
10 4.1982 Pm-3m 1600 °C 10 h
10 4.1982 Pm-3m 1700°C 10 h
1600 °C 10 h +
10 4.2074 Pm-3m sacrificial
powder
20 4.2151 Pm-3m 1600 °C 10 h
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Glycerol-nitrate method — 1500 °C 24 h +

'ng\l/;tkov 10 4.2075 Pm-3m calcination 1100 °C time sacrificial Not specified [184]
not specified powder
SSR* 1200 °C 10 h - .
Duval 2009 10 4.193 Pm-3m calcination 1400 °C 10 h Not specified [185]
Spray pyrolysis —
10 4.196 Pm-3m calcination 1200 °C 10 h
10 4.189 Pm-3m
Sun 2013 20 4.2048 Pm-3m Combustion 1100 °C 6 h Not specified [186]
Modified Pechini method —
Nufiez 2015 O 4.1930 Pm-3m calcination 1000 °C 6 h + SEM-EDS [168]
1000 °C 48 h
20 4.2067 Pm-3m

Table 11.6: Additional informations, mainly synthesis route and eventual sintering treatment, about the lattice parameter of BZY reported in the
literature

*SSR refers to Solid State Reaction
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I11. Structural, microstructural and chemical study of
BZY

According to the previous section, the initial target composition BaCeo7Zr0.1Y0.203-5 IS
impossible to obtain via hydrothermal synthesis, then, the chosen protonic conductor is
Ba(Zr,Y)Os.s.

I11.1. Characterization of the as-synthesized material

The synthesized BZY-b and BZY-c powders were further characterized by different
methods. The agglomeration state was analyzed via Dynamic Light Scattering. The morphology
and the size of particles were evaluated by Transmission Electron Microscopy. The composition
was estimated by Scanning Electron Microscopy coupled with Energy Dispersive X-Ray
Spectroscopy and the chemical state was studied by X-ray Photoelectron Spectroscopy.

I11.1.a. X-ray diffraction analysis

Figure 11.14.a presents the full range XRD pattern of the synthesized material obtained
by the batch and the continuous process. As a reminder, the obtained lattice parameter are
4.201(5) A for BZY-c and 4.211(5) A for BZY-h. The larger lattice parameter of the BZY-b
suggests a more important content of Ba and/or Y into the perovskite structure. The diffraction
peaks exhibit no preferential direction. However, as presented in Figure 11.14 b, which displays
azoom on the 200 diffraction peak, the BZY-b peak shows a short shoulder toward higher angle
while the BZY-c peaks appear more or less symmetric. Thus, BZY-c should present a cubic
perovskite structure, while the asymmetric shape of BZY-b could be related to a composition
gradient or a tetragonal distortion [177].

a ) + Perovskite oBaCO, o YO(OH) b)
.
; BZY-b ;
fi . . . % BZY-b
. o o© ¢ ODOA ° A o X : . E
5 o
g £
BZY-c
.._J‘.__,JL,‘_A_J | A BzY-c
o o — o - o o o
o -— — o - o — o~
T T T« & o Q9
1 T T T T T T T T T . T T T T
20 30 40 50 60 70 80 61.5 62.0 62.5 63.0 63.5
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Figure 11.14: X-ray diffractogram of the BZY synthesized by the batch and the continuous
process, a) 20 — 80 20 range diffractogram, b) zoom on the 220 peak
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In order to investigate the effect of a tetragonal distortion on the X-ray diffractogram,
the theoretical diffractogram of the two BZY structures, i.e. cubic and tetragonal, were carried
out using CaRIne Crystallography software (Version 3.1). Cubic BZY 20 crystallizes in Pm-3m
space group. The lattice parameter used in this study is 4.2088 A. It is an average of the values
reported in the work of Sazinas et al., Sun et al. and Nufiez et al. presented in Table 11.6 since
those values does not deviate too much from the overall behavior and compatible with the
experimental lattice parameter determined for BZY-b and BZY-c [168], [183], [186].
Tetragonal BZY20 crystallizes in P4mm space group, the lattice parameters, taken from the
work of Kreuer, are a = 4.2413 A and ¢ = 4.2259 A, the angles are o= p =y =90 ° [177]. Since
the crystal structure of tetragonal BZY is not referenced in the literature, the atomic positions
are adapted from the tetragonal BaTiOz referenced in the works of Aimi et al., Mahmood et al.,
Yasuda et al. and Wasche et al. [187]-[190]. The crystallographic data of cubic and tetragonal
BZY20 inputted in Carine software are given in Table 11.7 and Table 11.8. As a reminder, the
ionic radius of Ti*" in an octahedral environment is 0.61 A lower than the ionic radius of Zr**
so that the tetragonal perovskite may be ever more distorted.

Atom Oxidation state lonic radii (A) X y z Occupation
Ba +2 1.61 0 0 0 1
Zr +4 0.72 0.5 0.5 0.5 0.8
Y +3 0.90 0.5 0.5 0.5 0.2
01 -2 1.40 0.5 0.5 0 1
02 -2 1.40 0.5 0 0.5 1
03 -2 1.40 0 0.5 0.5 1

Table 11.7: Crystallographic data of cubic BZY20 as inputted in CaRIne Software

Atom Oxidation state lonic radii (A) X y z Occupation
Ba +2 1.61 0 0 0 1
Zr +4 0.72 0.5 0.5 0.522 0.8
Y +3 0.90 0.5 0.5 0.522 0.2
01 -2 1.40 0.5 0.5 -0.022 1
02 -2 1.40 0.5 0 0.488 1
03 -2 1.40 0 0.5 0.488 1

Table 11.8: Crystallographic data of tetragonal BZY20 as inputted in CaRIne Software

Figure 11.15 presents the crystal structure of cubic and tetragonal BZY. In both
structures, Ba?* ions occupy the edge of the polyhedron. In cubic BZY (Figure 11.15.a), Zr**
and Y3* are in the center of the cube, whereas they deviated toward a higher z value for
tetragonal BZY (Figure 11.15.b). O% ions are in the middle of each face for cubic BZY and
shift in the opposite direction than Zr** and Y?3* ions in the tetragonal structure. There is no
oxygen ion represented in the (0 0 1) plan because the center of the ion is out of the elementary
cell.
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a) % b) L
( Pl O

Figure 11.15: Crystal structure of BZY, a) cubic BZY; b) tetragonal BZY. Ba?* is represented
in dark blue, Zr** and Y** in light blue and O% in red. The radii scale is set to 50 % to have
an exploded view.

The theoretical diffractogram is calculated from 20 =20 ° to 20 = 80 ° according to the
Cu Kas wavelength (A = 1.54056 A). Figure 11.16 exposes the theoretical diffractogram of the
cubic BZY20 phase. All diffraction plans exhibit a single peak, the maximum intensity is
obtained for the (110) plan. Figure 11.17 presents the theoretical X-ray diffractogram of the
tetragonal BZY20. Except for the (111) and (222) plans, all the diffraction peaks are split in
two.
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Figure 11.16: Theoretical X-ray diffractogram of the cubic BZY20
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Figure 11.17: Theoretical X-ray diffractogram of the tetragonal BZY20

As it can be seen in Figure 11.17, the (202) diffraction peak, located at higher 26 than
the (220), is supposed to be twice more intense than the (220) peak, then in the tetragonal
system, this peak should be asymmetric toward low angle. Since, the BZY -b diffraction peak
displays an asymmetry toward high angle, it is assumed that BZY-b exhibits a cubic perovskite
structure and a gradient of composition causes the asymmetry.

I11.1.b. Granulometry analysis

The particle size distribution (PSD) was evaluated using the Dynamic Light Scattering
method using Mie theory calculation with a Malvern Microsizer 2000 laser granulometer.
Figure 11.18 shows the volume PSD of the synthesized BZY-c. The volume PSD exhibit a
quadrimodal distribution with mean sizes at around 0.1 um, 1.7 pm, 14 ym and 210 um. The
D10 is the diameter for which 10 % of the distribution has a smaller particle size, D50 is for 50
% and D90 is for 90 %. The obtained D10, D50 and D90 are 0.817 um, 4.570 um and 35.73
um, respectively, suggesting that the elementary grains are highly agglomerated.
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Figure 11.18: Particle size distribution by volume of the BZY-c powder

[11.1.c. Microstructural and electron diffraction analysis

The microstructural investigations were performed by transmission electron microscopy
(TEM) on a ThermoFisher FEI Tecnai F20. The size of the particles was determined with
ImagelJ software. The interreticular distance corresponding to each electron diffraction ring was

calculated by following Equation 11.4:

dnir = 2—R Equation 11.4

With dp,;;, the interreticular distance; A, the wavelength of the electron beam; R, the
camera length; and D*, the radius of the diffraction ring. The lattice mode (primitive (P),
centered (1), face-centered (F)) was determined by looking at the systematic extinctions: P mode
does not present extinctions, the extinction condition inthe Imodeis h + k + 1l = 2n + 1 and
in F mode, the extinction occurs if h, k and | are in different parity.

Figure 11.19 shows the TEM micrograph of the BZY-b powder. Two kinds of particles
were detected, on the bottom left corner, spherical particles of 9 £ 2 nm (evaluation on 34
particles) are highly agglomerated in clusters, the other particles are 105 + 25 nm (evaluation
on 102 particles) and are agglomerated in rosary shape.
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Figure 11.19: TEM micrograph of the BZY-b powder

The electron diffraction patterns of the 105 nm particles is presented in Figure 11.20.
The pattern exhibits characteristic diffraction spots of a polycrystalline sample, the indexation
is presented in Table 11.9. The crystal structure corresponds to a primitive mode with an
average lattice parameter of 4.21(5) A. The first ring was not taken into account for the
calculation of the lattice parameter since it overlaps with the one of the small particles. The
obtained lattice parameter is in line with the 4.211(5) A of BZY-b obtained by XRD, then the
105 nm particles were attributed to BZY. No additional spot was highlighted out of the rings,
confirming that BZY-b does not present a tetragonal distortion.

Figure 11.20: Electron diffraction pattern of the 105 nm particles from the BZY-b powder

47



Chapter Il: Hydrothermal synthesis and characterization of the protonic ceramic conductor

Ring dhki h Kk | Lattice parameter (A)
1 3.02(4) 1 1 0 4.27(7)
2 2.43(3) 1 1 1 4.21(4)
3 2.10(7) 2 0 0 4.21(5)
4 1.88(6) 2 1 0 4.21(8)
5 1.71(9) 2 1 1 4.21(2)
6 1.49(1) 2 2 0 4.21(6)
7 1.33(2) 3 1 0 4.21(3)
8 1.27(2) 3 1 1 4.21(8)
9 1.21(7) 2 2 2 4.21(4)
10 1.12(7) 3 2 1 4.21(8)
11 0.99(3) 4 1 1 4.21(4)
Table 11.9: Indexation of the electron diffraction pattern of the 116 nm particles in the BZY-b
powder.

Figure 11.21 exhibits the electron diffraction pattern of the 9 nm particles. The complete
rings are a classical feature of a polycrystalline sample with a high number of particles.

Two crystal structures can be deduced from this diffraction pattern. The more obvious
indexation (Table 11.10) evidences a face-centered system (mode F) with a 5.19(7) A lattice
parameter corresponding to yttria-stabilized zirconia (YSZ) with 17 % of yttrium. However,
YO(OH) was highlighted by XRD, then, it can be assumed that a Y-based oxide is obtained.
Indeed, oxyhydroxides are not stables in the TEM environment (high voltage electron beam)
and lead to oxide species [191], [192]. Table 11.11 presents the indexation of the diffraction
pattern in the hypothesis of a centered lattice mode (mode I). The indexed hkl reflection fit
perfectly with the more intense diffraction peaks of the ICDD data 04-008-2591 corresponding
to Y18Zr0.203+5 (space group la-3). The obtained lattice parameter is 10.39(4) A, a bit lower
than the 10.5652 A of Y15Zro20s:5 reported in ICDD data, suggesting more incorporation of
Zr**. In order to get an idea of the content of Zr**, the Vegard’s Law was applied, the obtained
composition is Y16Zro40s+s.

According to the XRD result and the thermal behavior of the two synthesized BZY
powders that will be seen in the section, this second assumption is the most probable.
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Figure 11.21: Electron diffraction pattern of the 9 nm particles from the BZY-b powder

Ring dhki h Kk I Lattice parameter (A)
1 3.00(0) 1 1 1 5.19(6)
2 2.60(0) 2 0 0 5.20(0)
3 1.83(5) 2 2 0 5.19(1)
4 1.56(8) 3 1 1 5.20(0)

Table 11.10: Indexation of the electron diffraction pattern of the 8 nm particles in the BZY-b
powder in the hypothesis of a F lattice mode.

Ring dhki h Kk I Lattice parameter (A)
1 3.00(0) 2 2 2 10.39(2)
2 2.60(0) 4 0 0 10.40(0)
3 1.83(5) 4 4 0 10.38(2)
4 1.56(8) 6 2 2 10.40(0)

Table 11.11: Indexation of the electron diffraction pattern of the 8 nm particles in the BZY-b
powder in the hypothesis of a | lattice mode.

Figure 11.22 shows the TEM micrograph of the BZY-c powder. As suggested by the
PSD analysis, the particles with a nearly spherical morphology are agglomerated. The particle
size varies from 10 nm to 315 nm on this micrograph, with a median value of 48 nm (evaluation
on 50 particles). As for the powder synthesized by the batch process, particles of 9 nm are
surrounding the bigger particles. Figure 11.23 exhibits the electron diffraction pattern of the
powder, it corresponds to a polycrystalline sample. Indexation of the rings is exposed in
Table 11.12. It is a primitive lattice mode with a lattice parameter of 4.20(6) A, quite in line
with the 4.201(5) A obtained by XRD. The ring 2, which overlaps with the 222 plan of Zr-
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doped Y203, was not considered for the calculation. As for the BZY-b and in agreement with
the XRD peak shape, no spot was detected out from the rings, suggesting that BZY-c
crystallizes in a cubic perovskite lattice.

Figure 11.23: Electron diffraction pattern of the BZY-c powder.
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Ring dhki h k I Lattice parameter (A)
1 4.21(5) 1 0 0 4.21(5)
2 2.98(6) 1 1 0 4.22(3)
3 2.43(0) 1 1 1 4.20(9)
4 2.10(3) 2 0 0 4.20(6)
5 1.87(9) 2 1 0 4.20(1)
6 1.71(9) 2 1 1 4.21(2)
7 1.48(6) 2 2 0 4.20(3)
8 1.33(0) 3 1 0 4.20(7)
9 1.26(8) 3 1 1 4.20(7)
10 1.21(3) 2 2 2 4.20(3)
11 1.12(3) 3 2 1 4.20(3)

Table 11.12: Indexation of the electron diffraction pattern of the BZY-c powder.

[11.1.d. Bulk chemistry analysis

The chemical composition of the BZY grains in the powder was investigated through
Scanning Electron Microscopy-Energy Dispersive X-Ray Spectroscopy (SEM-EDS). The
fluorescence X and the Inductively Coupled Plasma — Atomic Emission Spectroscopy (ICP-
AES) techniques were put aside since they give a global information of each element of a certain
quantity of powder. The SEM is a Hitachi SU1510 coupled with a Bruker XFlash6110 energy-
dispersive X-ray analyzer. The voltage was set to 15 kV, the working distance to 15 + 0.5 mm.
The detected elements are Ba, Zr, Y, O and C. The collected peaks for EDS quantification
corrected by the ZAF method (atomic number (Z) effect, self-absorption (A) effect and
fluorescence (F) effect) were the L-series of Ba, Zr and Y and the K-series of O. EDS
investigations were conducted on 16 different agglomerates with an area of measurement from
Sum x5 um.

BaCOz was easily excluded from the analysis since it has a specific morphology of
needle, as highlighted in Figure 11.24. Due to the 10 nm size of the oxyhydroxy species, and
since they surround the BZY particles, (Y,Zr)O(OH) cannot be excluded from the analysis. For
the ratio exposed below, Ba atoms are supposed to occupy the A-site of the perovskite while Zr
and Y occupy the B-site.

Figure 11.25 shows a) the A-site/B-site ratios and b) the Y/(Zr + Y) ratios for the BZY-
b and the BZY-c powders and the corresponding number of agglomerates per interval. The
BZY-c powder exhibits a wide range of A-site/B-site ratio, from 0.70 to 1.33, with a strong
tendency for the Ba-deficient composition, the obtained average value is 0.93 + 0.17. The A-
site/B-site ratio of the BZY-b is less widespread and varies from 0.67 to 1.09 with an average
value of 0.88 + 0.13.
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The Y/(Zr + Y) ratio values of the BZY-c powder cover an interval of 0.08-0.25 with
an average value of 0.14 + 0.03, this ratio is lower than the expected 0.20. BZY-b exhibits
higher values from 0.18 to 0.32 and presents an average value of 0.27 + 0.04.

MAG: 2501 x HV: 15,0 kV WD: 14,7 mm
Figure 11.24: SEM micrograph in backscattered electron (BSE) mode of the BZY-c powder,
the yellow square represent the area for the SEM-EDS analysis.
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Figure 11.25: a) A-site/B-site ratios and b) Y/(Zr + Y) ratios obtained from EDS measurement
on the BZY-b and the BZY-c powders and the corresponding number of agglomerates per
interval.
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I11.1.e. Surface chemistry analysis

The surface chemistry of the BZY-b and the BZY-c powder was investigated by X-Ray
Photoelectron Spectroscopy (XPS). XPS was carried out on an XPS PHI 5000 VersaProbe with
a monochromatized Al Kal source (1486.7 eV). All the binding energies were calibrated from
the C 1s of the adventitious carbon (C—C and C—H bonds) peak at 284.8 eV. Casa XPS software
(Version 2.3.23) was used for data processing. The analyzed area is a circular disk of 200 um
in diameter, the penetration depth is 20 nm.

The surface element composition is exposed in Table 11.13. BZY powder presents an
unexpectedly low amount of Y in comparison with the ratio obtained by SEM-EDS, the ratio
Y/(Zr +Y) is only 0.17 for the BZY-b powder and 0.14 for the BZY -c powder, this value is in
line which the one obtained in the previous section. The obtained A-site/B-site are 0.73 and
0.39 for BZY-b and BZY-c respectively, suggesting that the BZY-c is highly covered by
(Y,Zr)O(OH).

Sample Barium Zirconium Yttrium Oxygen Carbon

BZY-b 11.3 12.8 2.6 62.3 11.0

BZY-c 6.8 14.8 2.5 58.4 15.2

Table 11.13: Elemental composition (at%) of the BZY-b and the BZY-c powders obtained by
XPS.

To facilitate the interpretation of the XPS spectra, a plot representing the different
possible contribution and their associated binding energy founded in the literature was
constructed. The plot of each element is presented in Figure 11.26. The details about the XPS
spectra (preparation of the sample, precise binding energy and shape of the XPS spectra) are
presented in Annex C.
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Figure 11.26: Representation of the binding energy associated with different possible
compound reported in the literature. a) Ba 3ds/2 binding energy; b) C 1s binding energy; c)
Zr 3dsp2 binding energy; d) Y 3ds,2 core-level spectra and e) O 1s binding energy

The XPS window spectra of the two BZY powders are presented in Figure 11.27. The
Ba 3ds/2, shown in Figure 11.27.a, exhibits an asymmetric peak which can be fitted with two
contributions. The main peak, situated at 779.2 eV for BZY-b and 779.5 eV for BZY-c,
corresponds to Ba from the perovskite phase [186], [193], [194]. The studies diverge about the
origin of the assymetric peak of Ba 3ds. in perovskite structure. Some explains that the
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asymmetric shape of the peak may be due to terminal Ba-O bonds [194], [195], some other to
the distortion of the lattice implemented by oxygen vacancies [196] and finaly, it can
correspond to BaCOs [197]-[200]. According to Ba spectra of the annealed powders that will
presented in the next section, this contribution was assigned to terminal Ba-O bond and the Ba
from BaCOz contribution overlap with the Ba from BZY contribution.

Figure 11.27.b exhibits the C 1s core-level spectra of the two powders. Both spectra
present three contributions, two overlapped peaks between 287 and 283 eV characteristic of
adventitious carbon, namely C-C and C-H bonds, and one contribution at 289.2 eV for BZY-b
and 289.6 eV for BZY-c corresponding to C in BaCO3 [197]-[201]. In agreement with the
XRD analysis, BZY-b presents more BaCOs than BZY-c, the % of the area are respectively
59.6 %, corresponding to 6.6 at%, and 17.8 %, corresponding to 2.7 at%.

The Zr 3d core-level spectra is presented in Figure 11.27.c. The spectra can be fitted
with two contributions (each contribution give rise to one 3ds;> peak and one 3dz;, peak). The
contribution situated at 181.0 + 0.1 eV for the 3ds. level and 183.4 + 0.2 eV for the 3dz. level
correspond to Zrz* from BZY [186], [193], [194], [202]. In the BZY -b sample, this contribution
is the more important, it equals to 58.8 % of the area and 7.5 at% of the detected elements. In
the BZY-c sample, the second contribution, situated at 182.1 + 0.1 eV (3ds;2) and 184.5 £ 0.1
eV (3dss) is the more important as it occupy 87.1 % of the area, corresponding to 12.9 at% of
the sample. According to Figure 11.26, this contribution can be assigned to ZrO,, YSZ or
ZrO(OH)2 [197], [203]-[207]. From the XRD analysis, the oxyhydroxide specie is the most
probable.

Figure 11.27.d displays the Y 3d core-level spectra of the two samples. Each spectrum
can be fitted with one contribution, situated at 156.7 eV (3ds) and 158.8 eV (3dsp) in the
BZY-b powder and 157.8 eV (3ds2) and 159.9 (3dss2) for the BZY-c sample. According the
literature survey plotted in Figure 11.26, the BZY-b contribution may correspond to Yz’ from
BZY or to Y203[176], [197], [202], [208]. The BZY -c contribution should be assigned to Yz’
from BZY or Yga' from BZY [176], [186], [202]. The second contribution at 158.4 eV (3dsy)
and 160.5+0.1 eV (3dsp) in the two spectra may correspond to the oxyhydroxide specie. In
agreement with the core-level spectra of Zr, the proportion of oxyhydroxide species is more
important in the BZY-c powder than in the BZY-b powder.

The O 1s spectra of the BZY-b and the BZY-c powders are presented in Figure 11.27.e.
Three contributions fits well the spectra. The first contribution, situated at 529.0 £ 0.1 eV, is
assigned to O from BZY [193], [202]. It represents 41.6 % of the area for BZY-b and only 9.2
% of the area for BZY-c. The second contribution, at 530.0 £ 0.1 eV, can be assigned to YSZ
or Y203 [203], [205], [206], [208]. However, according to the precedent assignations and the
acceptable shift (about 0.5 eV) with the reported value for YO(OH), this second contribution is
attribution to the oxygen from of oxyhydroxide species [209]. The third contribution, at
531.4 £ 0.3 eV, corresponds to BaCOz [198]-[201].
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Figure 11.27: XPS windows spectra of the BZY-b and BZY-c powders, a) Ba 3ds/. core-level
spectra; b) Zr 3d core-level spectra; c¢) Y 3d core-level spectra and d) C 1s core-level spectra.
The colored lines represents the fit of each contribution; the black line, the experimental data

data; the grey line, the global fit.
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[11.1.f. Summary

BZY20 was synthesized by hydrothermal route in supercritical condition (T = 400 °C
and P = 300 bar). Two different set-ups were employed, the continuous and the batch process.
In both routes, the final product consists in a white powder, mainly containing a BZY exhibiting
a cubic perovskite structure (space group Pm-3m). The two secondary phases formed during
the synthesis are BaCOz (space group Pnma) and (Y,Zr)O(OH) (space group P21/m).

The perovskite structure presents a Ba-deficiency in BZY-b and BZY-c, the A-site/B-
site ratio are respectively 0.88 and 0.93. The BZY-b perovskite integrates a higher content of
Y than the BZY-c, indeed, the Y/(Y+Zr) ratio is 0.27 while it is only 0.14 for BZY-c. The higher
lattice parameter of BZY-b obtained from XRD is consistent with the higher content of Y in
the BZY-b than in the BZY -c powder.

Particles are 116 nm in diameter for BZY-b and 48 nm for BZY-c. The smaller particle
size in the continuous process is explained by the shorter residence time into the reactor: few
seconds against two hours.

The surface chemistry analyses indicate that each element is present in at least two
chemical state. The Ba core-level spectra is similar for the BZY elaborated by batch and
continuous process. The BZY-c powder exhibits a higher content of oxyhydroxide species at
its surface then the BZY-b, this statement is observed in both Y and Zr core-level spectra.

To summarize, the BZY-b powder accepts a higher content of Y but a higher Ba-
deficiency. In contrast, BZY -c shows less Ba deficiency but a smaller content of Y.

I11.2. Characterization of the annealed material

In order to homogenize and stabilize the crystal structure, a thermal treatment was
carried out on the two powders. To fix the temperature of the annealing treatment,
thermogravimetric analysis (TA Instruments Q600 SDT) was performed on the as-synthesized
powder. Figure 11.28 shows the profile obtained for the BZY-c powder. 27.11 mg was set in a
platinum crucible and analyzed in air atmosphere from ambient temperature to 1500 °C with a
heating ramp of 10 °C.min. The weight loss and the temperature limiting the different domains
were evaluated via the TA Universal Analysis 4.5 software. Four weight losses are highlighted,
noted as (1), (I1), (1) and (IV). The first occurs from ambient temperature to 238 °C and
corresponds to the loss of adsorbed water. The second degradation occurs from 238 °C to 607
°C, with a maximum exothermic peak at 391 °C and is attributed to the transformation of
(Y,Zr)O(OH) in oxide specie [210]-[212]. The third decomposition in the 607 — 1034 °C range
corresponds to the decomposition of BaCO3 according to Reaction 11.3 [213], [214]. The last
decomposition step occurring from 1034 °C to 1166 °C corresponds to BaO vaporization.

BaC055) = BaOs) + COyy Reaction 11.3

According to these considerations, the annealing treatment of the powder is performed
at 1000 °C in order to decompose BaCOs impurity and compensate Ba vacancies in the
perovskite structure by incorporating BaO.
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Figure 11.28: TGA signal (black) and Differential Thermal Analysis (red) of the BZY-c
powder

I11.2.a. X-ray diffraction analysis

BZY-b and BZY-c powders were annealed at 1000 °C for 1 hour in air atmosphere, the
heating and cooling ramps were 3 °C/min. Figure 11.29.a gives the 20 — 80 ° 20 range
diffractogram of the two powders. The major phase obtained in both samples is a perovskite
phase corresponding to BZY. As suggested by the TGA analysis, the (Y,Zr)O(OH) has changed
in Zr-doped Y203 (space group la-3) and BaCOs has been decomposed. Figure 11.29.b exposes
the zoom on the (200) peak, while Figure 11.29.c shows the zoom on the (220) peak. As exposed
in the previous section, those two peaks are widely split in the tetragonal system. The BZY-c
1000 °C peaks are almost symmetric, characteristic of a cubic perovskite lattice. The BZY-b
1000 °C peak is asymmetric. However, it is not characteristic of a tetragonal distortion. Thus,
the asymmetric shape of the diffraction peak of the BZY-b 1000 °C is presumably due to a
gradient of composition and the annealed BZY-b powder exhibits a cubic system.

The two patterns were refined by the Rietveld method and the result is shown in Table
11.14, the crystallographic data of the two phases are described in Annex A. The proportion of
each phase is in the same order in the two samples, 93.1 wt% and 94.2 wt% of BZY-b and
BZY-c against 6.9 wt% and 5.8 wt% of Zr-doped Y03 respectively. The thermal treatment
increases the lattice parameter, from 4.211(5) A to 4.215(2) A for BZY-b and from 4.201(5) A
to 4.206(5) A for BZY-c. This rise could be assigned to the incorporation of BaO inside the
perovskite lattice.
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Figure 11.29: X-Ray Diffractogram of the BZY-b and BZY-c powders after annealing at 1000
°C for 1 hour; a) 20-80 ° 26 range, b) zoom on the 200 peak and c) zoom on 220 peak

Sample Lattice parameter of Wit% of BZY W1t% of Zr-doped Y203
BZY (wt%)
BZY-b 1000 °C 4.215(2) A 93.1 6.9
BZY-c 1000 °C  4.206(5) A 94.2 5.8
Table 11.14: Rietveld refinement of the BZY-b and BZY-c powders after annealing at 1000 °C
for 1 hour

[11.2.b. Microstructural and electron diffraction analysis

The two annealed powders were examined by TEM. Figure 11.30 shows the TEM
micrograph of the annealed BZY -b powder. Spherical particles are still agglomerated in rosary
shape, a strong heterogeneity of contrast is observed in the micrograph. The particle size
increases the thermal treatment, it was evaluated on 102 particles and is 153 + 42 nm, as a
reminder, the average particle size of the raw powder was 105 + 25 nm. The agglomerates of
the 9 nm particles appearing in the raw BZY-b powder are no longer visible on this micrograph.
However, on the electron diffraction pattern (Figure 11.31), the very intense ring of the (222)
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plan of the Zr-doped Y20z is present (it overlaps with the ring corresponding to the plan (110)
of BZY). Therefore, it can be assumed that Zr-doped Y»0s is still present on the surface of
BZY, leading to the contrast heterogeneities in Figure 11.30.

Indexation of the electron diffraction pattern is exposed in Table 11.15. It is a primitive
lattice mode with a lattice parameter of 4.21(7) A, corresponding well to the lattice parameter
of 4.21(5) A obtained by XRD. The ring 2, which overlaps with the (222) plan of Zr-doped
Y203, was not considered for the calculation.

2 1/nm

Figure 11.31: Electron diffraction pattern of the BZY-b 1000 °C powder
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Ring dhki h Kk I Lattice parameter (A)
1 4.21(5) 1 0 0 4.21(5)
2 2.98(6) 1 1 0 4.22(3)
3 2.63(1) 1 1 1 4.55(8)
4 2.10(7) 2 0 0 4.21(5)
5 1.71(9) 2 1 1 4.21(2)
6 1.49(5) 2 2 0 4.22(9)
7 1.40(5) 3 0 0 4.21(5)
8 1.33(2) 3 1 0 4.21(3)
9 1.27(0) 3 1 1 4.21(2)
10 1.12(7) 3 2 1 4.21(8)
Table 11.15: Electron diffraction pattern of the BZY-b powder after annealing at 1000 °C for 1
hour.

The TEM micrograph of the BZY -c powder after the annealing treatment is exposed in
Figure 11.32. Particles are spherical and agglomerated, the surface appears less heterogeneous
than the BZY-b 1000 °C powder. The particle size was evaluated on 104 particles and is 174
61 nm. The small particles of Zr-doped Y203 are not visible on the micrographs. However, on
the electron diffraction pattern presented in Figure 11.33, the ring corresponding to the (222)
plane of Zr-doped Y203 is present but exhibits a very low intensity. The indexation of the
diffraction pattern is shown in Table I11.16. It consists in a primitive group with a lattice
parameter of 4.21(0) A corresponding to BZY. The value of the lattice parameter is in
agreement with the 4.20(7) A determined by XRD.

100 nm

3

Figure 11.32: TEM micrograph of the BZY-c 1000 °C powder
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Figure 11.33: Electron diffraction pattern of the BZY-c 1000 °C powder

Ring dhki h k I Lattice parameter (A)
1 2.97(7) 1 1 0 4.21(0)
2 2.43(0) 1 1 1 4.20(9)
3 2.10(3) 2 0 0 4.20(6)
4 1.71(6) 2 1 1 4.20(4)
5 1.48(8) 2 2 0 4.21(0)
6 1.33(2) 3 1 0 4.21(3)
7 1.26(8) 3 1 1 4.20(7)
8 1.21(8) 2 2 2 4.22(0)
9 1.12(6) 3 2 1 4.21(3)
10 2.97(7) 1 1 0 4.21(0)
Table 11.16: Electron diffraction pattern of the BZY-c powder after annealing at 1000 °C for 1
hour.
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I11.2.c. Bulk chemistry analysis

As for the raw powders, the chemical composition of BZY-b and BZY-c after the
annealing treatment was investigated through SEM-EDS. Only Ba, Zr, Y, C and O elements
were detected. The analysis was performed on 16 agglomerates with an area of measurement
from 20 um x 20 um. As previously, Ba is supposed to belong to the A-site of the perovskite
and Zr and Y occupy the B-site.

Figure 11.34 shows a) the A-site/B-site ratios and b) the Y/(Zr + Y) ratios of the BZY-b
powder before and after annealing at 1000 °C for 1 hour and the corresponding number of
agglomerates per interval. After the annealing treatment, the distribution of A-site/B-site ratio
is narrower, passing from the 0.67-1.09 range to the 0.88-1.09 with an average value at
0.96 £ 0.06. This increase of the low-value limit attests the compensation of Ba-vacancies by
BaO during the thermal treatment. The integration of BaO in the BZY structure is described in
Kroger-Vink notation in Reaction 11.4.

BaO + Vg, + V5 = Bag, + 0} Reaction 11.4

Y/(Zr + Y) ratio exhibits slightly lower values after annealing than the raw powder. The
interval was 0.17-0.32 before annealing and is 0.17-0.27 after, with an average value at 0.24 +
0.03. Finally, the average composition of the annealed BZY-b is Bao.9sZro.76Y02403-5. This
result is in perfect agreement with the determined lattice parameter.
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Figure 11.34: a) A-site/B-site ratios and b) Y/(Zr + Y) ratios obtained from SEM-EDS
measurement on the BZY-b powder before and after annealing at 1000 °C for 1 hour and the
corresponding number of agglomerates per interval.

The SEM-EDX investigation on the BZY-c powder before and after thermal treatment
is shown in Figure 11.35. As for the batch powder, the annealing treatment allows to narrowing
the interval of A-site/B-site value. The initial range was 0.70-1.33 and is 0.92-1.09 after the
annealing treatment, with an average value of 1.01 + 0.04. The Y/(Zr+Y) distribution has the
same profile before and after annealing. Values are also in the same order, from 0.08 to 0.25
before the thermal treatment and from 0.07 to 0.24 after annealing, with an average value of
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0.14 + 0.04. This thermal treatment is efficient to homogenize of the composition, indeed the
average composition of the raw powder was Bao.93Zro.86 Y 0.1403-5 and Ba1.01Zr0.85 Y 0.1503-5 IS the
average composition after the thermal treatment.
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Figure 11.35: a) A-site/B-site ratios and b) Y/(Zr + Y) ratios obtained from SEM-EDS
measurement on the BZY-c powder before and after annealing at 1000 °C for 1 hour and the
corresponding number of agglomerates per interval.

[11.2.d. Surface chemistry analysis

The surface chemistry of the BZY-b and the BZY-c powder was investigated by XPS
after the annealing thermal treatment at 1000 °C for 1 hour. The binding energy of each element
window was calibrated from the C 1s of the adventitious carbon (C—C and C—H bonds) peak at
284.8 eV. The elemental composition of the surface of each powder determined by XPS is
presented in Table 11.17. The content of carbon and oxygen are similar to those determined for
the raw powder. The Y/(Zr + Y) ratio is 0.22 for the BZY-b 1000 °C powder, larger than the
one determined by EDS, and 0.17 for the BZY-c 1000 °c powder. This value is in line with the
EDS analysis. The A-site/B-site ratio is 0.97 and 0.91 for BZY-b 1000 °C and BZY-c 1000 °C
respectively. These values are much larger than for the as-synthesized powders, agreeing well
with the Ba uptake during the thermal treatment statement highlighted in the previous
paragraph.

Sample Barium Zirconium Yttrium Oxygen Carbon
BZY-b 1000 °C 14.3 11.5 3.2 60.5 10.4
BZY-c 1000 °C 11.8 10.7 2.2 57.3 15.7

Table 11.17: Elemental composition (at%) of the BZY-b 1000 °C and the BZY-c 1000 °C
powders obtained by XPS.

The XPS window spectra of each element for the two BZY powders annealed at 1000 °C
for 1 hour are presented in Figure 11.36. The Ba 3ds2 (Figure 36.a) spectra are similar to those
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of the raw powder. The main peak at 779.2 £ 0.2 eV corresponds to Ba from BZY and possibly
Ba from BaCOs [186], [193], [194], [197]-[200]. The peak at 780.6 = 0.2 eV is attributed to
Ba-O terminal bonds [194], [195].

The C 1s core-level spectra displayed in Figure 11.36.b can be deconvoluted in three
contributions, the same as before the annealing treatment, for each spectrum. In comparison
with the as-synthesized powder, the BZY-c 1000 °C shows more C from BaCOs content,
suggesting a surface carbonation of the sample. The calculated content is 4.8 at% after
annealing treatment while it was 2.7 at% in the as-synthesized powder. The BZY-b 1000 °C C
1s spectra are very similar before and after the thermal treatment.

The Zr 3d core-level spectra are presented in Figure 11.36.c. As for the raw powder, the
spectra can be fitted with two contributions. The contribution situated at 181.0 + 0.1 eV for the
3dsy2 level and 183.4 £+ 0.1 eV for the 3ds/2 level correspond to Zrz* from BZY [186], [193],
[194], [202]. It should be noticed that in both powders, the proportion of Zr from BZY has
highly increased in comparison with the as-synthesized powder. According to the XRD
experiments, the second contribution at 182.2 + 0.1 eV (3ds2) and 184.6 + 0.1 eV (3ds/2) could
correspond to surface YSZ [203]-[206]. No literature data was found for Zr-doped Y203 but
the energy of the chemical bonding Y-O-Zr is supposed to be nearly the same in Zr-doped
Y203 than YSZ, then this contribution was assigned to Zr-doped Y20:s.

The Y 3d core spectra are depicted in Figure 11.36.d are different than from the as-
synthesized spectra and present two contributions in each sample. The contribution at
157.8 £ 0.1 eV (3ds2) and 159.9 + 0.1 eV (3ds2) could reasonably be assigned to Yz' from
BZY while the 155.9 + 0.1 eV (3ds/2) and 158.6 £ 0.1 eV (3ds2) peaks could be assigned to Yga’
[183], [202]. The atomic percent of Yga' calculated from the area of the peaks and the surface
composition of the sample are 1.5 at% for BZY-b 1000 °C and 0.15 at% for BZY-c 1000 °C.The
contribution of YSZ and so Y from Zr-doped Y203 overlaps with the one of Yz, then, it was
impossible to deconvolute the two signals.

The O 1s spectra of the BZY-b 1000 °C and the BZY-c 1000 °C powders are presented
in Figure 11.36.e. They are quite similar to those of the as-synthesized powder and can be fitted
with three contributions corresponding to BZY (at 528.9 + 0.1 eV), Zr-doped Y203 (at 530.0 +
0.1 eV) and BaCOs (at 531.2 + 0.1 eV) according to the literature survey displayed in Figure
11.26. For this assignation, the YSZ contribution was replaced by Zr-doped Y203 according to
the XRD indexation.
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Figure 11.36: XPS core-level spectra of the BZY-b and BZY-c powders after annealing at 1000
°C for 1 hour. a) core-level spectra of Ba 3d5/2, b) core-level spectra of C 1s, ¢) core-level
spectra of Zr 3d and d) core-level spectra of Y 3d
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I11.2.e. Summary

The annealing treatment at 1000 °C for 1 hour allows to homogenize the structure of the
BZY powder. Several reactions occur during this thermal treatment. Firstly, the oxyhydroxide
species is converted into oxide according to Reaction 11.5.

2(Y1-xZ1,0(OH))14x = Yo 27550345y + (1 + x)H, 0y Reaction 11.5
In a second step, BaCOs decomposes in BaO and CO- according to Reaction 11.3.
BaCO03(y = BaOsy + €Oy Reaction 11.3
Finally, the resulting BaO incorporates the lattice of BZY following Reaction 11.6.
BaO + Vg, + V5° = Bag, + 0} Reaction 11.6

This compensation of Ba-deficiency results in an increase of the cubic lattice parameter.
BZY-b pass from 4.211(5) A to 4.215(2) A after the thermal treatment and BZY-c pass from
4.201(5) A to 4.206(5) A, the amount of Y1xZrxOs:s is about 6.4 %wt in the two powders. The
incorporation of Ba is also highlighted by SEM-EDS measurement, the final compositions are
Ba0.96Zr0.76 Y 0.2403-5 for BZY-b and Ba1.01Zr0.85Y0.1503-5 for BZY-C.

The resulting powder consists in spherical grains of about 119 nm for BZY-b and 138nm
for BZY-c, agglomerated in cluster. The surface chemistry analysis via XPS evidenced that the
thermal treatment does not affect the Ba, C and O chemical bonding. Zr 3d spectra suggested
that less impurity (Zr-doped Y203) is present after the annealing treatment. Y 3d core-level
spectra highlight the presence of Y in the two cationic sites of the perovskite. Furthermore, the
substitution of A-site by Y is 10 times more important in the BZY-b 1000 °C than in the BZY-c
1000 °C.

Even though this thermal treatment is useful for the elimination of BaCOs and the
compensation of the Ba-deficiency in the crystal structure, it does not solve the problem of the
Y- and Zr-based impurity. Then, in the last part of this chapter, a study about avoiding the
formation of (YO(OH))1x(ZrO(OH)2)x will be presented.

111.3. Formation mechanism of Ba(Zr,Y)Os-5

Another group, Yoko et al., studied the formation mechanism of BaZrOs in supercritical
water. Figure 11.37 presents the schematic of the plausible mechanism of the formation of
BaZrOsin a continuous hydrothermal set-up at 400 °C and 300 bar [215]. They suspected the
formation of Ba-deficient particles with a ZrO(OH)2 shell at the early stage of the precipitation
followed by an uptake of Ba** up to Ba/Zr=1. In 2016, the same group used in situ X-ray
diffraction to study and support the previous mechanism [216].
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Figure 11.37: Schematic of the plausible mechanism of the formation of BaZrOzin a

continuous hydrothermal set-up at 400 °C and 300 bar [215].

The formation mechanism of BZY, adapted from Yoko et al., is presented in Figure
11.38. It consists of the formation of (YO(OH))1.x(ZrO(OH)2)x shell surrounding a Bai-x(Zr,
Y)Os-5 core. In a second step, Ba?*, Zr*" and Y** are incorporated from the solution to the shell
while Ba?* is uptake in the core. In the last step, the separation of the core and the shell occurs.
During the drying of the powder, free Ba?* form BaO which is carbonate into BaCOs.

- Free Ba**
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P Ba,_,(Zr,Y)O, 5 core
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T (YO[OH)), ,(ZrO(OH),), O ™ (vo[oH)), (zro(oH),),

Figure 11.38: suspected formation mechanism of BZY in the continuous hydrothermal set-up
at 450 °C and 300 bar.

I11.4. Adjustment of the synthesis conditions

In a study from 2010, Yamazaki et al. studied the phase behavior of Ba-deficient BZY
synthesized by the sol-gel route [217]. They demonstrated that, by considering the
BaixZrosY0.2035 formula:

— if x < 0.06, then BZY is obtained as a single phase and the sub-stoichiometry is
compensated by incorporating Y in the A-site.

—if0.08 <x < 0.2, then (Y,Zr).0z is formed as secondary phase.

—if 0.2 < x <0.3, two secondaries phases are formed: (Y,Zr).0z and (Zr,Y)0O>

—if 0.3 <x < 0.4, then the secondary phase consists of (Zr,Y)O..

It can then be assumed that, by avoiding the Ba-deficiencies, the (Y,Zr)O(OH)
compound will not be formed. In order to prevent obtaining Ba-deficiencies, an over-
stoichiometry of Ba(NO3)2 is used during the hydrothermal synthesis. Different compositions
were tested: a ratio Ba(NO3)2/(ZrO(NO3)2:6H20+Y (NO3)2:6H20) equal to 1.5, noted B1.5ZY,
the same ratio equal to 2, noted B2ZY, the ratio equal to 3, noted B3ZY and the ratio equal to
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4, noted B4ZY. The synthesis were carried out in the continuous set-up in the same conditions
as before, i.e., T =400 °C, P = 300 bar and pH = 13.

I11.4.a. X-ray diffraction analysis

The XRD patterns of B1.5ZY, B2ZY-c, B3ZY-c, B4ZY-c are shown in Figure 11.39.a.
Two phases are obtained, the major phase corresponds to cubic BZY and impurity is only
consisting of BaCOz. As shown in Figure 11.X.39.b, where a zoom on the 110 peak is shown,
there is no trace of the oxyhydroxide species.
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Figure 11.39: X-ray diffractogram of B1.5ZY, B2ZY, B3ZY and B4ZY powders synthesized by
the continuous process at 400 °C and 300 bar; a) 20-80 ° 26 range and b) zoom on the 110
peak, the theoretical position of the more intense peak is represented in the figure

Rietveld refinement was conducted on the four diffractograms and the refined lattice
parameter of the BZY phase and phase percentage is shown in Table 11.18. The particle size of
the BZY phase was determined with the William and Hall method, the obtained Williamson
and Hall diagram is presented in Figure 11.40. The structural parameters inputted in FullProf
program are reported in Annex A. The refined lattice parameter in very close to each other,
varying from 4.207(9) A for B1.5ZY to 4.205(1) A for B3ZY. In a general manner, the lattice
parameter of the BZY phase decrease with the augmentation of the initial [Ba]/([Zr]+[Y]) ratio,
suggesting a less important incorporation of Ba and/or Y into the structure. The percentage of
BaCOgz is maximum for the B1.5ZY powder with 23.3 wt%, on the contrary, B3ZY exhibits
only 7.9 wt% of BaCOs. The crystallite size, that can be assimilated to the particle size in the
raw powder, is 63 nm for B1.5Z2Y, 49 nm for B2ZY and increase up to 120 nm for B4ZY.
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Lattice Crystallite
parameter of size of the Microstrain W1t% of W1t% of
Name . .
the perovskite perovskite (%) Ba(Zr,Y)Os.s BaCOs
phase phase
B1.52Y 4.207(9) A 65 nm 0.09 76.7 23.3
B2ZY 4.206(0) A 57 nm 0.10 85.2 14.8
B3zY 4.205(1) A 77 nm 0.16 92.1 7.9
B4ZY 4.207(3) A 75 nm 0.16 87.5 12.5

Table 11.18: Rietveld refinement and analysis of the Williamson and Hall diagram of the BZY-
b and BZY-c powders after annealing at 1000 °C for 1 hour
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Figure 11.40: Williamson and Hall diagram of the BZY phase of the B1.5ZY, B2ZY, B3ZY and
B4ZY powders synthesized by the continuous process at 400 °C and 300 bar

I11.4.b. Bulk chemistry analysis

In order to determine the composition, SEM-EDS was performed on the B1.5ZY,
B2ZY, B3ZY and B4ZY powders. The area of measurement was 10 ym X 10 um on the 20
analyses. Only Ba, Zr, Y, C and O elements were detected. As previously, Ba is supposed to
belong to the A-site of the perovskite and Zr and Y occupy the B-site.

The number of agglomerate per A-site/B-site ratio interval is represented on Figure
I1.41.a. As suggested by the XRD, the higher is the initial amount of Ba, the lower is the amount
of Ba in the perovskite. Values vary from 0.94 to 1.26 with an average value of 1.13 = 0.07 for
B1.5ZY, from 0.94 to 1.13 with an average value of 1.03 = 0.05 for B2ZY, from 0.85 to 1.08
with an average value of 0.95 + 0.06 for B3ZY and from 0.83 to 1.01 with an average value of
0.91 + 0.05 for B4ZY. Furthermore, in comparison with the SEM-EDS analysis of the BZY-b
and BZY-c powder (Figure 11.25), the deviation of the values is more narrow.
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The Y/(Zr+Y) ratios of each powder are shown in Figure 11.41.b. Always in agreement
with the XRD analysis, the more the initial [Ba]/([Zr]+[Y]) ratio increases, the less the yttrium
enter the structure. For B1.5ZY, the Y/(Zr+Y) ratio varies from 0.14 to 0.25 with an average
value of 0.21 + 0.04, from 0.14 to 0.26 with an average value of 0.19 + 0.04 for B2ZY, from
0.13 to 0.22 with an average value of 0.17 + 0.03 for B3ZY and from 0.10 to 0.29 with an
average value of 0.16 + 0.05 for B4ZY.

Consequently to these results, the chemical composition of the perovskite phase of
B1.5ZY can be written as Ba113Zro79Y021035, B2ZY as Bi1.03Zros1Y0.1903-5, B3ZY as
Bao.9sZr0.83Y0.1703-5 and B4ZY as Bao.91Zr0.84Y0.1603-s.
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Figure 11.41: a) A-site/B-site ratios and b) Y/(Zr + Y) ratios obtained from SEM-EDS
measurement on the B1.5ZY, B2ZY, B3ZY and B4ZY powders and the corresponding number
of agglomerates per interval.

[11.4.c. Summary

The increase of the initial quantity of Ba?" allows to avoid the formation of the
(Y,Zr)O(OH) species. The only impurity detected in the powder consists of BaCOs, formed
consequently to the carbonation of free Ba?* at the end the synthesis. Among the four
Ba(NOz)2/(ZrO(NOz3)2:6H,0+Y (NO3)2:6H20) ratio tested (1.5, 2, 3 and 4), 2 appears to be the
more optimal. Indeed, the ratio equal to 3 and 4 allows the synthesis of Ba-deficient perovskite.
The Ba-deficient structure hinders the incorporation of Y into the structure. The powder
synthesized with the 1.5 ratio, does not present Ba-deficiency, on the contrary, the BZY phase
exhibits an over-stoichiometry of Ba. The content of Y was found to be close to the expected
20 %. Finally, the powder synthesized with the 2 ratio presents a composition very close the
target one: Ba1.03Zro.81Y0.1903-5 and should be the chosen experimental condition.
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I\VV. Conclusion

The Ce-containing compounds among the Y-doped BaCeO3z—BaZrOs solid solution is
impossible to obtain by the hydrothermal route using water as solvent. On the one hand,
BaCeOs—based oxides are not stable in water containing atmosphere. On the other hand, the
fast nucleation of CeO: in hydrothermal conditions hinders the formation of BaCeOs—based
compounds. For these reasons, only the synthesis of the BaZrOz and Ba(Zr,Y)Os.5 (BZY) were
carried out. As seen in the first chapter, BaZrOs does not exhibit high protonic conductivity,
then BZY is the chosen protonic conductor.

BZY was synthesized by batch and continuous devices in supercritical conditions (T =
400 °C and P = 300 bar) using a stoichiometric quantity of precursors. In both routes, the
synthesis led to the formation of three different phases: one major BZY phase and BaCOs and
(Y,Zr)O(OH) as impurities. The content of these secondary phases was similar regardless of
the synthesis process (about BaCO3z 12 wt% of and 4 wt% of (Y,Zr)O(OH)). The lattice
parameter determined by X-ray diffraction and electron diffraction and the EDS analyses
indicates a highest incorporation of Y in the BZY powder elaborated by the batch process than
in the powder elaborated in the continuous device. The same observation is made for the Ba
incorporation: the BZY-batch powder contains more Ba than the BZY-continuous powder. The
surface chemistry analyses support these considerations. From the microstructural point of
view, both BZY powders present a spherical morphology. In agreement with the residence time
in the two processes, the BZY-continuous powder has a smaller grain size (about 50 nm) than
the BZY -batch powder (100 nm).

The annealing treatment at 1000 °C for 1 hour is beneficial for the two powders. First,
the decomposition of the BaCOs3 secondary phase leads to the compensation of Ba-deficiency
in the BZY structure. It results in an increase in the lattice parameter and it is confirmed by the
EDS measurements. The determined average composition is Bao.gsZro.76Y 024035 for BZY-b
and Bay.01Zro.85Y0.1503-5 for BZY-c. In parallel, the (Y,Zr)O(OH) reacts to form Zr-doped Y203
oxide. The presence of this oxide could be detrimental to the conductivity properties [218]. The
thermal treatment slightly increases the particle size, an average value of 153 nm was calculated
for BZY-batch 1000 °C and 173 nm for BZY-continuous 1000 °C. XPS surface chemistry
indicates the partial substitution of the Ba by Y. The phenomenon is much more evident in the
BZY-batch 1000 °C powder than in the BZY-continuous 1000 °C powder.

Finally, by optimizing the precursor quantity, a Bai.03Zros1Y0.1903-5 composition is
obtained for the initial ratio [Ba]/([Zr]+[Y]) of two. In addition, in such synthesis conditions,
no trace of (Y,Zr)O(OH) impurity was found. In agreement with Yamazaki et al., it is due to
the absence of Ba-deficiency [217].
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CHAPTER I1l: STUDY OF THE CONDUCTIVITY OF
Y-DOPED BARIUM ZIRCONATE

The present chapter describes in the first part the electrochemical impedance
spectroscopy technique, from its principle to the exploitation of the data. The defect chemistry
and the charge carrier species in perovskite protonic conductors will be detailed. Finally, the
definition and the measurement of the conductivity is presented.

In the second section, the sintering behavior of BZY and the preparation of the BZY
samples for the conductivity measurement is exposed.

The third part shows the EIS measurements from 200 to 700 °C conducted on the
samples: the BZY elaborated by the continuous route, the BZY synthesized by the batch process
and a commercial BZY will be studied as a comparison. Finally, the thermal behavior of the
conductivity of the three materials is presented and discussed.

l. Electrochemical impedance spectroscopy: theory and
application

The Electrochemical Impedance Spectroscopy (EIS), also known as complex
impedance spectroscopy, is one the most powerful analysis method for characterizing
electrochemical devices [219], [220]. Indeed, this method allows to distinguish and separate the
response from any layer that can be polarized (electrolyte, electrodes and even interfaces) and
is widely applied to study the conductivity and characterize fuel cells [221].

I.1. Theory of complex impedance spectroscopy

This first part aims to give an overview of EIS: the principle of the experiment, the
mathematical definition of the complex impedance, the construction of the EIS spectra, the
different representations of the data and, finally, the interpretation of the EIS spectra.

I.1.a. Principle of EIS

The principle of EIS consists in applying a small quantity of sinusoidal voltage to
perturb a system and measuring the system’s response (an oscillating current with a specific
amplitude and shift) as illustrated in Figure 111.1 [219]. Each layer (electrolyte, electrodes and
interfaces) will be polarized in a unique way under an applied voltage. The rate of change of
the polarized region when the voltage is reversed is characteristic of the type of interface/layer
and allows to separate the different contributions [222]. For example, the oxygen reduction
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reaction at the cathode side involves slow electrochemical phenomena, while the diffusion of a
charged species toward the bulk of a conductor material occurs very fast [223].

In practice, a potentiostat measures the impedance, that is to say, the dependence
between the applied sinusoidal voltage and the recorded current wave. A spectrum is then built
point by point by measuring this signal at different frequencies. In the fuel cell area, the typical
amplitude of voltage is in the 10 — 50 mV range and the frequency varies from 10° to 102 Hz.
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Figure 111.1: Principle of EIS, applied voltage (top) and measured current (bottom) [224]

I.1.b. Mathematical considerations

As said in the previous paragraph, the impedance is dependent of the sinusoidal voltage
and current. It can be assimilated to the Ohm’s law in the time domain according to Equation
.1:

E(t) = Z(w) X I(t) Equation I11.1

Where Z(w) is the complex impedance, E(t) is the sinusoidal voltage and I(t) is the
sinusoidal current.

The expression of the sinusoidal voltage is equal to Equation 111.2:

E(t) = E, sin(wt) Equation I11.2
Where E| is the amplitude of voltage signal and w is the angular frequency (w = 2xf).
The expression of the sinusoidal current is expressed in Equation 111.3:
1(t) = I, sin(wt + ¢) Equation I11.3
Where ¢ represent the phase angle.
By combining those expressions, the impedance can be rewrite in Equation 111.4.

@ __ Ey sin(wt)
) Iy sin(wt+¢)
By using Euler’s formula, Equation 111.4 is turned into Equation 111.5.

Z(w) = Equation 111.4

EO ei(ut
Io elwt+¢

Z(w) = =7, e'® Equation 111.5
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It is also possible to express the complex impedance by separating the real and the
imaginary parts (Equation I111.6) in order to represent it in a Cartesian plane.
Z(w)=2"+1iz" Equation I11.6
Z', the real part, physically represents the resistance of the system, while Z", the
imaginary part, is characteristic of the capacitive or inductive behavior of the system.

I.1.c. Representations of the impedance

It exits different ways to represent the impedance of a system. The most usual is the
Nyquist plot, in which the imaginary part (charted as —Z"") is plotted as a function of the real
part. In the fuel cells area, the Nyquist plot generally consists of semi-circles that represent
electrochemical phenomena. An example of Nyquist plot is shown in Figure I111.2.a. In this
example, only one electrochemical contribution, i.e., only one semi-circle, is depicted. Since
the real part of the impedance represents the resistance, the Nyquist plot allows reading directly
on the graph the resistance parameter of the system, here 500 Q. However, the frequency, and
then the time dependence of the electrochemical phenomena is not easily readable. For this
reason, the Bode plot (shown in Figure 111.2.b) is highly appreciated. It is two plots in one, on
one part the impedance Z is reported as a function of the frequency and on the other part, the
phase shift (plotted as — phase) is reported as a function of the frequency.
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Figure 111.2: Impedance representation, a) Nyquist plot ; b) Bode plot.
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I.1.d. Exploitation the EIS data

In practice, the different semi-circles representing the electrochemical phenomena can
be overlapped. To separate the various contributions, the most common method consists in
fitting the spectra with an equivalent circuit using some single elements such as a resistor (R),
a capacitor (C), an inductor (L) and a constant phase element (CPE). The CPE describes an
imperfect capacitor and is defined by two parameters: Q and n. Q can be assimilated to the
capacitance and n to the imperfect behavior. It results in a flatter semi-circle in the Nyquist plot,
the degree of flatness is dependent on n value. Experimentally, the imperfect behavior of the
CPE is due to the inhomogeneity of the system, for example, the surface roughness [225]. Table
I11.1 gives the expression of the impedance of every single element mentioned above and an
example of the Nyquist and Bode plot associated with it. A particular case of the CPE is when
n = 0.5, this case is specific of diffusive processes that can be related to the release of the
dissolved species [226]. This parameter describes the blocking ability of the passive layer and
is called the Warburg element (W).

Fitting an EIS spectrum usually requires different single elements that can be connected
in series or parallel. In the case of a connection in series, the overall impedance is equal to the
sum of the impedance of each element (Equation I11.7). In a parallel connection, the total
admittance (the inverse of the impedance (noted Y), Equation 111.8.) is the sum of each single
admittance (Equation 111.9).

Z(w) =Y Zi(w) Equation 111.7
Y(w) = %w) Equation 111.8
Y(w) = Xis, Yi(w) Equation I11.9

Then, in parallel, the total impedance is equal to the inverse of the sum of the inverse of
the impedance of each element (Equation 111.10).

Z(w) = —=

n 1
=1 Zj(w)

Each semi-circle is fitted by a R and a C or a R and CPE in parallel if the system does
not present an ideal capacitor. In this case a flat semi-circle will be obtained in the Nyquist plot.
Then, by combining Equation 111.10 and the impedance of the single elements R, C and CPE
depicted in Table 111.1, the impedance of a contribution fitted by a R and C is given by
Equation 111.11 and by fitting with a R and CPE in parallel, Equation 111.12 is obtained:

Z(w) = — Equation 111.11

T,
E+le

Equation 111.10

1
=+(i0)"Q
The characteristic time of each electrochemical phenomenon is defined by the inverse
of the frequency at the maximum of capacitance (i.e. the maximum of —Z"") and is calculated
according to Equation 111.13 in the case of a R and a C in parallel and to Equation 111.14 in
the case of R and CPE in parallel.

Z(w) =

Equation 111.12

T=RXC Equation 111.13
t=RxQ)/n Equation 111.14
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Table I11.1: Expression and example of R, C,

L and CPE element
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A complementary approach for analyzing EIS data is the Distribution of Relaxation
Time (DRT). This method is a powerful tool to extract the characteristic time of the
electrochemical processes involved in the studied system, even for significantly overlapped
responses [227]. In DRT, the impedance is considered as an infinite number of (RC) elements
(where R and C are in parallel) [228]. The impedance can then be written according to Equation
111.15:

Z(w) =Ry + R, [*L2qr  Equation 111.15

0 1+iwt
Where R, is the ohmic resistance of the system, R, the overall polarization resistance,

g(7) is the distribution function and 7 is the RC element characteristic time. The mathematical
treatment is applied to each EIS point and g is plotted as a function of the frequency as
illustrated in Figure 111.3.b. The relevance of the DRT is well evidenced in this example.
Indeed, the four processes at high frequency (in grey) are highly overlapped and then not easily
observable in the Nyquist plot raw data (represented by the black points) (Figure 111.3.a), while
in the DRT plot, they are well separated.
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Figure 111.3: a) Nyquist plot of PEMFC operating at 160 °C and b) the corresponding DRT
plot [228]. (In this plot, g is noted hx.)

1.2. Application in the PCFC area

To study and understand the behavior of the different constitutive materials of a cell,
three kinds of samples are usually analyzed by EIS: the symmetrical cell, the half-cell and the
complete cell.
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The symmetrical cell consists in a pellet of a material of interest sandwiched between
two electrodes (classically made of gold, platinum or silver). This type of experiment allows
studying the conductivity (i.e. diffusion of charged species) of the material of interest.

The half-cell consists of three materials: the electrolyte material, one electrode material,
and one noble metal (the electrolyte is sandwiched between the two conductive materials). This
kind of experiment gives information concerning the electrolyte electrochemical behavior, the
one of the electrode and the one of the interface between these two layers.

Lastly, the complete cell is composed of at least an anode, a cathode and an electrolyte.
The EIS exploitation gives information about ohmic resistance, polarization, rate-limiting step,
diffusion, and space charge layers at the interfaces.

Only the symmetrical and complete cells (presented in the next chapter) were prepared
in this thesis work.

I.2.a. Defect chemistry and conduction properties in perovskite

In order to understand the diffusion of the charge carriers, and thus the conductivity,
under EIS stimulation in symmetrical cell measurement, it is first necessary to focus on the
chemistry of defects in perovskite protonic conductors.

As briefly exposed in the first chapter, depending on the atmosphere, different charge
carriers are formed in a protonic conductor ceramic [19], [24]. The following model aims to
express the concentration of each charge carrier as a function of the atmosphere, i.e., the partial
pressure of Oz (noted P,,) and the partial pressure of water vapor (noted Py, 0). It has been
developed by Bonanos and Poulsen in 1999 using H; as protonic defect [25]. It was revised by
Bonanos in 2001 by replacing H; by OH,. The determined [OH;] as a function of Py, and
Py, is the same as [H;] [229]. Only the model describing H;, will be presented. In the following
part, an example of the resolution of this model for a substitution rate of 0.1 will be given.

I.2.a.i. Model describing the concentration of defects as a function of the
atmosphere

In a perovskite protonic conductor AB1.xMxOs.x2 (where A and B are cations of valence
2 and 4 respectively, and M is a cation of valence 3), three defect reaction (Reactions 111.1-3),
depending on the atmosphere, and their associated equilibrium have to be considered
(Equations 111.16-18). The generated defects are represented using the Kréger-Vink notation:

Substitutional cation: My

Oxide ion vacancy: V;°

Proton: H; or OH,,

Electron hole: h*

Electron: e’

Lattice oxygen: 0,

The protons formed by the dissociative adsorption of water vapor.
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H,0.4) + V5" - 2H; + 05 Reaction 111.1
[H;1? = KuPu,olV5'1[05]7* Equation 111.16

The electron holes are generated by the dissolution of oxygen.
Y2059 + V5" = 05 + 2h° Reaction I11.2
[R°]? = KnPo,” [V5°1[05]71 Equation 111.17

The production of electrons and loss of oxygen occurs at low partial pressure of O».
05 = Vi +2e’ + %0, Reaction 111.3
[e']? = K. Py, [05][V5']™ Equation 111.18

The respect of the electroneutrality condition is given in Equation 111.19.
2[V5' 1+ [H] ]+ [h°] — [e'] = [Mg] =0 Equation I11.19
The anion site conservation condition is described by Equation 111.20.
[V5']1+[05] =3 Equation 111.20
By replacing Equation 111.20 in Equations 111.16-18, Equations 111.21-25 are
obtained.

[H1=Ky"” Pyo” x Equation 111.21

[R*] = K" Po,” x Equation 111.22

[e'] = K,” Pp,™" x Equation 111.23

With x = (2w Equation 111.24
3-[v5’]

ie. (V5] = 3x2/(x* + 1) Equation 111.25

Inserting Equations 111.17-19 in the electroneutrality condition (Equation 111.19) and
rearranging gives Equation 111.26.
B.x*+ (6 —[MgDx3+ (B —a)x?> —[Mglx —a=0 Equation 111.26
In which a=K," Py, ~* Equation 111.27
And B=Ky” Pyo+Ky* Po,” Equation 111.28
The concentration of each defect (H;, h°, e’ and V;*) is calculating by solving Equation
111.22 and reintroduced x in Equations 111.21-23 and 111.25.

I.2.a.ii. Example of the ABo.9Mo.102.95 System

The resolution of the concentration of each defect as a function of P,, and Py, in the
case of [Mg] = 0.1 as calculated by Bonanos and Poulsen is presented in Figure 111.4 [25].
They used Ky =20 atm?, K, = 107° atm™? and K, = 1077 atm? as thermodynamic
parameters.

The concentration of oxygen vacancy [V;"] is maximum for low Py, and low Py,
(Figure 111.4.a). [H;] is maximum for high Py, and low Py, (Figure 111.4.b). [h°] is
maximum for intermediate to low Py, (Figure I11.4.c) and high Py, and [e'] is maximum for
intermediate to high Py, and low Py, (Figure I11.4.d). Then, electrons and protons present a
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maximum of concentration in the same atmosphere, [e'],,qx 1S €qual to 0.08 and [H;]ax 1S
equal to 0.25, thus, protons remain the dominant charge carrier in these conditions.

It should be noted that [H;] presents a plateau at log ( Py,o) > 0 and for intermediate
Py, corresponding to the intrinsic compensation of the charges ([H;] = [Mg]). The same
observation can be done concerning the [V5°] in the intermediate domain of Py, and for low
Py, 0, in this case, the compensation of the charges is [V;"] = [Mp]/2.

At very low Py, [V°] increases according to Reaction 111.3, this rise is accompanied
by an increase in the concentration of H; due to the dissociative adsorption of water vapor
(Reaction I11.1) on these new oxygen vacancies.

Figure 111.4: Defect concentrations as a function of log (Py,) and log (Py, ) in the case of

[Mg] = 0.1. (a) oxide ion vacancies, (b) protons, (c) holes and (d) electrons. Partial
pressures are in atm [25].

Even this example presents the concentration of the charge carriers inputted by a
substitution rate of 0.1, it can reasonably be supposed that the general behavior, i.e., the
maximum concentration in certain Py, and Py,, conditions, is the same for [Mz] = 0.2.
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I.2.b. Definition and measurement of the conductivity

Definition
The conductivity (o), the inverse of the resistivity (p), describes the ability of a material
to conduct charged species in response to an electric field [230]. It is defined for a considered

section (S) and length (L) according to Equation 111.29.

c=2=21xt Equation 111.29
p R S

Where R is the overall resistance of the material.

Measurement

The conventional method to determine the conductivity is called the four probes
measurement. It consists in measuring the potential and the current of a sample of known
dimension under an electric field, according to Equation 111.30. Two wires measure the current
and two wires the potential in order to overcome the external resistance and measure only the
overall resistance of the material [231]. As presented at the beginning of this chapter, EIS also
allows determining the resistance of a sample. Then, by knowing the dimensions, the
conductivity is calculated according to Equation 111.29 [231]-[235]. In the case of an EIS
measurement, the conductivity is named g, (AC = alternative current) and in the case of a four
probe measurement, conductivity is noted o, (DC = direct current).

R =% Equation 111.30

Conductivity, concentration and mobility of the charged species

The conductivity is also dependent on the mobility of the charge i (ui), the effective
value of the charge i (qi) and the number of the charge i (ni) as shown in Equation 111.31 [236].
Then, the concentration of the defects highlighted in the previous paragraph is a crucial
conductivity parameter since it represents the number of species.

0= Yol X q; X1 Equation 111.31
Finally, the conductivity is also equal to the sum of the conductivity of each charged
species according to Equation 111.32.
g=)L,0; Equation 111.32
In the case of a perovskite protonic conductor, the total conductivity is written as
(Equation 111.33):
0=0;+ 0y +0, Equation 111.33
Where g; is the ionic conductivity, i.e., the sum of the protonic and the oxygen-ion
conductivity.

Conductivity and P,. dependency

By plotting logo as a function of log P,,, a characteristic curve schematically
represented in Figure I11.5 is obtained. As it can be seen, the P,  dependency of the
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concentration of defect highlighted in Equations 111.21-23 and 111.25 is also found in the
conductivity:
- 0; does not depend on Py,

-log oy < log Py, %
-log o, < log Poz_%
Equation 111.33 can then be rewrite taking into account the partial pressure of oxygen
[229], [237]:
o=0,+0,°X Py, " +0,°%x Py, "  Equation 111.34
Where g;-° is the conduction of electron holes at P = 1 atm and a,° is the conductivity
of the electrons at P = 1 atm.

N-type P-type
domain domain
slope =-1/4 slope = 1/4

Tonic
domain

log

v

log pO,

Figure 111.5: Schematic representation of log o as a function of log P, for a protonic
conductive ceramic (adapted from [238]).

Competition between protonic and oxygen-ion conductivity

Due to the presence of oxygen vacancies, doped cerate and zirconate perovskite exhibit
both protonic and oxygen-ion conduction [19], [237], [239]-[241]. Both protonic and oxygen-
ion conductivity follow an Arrhenius behavior, that is to say, they are terminally activated. To
be more precise, it is mainly the mobility of the charged species that are affected by this
Arrhenius behavior [19], [242, p. 1], [243]. It results in competitiveness between protonic and
oxygen-ion conductivity. Due to lower activation energy, protons are much more mobile than
oxygen ions at low temperatures. Thus, as exhibited in Figure 111.6, the protonic conductivity
is higher than the oxygen-ion conductivity in the low-intermediate temperature domain. The
protonic conductivity presents a maximum before decreasing and the oxygen-ion conductivity
becomes predominant. The drop of protonic conductivity is explained by the decrease in proton
concentration involved by dehydration [237].

In order to separate the protonic and the oxygen-ion conductivity, the standard method
is to calculate the transport number (also called transference number or electromotive force
(EMF) method) of a species [235], [244]. It consists in placing a symmetrical cell in an
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asymmetric atmosphere chamber for example using a Norecs Probostat set-up illustrated in
Figure 111.14. The atmosphere of one of the electrodes (atmosphere 1) is different from the
atmosphere of the other electrode (atmosphere Il) and the EMF, noted E, is measured and
compared to the theoretical EMF, note Eo, as expressed by Equation 111.31.
t=E/E, Equation 111.35
For proton, Eo is given by [235]:

RT ;  PHyo(D)

E, =
0™ 2F " PyyoD)

Equation 111.36
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Figure 111.6: lonic conductivity of BaCeo.9Gdo.103.5, protonic is shown by the solid symbol,
oxygen-ion by the open symbol [237]. The conductivity of each species was calculated thanks
to the transport number of oxygen.

The interest of using EIS to determine the conductivity

It has been presented in the first chapter (paragraph 111.3.b) that the total conductivity
value shows large discrepancies as it is highly dependent on the microstructure, especially for
BZY. Indeed, BZY exhibits a total conductivity value between 10 to 102 S.cm™ at 600°C in
wet H [70]. This is explained by the grain boundary being much more resistive than the grain
bulk [62], [64], [68], [245]-[247]. Since the diffusion of charge species exhibits different
characteristic times in the bulk and in the grain boundary, it is possible to separate these two

contributions by EIS and then calculate the conductivity inside the grain and across the grain
boundary separately.
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1.3. Summary

EIS is a powerful technique that allows to obtain the response of any polarizable layer
of a sample. The obtained signal is usually fitted with an equivalent circuit in which each
component's resistance can be extracted. By knowing the resistance, oac is obtained. EIS
permits to determine the conductivity associated with the diffusion of charged species in the
bulk of the electrolyte and the conductivity related to the diffusion in the grain boundary.

This conductivity does not represent only the protonic conductivity. Indeed, in
AB1.xMxO3.x> material, the different charge carriers are the protons, the oxygen ions, the
electron-holes and the electrode. The conductivity calculated from the resistance determined by
EIS is the sum of conductivity of each charged species. To obtain the conductivity of each
charged species, its transport number should be determined.

However, the concentration of each charged carrier is dependent on the atmosphere as
highlighted by Bonanos and Poulsen [25]. For example, the concentration of proton is dominant
in wet air and wet H» at low temperature. Especially in wet Hz, protons are almost the only
charged species, thus the total conductivity determined by EIS can be assimilated to the protonic
conductivity of the material.

Finally, the temperature has to be taken into account. Indeed, the protonic conductivity
is dominant at low temperatures, while high temperatures favor the formation of oxygen
vacancies and the oxygen-ion conduction [19], [237]. Furthermore, the temperature dependence
of the conductivity is different for each charge carrier, for example, the activation energy (Ea)
for the proton diffusion in doped-perovskite in the range of 0.4 — 0.6 eV [61], [248], [249].

II. Sintering of BZY and preparation of the symmetrical
cells

This section presents, in the first part, the study of the densification of the BZY oxide
and the strategy used in this work to improve its sinterability. In the second part, the preparation
of the symmetrical cell is exposed. Three samples were prepared, one based on BZY-c 1000 °C
powder (the initial quantity of the precursor is the stoichiometric ratio), one elaborated from
BZY-b 1000 °C and the last one from a commercial BZY powder noted BZY-com. The
structure and the microstructure of the electrolyte in the sample are exposed.

11.1. Sinterability

It has been seen in the first chapter that BZY has a highly refractory nature that leads to
poor sinterability [38], [43], [58]. To avoid the use of high sintering temperature (1700 °C) and
long sintering time that could involve Ba vaporization and Y203 exsolution, the addition of
1 %wt of ZnO as sintering aid was studied. The densification behavior of the BZY powders
was investigated by dilatometry (NETZSCH DIL 402 PC) in air atmosphere from the ambient
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temperature to 1550 °C with a ramp of 3 °C.min%. A dwell time of one hour at 1550 °C was
carried out before the cooling at 3 °C.min. The data were analyzed by NETZSCH Proteus
Thermal Analysis. The expansion/contraction of the alumina sample holder was collected
(blank run) and substracted from the data.

Samples consist of pellets of 8 mm in diameter elaborated by uniaxial pressing under a
pressure of 200 MPa. The samples containing 1 wt% of ZnO are prepared by mixing the BZY
powder and the ZnO powder in ethanol media in an agate mortar prior to the shaping. The ZnO
powder was produced by the continuous hydrothermal synthesis during the thesis work of
Romain Piolet [153]. It consists of pure ZnO with spherical grains of 50 nm in diameter.

I1.1.a. Dilatometry of BZY-c powder

Three pellets were prepared with the BZY-c powder: only BZY-c, BZY-c mixed with
1 wt% of ZnO and BZY-c annealed at 1000 °C for 1 hour mixed with 1 wt% of ZnO. Figure
111.7.a exposes the dilatometry profile of these three samples, the shrinkage speed is presented
in Figure 111.7.b. The raw powder starts to shrink at about 1250 °C, the maximum shrinkage
speed was not reached at 1550 °C. This result is in perfect agreement with the work of Fabbri
et al. [250]. The addition of 1 wt% of ZnO allows reducing the temperature of the starting
shrinkage of 200 °C for BZY-c and 300 °C for the BZY-c annealed at 1000 °C. It is reported
that ZnO enhance the sinterability through the formation of an eutectic that increases ion
diffusion in the solid-liquid heterophase system [63], [251].

The two dilatometry curves exhibit the same shape and present a similar temperature of
maximum shrinkage speed: 1350 °C for the annealed BZY -c with 1 wt% ZnO and 1320 °C for
the BZY-c ¢ with 1 wt% ZnO. The associated maximum shrinkage speeds are -0.0030
and -0.0025 %.K™* respectively. The reduced shrinkage rate during the dwell time at 1550 °C
(1.6 %) of the two samples mixed with ZnO indicates that the maximum of densification was
almost reached.
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Figure 111.7: Dilatometry profile of BZY-c, BZY-c mixed with 1 wt% of ZnO and BZY-c
annealed at 1000 °C for 1 hour mixed with . wt% of ZnO. a) AL/Lo as a function of the
temperature; b) d(4AL/Lo)/d(T) as a function of the temperature
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I1.1.b. Dilatometry of BZY-b powder

The same procedure was applied to the BZY-b powder. Figure 111.8.a exhibits the
dilatometry profile of the samples and Figure 111.8.b the associated shrinkage speed. As for
BZY-c, the pellet containing raw powder starts to shrink at about 1250 °C and the maximum
shrinkage speed is not reached at 1550 °C. The addition of 1 wt % of ZnO decreases the
temperature of starting sintering up to 1070 °C for BZY-b annealed at 1000 °C and up to 1100
°C for BZY-b. In parallel, the temperature of maximum shrinkage rate is significantly reduced:
1320 °C for BZY-b and 1360 °C for BZY-b annealed at 1000 °C. Concerning the BZY-b sample
with 1 wt% of ZnO, the peak corresponding to maximum shrinkage speed is split into a doublet.
The second peak is situated at 1440 °C. As it will be shown in the next section, this behavior
indicates the sintering of another phase.
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Figure 111.8: Dilatometry profile of BZY-b, BZY-b mixed with 1 wt% of ZnO and BZY-b
annealed at 1000 °C for 1 hour mixed with 1 wt% of ZnO. a) AL/Lo as a function of the
temperature; b) d(AL/Lo)/d(T) as a function of the temperature

I1.2. Determination of the sintering conditions

To determine the sintering conditions, pellets of 8 mm in diameter were shaped by
uniaxial pressing at 200 MPa. The influence of the quantity of ZnO was examined by mixing
BZY with 1, 2 or 3 wt% of ZnO. The sintering temperature was studied between 1500 °C and
1600 °C. The thermal treatment was applied as follows: a heating ramp of 3 °C.min-1 up to the
sintering temperature, a dwell time of 5 hours and a cooling ramp of 3 °C.min-1. Figure 111.9
shows the densification rate as a function of the quantity of ZnO at different sintering
temperatures, the study was conducted on the BZY-com powder. The densification rate was
calculated by dividing the experimental density by the theoretical density. The experimental
density was determined by measuring the weight and the dimensions of the sintered pellet and
the theoretical density was calculated according to Equation 111.37 and is 6.11 g.cm-3.
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Peheo = ——2_ Equation 111.37

Ngxa3

Where Z is the multiplicity of BZY (equal to 1), M the molecular mass of BZY (equal
to 274.49 g.mol-1 for Ba1.0ZrosYo0.2029), N4 the Avogadro number and a the lattice parameter
(equal to 4.210 A for sintered BZY).

Densification rates below 60 % were obtained for a sintering temperature of 1500 °C,
indicating that this temperature is insufficient. Similar densification rates (approximatively 90
%) were achieved at 1550 °C and 1600 °C, however, it is better to prioritize/privilege a
temperature of 1550 °C in order to prevent the risk of Ba vaporization [73]. Using 1 or 2 wt%
of ZnO leads to a comparable densification rate while 3 wt% of sintering aid decreases
densification.
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Figure 111.9: Densification rate of BZY-com as a function of the quantity of ZnO at different
sintering temperature. The sintering time was set to 5 hours.

Similar results were obtained for pellets elaborated with BZY-b and BZY-c powders
annealed at 1000 °C. However, the pellets sintered without the annealing treatment present
surprisingly low densification rates. For example, BZY-c powder mixed with 1 wt% of ZnO
sintered at 1550 °C for 5 hours exhibits a densification rate of only 53 %. As presented in
Figure 111.10, which displays the microstructure of this sintered pellet, a segregation of phases
occurred. The SEM (Phenom Pro-X coupled with Bruker EDS detector) used in Back Scattered
Electron (BSE) mode highlights the presence of two phases. The white, with spherical
morphology, corresponds to BZY, the composition was evaluated by EDS and is
Bao.712Zr0.74Y 026035, and the grey, showing a rod morphology, corresponds to Zr-doped yttria
presenting the composition Y182Zr01803+s. In agreement with the work of Magrez et al., the
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sintering of a Ba-deficient BZY powder promotes the vaporization of this element, giving rise
to a segregation of the phases [252].

Then, the double peak highlighted in the shrinkage speed (Figure 111.8.b) corresponds
to the sintering of the BZY phase of one hand and the sintering of Zr-doped Y203 on the other
hand. The melting point of barium zirconate is 2705 °C [253] and the one of Y203 is 2410 °C
[254], however, the effect of Zr substitution in Y20z is unknown. Furthermore, the addition of
ZnO decreases the melting point of BZY since it creates an eutectic. Due to these considerations
and to the great part of the unknown resulting from it, the assignment of the sintering
temperatures to the two phases was not made.

at 1550 °C for 5 hours.

A sintering time of 1, 5 or 24 hours was also examined. As expected, the densification
rate increases between 1 and 5 hours and then drops at 24 hours due to the Ba vaporization that
leads to the segregation of phases. Thus, the optimal sintering conditions are 1550 °C for 5
hours and the use of 1 wt% ZnO.
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11.3. Preparation of the symmetrical cells

I1.3.a. Electrolyte part

Three pellets of 28 mm in diameter were elaborated by uniaxial pressing. The starting
powders were BZY-com, BZY-c 1000 °C and BZY-b 1000 °C. They were mixed with 1 wt%
ZnO in ethanol media in an agate mortar. After 2 hours of drying, the powders were mixed with
Arabic gum as a binder and pressed under a pressure of 200 MPa. The three pellets were then
sintered according to the following procedure: a first ramp at 2 °C.min-1 up to 400 °C, a dwell
time of 1 hour at 400 °C to eliminate the Arabic gum, a ramp at 3 °C.min-1 up to 1550 °C
followed by a dwell time of 5 hours at this temperature and a cooling ramp at 3 °C.min,

11.3.a.i. Structural characterization

The as-sintered pellets were analyzed by XRD. Figure 111.11 exposes the obtained
diffractograms. Two phases were detected in each pellet, one major cubic perovskite
corresponding to BZY and one secondary phase consisting of Zr-doped Y203. By comparing
the intensity of the peaks of the different phases, a small amount of Zr-doped Y203 is detected
in the BZY-com sintered pellet, a little more is present in the BZY-c 1000 °C pellet and the Zr-
doped Y203 peaks are highly intense in the BZY-b 1000 °C pellet.
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Figure 111.11: XRD pattern of the BZY-b 1000 °C, BZY-c 1000 °C and BZY-com after
sintering at 1550 °C for 5 hour. Each powder was mixed with 1 %wt of ZnO prior to the
shaping.
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Each XRD pattern was analyzed by the Rietveld method, the refined lattice parameter
and the percentage of each phase are shown in Table I11.2. Lattice parameters are close to each
other and have increased in comparison with the raw powders. This observation is perfectly in
line with the general behavior highlighted in Table 11.2 in the second chapter, i.e., the lattice
parameter of BZY tends to increase with increasing temperature. As suggested by the intensity
of the peaks, a small quantity of Zr-doped Y.0O3 was found in the BZY-c 1000 °C and BZY -
com sintered pellets, indicating very low reactivity (the wt% of Zr-doped YOz in BZY-c 1000
°C corresponds to the quantity highlighted after the annealing thermal treatment). In contrast,
about one-third of Zr-doped Y203 was found in the BZY-b 1000 °C pellet, suggesting that the
crystal structure of BZY-b is less stable, i.e., more sensitive to Ba-vaporization, than the others.

Lattice parameter W1% of Zr-doped

Sample name W1t% of BZY

(A) Y203
BZY-c 1000 °C 4.209(4) 96.1 3.0
BZY-b 1000 °C 4.209(8) 68.9 311
BZY-com 4.210(0) 99.1 0.9

Table 111.2: Refined lattice parameter of the BZY phase and refined phase percentage of the
BZY-c, BZY-b and BZY-com pellets.

11.3.a.ii. Microstructural characterization

The density of the three sintered samples was evaluated using the Archimedes’ principle
buoyant force method in air and water at 20 °C. The results and the calculated densification rate
are given in Table 111.3. The densification rates are perfectly in line with those obtained during
the optimization of the sintering conditions.

Sample Pexp (g.cm?®) Densification rate (%)

BZY-c 5.5(0) 90

BZY-b 5.4(7) 90
BZY-com 5.7(6) 94

Table 111.3: Densification rate of the BZY-c, BZY-b and BZY-com sintered pellets obtained by
Archimedean buoyant force.

The microstructure of each pellet was investigated by SEM. Figure 111.12.a, b and ¢
expose the microstructure of BZY-com, BZY-c and BZY-b, respectively.

BZY-com exhibits large of 1.91 + 0.64 um and shaped grains. In agreement with the
densification rate, the grains have highly coalesced and few porosities are highlighted.

As expected thanks to the density measurement, BZY-c exhibits some porosity. The
grain size is relatively small (410 £ 130 nm), so the total conductivity may be lower than the
one of BZY-com. No chemical reactivity was evidenced.
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BZY-b sintered pellet exhibits two kinds of microstructures. The round-shaped grains
correspond to BZY, while the faceted grains consist of Zr-doped Y.0s3. The composition
determined by SEM-EDS is Y1.72Zr0.2803+35. The size of the BZY grain is larger than BZY-c and
is 960 £ 310 nm, but the presence of disseminated Zr-doped Y203 grains may disturb the
diffusion pathway of the charged species. Indeed, Y203 is highly dielectric, its total conductivity
is 3.2 x 10 in wet H, at 1100 °C [255], which may hinder the diffusion of charged species and
lead to a decrease in total conductivity.

Figure 111.12: SEM micrograph of a) BZY-com sintered pellet (cross-section), b) BZY-c
1000 °C sintered pellet (surface) and ¢) BZY-b 1000 °C sintered pellet (surface).

I1.3.a.iii. Bulk chemistry characterization

The composition was evaluated by SEM-EDS on 20 grains for each sample. The A-
site/B-site ratio and Y/(Zr+Y) ratio are presented respectively in Figure 111.13.a and b. BZY-
com A-site/B-site varies from 0.95 to 1.03 with an average value at 1.01 + 0.2. The distribution
of its Y/(Zr+Y) ratio is very narrow (from 0.20 to 0.24 with an average value at 0.21 + 0.01).
BZY-c exhibits value from 0.89 to 1.03 for A-site/B-site ratio and between 0.09 and 0.28 for
Y/(Zr+Y) ratio. The average values are 0.97 £ 0.04 and 0.14 £ 0.05 respectively. The A-site/B-
site ratio of BZY-b is in the range 0.85-1.02 with an average at 0.96 + 0.05, its Y/(Zr+Y) ratio
is in the 0.13-0.31 range with an average at 0.18 *+ 0.03. Then the final compositions can be
written as Ba1.01Zr0.79Y 021035 for BZY-com, Baoe7ZrossYo0.1403.5 for BZY-c 1000 °C and
Bao.o6Zro.s2Y0.1803-5 for BZY-b 1000 °C.
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Figure 111.13: SEM-EDS measurements of the sintered BZY-b 1000 °C, BZY-c 1000 °C and
BZY-com sintered pellets. a) A-site/B-site ratio and b) Y/(Y+Zr) ratio.

[1.2.b. Electrode part

To ensure electrical contact and input EIS stimulation to the electrolyte, it is necessary
to deposit a conductive material on either side of the pellet. Silver was chosen as the electrode
material due to its high electrical conductivity and its non-reactivity with BZY.

Silver paste (L-200N purchased from CDS electronique) was painted through a mask
on each side of the BZY pellets and then fired at 800 °C for 2 hours to enhance the adhesion
between the electrodes and the pellet. The final diameter of electrodes was 8.0 mm. The
thickness of the BZY pellets are 1.8 mm for BZY-com and 1.6 mm for BZY-c 1000 °C and
BZY-b 1000°C.

I11. Study of the conductivity of BZY

The three symmetrical cells presented in the previous section were studied by
electrochemical impedance spectroscopy in a large range of temperature (from 200 to 700 °C)
in wet air and wet H» in order to study their conductivity. In the first part, the experimental set-
up is described, then a selection of EIS spectra is presented for each sample and finally the
evolution of the conductivity with the temperature is given and discussed.

111.1. Experimental set-up

Each symmetrical cell was tested in a Norecs Probostat system as depicted in Figure
111.14. The cell is maintained between an alumina tube and a compression system in alumina
loaded by springs. Two Pt meshes on either side of the cell allow to input the potential and to
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collect the current. The same atmosphere is sent in the tubes on both sides of the cell. A
thermocouple provides the temperature close to the cell.

Impedance measurements were carried out using a Metrohm Autolab PGSTAT302N
potentiostat. The investigations were conducted from 200 °C to 700 °C with steps of 25 °C in
a symmetrical atmosphere. The purpose was to study the protonic conductivity, then according
to the first section of this chapter, the investigations were conducted in wet H2 and wet air.
Moisture was added by bubbling the flow of dry gas at 1 bar through an ebullition water balloon.
The refrigerant column was maintained at 25 °C to set the relative humidity percentage at 3 %
[256]. The flow of dry gas was maintained to 60 mL.min. A stabilization time of at least 30
min was performed at each temperature before performing the measurement. The amplitude of
the applied voltage was set to 10 mV. Each spectrum was recorded a second time 15 minutes
after to verify the stabilization of the sample and the linearity of the response. The range of
frequency was set from 10® Hz to 10 Hz in most of the case, if the signal was too noisy at low
frequency, the range of frequency was adapted.

The data were fitted by the equivalent circuit method using Metrohm Nova 2.1 software.
The experimental data couldn’t be fitted with ideal capacitors but with constant phase elements.
Then, the characteristic time constants are calculated with Equation 111.14, it also corresponds

1

to the inverse of the frequency at the maximum of — Z"' for each contribution (noted wyy,x)-

a) b)

Compression
e \ /\

system
Cell =

Current collector
mesh (Pt)

Current collection /
and potential lead

PY) / Gasﬂ / | Gas
Thermocouple

Alumina tube

Figure 111.14: Norecs Probostat set-up, a) schematical representation and b) photography of
the device [257].

I11.2. Measured EIS spectra

Among the temperature range depicted above, four temperatures were selected to
illustrate the evolution of the response of the sample with the temperature: 250, 400, 550 and
700 °C. The notation of the equivalent circuit is as follow:
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- (RQ) represents a resistor and a CPE in parallel

- R(RQ) represents a resistor connected in series to a resistor and a CPE in parallel

- R(RQ)(RQ) represents a resistor connected in series to a resistor and a CPE in parallel,
followed by another resistor and CPE in parallel.

The characteristic time of each (RQ) contribution was calculated according to Equation
111.14.

[11.2.a. EIS spectra of BZY-com symmetrical cell

The Nyquist plots at 250 °C, 400 °C, 550 °C and 700 °C of BZY-com symmetrical cell
in wet Hz and wet air are presented in Figure 111.15. The corresponding Bode plots are shown
in Annex D (Figures D.1, 2, 3 and 4). To give the time dependence of the electrochemical
phenomena, some frequencies are represented on the Nyquist plots.

In wet Hz, from 200 °C to 300 °C, the EIS spectra of BZY-com symmetrical cell are
similar. They are composed of four components and were fitted with a
Ro(R1Q1)(R2Q2)(R3Q3)(R4Qa4) equivalent circuit, where Ro is the intercept of the EIS signal with
the real part of the impedance Z'. In most cases, Ro is equal to zero except if the number of
experimental points is insufficient or if the contribution due to the electrical wires becomes
preponderant. The Nyquist plot at 250 °C is represented in Figure 111.15.a and the single fitted
elements at 250 °C are presented in Table 111.4. The points from 10° to 4x10° Hz are the low-
frequency part of the first contribution. From 4x10° to 103 Hz, it is the second contribution. A
small and overlapped semi-circle of 2486 Q.cm™ is highlighted from 102 to 3.4x10! Hz, before
the beginning of the fourth arc is shown from 3.4x10! to 10 Hz.

All the contributions move toward high frequencies with the increase of the temperature.
Then the first contribution (R1Q1) gradually disappears while the fourth contribution (R4Q4)
appears. The first contribution is not visible anymore from 325 °C and the fourth is totally
shown from 400 °C as highlighted in Figure 111.15.b. At this temperature, the data were fitted
with an Ro(R2Q2)(R3Q3)(R4Qs) equivalent circuit and the single fitted elements at 400 °C are
presented in Table I11.4. It should also be noticed that the third contribution (RsQ3) becomes
more and more evident from 350 °C to 450 °C before this trend is reversed from 475 °C to 575
°C due to the decrease of the resistance. At 400 °C, the low-frequency part of the second
contribution (R2Q2) goes from 108 to 3.2x10* Hz. From 3.2x10* to 3x10% Hz, it is the third
contribution and from 3x10? to 102 Hz, it is the fourth contribution.

At 550 °C (Figure 111.15.c), the data were fitted with an Ro(R2Q2)(R3Q3)(R4Qa)
equivalent circuit, results are shown in Table I11.4. The second contribution occurs from 108
to 8.2x10% Hz, the third from 8.2x10* to 6.8x10° Hz and the fourth from 6.8x10%to 10 Hz.

From 600 °C, the third contribution disappears. Then, as illustrated in Figure 111.15.d
only the second contribution (from 10° to 1.1x10° Hz) and the fourth contribution remains
(from 1.1x10° to 102 Hz). The single fitted elements values are presented in Table 111.4.
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In wet air, the 200 °C to 325 °C, the EIS spectra can be fitted with a four components
(Ro(R1Q1)(R2Q2)(R3Q3)(R4Q4) equivalent circuit). The Nyquist plot at 250 °C is shown in
Figure 111.15.a and the fitted elements are presented in Table I11.5. In contrast with the spectra
at 250 °C in wet Hy, the first contribution is totally shown (from 10° to 9.2x10° Hz). The second
contribution occurs from 9.2x10° to 4.6x10' Hz), the third from 4.6x10* to 1.5 Hz and the
high-frequency part of the fourth is situated from 1.5 Hz to 10 Hz.

The first contribution is too shifted toward high frequencies from 350 °C. The third
disappears from 375 °C. Then, as illustrated in Figure 111.15.b which presents the spectra at
400 °C, only the second contribution (R2Qz) from 108 to 4.1x10% Hz and the fourth contribution
(R4Qs) from 4.1x10%to 102 Hz remains. The single fitted elements of the Ro(R2Q2)(R4Qa)
equivalent circuit are presented in Table 111.5.

From 450 °C, a new contribution (noted R3’Qz3’) is visible between the second and the
fourth. Then, as illustrated on Figure 111.15.c, at 550 °C, three contributions are highlighted.
The second (R2Q2) goes from 108 to 2.7x10% Hz, the new third (Rs’Qs’) from 2.7x10% to 2.0
Hz and the fourth from 2.0 to 10 Hz. The results of the Ro(R2Q2)(R3’Qs’)(R4Q4) equivalent
circuit are exhibited in Table 111.5. The values of the (R3’Q3”) contribution are written in italic.

The spectrum at 700 °C (Figure 111.15.d) has the same shape as the one at 550 °C. The
(R2Q2) contribution is visible from 10 to 6.8x10° Hz, the (R3’Q3’) from 6.8x10° to 1.8x10?
Hz and the (R4Qa) from 1.8x10! to 10”2 Hz. Results of the fitting are shown in Table 111.5.
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Figure 111.15: Nyquist plots of the BZY-com symmetrical cell at a) 250 °C, b) 400 °C, c) 550
°C, and d) 700 °C in wet H» and wet air atmosphere. The frequencies delimiting the different
contributions are written on the graph, those in black are for the two spectra.
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Tempe- Ro Ri1 CPE: (F) Rz CPE: (F) Rs3 CPE3 (F) Ra4 CPE4 (F)
T1 (S) T2 (S) 13 (S) T4 (S)
rature (Q.cm?) (Q.cm?) (n1) (Q.cm?) (n2) (Q.cm?) (n3) (Q.cm?) (n4)
7.6x101 2.3x10® 4.4x10°® 1.1x10°
250 °C 0 1118 1.2x1077 2486 3.9x10° 2471 5.5x10° 5.5x10° 37
(0.98) (0.73) (0.74) (0.70)
1.4x107 4x10° .3x10°
400°C 0 300 T s axaee o7 PP giaee aser 3T 9902
(0.55) (0.86) (0.73)
1.8x108 4.6 x10° 9.0x10°
550°C 0 37 “UT 26x108 35 “U7 56x10% 200 “7 7.1x10%
(0.78) (0.85) (0.67)
2.4x10® 2.9 x10™
700 °C 14 12 2.4x108 26 8.9x10°3
(0.82) (0.89)
Table 111.4: Evolution of the elementary component of the equivalent circuits of the BZY-com symmetrical cell as a function of the temperature in
wet Ho.
Tempe-  Ro Ri  CPE: (F) Rz  CPE;(F) Rs  CPE3(F) Rs  CPE4(F)
11 (S) 72 (S) 3 () 4 (S)
rature  (Q.cm?) (Q.cm?) (n1) (Q.cm?) (n2) (Q.cm?) (n3) (Q.cm?) (n4)
8.2 x10! 8.2x10° 1.9x10°® 3.7x10°
50°C 0 18432 o 23x10° 53518 .0 69x10° 4923 “UT 13x10? 56991 X 12.7
(0.98) (0.73) (0.93) (0.56)
A ! . 4
400°C 0 718 P 07 I
(0.47) (0.46)
1.5x10® 8.7x10°3 5.9x107
550 °C 0 58 6.8x108 13 3.6x107? 36 1.7
(0.80) (0.45) (0.71)
2.9 x10”7 5.6x107? 3.1x10%
700 °C 29 1.1 1.2x10°8 0.46 2.0x10°3 1.9 1.3
(0.82) (0.48) (0.58)

Table 111.5: Evolution of the elementary component of the equivalent circuits of the BZY-com symmetrical cell as a function of the temperature in
wet air. The values in italic corresponds to the values of the (R3’Qs’) contribution.
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The semi-circles are classically assigned to the electrochemical phenomena using the
magnitude of Area Specific Capacitance (ASC) [24], [250], [258]-[260]. The possible
interpretations are given in Table 111.6. The charge transfer is usually included the
electrochemical reactions, but when it is a rate-limiting step, it can give rise to a separated (RQ)
component with an ASC of the order of 10 F.cm™[259].

ASC (F.cm?) Phenomenon Responsible

1012 101 Bulk diffusion

10! Minor, second phase

10 —107 Grain boundary diffusion

1010 -10° Bulk ferroelectric

10°-107 Surface layer

107 —-10* Electrolyte-electrode interface

107 -10° Double layer capacitance at the electrolyte-electrode interface
10°-10* Charge transfer electrolyte-electrode

104-103 Electrochemical reactions

104 -10° Chemical capacitance (usually as oxygen vacancies)
102-10% Gas dissociation/adsorption

10t Adsorbed species surface diffusion

Table 111.6: ASC values and their possible interpretation, based of the work from Irvine et al.
[258] and adapted from various authors [24], [67], [84], [250], [259], [261]—-[268].

The ASC is calculated by multiplying the capacitance C by the electrode surface area.
However, since the EIS spectra were fitted using a non-ideal capacitor, i.e., using CPE, it is first
necessary to calculate the equivalent capacitance Ceq. Different methods are proposed in the
literature to evaluated Ceq and are listed below.

- van Westing et al. propose Equation 111.38 [269]:

Coq = Q“’S”;(n;) Equation 111.38
- Hirschorn et al. give Equation 111.39 [270]:

Coq = Q/MRU-M/n Equation 111.39
- Hsu and Mansfeld propose Equation 111.40 [271]:

Coq = Qupax " Equation 111.40
- Chang et al. proposes Equation 111.41 [272]:

Coq = @sin(”{) Equation 111.41

The different equations were applied to the (R1Q1) and the (R2Q2) components of the
BZY-com at 250 °C in wet Hz, and the results are shown in Table I11.7. As evidenced, the
equivalent capacitances are very close with the equations from Hirschorn et al. and Hsu and
Mansfeld. The equation from Van Westing et al. seems to overestimate the equivalent
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capacitance while the one from Chang et al. appears to underestimate the equivalent
capacitance.

Van Westing . Hsu and
Hirschorn et al. Chang et al.

etal. Mansfeld
Ceq Of (R1Q1) 5.55x101! 5.55x101! 5.55x101! 5.54x101!
Ceq Of (R2Q2) 8.75x1010 7.98x1010 7.98x1010 7.28x10710

Table I11.7: Calculated equivalent capacitance of the (R1Q1) and (R2Q2) components from
Equations 111.34-37. R (in Q) and not ASR (Area Specific Resistance — in Q.cm?) was used for
the calculation.

Then, for following results, Equation 11.39 from Hirschorn et al. was used to calculate
the equivalent capacitance. The ASC of the components in wet H» at 250, 400, 550 and 700 °C
are presented in Table 111.8. According to Table I11.6, the (R1Q1) contribution could be
attributed to the diffusion of charged species in the bulk of BZY or to secondary phases. Since
very few (only 0.9 wt%) minor phase was evidenced by XRD, this contribution is attributed to
the diffusion into the bulk. The (R2Q2) contribution corresponds to the diffusion in the grain
boundary of BZY. As expected, the resistance of the electrolyte bulk is lower than the one of
the grain boundaries, of about 2 times less (values are highlighted in Table 111.4).

The interpretation of (R3Qs) and (R4Q4) is more complex. The (R3Q3) contribution is
related to a phenomenon at the interface electrode-electrolyte. The phenomena usually linked
to the interface are the double layer capacitance and the charge transfer limiting step. According
to the value of ASC, it is supposed to be a double layer capacitance. To verify this assumption,
measurements by varying Pyp,and Py, could have been made. Indeed, the capacity of a double

layer is greatly dependent on the concentration of charged species [261], here V5, OH},, h* and
e’, and it has been seen in Figure 111.4 that the concentration of these species evolves with
Py,and Py, . The (R4Q4) contribution could be assigned to the interface electrode-electrolyte
(charge transfer rate-limiting step) and/or to the electrode electrochemical reactions. According
to the high values of R4 in comparison with the other R1, R2 and Rz values, this contribution
with attributed to the electrochemical reactions.

ASC (F.cm?)  ASC (F.cm?) ASC (F.cm?) ASC (F.cm?)
Temperature
of (RiQ) of (R2Q2) of (RaQs) of (RaQq)
250 °C 2.8x101! 4.0x1010 5.6x107 1.7x10°
400 °C 3.2x101 8.7x10°®
550 °C 1.8%x10710 7.3x10* 8.9x10°®
700 °C 5.1x10710 1.1x103 8.7x10°

Table I11.8: Calculated ASC of the (RC) components of the BZY-com symmetrical cell
depicted in Table I11.4 in wet Ha.
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The ASC of the components in wet air at 250, 400, 550 and 700 °C are presented in
Table 111.9. As in wet H> condition, (R1Q1) corresponds to the diffusion of charged species in
the bulk and (R2Q2) to the diffusion in the grains boundaries. The diffusion into the grain
boundaries is 2.9 times more resistive than the diffusion in the bulk, it is the same order as in
wet Ha. At 250 °C, the (R3Qz) contribution is assigned to a double layer capacitance. But at
550 °C and 700 °C, regarding the shape of points related to the third and fourth contribution,
another explanation can be given. The geometry of the pores of the electrodes can be at the
origin of this “half pear” shape [225]. This phenomenon is known as the porous electrode theory
de Levie. The shape of the spectrum changes with the temperature: at a temperature below
around 500 °C, the spectrum is in the form of a semi-circle, and at a higher temperature, the
spectrum has this characteristic skewed shape [268]. This is in line with the spectrum of the
BZY-com symmetrical cell in wet air but not in wet H». Since the geometry of the pores in the
electrode is not supposed to change with the atmosphere, this explanation is rejected. Another
phenomenon can give rise to a skewed semi-circle, it occurs when the surface diffusion of gas
and adsorption/dissociation of the gas at the surface of the electrode are co-limiting steps [273].
This phenomenon is known as the Gerischer impedance and is the retained explanation.

ASC (F.cm?)  ASC (F.cm?) ASC (F.cm?) ASC (F.cm?)
Temperature
of (R1Q1) of (R2Q2) of (R3Qs) of (R4Qq)
250 °C 3.1x10M 3.3x1071° 6.7x107 4.3x10°
400 °C 8.6x10!! 1.2x1073
550 °C 3.0x1010 7.1x10* 5.4x107
700 °C 5.5%10° 1.1x10° 1.7x10%

Table 111.9: Calculated ASC of the (RC) components of the BZY-com symmetrical cell
depicted in Table I11.5 in wet air.

[11.2.b. EIS spectra of BZY-c 1000 °C symmetrical cell

The Nyquist plots at 250 °C, 400 °C, 550 °C and 700 °C of BZY-c 1000 °C symmetrical
cell in wet Hz and wet air are presented in Figure 111.16 and the corresponding Bode plots are
shown in Annex D (Figures D.5, 6, 7 and 8).

In wet Hy, at 250 °C, (Figure 111.16.a), the spectrum was fitted with an equivalent circuit
denoted Ro(R1Q1)(R2Q2)(R3’Q3’)(R3Qz3). The results are shown in Table 111.10. The (R1Qz)
contribution at very high frequencies exhibits an ASC value of 7.2x1012 F.cm? as presented in
Table 111.12. Thus, it corresponds to the diffusion of charged species in the bulk of BZY. The
second contribution, from 10° to 10 Hz, presents a ASC of 3.4x1071° F.cm? and corresponds to
the diffusion in the grain boundaries. With the increasing temperature, this contribution is
situated from 10° to ~10* Hz and exhibits values between 5.2x10*and 1.0x101°F.cm?. These
values support the assignation of the (R2Q2) contribution to the diffusion in the grain
boundaries. The characteristic time constants of this contribution are lower than 10 seconds,
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except at 250 °C, indicating a fast diffusion process. The (R3’Qz’) contribution is shown from
10% to 6.2x10' Hz at 250 °C. It exhibits an ASC value of 1.9x10° F.cm? (Table 111.12) and a
resistance (ASR) of 368 Q.cm? (Table 111.10), very small in comparison to the resistance of the
third contribution. This behavior indicates a double layer capacitance at the interface electrode-
electrolyte. With the increase of the temperature, the resistance of this contribution decreases
and becomes negligible from 375 °C. The (R3Qs) contribution (from 6.2x10'to 102 Hz) is in
the shape of a half semi-circle and presents an ASC value of 2.2x107° (Table 111.12) that could
fit to a charge transfer limiting step at the interface electrode-electrolyte.

With the increase of the temperature, all the phenomena become faster and are shifted
toward higher frequencies. From 325 °C, a fourth contribution appears at low frequencies. In
the Nyquist plot at 400 °C (Figure 111.16.b), this (R4Q4) contribution is situated from 1.7x10*
to 102 Hz. At this temperature, the EIS spectrum presents three contributions and was fitted by
an Ro(R2Q2)(R3Q3)(R4Q4) equivalent circuit. The single fitted elements values are displayed in
Table 111.10. Their ASC are shown in Table 111.12. As a reminder, (R2Q2) belongs to the
diffusion in the grain boundary. The (RsQs) contribution exhibits a value of 3.1x10° F.cm?,
supporting the assignation of this contribution to a charge transfer limiting step. The
contribution (R4Q4) has an ASC of 1.9x10* F.cm? and be assigned to the electrochemical
reactions at the electrode.

At 550 °C, the shape of the EIS spectra (Figure 111.16.c) and the equivalent circuit used
to fit it is the same as at 400 °C. According to the ASC values presented in Table 111.12, (R2Qz)
corresponds to diffusion in the grain boundary, (R3Qz3) to the charge transfer between electrode
and electrolyte and (R4Q4) to the electrochemical reactions. It should be noticed that the
resistance associated with the charge transfer is higher than the resistance of the electrochemical
reaction, indicating that the charge transfer is the most limiting step. This behavior probably
comes from a bad contact between the BZY-c pellet and the Ag electrodes, but unfortunately,
this was not verified due to the sample breaking during the post-mortem analyzes.

At 700 °C, the spectrum (Figure 111.16.d) is globally the same as at 400 °C and 550 °C
and the assignation of the (R2Q2), (R3Q3) and (R4Q4) contribution thanks to their ASC values
highlighted in Table 111.12 remains the same. The differences in the shape of the Nyquist plots
between 700 °C and 550 °C, is due to the resistance of the (R3Qs) similar to the (R4Qa) at
700 °C.

In wet air, a total of three contributions (R1Q1), (R2Q2) and (R3Qs) is evidenced. From
200 to 250 °C, all three are seen. The values of the fitted elementary component of the
Ro(R1Q1)(R2Q2)(R3Q3) equivalent circuit are presented in Table 111.11. On the spectrum at 250
°C (Figure 111.16.a), only the very low-frequency part of the (R1Q1) contribution is visible
from 106 to 7.3x10° Hz. Its ASC (shown in Table 111.13) is 8.9x107? F.cm?, corresponding to
the diffusion of charged species in the bulk of BZY. The second contribution starts at 7.3x10°
Hz and ends at 1.2x10% Hz. The (R2Q:) contribution exhibits an ASC of 3.8x107° F.cm? and
then is attributed to the diffusion in the grain boundaries. The diffusion in the bulk presents an
ASR of 1635 Q.cm? while the diffusion in the grain boundary has an ASR of 3098 Q.cm?. The
grain boundaries are then about two times more resistive than the bulk, according to the
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microstructure of the sintered BZY-c 1000 °C which presents small grains and thus a large
concentration of grain boundaries, this observation is surprising. The third contribution presents
a too few number of points and they are too aligned to be accurately fitted, however according
to the low value of its ASC, it can reasonably be assumed that it is related to a phenomenon
linked to the electrodes.

From 275 °C, the contribution of the bulk of BZY is too shifted toward high frequencies
to be seeable. Then, at 400 °C (Figure 111.16.b), the EIS spectrum was fitted with the
Ro(R2Q2)(R3Qs) equivalent circuit. As highlighted in Table 111.13, the (R2Qz) from 10° to
2.4x10* Hz has an ASC of 4.6x107° F.cm?, this is consistent with the assignation to the grain
boundaries diffusion. As previously, the (RsQs) contribution from 2.4x10* to 102 Hz cannot
be fitted precisely but is attributed to an electrode-related phenomenon.

The spectra at 550 °C (Figure 111.16.c) and the results of the fitting by the
Ro(R2Q2)(R3Qz3) equivalent circuit are consistent with observations given at 250 °C and 400 °C.
The (R2Q2) contribution presents an ASC characteristic of diffusion in the grain boundary and
the (R3Qs) contribution has an of 1.0 F.cm?. This high value is also uncertain due to the highly
skewed semi-circle shape that be imputed to the Gerischer behavior.

At 700 °C (Figure 111.16.d), the contribution of the grain boundary is hidden by the
inductive behavior of the electrical wires, thus, the spectrum was fitted by a LoRo(R3Qz3), where
Lo is the inductance of the wires (from 10°to 2.4x10* Hz on the Nyquist plot). In this case, the
resistance of the electrolyte can be considered as the intercept of the experimental points with
the real part of the impedance and then correspond to Ro. The skewed semi-circle from 2.4x10*
to 102 Hz corresponds the electrode-related processes.
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Figure 111.16: Nyquist plots of the BZY-c 1000 °C symmetrical cell at a) 250 °C, b) 400 °C, c)
550 °C, and d) 700 °C in wet H and wet air atmosphere. The frequencies delimiting the

different contributions are written on the graph, those in black are for the two spectra.
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Tempe- Ro R1 CPE1 (F) R2 CPE: (F) Rs3 CPE3 (F) R4 CPE4 (F)
T1 (S) T2 (S) T3 (S) T4 (S)
rature  (Q.cm?) (Q.cm?) (1) (Q.cm?) (n2) (Q.cm?) (n3) (Q.cm?) (n3)
5.0x1071! 1.4 X108  2.9x10° 2.4x10° 4.7x10°®
250 °C 0 782 2.2x10° 2157 5 2.6x10° 23 368 2.8x1072
(0.93) (0.76) (0.81) (0.97)
1.1x108 1.6x10 1.1 x10* 5 x10%
400°C 171 77 0T LOA0 g AT grx102 1533 2T 11
(0.74) (0.79) (0.48)
1.5x10° 3.1x10 1.9x10* 4.7x103
550°C 0 82 - . 134 T 71x10% 73 - 052
(0.88) (0.60) (0.52)
6.5x10" 2.3x10 3.2x10* 2.5x10°
700 °C 0 57 3.8x103 22 1.6x102
10(0.93) 8 (0.57) (0.53)
Table 111.10: Evolution of the elementary component of the equivalent circuit of the BZY-c 1000 °C symmetrical cell as a function of the
temperature in wet Ha. The values in italic corresponds to the values of the (R3’Qs’) contribution.
Tempe- R R CPE: (F R CPE> (F R CPE3 (F
P Lo (H) ° ! 1 (F) 1 (9) 2 2(F)  (5) 3 3(F) 13 (5)
rature (Q.cm?) (Q.cm?) (n1) (Q.cm?) (n2) (Q.cm?) (n3)
3.7x10° 5.5x10° 2.2x10*
250 °C 0 1635 5.8x108 3098 4.6x10°%  5.0x10* 866
(0.68) (0.84) (0.45)
1.1 x10® 6.8x10™
400 °C 212 99 1.8x107  1.0x10° 8.0x10°
(0.84) (0.48)
1.1 x10° 1.0x10%
550 °C 11 41 3.2x10°% 21 88
(0.94) (0.32)
11
700°C  2.6x107 16 9.6 3.5x10*
(0.29)

Table I11.11: Evolution of the elementary component of the equivalent circuit of the BZY-c 1000 °C symmetrical cell as a function of the
temperature in wet air.
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ASC (F.cm?) ASC (F.cm?) ASC (F.cm?) ASC (F.cm?)

TEMPErAIe of (RuQu) of (R:Q2) of (R:Qy) of (ReQ2)
250 °C 7.2%x1012 3.4x1010 2.2x10° 1.9x10°
400 °C 52x101 3.1x10° 1.9x10*
550 °C 9.6x10% 1.3x10® 1.8x10°°
700 °C 1.0x101° 5.5x10® 1.8x10*

Table 111.12: Calculated ASC of the (RC) components of the BZY-c 1000 °C symmetrical cell
depicted in Table 111.10 in wet H,. The values in italic corresponds to the values of the
(R3’Q3’) contribution.

ASC (F.cm?) ASC (F.cm?) ASC (F.cm?)
Temperature
of (R1Q1) of (R2Qz2) of (R3Q3)
250 °C 8.9x10*? 3.8x1010 4.3x10°3
400 °C 4.6x1010 3.7x107
550 °C 1.1x101° 11
700 °C 9.4x102

Table 111.13: Calculated ASC of the (RC) components of the BZY-c 1000 °C symmetrical cell
depicted in Table I11.11 in wet air.

I11.2.c. EIS spectra of BZY-b 1000 °C symmetrical cell

The Nyquist plots at 250 °C, 400 °C, 550 °C and 700 °C of BZY-b 1000 °C symmetrical
cell in wet Hz and wet air are presented in Figure 111.17 and the corresponding Bode plots are
shown in Annex D (Figures D.9, 10, 11 and 12).

At 250°C, in wet H> (Figure I111.17.a), the spectrum can be fitted with four
contributions. The results of the Ro(R1Q1)(R2Q2)(R3Q3)(R4Qa4) equivalent circuit are shown in
Table 111.14. According to the calculation of ASC presented in Table 111.16, the (R1Q:)
contribution, from 10° to 1.5x10° Hz, corresponds to the diffusion of charged species in the
bulk of BZY-b. The (R2Q2) contribution, from 1.5x10° to 6.8x10% Hz, presents an ASC of
1.5%10%° F.cm? and can then be attributed to the diffusion in the grain boundaries or to a
secondary phase. According to the sample microstructure and composition and to the ASC
value of the third contribution, the (R2Q>) is assigned to the secondary phase Zr-doped Y20z.
The (R3Qs) contribution, from 6.8x10° to 5.8x10! Hz, with an ASC of 4.4x10® F.cm?,
corresponds to the diffusion of charged species in the grain boundaries of the electrolyte while
the (R4Qa) contribution, from 5.8x107 to 10 Hz, is associated with the electrode processes,
probably to the charge transfers limiting step. The diffusion in the bulk presents an ASR of
2556 Q.cm? and the one associated with the diffusion in grain boundaries is 6.4x10* Q.cm?.
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Then, in the BZY-b 1000 °C sample, the grain boundaries are much more resistive than the
bulk, about 25 times more. Furthermore, the resistance due to the secondary phase increases
even more the electrolyte's total resistance and then decreases the total conductivity of BZY-b
1000 °C.

At 400 °C (Figure 111.17.b), the first contribution is too shifted toward high frequency
to be visible anymore and the spectrum was fitted with an Ro(R2Q2)(R3Q3)(RsQ:) equivalent
circuit. The values of the single fitted elements of the equivalent circuit are shown in
Table 111.14. According to the values of ASC displayed in Table 111.16, the attribution of the
contributions remains the same as at 250 °C.

From 475 °C, the contribution due to Zr-doped Y203 is hidden by the electrical wires
inductance response. Then, at 550 °C (Figure 111.17.c), the spectrum was fitted by an
LoRo(R3Q3)(R4Q4) equivalent circuit and the single fitted elements values are shown in
Table 111.14. Where (R3Qs), from 7.3x10° to 9.2x10% Hz, still correspond to the diffusion in
the grain boundary and (R4Qa) , from 9.2x103to 102 Hz, to the electrode processes, according
to their values of ASC (Table 111.16).

At 700 °C (Figure 111.17.d), the spectrum is similar to the one at 550 °C. The third
contribution from 2.3x10° to 6.8x10% Hz is the contribution of the diffusion of charged species
in the grain boundaries. The (R4Q4) contribution, from 6.8x10° to 102 Hz, is the electrode
response.

In wet air, at 200 and 225 °C, the EIS spectra were not sufficiently resolved to be fitted.
At 250 °C (Figure 111.17.a), the spectrum is fitted with an Ro(R1Q1)(R2Q2)(R3Q3) equivalent
circuit. The first contribution (R1Q1), from 10° to 4.9x10* Hz, corresponds to the diffusion in
the bulk according to its ASC value exposed in Table 111.17. The (R2Qz) contribution, from
4.9x10% to 4.2x10% Hz, exhibits an ASC of 5.9x10"%° F.cm? and then is attributed to the Zr-
Y203 secondary phase. The (RsQs) contribution, from 4.2x10° to 10 Hz, corresponds to the
diffusion in the grain boundary according to its ASC value of the order of 10 F.cm?. The ASR
related to the diffusion of charged species in the bulk (Table 111.15) is 9893 Q.cm? and the
ASR associated with the diffusion in the grain boundary is 1.8x10° Q.cm?. Then, the diffusion
of charge species is 18 times more resistant than is the bulk. This ratio is surprisingly lower
than in wet Ha.

At 400 °C (Figure 111.17.b), as in wet Hy, the first contribution disappears due to its
shift toward high frequency and a new contribution note (R4Q4) appear at low frequency (from
6.5x10% to 10! Hz). The spectrum was fitted with a Ro(R2Q2)(R3Qs)(R4Q4) equivalent circuit
and the values of the single elements are shown in Table I11.15. According to the ASC value
in Table 111.17 of each contribution, (R2Q>) is due to the secondary phase and (R3Qs) to the
diffusion in grain boundary. The (R4Q4) contribution exhibits a higher than expected ASC value
because the points are too aligned to be accurately fitted with an (RQ) component, but is
attributed to the electrode processes.

As in wet Hp, at 550 °C (Figure 111.17.c), the second contribution is hidden by the
inductance of the electrical wires. Then, the spectrum was fitted by an LoRo(R3Qs3)(R4Q4)
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equivalent circuit. According to the ASC values exhibited in Table 111.17, (R3Q3) corresponds
to the diffusion in the grain boundaries. (R4Q4) can still not be fitted accurately and is associated

with the electrode process.
At 700 °C (Figure 111.17.d), the inductance of the electrical is not seen and the spectrum

was fitted with an Ro(R3Qs)(R4Qs) equivalent circuit. (RsQs) has an ASC of the order of 10°
F.cm? and is associated with the diffusion in the grain boundary and (RsQa) has an ASC of
4.0x1072 F.cm? which indicates gas dissociation/adsorption limiting step.
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Figure 111.17: Nyquist plots of the BZY-b 1000 °C symmetrical cell at a) 250 °C, b) 400 °C, c)
550 °C, and d) 700 °C in wet H2 and wet air atmosphere. The frequencies delimiting the
different contributions are written on the graph, those in black are for the two spectra.
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Tempe- R R CPE; (F R CPE R CPE;s (F R CPE4 (F
e L) ° ! 1B 2 2 5 3 A ‘ ‘B e
rature (Q.cm?) (Q.cm?) (1) (Q.cm?)  (F) (n2) (Q.cm?) (n3) (Q.cm?) (n4)
7.4x101! 2.3x107 3.4x107 4.2x10°
250 °C 0 2556 1.0x107 4652 2.4x10° 6.8x10* 1.2x102 2.3x10% 34
(0.92) (0.48) (0.70) (0.53)
2.1x10° 1.4 x10°® 6.3x10°
400 °C 507 87 2.6x107 606 5.1x10° 1863 6.4x107
(0.98) (0.64) (0.53)
8.4x107 2.8x10%
550 °C  2.5x10° 177 27 “ 1ox10® 178 “ 59x103
(0.77) (0.45)
5.7x10° 8.7x10™
700°C 1.0x10® 91 4.6 3.3x10° 36 2.5%x10°
(0.78) (0.44)
Table 111.14: Evolution of the elementary component of the fitted equivalent circuit of the BZY-b 1000 °C symmetrical cell as a function of the
temperature in wet Ha.
Tempe- R R CPE;: (F R CPE; (F R CPEs (F R CPE4 (F
S ° ! 1B e 2 2B 3 B e ‘ «® e
rature (Q.cm?) (Q.cm?) (n1) (Q.cm?) (n2) (Q.cm?) (n3) (Q.cm?) (n4)
1.3x10%0 3.3x10® 2.6x107
250 °C 0 9893 3.1x107 3746 8.8x10° 1.8x10° 3.5x107?
(0.86) (0.71) (0.71)
8.5x10° 3.8x107 8.5x10*
400 °C 614 138 4.3x107 1056 1.0x10* 1.1x10° 1.6x10°
(0.89) (0.78) (0.38)
6.5x107 8.0x10°
550 °C 3.4x10% 162 67 4.3x10°% 1.1 x10° 4.7x107
(0.76) (0.38)
1.1 x10° 5.8 x1072
700 °C 22 15 7.3x10°8 11 1.8
®(0.63) (0.44)

Table 111.15: Evolution of the elementary component of the fitted equivalent circuit of the BZY-b 1000 °C symmetrical cell as a function of the
temperature in wet air.
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ASC (F.cm?) ASC (F.cm?) ASC (F.cm?) ASC (F.cm?)

TEMPErAIe of (RuQu) of (R:Q2) of (R:Qy) of (ReQ2)
250 °C 1.0x101 1.5x10710 4.4x108 3.7x10°
400 °C 7.7x1010 2.1x10°8 8.7x10°®
550 °C 1.8x10°8 8.4x10°
700 °C 1.8x107 1.3x10°

Table 111.16: Calculated ASC of the (RC) components of the BZY-b 1000 °C symmetrical cell
depicted in Table I11.14 in wet Ho.

ASC (F.cm?) ASC (F.cm?) ASC (F.cm?) ASC (F.cm?)

Temperaure ¢ (RiQ) of (R2Q2) of (RaQ2) of (RaQa)
250 °C 7.9%x1012 5.9%x100 4.9x10®
400 °C 7.9x10%0 2.4x10°% 8.1x10%
550 °C 1.6x10® 2.4x10?
700 °C 1.2x10° 4.0x107?

Table 111.17: Calculated ASC of the (RC) components of the BZY-b 1000 °C symmetrical cell
depicted in Table 111.15 in wet air.

I11.2.d. Summary

Each symmetrical cell presents a characteristic EIS spectrum in the 200 — 300 °C range,
where the contribution due to the diffusion of charged species into the bulk is situated at high
frequency, the contribution from the diffusion in the grain boundary is located at medium
frequency and the phenomena related to the electrode or to the electrode-electrolyte interface
are seen at low frequency. A characteristic Nyquist plot of the symmetrical cell at low
temperature is given in Figure.l11.18. The spectrum was simulated using the equivalent circuit
inserted in the figure. Values were chosen arbitrarily. The blue semi-circle noted 1 corresponds
to the diffusion in the bulk, the green semi-circle noted 2 to the diffusion in the grain boundary.
The third contribution is associated with the electrode processes. In an ideal spectrum, Ro is
equal to zero and then the resistance of the diffusion in the bulk is R1 and the resistance of the
diffusion in the grain boundary is R.. The total resistance of the electrolyte is Ry + R2. However,
in practice, the semi-circle associated to the diffusion in the bulk is partially out of the range of
frequency leading to a lack of points and a shift of the Ro value. In this case, the resistance due
to the diffusion in the bulk (noted Rg) is equal to Ro + R1 while the resistance associated with
the boundary (note dRgg) is still equal to R». Finally, the total resistance of the electrolyte (noted
Rtot) is equal to Rp + R1 + R2.
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These are the definitions of Rg, Ree and Rtor which will be used in the following
paragraph dealing with the evolution of the resistances with the temperature and the verification
of the Arrhenius law.

R R
1 0 = Rg - - W3
[ 1
. CPE CPE
a 5 L N 3 ~
~— ./l/ N .‘.’
[:\.l l"'.i-_." i., n .
b 1= "t S
0
TR ]
Ro Rp + R Ro+ R, +R
-5 T T T T T T T T T T T T T
0 5 10 15 20 25 30 35
Z' (Q)

Figure 111.18: Typical Nyquist plot of a symmetrical cell at low temperature. The spectrum
was simulated by Nova 2.1 software according to the inserted equivalent circuit.

111.3. Evolution with the temperature

[11.3.a. Conductivity in the bulk and in the grain boundaries

I11.3.a.i. Arrhenius plot of BZY-com, BZY-c 1000 °C and BZY-b 1000 °C

The conductivity oac of charged species in the bulk was calculated according to
Equation 111.29, where R is the resistance obtained from the fitting of the EIS spectra. The
specific grain boundary conductivity, independent of the sample microstructure, was calculated

using Equation 111.42.

L, C 1 .
ocp == (=2)— Equation 111.42
S “CgB” RgB

In which, L is the thickness, S is the active area, Cz and C.;p are the equivalent
capacitance calculated from the EIS spectra and R is the resistance of the grain boundaries
extracted from the EIS spectra.

The diffusion of charged species in the bulk and in the grain boundary of the electrolyte
is thermally activated and follows an Arrhenius behavior as expressed in Equation 111.43.

—Eg
o= Ae T Equation 111.43
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The evolution of aac is reported in a Arrhenius log o = f(@) plot in Figure 111.19.

For each sample (BZY-com, BZY-c 1000 °C and BZY-b 1000 °C), the points are aligned,
indicating an Arrhenius behavior.

Figure 111.19.a exhibits the Arrhenius plot of BZY-com. In both wet H2 and wet air, the
conductivity is higher in the bulk than in the grain boundaries, as indicated by the resistance
values. The gac in the bulk (noted oac,g) in wet Hy as in wet air is approximatively 30 times
higher than in the grain boundaries (noted oac,ce). Furthermore, the conductivity in wet Hz is
more important than in wet air. For example, oacg in wet Hz at 300 °C is 5.5 times higher than
oac,s in wet air at 300 °C.

The Arrhenius plot of BZY-c 1000 °C is exposed in Figure 111.19.b. As for the BZY -
com sample, the conductivity in the bulk in wet H2 and in wet air is higher than in the grain
boundary, of about 113 times. Furthermore, the conductivity is slightly higher in wet Hz than
in wet air, by a factor of about 1.4.

Figure 111.19.c presents the oac in the bulk and the grain boundary of BZY-b 1000 °C,
the resistance due to the secondary phase was not taken into account. Due to the noise in the
EIS spectrum at 200 °C in wet air, only the points from 225 °C to 300 °C are reported. The
conductivity in both atmospheres is much higher in the bulk than in the grain boundaries, on
average 1.1x10° times higher. The conductivity is higher in wet Hy than in wet air. At 300 °C,
oac,g in wet Hy is 3.8 times higher than aac,g in wet air.
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Figure 111.19: Arrhenius diagram of oac calutated from Rg or Reg in wet air and wet H». a)
BZY-com symmetrical cell, b) BZY-c 1000 °C symmetrical cell and ¢) BZY-b 1000 °C
symmetrical cell

The activation energy of charged species transport in the bulk and in the grain boundary
in wet air and in wet Hz was calculated for each sample according to Equation 111.43.

1

E, = —1000k; X %’(}35)
d (=)

The results are written in the Arrhenius plot and reported in Table 111.18, as a
comparison, activation energy reported by Sun et al. [274], Babilo et al. [70] and Yamazaki et
al. [68] are also presented. In agreement with the literature, each sample shows a lower
activation energy in the bulk than in the grain boundary. The behavior indicates a facilitated
transport of charged species in the bulk than in the grain boundary [275]. The BZY-com sample
exhibits surprisingly high activation energy of 0.90-1.12 eV in wet air. The BZY-c 1000 °C
sample has activation energy values in agreement with the literature but BZY-b 1000 °C shows
an activation energy in the grain boundary higher than expected. This observation is consistent

with the microstructure of the BZY-b 1000 °C sample. Indeed, the Zr-doped Y>3z grains disturb

Equation 111.43
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the diffusion pathway of charged species: the charged species have to bypass the impurity grains
and therefore cross more grain boundaries than in the other samples, leading to a higher
activation energy of the grain boundary.

Ea in wet Hz (eV) Ea in wet air (eV)
Sample
Bulk Grain boundary  Bulk Grain boundary
BZY-com 0.45 0.63 0.90 1.12
BZY-c 1000 °C 0.46 0.67 0.45 0.57
BZY-b 1000 °C 0.54 1.06 0.50 1.23
BZY?20 Sun 2010 0.45 0.58 0.41 0.58
BZY20 Babilo 2007 0.45 0.71
BZY20 Yamazaki 2009 0.47 0.67

Table 111.18: Calculated activation energy of charge carrier transport in the bulk and in the
grain boundary in wet air and wet H for BZY-com, BZY-c 1000 °C and BZY-b 1000 °C and
reported activation energy from Sun et. al [274], Babilo et al. [70] and Yamazaki et al. [68].

111.3.a.ii. Discussion

Two general behaviors are highlighted from the Arrhenius of plots oacg and oac,ce of
the three samples in wet air and wet Ha.

First, the conductivity in wet H> is higher than the conductivity in wet air at low
temperature (from 200 °C to 550-575 °C as shown in the next paragraph). This observation can
be explained by the definition of the conductivity given in Equation 111.31 which correlates
the conductivity, the mobility and the concentration of charged species. For the same sample,
the mobility of defects at one given temperature is constant regardless of the atmosphere, then
the conductivity only depends on the concentration of the charged species. It has been shown
in Figure 111.6 that the conductivity is mainly protonic in wet atmosphere at low temperature,
then charged species are supposed to be protons in these conditions. Regarding the
concentration of defects as a function of the atmosphere exposed in Figure 111.4, the
concentration of OH, is more important in wet Hz than in wet air, leading to the higher aac in
wet Hz than in wet air.

Secondly, the conductivity in the bulk is higher than in the grain boundaries. The most
plausible cause of the high resistivity of the grain boundary is that the grain boundary acts as a
space charge layer, as represented in Figure 111.20. The core of the grain boundary is positively
charged and, to respect the electroneutrality, the concentration of My increases at both sides of
the grain boundary resulting in a decrease of the concentration of V,;* and OH,, and a decrease
in the conductivity [240], [276].
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Figure 111.20: Schematic illustration of the space charge layer at the grain boundary, adapted
from [240]

I11.3.b. Total resistance

111.3.b.i. Arrhenius plot of BZY-com, BZY-c 1000 °C and BZY-b 1000 °C

The Arrhenius plot of the oac tot calculated from Ryor of each sample in wet air and
wet H of each sample is shown in Figure 111.21. For each sample, from 200 to 575 °C (550 °C
for BZY-c 1000 °C), the total conductivity in wet Hy is higher than in wet air. This is explained
by the higher concentration of protons in wet Ho.

BZY-com sample (Figure 111.21.a) exhibits two distinct behaviors in both atmospheres
depending on the temperature. From 200 to 575 °C, the conductivity follows an Arrhenius
behavior with an activation energy of 0.50 eV in wet H> and 0.89 eV in wet air. From 275 to
700 °C, the curves bend resulting in a decrease in the activation energies.

BZY-c 1000 °C (Figure 111.21.b) exposes three different domains in wet Hz: from 200
to 400 °C, from 400 to 575 °C and from 600 to 700 °C. At each step, with the increase of the
temperature, the activation energy decrease. In wet air, the total conductivity follows an
Arrhenius behavior in the whole range of temperature with an activation energy of 0.56 eV.

BZY-b 1000 °C (Figure 111.21.c) presents three different behaviors in each atmosphere.
In wet Hz, from 200 to 350 °C, the activation energy is 1.02 eV. It decreases at 0.58 eV from
350 °C to 550 °C and at 0.35 eV from 575 to 700 °C. In wet air, the domains are separated as
follows: from 200 to 450 °C with an activation energy of 0.89 eV, from 450 °C to 475 °C the
activation energy is 0.67 eV before increasing at 0.89 eV from 575 to 700 °C.
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Figure 111.21: Arrhenius diagram of oac calculated from Rror in wet air and wet H». a) BZY-
com symmetrical cell, b) BZY-c 1000 °C symmetrical cell and ¢) BZY-b 1000 °C symmetrical
cell

111.3.b.ii. Discussion

The general behavior of the aac tot in wet Hz is the same for each sample. An activation
energy of 0.50-0.58 eV is obtained at low-intermediate temperatures. This value is typical of
protonic conductivity, indicating that protons are the dominant charge carrier in BZY at a
temperature lower than 575 °C [24], [61], [177], [243], [248], [250], [277]. The high activation
energy of the BZY-b 1000 °C sample between 200 °C and 350 °C is due to the presence of Zr-
doped Y20s. The bend of the curves in the intermediate temperature domain (from 400 to 575
°C for BZY-c 1000 °C and from 350 °C to 575 °C for BZY-b 1000 °C) is explained by the
dehydration of the sample resulting in a decrease in protons concentration [278], [279]. Since
BZY-com does present this behavior, it is assumed that the dehydration is more abrupt and
occurs at 575 °C. The high-temperature behavior of aac tot in wet Hz can be explained by two
phenomena. First, the decrease in proton concentration is compensated by the higher proton
mobility at high temperature and thus the total conductivity in wet Hy reaches a plateau from
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575 °C [280]. Secondly, the high temperatures promotes the formation of electron-holes defects
in low P,, atmosphere resulting in the decrease of the activation energy [67], [236].

In wet air, in the low-temperature domains, protons are the dominant charge carrier. As
in wet Ho, the dehydration of the sample results in a decrease of the proton concentration at
intermediate temperature. However, high temperature promotes the emergence of the oxygen-
ion conductivity [19], [23]. According to Equation 111.33 which indicates that the total
conductivity is the sum of the conductivity of each charged species, the decrease of the proton
conductivity is compensated by the increase of the oxygen-ion conductivity, resulting in a
constant rise in the total conductivity. It also explains the higher total conductivity in wet air
than in wet Hz from 575 °C in all samples.

Finally, the values of log osc ror in the 200 — 300 °C range in either atmosphere are
similar to the values log o4¢ ¢p Suggesting that BZY total conductivity is dominated by the
grain boundary. Thus, elaborating an electrolyte with large grains or columnar grains in order
to minimize the space charge layer effect at the grain boundary would greatly improve the
protonic conductivity and thus the performances of the cell.

11.4. Comparison of conductivity of BZY-com, BZY-c 1000 °C
and BZY-b 1000 °C samples

To be more comparable, the Arrhenius plot of each sample in wet H> and in wet air is
presented in Figure 111.22.a and b respectively. In addition, the ogac ot in wet Ho and wet air
at 300 °c and 600 °C are presented in Table 111.19.

As represented in the Arrhenius plot in wet H, presented in Figure 111.22.a, the
conductivity of the BZY-com sample and the BZY-c 1000 °C sample are comparable in wet H»
at low temperature. The conductivity in wet Hy at 300 °C is about 2x10* S.cm™, similar values
were reported by Sun et al. for BZY?20 [275]. BZY-b 1000 °C exhibits a value of one order of
magnitude lower due to the presence of Zr-doped Y203. At 600 °C, in wet Hz, the ogacToT s
higher for BZY-com than BZY-c 1000 °C and, of course, than BZY-b 1000 °C. The values are
5.8x102 and 2.5x102S.cm™ for BZY-com and BZY-c 1000 °C respectively. This difference
could be explained by the lower dopant concentration in BZY-c 1000 °C than in the BZY-com.
Moreover, as a reminder, the reported total conductivity values of BZY differ from 10 to 102
S.cm™ at 600°C in wet Hy [70]. Then, the conductivity of BZY-com and BZY-¢ 1000 °C is
situated in the upper part of the range.

In wet air, at low temperature, BZY-c 1000 °C has the highest conductivity. At 300 °C,
the oac ot is 1.0x10* S.cm, slightly lower than the value in wet Ha. It suggests that the proton
incorporation and the proton mobility is similar in wet air and wet H, for BZY-c 1000 °C, while
itis favored in wet Hx for BZY-com and BZY-b 1000 °C. At high temperatures, the conductivity
of BZY-com and BZY-c¢ 1000 °C becomes similar and reached a value about 5x10° S.cm™*
while BZY-b 1000 °C still exhibits lower values due to the presence Zr-doped Y20:s.
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Sample BZY-com BZY-c 1000 °C BZY-b 1000 °C
OAC,TOT, wet Hy, 300 °C (S.cm™) 2.0x10* 1.5x10 1.5%10°
O AC,TOT, wet Hy, 600 °C (S.cm™) 5.8x107 2.5x1073 1.1x10°°
OAC,TOT, wet air, 300 °c (S.cm™) 2.2x10° 1.0x10 4.2x10®
OAC,TOT, wet air, 600 °C (S.cm™) 6.2x103 5.0x10° 1.3x10°

Table 111.19: Total conductivity of each sample in wet H2 and wet at 300 and 600 °C
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Figure 111.22: Arrhenius diagram of oac calutated from Rror of BZY-com, BZY-c 1000 °C and
BZY-b 1000 °C symmetrical cell. a) in wet Hz and b) in wet air.

IV. Conclusion

The AC total conductivity was evaluated in BZY-com, BZY-c 1000 °C and BZY-b
1000 °C in wet air and wet H2 by electrochemical impedance spectroscopy. The symmetrical
cells, consisting of BZY as electrolyte, were prepared by uniaxial pressing and sintering at 1550
°C for 5 hours. 1 wt% of ZnO was added as sintering aid to reach a densification rate of the
order of 90 %. Ag-electrodes were painted on both sides of the BZY pellet and fired at 800 °C
for two hours.

The AC total conductivity of BZY-b 1000 °C in both atmospheres is one order of
magnitude lower than the other sample due to the presence of Zr-doped Y.Os. Then, it is crucial
to avoid the formation of (Y,Zr)O(OH) species that lead to the formation of Zr-doped Y203
during annealing at 1000 °C and sintering by controlling the synthesis parameters.

The EIS measurement on the BZY-c 1000 °C evidenced that the resistance of grain
boundary is lower than the one of the other samples, this is a result of a lower space charge
effect in the BZY-c 1000 °C sample. This could be due to the lower dopant concentration in the
initial powder evidenced in chapter Il. However, at a higher temperature, a lower dopant
concentration is detrimental for the conductivity since it decreases the proton incorporation. As
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a reminder, proton incorporation occurs via the oxygen vacancies introduced by the substitution
of a trivalent element.

BZY-com sample presents the highest total conductivity values: 5.8x10°S.cm™ in wet
Hz and 6.1x1073 S.cm™ in wet air. BZY-c 1000 °C exhibits slightly lower values of 2.5x1073
S.cm™ in wet Hz and 5.0x103 S.cm™ in wet air. These values are acceptable for utilization in
PCFC. Moreover, it is supposed a higher total conductivity could be obtained from an
electrolyte with large or columnar grains.

To finish, the conductivity determined in this study takes into account all the charged
carriers species. Even if it can reasonably be supposed that protons are the dominant charge
carriers at a temperature lower than 575 °C in both atmosphere, it would be interesting to
determine the nature of the charge carrier depending on the temperature by performing
electromotive force measurement and calculate the transport number of each species.
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CHAPTER IV: ELABORATION AND CHARACTERIZATION
OF PCFC

The present chapter describes in the first part the elaboration specification of a PCFC
and the elaboration routes used in this work.

The second section presents the fabrication and the characterization of PCFC half-cells
elaborated by a co-tape casting and co-sintering process.

The third part exposes the fabrication of PCFC by a process consisting of co-tape
casting, co-sintering and reactive pulsed direct current sputtering and spray-coating. The
characterizations at each step are presented.

In the last section, the electrochemical performances measured by electrochemical
impedance spectroscopy are shown and the reduction step prior to the cell operation is
described.

l. Presentation of the complete cell and elaboration
procedures

Despite their highly promising performances and various advantages, the PCFCs attract
skepticism about their applicability. It mainly stems from the difficulty to scale up the
fabrication procedure of such cells due to the highly refractive nature of conventional
electrolyte materials [115], [124]. Then, the fabrication of large area, stable and exhibiting
reasonable performances PCFCs still remains a challenge [281]. This section aims to provide
an overview of the specification of PCFCs and the different elaboration routes. Finally, the two
routes used in this work, one aiming the large at low-cost production and the other one targeting
a high-performances goal, will be presented.

I.1. Specifications

The choice of materials has been discussed in the first chapter, but specifications
concerning the elaboration will be presented in this paragraph. The complete cell is an anode-
supported fuel cell as illustrated by the schematic in Figure 1V.1. The cell is composed of four
layers.

- The anode, place of the Hydrogen Oxidation Reaction (HOR) and composed of a Ni-
BZY cermet, ensures the mechanical strength of the cell and, for this reason, needs to be
sufficiently thick. The target thickness is in the range of 350 — 400 pm. Furthermore, the anode
must be porous to assure the gas diffusion.

- The anode functional layer (noted AFL) is made of the same materials as the anode
but is denser. The purpose is to improve the contact between the porous anode and the
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electrolyte. From the electrochemical point of view, it results in an increase of the number of
Triple Phase Boundary (TPB) and gain of the performances on the HOR side [282], [283]. From
the elaboration point of view, it avoids the risk of crack and delamination, as shown by the
pictures of half-cells in Annex E. Its thickness should be between 20 and 60 pum.

- The BZY electrolyte is the key component of the cell. It has to be dense, covering and
homogeneous over the entire surface of the cell. Furthermore, it should be as thin as possible to
decrease the ohmic loss [284]. Typically, the thickness should be less than 10 um. BZY-com
exhibited 5 x 10 S.cm™ at 600 °C, indicating that, for the same microstructure, a thickness of
the electrolyte should be maximum 10 pm to have an ASR of 0.2 Q.cm? for the ohmic resistance
at 600 °C [285].

- The cathode, place of the Oxygen Reduction Reaction (ORR), is a composite of BZY
and BSCF and should be sufficiently porous to allow the steam diffusion. The thickness should
be in the 20 — 60 um to enssure effective charge transfer [102].

Cathode (BSCF-BZY): 20 — 60 um/porous
Electrolyte (BZY): < 10 um/dense
AFL (Ni-BZY): 20 — 60 um/dense

Anode (Ni-BZY): 350 — 500 um/porous

Figure IV.1: Schematical representation of the target PCFC cell

1.2. Fabrication procedures of the cells

The conventional method of elaboration of complete PCFC cell consists in the
elaboration of the anode and the AFL together, followed by the deposition of the electrolyte
and the co-sintering of the half cell. The following steps are the cathode deposition on the top
of the electrolyte and its sintering at a reduced temperature to achieve the final complete cell
[286]. A comparison of the classical elaboration method is given in Table 1V.1. A highly
conventional elaboration process is not exposed in this Table: the uniaxial pressing. This
method is widely used for the anode or anode-AFL elaboration [287]-[291]. It is a cost-
effective process that allows the fabrication of robust anode support, however, the thickness
and the geometry are not easily controllable and thin layers are difficult to obtain.

To achieve the goal of low cost, high efficiency, and mass fabrication, the more efficient
methods are the screen printing and the tape casting. In this thesis work, the tape-casting was
chosen. The fabrication by tape-casting of SOFC based on the CegsGdo202-5 electrolyte was
developed in the ICB-laboratory as part of Visweshwar Sivasankaran thesis [15]. A patent on
complete cell fabrication by co-tape casting followed by a single step sintering was deposited
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[292]. However, the highly refractory nature of BZY involves high sintering temperature that
makes the co-sintering of BZY and BSCF impracticable due to a strong mismatch between their
TEC (TEC of BSCF is ~20x10° K™ [293] and TEC of BZY is ~8x10° K [121]). Then, the
procedure was adapted to the fabrication of PCFC as shown in Figure 1V.2. It consists in the
co-tape casting of the anode-AFL-electrolyte assembly followed by a sintering at high
temperature. NiO powder was used in the elaboration process and is reduced in Ni during cell
operation. The cathode was then deposited by spray using an airbrush and the complete cell
was fired at intermediate temperature to sinter the cathode layer. The heating and cooling ramp
for the two sintering procedures is 3 °C.mint. A dwell time at 400 °C for 2 hours was applied
to eliminate the organic component of the slurries used for tape casting and spray deposition
before heat up to 1500 °C for 5 hours in the case of the half cell and 800 °C for 2 hours in the
case of the complete cell.

[ BZY-BSCF | | BZY-BSCF |
BZY BZY BZY
NiO-BZY NiO-BZY NiO-BZY
| . 500°C |
NiO-BzZY NiO-BZY NiO-BZY
Co-tape casting of Spray deposition of the Complete cell
anode-AFL-electrolyte cathode

Figure 1V.2: Schematical representation of the fabrication of PCFC by co-tape casting and
spray deposition

Furthermore, a second approach was also carried out in order to improve the
performance of the cell to the detriment to the cost efficiency. In this elaboration route, the BZY
electrolyte was deposited by reactive pulsed DC sputtering on the top of the anode-AFL
assembly prepared by co-tape casting and co-sintered at 1350 °C for 5 hours. Finally, the
cathode was spray-deposited prior to the sintering at 800 °C for 2 hours to obtain the final
complete cell. This procedure route is schematically represented in Figure 1V.3.

Figure 1V.3: Schematical representation of the fabrication of PCFC by co-tape casting,
reactive pulsed DC sputtering and spray deposition

I BZY-BSCF | [ BZY-BSCF |
BZY BZY BZY
NiO-BZY NiO-BZY NiO-BZY
: 1000 °C _ 800 °C ;
NiO-BZY NiO-BzY NiO-BZY
Co-tape casting of anode-AFL DC sputtering of the Spray deposition of the Complete cell
electrolyte cathode
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Deposition rate or

Method Advantages Disadvantages Cost
d g thickness of film
I Minimization of the cracks problem during . . .
Screen printing o ) Formulation of the ink 1.5-30 um Economical
sintering process and easy scaling-up
Large thickness range, multilayer . -
) 9 ) 9 4 o Slow drying process, possibility of crack, )
Tape casting production, large-area, flat and fabrication ) ) 25— 2000 pum Economical
. formulation of the ink
of green material
I . 0.5—1 pm for i
Sol-gel Control of the stoichiometry Require many steps . Expensive
each coating
Chemical vapor . . e o . .
. High quality of thin film Require high operating temperature 1-10 um/h Expensive
deposition
) Easy deposition of dense material on a ) ) ) )
Electrochemical . . High-cost production, possible corrosion .
. porous substrate, highly homogeneous film 3 —50 um/h Expensive
vapor deposition . by gases
production
Physical vapor Simple and accessible target material, . . .
. . High-cost production 0.25 - 2.5 um/h Expensive
deposition control of the stoichiometry
Pulsed laser High quality of coating, control of the Sensitive to pollution and high-cost i
. o . . 60 — 150 pum/h Expensive
deposition stoichiometry, nanostructuration production
Dip and spin . . . . . .
coating High performance coating Formulation of the ink, long-time process 25— 200 pm Economical

Table 1V.1: Comparison of some classical elaboration method of SOFC, adapted from [294], [295]
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Il. Fabrication of PCFC half-cells by co-tape casting

In this section, half-cells were elaborated by a co-tape casting and co-sintering cost-
effective process. When the parameters are adjusted and optimized, this route allows the
production of half-cells exhibiting perfectly adherent layers at a large scale. A highly covering
10 um thick electrolyte is obtainable with high reproducibility. However, the need for a high
sintering temperature to achieve sufficient densification of the electrolyte involves slight
reactivity that could lead to a decrease in cell performances.

I1.1. Formulation of the slurries and preparation of the green
half-cells

The shaping of ceramic layer by tape-casting involves the use of slurry containing the
ceramic powder, solvent, binder, plasticizer and eventually additive such as pore-former,
dispersant or surfactant [296], [297]. The slurry has to be formulated in order to obtain a tape
with a good flexibility and manageability [296]. The quantity used for the first slurries
preparation, based on the thesis from Visweshwar Sivasankaran, is presented in Table 1V.2
[15]. In a first step, ceramic powders (BZY and NiO) and eventually additive such as carbon as
pore-former or ZnO as sintering aid, were mixed with the solvents (ethanol (EtOH) and methyl
ethyl ketone (MEK)) and the triethanolamine (TEA) as dispersant. This preparation was ball
milled in a Turbula-T2F device (Willy A. Bachofen AG Group) for 16 h. In the second step,
polyvinyl butyral (PVB) as the binder and polyethylene glycol (PEG) and benzylbutyl phthalate
(BBP) as plasticizers were added to the preparation and ball milled for 24 h. The NiO/BZY
weight ratio was set to 60/40 to reach a 50/50 volumic ratio and ensure the percolation of the
two sub-lattice [298].

BzZzY NiO ZnO C EOH MEK TEA PVB PEG BBP

(9) (9) (9) (9) (9) (9) (9) (9) (9) 9)
Anode 20 30 0 5 103 103 16 35 16 16

AFL 8 12 0 0 3.6 3.6 0.6 1.2 0.6 0.6

Electrolyte 5 0 0.05 0 3.1 31 035 09 035 035
Table 1V.2: Quantity used for the first anode, AFL and electrolyte slurry preparation, based
on the thesis from Visweshwar Sivasankaran [15].

The electrolyte slurry was firstly tape cast on a glass plate using an automatic tape caster
Elcometer 4340 (Elcometer) at a casting rate of 1 cm-s™X. The blade gap thickness was fixed
60 pum. The electrolyte layer was air-dried at room temperature for 30 min before the AFL was
tape cast above, the doctor blade height was set to 120 um. After a new drying period of 30
min, the anode was tape cast on the top of the AFL at a thickness of 1 mm. Due to the thickness
of the anode layer, the drying time was 16 hours. Figure 1V.4.a exhibits a picture of the anode-
AFL-electrolyte green tape after the night of drying. As it can be seen, the anode layer is
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fractured. The main reason is the inhomogeneous drying due to the large thickness of the layer:
the surface dries faster than the bulk, when the volatile species of the bulk evaporate, it cracks
the surface. The green half-cells were cut with a punch of 28 mm in diameter in the clean areas.
Figure 1V.4.a exhibits a picture of two green cells. As it can be seen, a binding effect resulting
from too significant surface tension is apparent. Furthermore, the electrolyte layer, highlighted
on the bottom cell, presents many defects such as delamination, pin-holes and cracks, indicating
the non-suitability of the slurry formulation.

Figure IV.4: Pictures of a) anode-AFL-electrolyte green tape after the night of drying, view
from the anode side and b) two green cells after cutting, anode side on the top and electrolyte
side on bottom

Several trials were attempted before reaching a good flexibility and plasticity of the
green tapes. The optimized quantity used in each slurry is presented in Table IV.3. In the anode
and AFL slurries, the quantity of solvent, dispersant and plasticizer was increased by 33 % and
the amount of binder by 50 %. In the electrolyte slurry, the amount of solvent and dispersant
was increased by 6 % and the quantity of binder and plasticizer by 10 %.

BzY ZnO NiO C EOH MEK TEA PVB PEG BBP

@ @ @ @@ @ @ @ @ @ @
Anode 20 0 30 5 137 137 21 525 21 21

AFL 8 0 12 0 4.8 4.8 0.8 1.8 0.8 0.8

Electrolyte 5 0.05 0 0 3.3 33 037 1 0.38 0.38
Table 1V.3: Optimized quantity of anode, AFL and electrolyte slurries.

The shaping procedure was the same as before. The drying time of the electrolyte was
decreased down to 10 min to enhance its adherence with the AFL tape. As shown in Figure
IV.5.a and b, no cracks appear in the green tape. The half-cells are easy to cut and peel off from
the glass plate, each layer is adherent to the others and the assembled tape is very flexible and
malleable.
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Figure IV.5: Pictures of the anode-AFL-electrolyte green tape, a) during the punching of the
half-cells, b) after cutting

11.2. Co-sintering of the green half-cells

A pellet of 8 mm in diameter consisting of 60 %wt of NiO and 40 %wt of BZY-c
1000 °C, the same ratio as in the slurries, was prepared by uniaxial pressing under a pressure
of 200 MPa. Figure 1V.6 presents the dilatometry profile up to 1500 °C using rates of 3 °C.min’
1 of the composite pellet. As shown in Figure 1V.6.a which represents the AL/Lg as a function
of the temperature, the shrinkage of the pellet starts at 875 °C and is globally homogeneous. On
the derivative signal shown in Figure 1V.6.b two peaks of maximum shrinkage speed are
highlighted. The one at 1350 °C is attributed to the shrinkage of BZY according to the
dilatometry profiles of BZY exhibited in Chapter 111 while the peak at 1200 °C corresponds to
the shrinkage of NiO. It should be noticed that the signal of BZY in this sample is very similar
to the one of BZY mixed with 1 wt% of ZnO since NiO also acts as a sintering aid [64], [299].

The homogeneity of the shrinkage and the acceptable temperature difference between
the two maximum shrinkage speeds indicates the feasibility of the co-sintering of NiO and
BZY.
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Figure I1V.6: Dilatometry profile of the BZY-c 1000 °C-NiO pellet. 60%wt NiO/40%wt BZY.
a) 4L/Lo as a function of the remperature; b) d(AL/Lo)/dt as a function of the temperature
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In the previous chapter, the sintering temperature of BZY-1 wt% ZnO was 1550 °C to
ensure a densification rate of at least 90 %. The same procedure was attempted for the co-
sintering of half-cells. To maintain the half-cells' flatness, they were sintered between a Pt plate
on the electrolyte side and a cordierite plate on the anode side. The thermal treatment was
carried out at 3 °C.min™ and a dwell time at 400 °C was added to decompose the organic
component of the slurry before the plateau at 1550 °C for 5 hours.

The XRD pattern of a half-cell sintered at 1550 °C is exposed in Figure 1V.7.a for the
electrolyte face and Figure 1V.7.a for the anode face. Two phases are highlighted in the
electrolyte layer: one major BZY phase (69 wt% determined by Rietveld refinement) and one
Zr-doped Y203 (31 wt%). On the anode side, three phases were detected: BZY, NiO and Zr-

doped Y203 with respective relative percentages determined by Rietveld refinement of 36, 49
and 15 wt%.

¢ BZY *NiO o Zr-doped Y, 0,

L ]

o ¢ Electrolyte side
¢ ' M
o, o o o M
e
¢

Intensity (a.u.)
L 2

: Anode side

20 3 40 50 6 70 80
20 (°)
Figure IV.7: X-ray diffractograms of the half-cell sintered at 1550 °C for 5 hours, top:
electrolyte side and bottom: anode side

To limit the proportion of Zr-doped yttria highly detrimental to the electrolyte
performances, the sintering temperature was decreased at 1500 °C. The microstructure of the
half-cell is exposed in Figure 1V.8. In the BSE-SEM micrograph (Figure 1V.8.a), BZY is the
lightest color while NiO is in dark grey. As shown in Figure 1V.8.a and b, the thickness of the
anode layer is 480 um, the AFL is 50 um thick and the electrolyte is 9 um, corresponding
perfectly to the specifications. Furthermore, the anode is porous while both AFL and electrolyte
are quite dense. Some porosity is present in the electrolyte as shown by the surface view in
Figure 1V.8.c but they are not detrimental for the cell performance since they are not crossing
the electrolyte layer. Each layer presents a homogeneous thickness, is highly covering and
perfectly adherent to each other. Finally, the BZY sub-lattice and the NiO sub-lattice are well
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distributed. The main defect is the coarsening of NiO particles that could lead to the cell
disruption during the reduction [89].

Figure 1V.8: SEM micrographs of the anode-AFL-electrolyte assembly elaborated by co-tape
casting and co-sintering at 1500 °C. a) cross-section, b) cross-section (global view) and c)
surface of the electrolyte

Furthermore, the composition of BZY is not preserved during the sintering. The starting
powder was BZY-com, showing a composition of Bai.01:0.02Zr0.81Y0.19+00103-5 determined by
EDS. After sintering, the chemical composition of BZY in the electrolyte layer was
Bao.96+0.04Zr0.89 Y 0.11:0.0203-5. As exhibited by the X-ray diffractogram presented in Figure 1V.9,
segregation of phase due to Ba vaporization still occurs during sintering at 1500 °C leading to
the formation of Zr-doped Y203z secondary phase. In contrast, no reactivity was highlighted on
the anode side.

To decrease the amount of Zr-doped Y203 again, the sintering was carried out at 1450
°C for five hours. However, as exhibited in Figure 1V.10, it leads to insufficient densification
of the electrolyte layer, leading to a drop in the cell performances. Then, the second elaboration
procedure, i.e., depositing the electrolyte layer by pulsed reactive DC sputtering on anode-AFL
substrates prepared by co-tape casting was attempted.
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Figure IV.9: X-ray diffractograms of the half-cell sintered at 1500 °C for 5 hours, top:
electrolyte side and bottom: anode side
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Figure 1V.10: SEM micrographs of the anode-AFL-electrolyte assembly elaborated by co-
tape casting and co-sintering at 1450 °C.
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I11. Fabrication of PCFC complete cells

Physical preparation method such as pulsed laser deposition and reactive Direct Current
(DC) sputtering allows the elaboration of thin, dense and highly texturized coating [294], [295].
The efficiency of such techniques has already been demonstrated in the PCFC area. For
example, Pergolesi et al. have reported an extremely high total conductivity of 0.11 S.cm™ at
500 °C in wet H> for epitaxial BZY20 of 60 nm thick elaborated on MgO single-crystal substrate
by pulsed laser deposition [69]. More recently, Bae et al. have reported a maximum power
density of 740 mW.cm at 600 °C for a 2 um thick BZY 15 electrolyte deposited by pulsed laser
deposition [300]. No studies were found in the literature concerning the deposition of BZY by
reactive DC sputtering in the preparation of complete cells. However, Arab Pour Yazdi et al.
have demonstrated the possibility of depositing BZY on polycrystalline alumina support by this
technique [301]. This section presents the feasibility of elaborating complete PCFC cells by co-
tape casting, reactive DC sputtering and spray deposition. The physical deposition of BZY was
carried out in collaboration with Mohammad Arab Pour Yazdi and Pascal Briois from the
FEMTO-ST laboratory from Université de Technologie de Belfort Montbéliard (UTBM).

I11.1. Elaboration of anode-AFL by co-tape casting

The slurries of anode and AFL were prepared according to the procedure described
previously and using the quantity shown in Table I1VV.3. The carbon graphic pore-former was
replaced by black carbon pore-former to avoid the formation of needle-shaped porosity that
could act as pre-crack and lead to the disruption of the cell [302]. Different sintering
temperatures were attempted: 1450, 1400 and 1350 °C using the same heating and cooling rates
and the debinding step as in the previous section. As shown in Figure 1V.11, where pictures of
anode-AFL substrates sintered at different temperatures are displayed, the reject rate
representing the number of unusable substrates increases with the sintering temperature. For
sintering at 1450 °C, the reject rate is 100 % while it approaches 0 % for the substrates sintered
at 1350 °C.

The microstructure of the substrates sintered at 1350 °C for 5 hours is highlighted in
Figure 1V.12. As shown in Figure 1V.12.a, the AFL layer of 20 um looks dense while the 460
pm thick anode is porous. The small and light gray grains in Figure 1V.12.b corresponds to
BZY, they are homogeneously distributed around the larger and darker grains of NiO.
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Figure IV.11: Pictures of sintered anode-AFL assembly elaborated by co-tape casting, a)
1450 °C, b) 1400 °C and c) 1350 °C

Figure 1V.12: SEM micrographs of the anode- AFL substrate elaborated by co- tape castlng
and co-sintering at 1350 °C. a) cross-section (global view) and b) zoom in the anode layer

I111.2. Deposition of the electrolyte by reactive pulsed DC
sputtering

I11.2.a. Presentation of the device and depositions conditions

The electrolyte layer was deposited in a 90 L Alcatel 604 SCM sputtering chamber
pumped down via a system combining XDS35i dry pump and a 5401CP turbo-molecular pump
pumping down to 10 Pa. A photograph of the device is exposed in Figure 1V.13.a. The BZY
layer was elaborated by co-sputtering of Ba (purity 99.9 %, @ 50 mm x 3 mm) and ZrogYo.2
(purity 99.9 %, @ 50 mm x 6 mm) targets. The two targets are highlighted in Figure 1V.13.b.
They were supplied with a pulsed DC (Direct Current) Advanced Energy dual generator
authorizing the control of the discharge power.

The rotating sample holder, supporting the anode-AFL substrates, is heated by radiative
effect at 400 °C and placed opposite to the targets, at a distance of 60 mm. During the deposition
stage, a radiofrequency bias (15V to 30V) is applied to the sample holder to favor the stability
of the magnetron discharge. The gas flow rates for reactive conditions are set at 5 mL.min* for
oxygen and 50 mL.min! for argon. The final pressure is around 1 Pa. The parameters of each
target are presented in Table 1V.4. The deposition time was set to 1 hour to obtain a layer of
2.5 um and 2 hours for a layer of 5 um.
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Figure 1V.13: Photographs of the DC sputtering device. a) general view, b) inner chamber

Target Power Tension Intensity Time off Frequency
(W) (V) (A) (Hs) (kHz)

Ba 85 161 0.56 2 150

ZrosYo2 80 242 0.33 4 50

Table 1V.4: Sputtering deposition parameters of Ba and ZrogYo.2 targets

[11.2.b. Characterization of the BZY electrolyte

The microstructure of the BZY layer elaborated by DC sputtering was investigated by
SEM Hitachi SU8230 coupled with a Thermo-Scientific UltraDry EDS detector. The
micrograph is shown in Figure 1V.14.a. The thickness is 2.5 um, the layer is highly covering,
dense and no delamination between AFL and electrolyte was found. Furthermore, grains are
highly epitaxial, presenting the characteristic columnar shape of thin film deposited by physical
vapor methods. The columns are tilted due to the vapor flux angle [303], [304]. Indeed, the Ba
and ZrogYo.2 targets were tilted by 15 ° to the normal to the surface of the support.

To improve the crystal quality, an annealing treatment at 1000 °C was carried out [305],
[306]. The micrograph post-annealing is exposed in Figure 1V.14.b. The same dense columnar
microstructure is observed and the AFL-electrolyte interface is not altered by the thermal
treatment. Furthermore, a straightening of the columns occurred. This straightening is attributed
to the stress relaxation [307], [308].
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Figure IV.14: SEM micrographs of the BZY electrolyte elaborated by reactive pulsed DC
sputtering. a) as-deposited, b) after annealing at 1000 °C for 2 hours

The X-ray diffraction patterns of the BZY electrolyte deposited by reactive pulsed DC
sputtering before and after annealing treatment at 1000 °C for 2 hours are shown in Figure
I1VV.15. Two phases corresponding to BZY are highlighted on the raw sample, and the diffraction
peaks from NiO are also collected. The two phases of BZY were attributed to BZY from the
substrate (BZY-substrate) and BZY deposited by pulsed reactive DC sputtering (BZY-PVD).
The parameters were calculated from the position of each peak and are exposed in Table IV.5.
Rietveld refinement was not conducted on the diffractograms due to their highly textured
feature. The lattice parameter of BZY-PVD is 4.23(6) A, much higher than the usual values due
to lattice strain [309], while BZY-substrate exhibits a lattice parameter of 4.20(5) A, in perfect
agreement with the previous result in Chapters Il and Il1l. Furthermore, by comparing the
intensity of the peaks with the intensity calculated using CaRine software for a sample
exhibiting no preferential orientation (presented at the bottom of Figure 1V.15), the BZY-PVD
phase shows a highly textured structure along the [100] and [211] direction.

After the annealing treatment at 1000 °C, the position of the peaks of the two BZY
phases (from the substrate and from the PVD layer) is the same. The calculated lattice parameter
is 4.20(6) A suggesting a stress relaxation. The preferred orientation along the [100] direction
is still present and is attributed to BZY-PVD. The preferred orientation along the [211] is more
visible anymore, agreeing well with the straightening of the columns highlighted by SEM.

The NiO lattice parameter is not impacted by the annealing treatment.
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Figure 1V.15: X-ray diffractograms of the BZY electrolyte elaborated by reactive pulsed DC

sputtering. a) as-deposited, b) after annealing at 1000 °C for 2 hours. The relative intensity of
a non-textured BZY phase calculated using CaRine software is presented at the bottom of the

figure.
S | Lattice parameter of BZY (A) Lattice parameter of
ample )
P BZY-PVD BZY-substrate NiO (A)
BZY-PVD raw 4.23(6) 4.20(5) 4.18(0)
BZY-PVD 1000 °C 4.20(6) 4.18(0)

Table 1V.5: Lattice parameter of BZY and NiO phases before and after annealing at 1000 °C

111.3. Deposition of the cathode by spray

The cathode layer was deposited on the top of the electrolyte by spray using an airbrush
(Revell). The slurry for the spray has to be more liquid than for tape casting. The composition
is given in Table 1V.6. The procedure of mixing is the same as for tape casting. The cathode
was spayed through a mask of 18 mm in diameter. The nozzle-to-substrate distance was
maintained to 20 cm. The time of deposition to achieve a thickness of 80 um was 4 times 10
seconds. A thermal treatment & 800 °C for 5 hours (heating and cooling of 3 °C.min*! and a
debinding step at 800 °C) was carried out to sinter the cathode.

BZY (g0 BSCF(@ C(g) EtOH(g) TEA(g) PVB(Q) PEG(g) BBP(Q)

10 10 0.4 50 0.2 1.8 1.8 0.1
Table IV.6: Quantity used for the cathode ink
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Figure 1V.16 shows the cathode microstructure after thermal treatment at 800 °C for
two hours. This micrograph was obtained on a sample without electrolyte. The cathode layer is
80 um thick and porous.

Figure 1V.16: SEM micrographs of the cathode layer depoéifed by spray

IVV. Electrochemical test of the cells

Before the cell operation, the NiO from the anode has to be reduced to metallic Ni. As
shown in the first part of this section, this step is crucial and delicate because a too sudden
reduction can generate mechanical stresses that can lead to the fracture of the cell. The second
part will present the electrochemical performances of a cell elaborated by the co-tape casting,
pulsed reactive DC sputtering, and spray deposition.

IV.1. Study of the reduction of NiO

The study of NiO reduction was carried out in collaboration with Maria-Paola
Carpanese and Davide Clematis from the DICCA laboratory (University of Genova, Italy). The
reduction was carried out at 540 °C. The anode side was fed by gas at 45.4 mL.min! using a
pressure of 1.2 bar. Pure N2 was send during the increase of temperature at 1.5 °C.mint. The
cathode side was fed by dry air at 100 mL.min! (1.5 bar) during the heating and the reduction.
Figure 111.17 shows a typical reduction profile of a complete cell. The OCV was recorded all
along the reduction using Nova 2.1 software while of the amount of H> in a N2-H> gas mixture
was increased step by step when the OCV was stable. The OCV started to rise when the percent
of Hz was 33 %. It increased up to a value of 0.73 V before dropping suddenly to 0.05 V when
the anode was supplied by a 50-50 H2-N. gas mixture.
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Figure IV.17: Recorded OCV and H2% in the N2-H2 gas mixture during the reduction as a
function of the time

The microstructure of the cell after reduction is exposed in Figure 1V.18. The
electrolyte layer presents severe cracks all along the studied cross-section leading to the drop
of OCV. To analyze the origin of the cracks formation, an anode-AFL-electrolyte assembly
elaborated by co-tape casting and pulsed reactive DC sputtering was half reduced (2 hours under
hydrogen flow at 550 °C) and studied by X-ray microtomography (RX-solution Easytom-XL
Ultra). The tomography is based on the Beer-Lambert law of attenuation (Equation 1V.1).
Since not only the nature of the material but also its density affect the attenuation coefficient,
the tomography allows an image in contrast of density. Then in tomography micrographs
presented in Figure 111.19, the porosity is in dark grey. BZY appears in white and Ni in light
grey. The median grey corresponds to a mix of BZY and NiO, these two phases are not properly
separated because the resolution of the tomograph (350 nm) is lower than the grain size of BZY..

I =1I,e ™™ Equation V.1

Where I is the measured intensity of the X-ray, I, the initial intensity of the X-ray, u the
X-ray attenuation coefficient and s the length of sample crossed by the X-ray.

As clearly exhibited by the circle surrounding a Ni grain in Figure 111.19.a and b, the
reduction of NiO into Ni leads to the formation of a porosity around the grain due to the
contraction of the lattice (the lattice parameter of Ni is 3.54 A while it is 4.17 A for NiO). This
phenomenon results in the contraction of the anode volume as schematically exhibited in
Figure 111.20. To compensate for the compressive force exerted in the anode and the AFL, a
tensile force results in the electrolyte layer leading to the electrolyte rupture. Then, the reduction
procedure has to be as smooth as possible in order minimize the stress in the cell.
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¥ 3 s o

Figure 1V.18: SEM micrograph of the complete cell after reduction

. 8

Figure 1V.19: Tomography micrographs of the complete cell after half-reduction. a) view
from the bulk of the anode, b) cross-sectional view of the anode-AFL-electrolyte assembly
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Figure IV.20: Schematic representation of the reduction of NiO into Ni. The red arrows
represent the compressive and tensile forces

IV.2. Electrochemical impedance spectroscopy of complete
PCFC

IV.2.a. Theoretical EIS spectra of a complete PCFC

In an operating fuel cell, the HOR (Reaction 1V.1) takes place on the anode side while
the ORR (Reaction 1V.2) occurs at the cathode side. In fact, these reactions are divided into
several elementary steps, including diffusion, adsorption, dissociation and charger transfer, as
depicted in Table 1V.7 [265], [310], [311]. The HOR is divided into four elementary steps.
Usually, the adsorption and dissociation of H> are the rate-limiting steps that give to the semi-
circle related to the anode in an EIS Nyquist spectrum. The ORR is composed of six elementary
steps, here again, the adsorption and dissociation of Oz are the rate-limiting steps that lead to
the semi-circle related to the cathode in EIS. The proton transfer between the protonic conductor
and the mixed ionic-electronic conductor is also a rate-limiting step, usually its response in EIS
is overlapped with the one related to the adsorption and dissociation of O,. These limiting steps
on the cathode side make the ORR the most critical reaction in PCFC, leading to a high
polarization resistance of the cathode [125], [312].

H, » 2H" + 2e~ Reaction I111.1
%0, + 2H* + 2e~ - H,0 Reaction 111.2
Place of the Name of the elementary Chemical notation of the elementary
phenomena process process
Adsorption
Anode/TPB Dissociation H2(9) = Ha(aas)
Diffusion Hj(adas,a) = 2H(aas,a)
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Charge Transfert Haas,a) = Haastrp)
Haas;reey = Hiey + €(a)
Diffusion (bulk) H{g 4 sigey = Hizc siae)
Electrolyte/TPB e . + +
Diffusion (GB) Hg 4 sigey = HEc sige)

Adsorption and dissociation O2(9) = 20(aas,c)
Oxygen reduction | O(aas,c) + €c) = Otaas,c)
Diffusion Oaas,c) = Oren)

. 3 B .
Cathode/TPB Oxygen reduction Il O(TPB) + ey O(TPB)

Proton transfer
H(-|}_5,C side) - H(-;"PB)
Hydroxide formation _ _
. H(-;"PB) + O(ZTPB) = OH7pp)
Water formation ot oH- H0
. + -

Water evaporation (TPB) (rPB) 7 H2Y(TPB)

H;0(rppy = H, O(g)

Current collector ~ Mass transport e o)

Table IV.7: Elementary steps involved in PCFC operation. The sense of reaction is given in
the fuel cell mode, in electrolyze mode, all the elementary steps occur in the non-spontaneous
way. Anode is noted A, cathode, C and electrolyte, E. TPB refers to the triple-phase
boundary, ads refers to adsorbed. Adapted from [84], [265], [310], [311].

The typical EIS spectra of a complete cell are given in Figure 111.21.a (Nyquist plot)
and b (Bode plot). It consists of an inductive tail and two semi-circles. The inductive tail is due
to the inductive behavior of the electrical wires and is fitted by an inductor. The intercept with
the real part of the impedance at high frequencies represents the ohmic resistance mainly related
to the electrolyte resistance (noted Rq). The characteristic time associated (tq) is read when the
phase is equal to zero. At intermediate frequency, a semi-circle fitted by a resistor and a
capacitor (or CPE) in parallel is highlighted. As exposed before, it is characteristic of the
response of the anode. Finally, the ORR at the cathode gives to the last semi-circle modeled by
a R and a C in parallel at low frequencies. Both HOR and ORR characteristic times (noted ta
and tc) are highlighted on the Bode plot. As explained before, the polarization resistance of the
cathode (noted Rp,c) is usually higher than the polarization of the anode (Rp.A).
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Figure 1V.21: Classical a) Nyquist and b) Bode plot of a complete cell

IV.2.b. Experimental EIS spectra of a complete PCFC

The complete cell elaborated by co-tape casting, reactive pulsed DC sputtering and
spray deposition was tested by EIS using an Autolab PGSTAT302N. The pulverization time
was set to 2 hours to obtain a 5 um electrolyte layer. The microstructure of a complete cell after
cell operation is presented in Figure 1V.22. The AFL is highly porous after reduction and the
dense electrolyte of 5 um thick deposited by reactive pulsed DC sputtering presents the
characteristic columnar microstructure. The cathode shows well distributed BZY (in white) and
BSCF (in grey) sub-lattices. No delamination is observed between the layers
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Figure IV.22: SEM micrographs of the complete cell after cell operation

The cell was placed in a Norecs ProboStat for the analysis. The reduction was carried
out at 525 °C to decrease the kinetics of the chemical reaction. The quantity of H, was increased
step by step according to the procedure described previously. The final OCV was 0.78 V for
100 % of wet H. at a pressure of 1.4 bar using a flow of 50 mL.min™. The air flow was
maintained at 100 mL.min* at a pressure of 1.7 bar. This value is lower than expected due to
gas leakages but was stable for some hours before dropping at 0 V due to the breaking of the
sample during the increase of temperature from 525 to 550 °C. EIS measurements were carried
out from 10° Hz to 107 Hz with an amplitude of 10 mV at 525 °C.

The EIS spectra are presented in Figure 1V.23.a (Nyquist plot) and b (Bode plot). The
Nyquist plot consists of an inductive tail attributed to the electrical wires followed by a skewed
semi-circle. The ohmic resistance (Rq) taken at the intercept with the real part of the impedance
at high frequencies is 7.02 Q.cm? and was stable for the duration of the measurements carried
out at 525 °C (4 hours). This value is significantly higher than other reported values for similar
samples. For example, Duan et al. obtained a Rq of 1.85 Q.cm? for a Ni-BZY//BZY deposited
by PLD (4 um thick)//Lao.eSro.4Co.2Fe0.803-5-BaCeo.aYho 1035 cell at 600 °C and Bae et al.
reported a Rq of 0.15 Qcm? for a Ni-BZY//BZY deposited by PLD (2 pum
thick)//Lao.6Sro4Co0s.s cell at 600 °C [124], [300]. However, the temperature has to be taken
into account, since the diffusion is thermally activated, it is reasonable to suppose that the ohmic
resistance of the BZY electrolyte deposited by reactive pulsed DC sputtering would have shown
a lower resistance value at a higher temperature.

Concerning the electrodes, in contrast with the theoretical spectrum presented in Figure
V.21, the anode and cathode contribution cannot be separated due to too close a characteristic
time constant. This is well evidenced in the Bode plot in Figure 1V.23.b. Then the spectra
cannot be fitted with the classical equivalent circuit of a complete cell depicted in Figure
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IVV.21.a and the values of resistance polarization of anode and cathode associated with the HOR
and the ORR cannot be discussed. However, according to the shape of the Nyquist plot, the
cathode process is not dominant, suggesting that the use of a composite material that presents
a protonic-electronic-oxygen ion conduction is beneficial for the performance of the cell
regarding the ORR.
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Figure 1V.23: EIS spectra at OCV of a complete cell with 5 um thick electrolyte deposited by
reactive DC sputtering. a) Nyquist plot and b) Bode plot

V. Conclusion

Two elaboration processes were evaluated in this study, the first consisting of co-tape
casting and co-sintering in order to promote cost-efficiency and the second one by co-tape
casting, reactive pulsed DC sputtering and spray deposition in order to improve the
performances of the cells.

Using the first route, only haft-cell were fabricated. The haft-cells exhibit a great
microstructure consisting of well adherent layer with controlled thickness and a sufficient
densification rate for the electrolyte after a co-sintering at 1500 °C for 5 hours. However,
chemical reactivity in the electrolyte layer was highlighted. Indeed, such high sintering
temperature promotes the Ba-vaporization and lead to the formation of Zr-doped Y203
secondary phase. As shown in the previous chapter, this secondary phase is highly detrimental
for the conductivity. Thus, the sintering temperature was decreased in order to avoid reactivity.
This leads to a drop in the densification rate of the electrolyte layer, also highly detrimental for
the cell performance, then, this route was put aside.

The second elaboration process consists of the fabrication anode-AFL substrate by
co-tape casting and co-sintering at 1350 °C. The electrolyte layer is then deposited by reactive
pulsed DC sputtering with controlled thickness. The microstructural investigations highlighted
the formation of skewed column grains. This observation was also confirmed by XRD analysis.
A thermal treatment at 1000 °C for 2 hours allows to straighten the column. The cathode is then
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deposited on the top of the electrolyte by spray using a aerograph and fired at 800 °C to enhance
its adherence with the electrolyte.

The reduction is a crucial and delicate step that can easily lead to the sample failure and
then has to be carried out very slowed at intermediate temperature. A complete cell witha 5 pum
electrolyte was studied by electrochemical impedance spectroscopy. The cell showed an OCV
0.78 V at 525 °C, lower than expected due to gas leakages. The ohmic resistance is about
7 Q.cm?. As a comparison, the area specific resistance at 525 °C in wet H; is 47 and 92 for
BZY-com and BZY-c 1000 °C. Then the use of textured BZY-electrolyte is highly beneficial
for the cell performance. However, the ohmic resistance is still higher than expected. As a
reminder, the targeted resistance presented in chapter I is 0.2 Q.cm? The measurement was
performed at 525 °C and the ohmic resistance is supposed to decrease with increasing the
temperature, then, it can reasonably be supposed that an acceptable ohmic resistance value
could be obtained at 600 °C. Unfortunately, the cell broke during the increase of temperature
and then the Arrhenius behavior has not been verified.

To finish, EIS measurement also highlighted that the cathode process is not dominant,
meaning that the ORR is not as limiting step as usual, in the elaborated complete cell. It was
attributed to the use of a mixed protonic-electronic-oxygen ion conduction as cathode material
resulting in the increase of the number of points where the ORR can occur.
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GENERAL CONCLUSION

The main objectives of this thesis work were to synthesize a possible electrolyte material
for PCFC, to evaluate the electrochemical properties of the synthesized oxides and to elaborate
PCFC elementary cells.

Among the selected materials in the Y-doped BaCeOs—BaZrOs solid solution, only the
synthesis of BaZrOs and Y-doped BaZrOz were achieved. Indeed, the fast nucleation of CeO>
in supercritical water conditions hinders the integration of cerium into the perovskite structure,
then BZY was chosen as electrolyte material. BZY was synthesized by two different
hydrothermal devices (batch and continuous) at a temperature as low as 400 °C under a pressure
of 300 bar in basic conditions (pH of 13). The as-synthesized materials exhibit a strong Ba-
deficiency, the determined compositions are Bao.ssZro.73Y0.2703-5 and Bao.g3ZrossY0.1403-5 for
BZY-b and BZY-c respectively. However, a thermal treatment at 1000 °C compensates the Ba-
vacancy by the incorporation of BaO from the decomposition of BaCOs. Furthermore, the
annealing treatment is also beneficial of the chemical stability of BZY during sintering. The
composition of the perovskite phase after the annealing treatment is Bao.g6Zro.76 Y0.2403-5 for
BZY-b and Bai01ZrogsYo1503-5s for BZY-c. Then the batch synthesis promotes better
integration of Y while the continuous synthesis is better to avoid Ba-deficiency.

BaCOs and (Y,Zr)O(OH) are also formed during the synthesis. BaCOs is not detrimental
since it decomposes at high temperatures, but (Y,Zr)O(OH) is problematic. Indeed,
(Y,Zr)O(OH) changes into oxide from 240 to 610 °C and (Y,Zr)203 is highly insulating,
resulting in a dramatic drop of the conductivity value. For example, a sample containing about
30 wt% of (Y,Zr).0z after sintering at 1550 °C exhibits one order of magnitude lower total
conductivity than the samples containing 3 or less wt% of (Y,Zr).0s. The tremendous increase
of the (,Zr).03 content during sintering occurs due to the segregation of phases involved by
the instability of Ba-deficient BZY. Then, the continuous process should be preferred to the
batch process for the synthesis of BZY.

Furthermore, the synthesis in the continuous devices was optimized by increasing the
initial quantity of Ba precursor, and, for a ratio [Ba?*]/([Zr**]+[Y?*]) of 2, the formation of
oxyhydroxide phase is avoided.

The total conductivity of sintered BZY was evaluated by EIS in wet atmosphere. BZY -
b and BZY-c annealed at 1000 °C were compared to a commercial BZY powder. The BZY
pellet was sintered at 1550 °C for 5 hours to reach a densification of 90 %. BZY-b exhibited
strong reactivity after sintering (30 wt% of (Y,Zr)203), leading to a dramatic decrease of its
conductivity. Thus, BZY elaborated by the batch process does not present an interest for the
PCFC application.
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BZY-com has a conductivity value of 2.1x103 S.cm™ in wet air and wet H, at 600 °C.
BZY-c 1000 °C exhibits slightly lower values, 8.1x10* S.cm™ in wet Hzand 1.6x102 S.cm™
in wet air at 600 °C. This order of magnitude is acceptable for an application in PCFC even if
a higher value is preferable. Moreover, the dominant charge carrier is assumed to be mainly
proton at a temperature lower than 575 °C in wet H>. This assumption is based on the
determination of activation energy since transport number measurements were not performed.

In addition, BZY-c shows interestingly low grain boundary resistance at low
temperature in comparison with the other samples resulting in higher total conductivity value.
In contrast, BZY-com has a higher total conductivity value at high temperature (higher than
500 °C). It is because the grain boundary resistance is mainly dominant at low temperature.
Then BZY-com should be preferred for a PCFC operating temperature higher than 500 °C while
BZY-c could be interesting as protonic conductor in the 400 — 500 °C range.

PCFC half-cells and cells were elaborated by two different routes: one based on co-tape
casting to decrease the manufacturing cost and the other one based one co-tape casting, reactive
pulsed DC sputtering and spray deposition to improve the performances of the cells. However,
the co-tape casting route was put aside due to the impossibility to obtain a good electrolyte
layer, i.e., sufficient densification and the absence of reactivity.

PCFC cells were successfully elaborated by the second method. The electrolyte of
controlled thickness shows a columnar microstructure. Since the grain boundaries of BZY are
more resistive than the grain bulk, this microstructure is highly beneficial for the cell
performance. Indeed, the ohmic resistance is about 7 Q.cm? at 525 °C. However, the mechanical
straight of the cells was insufficient. Thus, many cells broke during the reduction of NiO into
Ni step and long-term measurements were not carried out due to the systematic break of the
cells during operation.

In terms of prospects, the first aim is to improve the mechanical resistance of the cell,
and in particular, the anode-AFL substrate. Two options are under consideration:

- the optimization of the co-sintering of anode-AFL assembly. It is necessary to improve
the densification of the BZY sub-lattice in order to increase the mechanical resistance of the
cell after NiO reduction. The considered solution is to employ sintering aid in the slurry
formulation.

- adding another material with lower sintering temperature than BZY in the anode slurry
to increase the mechanical resistance of the cell, for example, yttria-stabilized zirconia.

Secondly, to increase the power delivered by fuel cells, it is a matter of scaling up. Thus,
the diameter of the PCFC has to be increased. The target is fixed to at least 5 cm in diameter.
In a second time, the stack of two or more PCFC has to be also considered.

Then, in order to study the hydrogen cycle over a wider range, the behavior of the cells
in electrolysis mode has to be analyzed. This aim requires to study the chemical stability of the
materials in a high Py, , atmosphere.

146



General conclusion

Finally, the long-term stability of the system, in both fuel cell and electrolysis mode has
to be studied in order to demonstrate the feasibility of using protonic ceramic electrochemical
cells on a large scale.
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ANNEX CHAPTER: STUDY OF INTERMEDIATE
TEMPERATURE SOFC

A study carried out in parallel of this thesis on PCFC is presented in this annex chapter.
In this this study, the material of interest is Sm-doped ceria, an oxygen ion conductor that
operate in the 400-600 °C range. This chapter will be divided in three parts.

The first one will introduce the Sm-doped ceria material.

The second one will focus on symmetrical cells with a focus on the interaction between
the electrolyte material and the electrode material.

The last one will present the preparation of complete cells based on SDC, the
performance obtain and the study of the degradation mechanism occurred leading to the drop
of performances. The major part of the results presented in this third part have been published
in Energies journal in 2021 [313].

l. Presentation of Sm-doped Ceria

Up to now, the strategy that has been presented to reduce the working temperature of
classical SOFC is the use of PCFC. However, another alternative solution is to employ oxygen-
ion conductor electrolyte that present interesting conductivity properties in the 400-600 °C
range. Among the oxygen-ion conductors, many researchers have focused on the use of ceria-
based compounds as the electrolyte material.

As YSZ, ceria (CeOy) crystallizes in a fluorite structure, this structure is presented in
Figure V.1.a. In such oxides, the oxygen-ion transport occurs via a vacancy mechanism, where
the oxygen-ion jumps to a neighboring vacancy, as illustrated in Figure V.1.b [314]-[316].
Then, to obtain an oxygen-ion conductivity, it is necessary to have oxygen-vacancies in the
fluorite crystal structure. By substituting cerium with a trivalent element, oxygen vacancies are
introduced, resulting in a high mobility of oxygen ions and, thus, high ionic conductivity, even
at 600 °C [317], [318]. However, the insertion of oxygen-vacancies also results in local
structure defects that involve instability of the structure [319]. It is thus a matter of finding the
compromise between oxygen-vacancies concentration and stability of the system. As illustrated
on Figure V.2, where the activation energy and the conductivity at 400 °C are reporteded as
function of the Sm concentration in the Sm-doped ceria system, the optimum dopant
concentration appears to be 20 % as it corresponds to the maximum of conductivity [320]. This
observation has also been supported by Jung et al., Acharya et al. and Yahiro et al. [321]-[323].
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(a) Fluorite Structure

(b) Oxygen transport path in
the fluorite structure

Figure 1: a) Fluorite crystal structure and b) oxygen migration path the fluorite structure.
The red spheres represent the oxygen ions, the yellow-green the cations and the square the
oxygen vacancy [314].
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Figure 2: Activation energy and total conductivity in air at 400 °C as a function of Sm dopant
concentration [320]. The samples consist of an epitaxial thins film of Sm-doped CeO>
sandwiched between two Pt electrodes deposited by photolithography. This preparation
explains the unusually high conductivity values.

Among the different doped ceria, Ceo.sGdo.202-5 and CeosSmo.202-5 have attracted much
attention [324]-[326]. However, Sm**, which has an ionic radius very close to Ce**, promotes
less structural distortion, and thus more phase stability [327]. Furthermore, Sm-doped ceria
(Ceo.sSmo.202-5 noted SDC) exhibits an ionic conductivity higher than 102 S.cm™ at 600 °C
[234], [320]-[323], [328]-[331]. For these reasons, SDC is one of the most promising
electrolytes for intermediate temperature solid oxide fuel cell (IT-SOFC) and is the chosen
electrolyte material of this study.
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Il.  Symmetrical cell

The purpose of the study of the symmetric cell is twofold. It is, first, to examine the
interactions between the SDC electrolyte material and the complete cell cathode material. And,
second, it is to study the conduction properties of SDC. As the cathode material operates in an
oxidizing atmosphere in fuel cell mode, the study was conducted in air.

In IT-SOFC, reducing the operating temperature leads to an inevitable drop in cell
performance, mainly due to the less efficient ORR [332], [333]. As explained in the first
chapter, the use of MIEC allows to increase the number of TPB and thus the ORR efficiency.
Among the MIEC operating in the 400-600°C range, Lao.sSro.4C00.2Fe080O3-s (LSCF) and
Smo.sSrosC003.5 are widely used because of their high catalytic activity towards ORR and good
oxygen-ion and electron conduction properties [117], [334]. However, the strong thermal
expansion coefficient mismatch between SDC and SSC (~12 x 10° K for SDC and ~24 x 10-
® K1 for SSC) limits the practical utilization of SSC [110]. In contrast, LSCF exhibits a thermal
expansion coefficient of 15.4 x 10® K, which allows it to be used with SDC [335].

Two symmetrical cells were prepared: one with LSCF as electrode material to study the
interface cathode-electrolyte and one with Pt electrode as reference.

11.1. Preparation of the symmetrical cell

I1.1.a. Electrolyte part

The SDC powder was purchased from Fuel Cell Materials — FCM, Ohio (Ref: SDC20-
N, Lot #9C007, Item #111202, surf. area 201.3 m?.g%). The electrolyte powder was pressed
into pellets of 28 mm under uniaxial pressure of 200 MPa. A thermal treatment at 1215 °C for
3 hours is applied to sinter the pellet, final pellet is 24 mm large in diameter and 1.8 mm thick
with a densification rate of 92 % measured by the Archimedean buoyant force method.

The X-ray diffractogram of the sintered pellet is presented in Figure V.3. It consists of
apure SDC phase (ICCD 04-013-0036 corresponding to Ceo.sSmo.2O2.5) with a lattice parameter
obtained by Rietveld refinement of 5.429(0) A.
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Figure 3: XRD pattern of the SDC pellet sintered at 1215 °C for 3 hours.

The microstructure examined by SEM is presented in Figure V.4. The pellet is highly
densified as suggested by the Archimedes’ buoyant force measurement. The polyhedral shaped
grains are widely coalesced and exhibits a mean value of 0.52+0.32 pm. The same
microstructure was observed for the two pellets.

Figure 4: SEM micrograph of the SDC pellet sintered at 1215 °C for 3 hours.

I1.1.a. Electrode part

Asslurry of LSCF was used as ink for screen-printing. The slurry was prepared as follow:
LSCF powder was mixed with graphite as pore former, ethanol and methyl ethyl ketone (MEK)
as solvents and triethanolamine (TEA) as dispersant. This preparation was mixed in a Turbula-
T2F device for 16 hours. In a second step, polyvinyl butyral (PVB) as binder, polyethylene
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glycol (PEG) and benzylbutyl phthalate (BBP) as plasticizers were added to preparation and
mixed for 24 hours. The quantity of each component is presented in Table V.1. This ink was
then screen-printed on both side of the SDC-pellet by using a mask. A thermal treatment at 800
°C was carried out to enhance adhesion between the electrodes and the pellet. The final diameter
of the electrodes is 8 mm.

Component LSCF  Graphite Ethanol MEK  TEA PVB PEG BBP

Quantity (g) 25 1.9 5.9 5.6 12 2 0.8 0.8

Table 1: Quantity of each component of the LSCF slurry

The second symmetrical cell was prepared by depositing Pt by DC magnetron sputtering
on both side of the other SDC pellet for a final diameter of 9 mm.

11.2. Impedance measurements

Both LSCF//SDC//LSCF and Pt//SDC//Pt symmetrical cells were tested by EIS from
200 °C to 700 °C with steps of 25 °C in laboratory air under atmospheric pressure. As for the
BZY symmetrical cells, each was studied a Norecs Probostat system in symmetrical
atmosphere. Sinusoidal voltage was applied with an amplitude of 10 mV in the frequency range
from 10° to 1072 Hz.

Figure V.5 shows the Nyquist plots of the two symmetrical cells at various
temperatures. Three different behaviors are observed depending on the temperature. From 200
°C to 325 °C (Figure V.5.a and b), the semi-circle corresponding to the grain bulk of the
electrolyte response (from 108 Hz to 10* Hz) is much larger than the semi-circle corresponding
to the grain boundaries of the electrolyte response (from 10* Hz to 10 Hz). From 250 °C, the
beginning of a third semi-circle corresponding to the electrode response appears at low
frequencies. The second behavior happens from 350 °C to 525 °C (Figure V.5.c and d), the
electrolyte-related arches (from 10° to 10° Hz on Fig. 1.c. and from 10° to 10° Hz on Fig. 1.d.)
overlap and gradually disappear while the temperature increases, until electrode-related arch is
totally shown at 525 °C. From 550 °C (Figure V.5.e and f), only one single semi-circle can be
observed, corresponding to the response of the electrodes. As expected, both real and imaginary
part of the impedance decrease when the temperature increases.

At a temperature lower than 350 °C, the electrolyte bulk grain semi-circle is larger than
the electrolyte grain boundary related arch due to the highly coalesced microstructure. As
expected, the total electrolyte resistance is comparable for both LSCF and Pt electrodes.
Platinum is a pure electronic conductor while LSCF is a MIEC, thus, the resistance related to
the electrode is higher for Pt electrode.

By comparing the shape of the electrode related arch, it appears that the response starts
by a straight line for LSCF electrode, which is characteristic of diffusion mechanism [331]. A
small semi-circle can be observed on Figure V.5.b. at the beginning of the Pt semi-circle,
corresponding to the presence of a double layer capacitance at the interface Pt//SDC [220].
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Figure 5: Nyquist plots of LSCF//SDC//LSCF and Pt//SDC//Pt symmetrical cells at a) 200 °C,
b) 325 °C, ¢) 350 °C, d) 525 °C, e) 550 °C and f) 700 °C in air atmosphere. Some frequencies
are written on the graph, the one in black correspond to the two spectra.
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Electrolyte total resistance values are extracted at the high frequency intercept of the
impedance arch with the real-axis on Nyquist plots. Figure V.6 shows the inverse of the total
resistance of the electrolyte (grain bulk + grain boundary) obtained from the two symmetrical

cells. The values reported map the conductivity of the electrolyte, according to Equation 111.25:

1 1 L

o=—==X-= Equation 111.25
p R S

Three Arrhenius-like behaviors are highlighted in three different domains: from 200 °C
to 350 °C (A), from 350 °C to 550 °C (B) and from 550 °C to 700 °C (C), corresponding well
to the three behaviors in the impedance spectra.
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Figure 6: Arrhenius diagram of the two symmetrical cells in the temperature range 200 — 700
°C. The values reported correspond to the high frequency intercept of the impedance spectra
with the x-axis.

The calculated activation energies for each domain are given in Table V.2. The values
of activation energies decrease when the temperature increases and are very similar for the two
samples from 200 °C to 550 °C. A higher temperature promotes an easier diffusion of oxygen

ions in both bulk and grain boundary regions of the electrolyte and, thus, a lower activation
energy.

Domain EaLscr (eV) Eapt (€V)
(A) Low temperature (200 — 350 °C) 0.89 0.90
(B) Intermediate temperature (350 — 550 °C) 0.74 0.76
(C) High temperature (550 — 700 °C) 0.45 0.58

Table 2: Obtained activation energies of SDC conduction on both LSCF//SDC//LSCF and
Pt//SDC//Pt sample.
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As a comparison, Ramesh et al. obtained 0.91 eV in the 150 — 300 °C range of
temperature and 0.83 eV in the 500 — 700 °C range of temperature for a Ag//SDC//Ag sample
[336]. Even if the obtained values correspond to the literature at low temperature, those obtained
at higher temperature remain lower, especially in the 550 — 700°C range of temperature. The
drop of activation energies from 350 °C is explained by the diffusion of oxygen and/or cation
highlighted in the Nyquist plots. The decrease becomes more important as, from 550 ° C to 700
°C, it is assumed that an electronic conductivity appears to compensate oxygen vacancies
created by the cationic diffusion.

I11. Complete cell

In this study, a NiO-SDC//SDC//LSCF cell was fabricated by co-tape casting and co-
sintering procedures. The evolution of the SDC-LSCF interface after cell manufacturing and
40 h of operation was investigated. The novel methodology presented in this study consists of
a microstructural and bulk chemistry analysis prior to a selective dissolution of the cathode
layer in order to study the cathode—electrolyte interface by surface chemistry characterization.

I11.1. Preparation of the complete cell

The starting NiO-SDC powder used in the anode was provide by fuel cell materials (Ref:
NISDC-P Lot #BD105, Item #121205, surf. area 5.8 m2.g™%). The other powders are the same
than those used for the symmetrical cells.

Complete cells are composed of five layers: NiO-SDC with pore former (graphite) as
the anode, NiO-SDC without pore former as the anode functional layer (denoted AFL), SDC as
the electrolyte, LSCF-SDC without pore former as the cathode functional layer (denoted CFL)
and LSCF with pore former (graphite) as the cathode. Slurries were prepared according to the
procedure described in chapter IV. Quantities used for each slurry are given in Table V.3.

Slurries Powder (g) Graphite (g) Ethanol (g) MEK (g) TEA (g) PVB (g) PEG (g) BBP ()
Cathode (LSCF) 25 1.9 5.9 5.6 1.2 2 0.8 0.8
- LSCF-SDC
Icaayt:f?ESFCugcggg' s 1.9 5.9 56 08 2 08 08
Electrolyte (SDC) 22 0 6.8 6.8 0.8 2 0.8 0.8
AFL (NiO-SDC) 22 0 4.5 4.5 1 1.75 0.7 0.7
Anode (NiO-SDC) 63 5 13 13 2 5 2 2

Table 3: Quantities used for slurries preparation.
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The cathode slurry is firstly tape casted on a glass at a casting rate of 1 cm-s™. The blade
gap thickness is fixed by taking into account the sintering shrinkage. The cathode layer is
air-dried at room temperature for half an hour before the cathode functional layer is tape casted
above. After a drying period of 1 h, the tape is punch-cut to the desired dimensions, 18 mm in
diameter, before the electrolyte layer is directly tape casted onto. After a new period of drying,
the anode functional layer is deposited, always by the same method. The last step consists of
the anode, which is tape casted after a final period of drying. The complete cell is co-sintered
at 1380 °C for 5 h at a heating and cooling rate of 1 °C per minute; two hours isothermal at 300
°C is applied to eliminate binder and plasticizers. The final size of the cell is 22 mm in diameter
with a cathode of 16 mm in diameter.

I11.2. Impedance measurement

The complete cell sintered was tested by EIS (Autolab PGSTAT302N) in a Norecs
ProboStat from 10° Hz to 10"t Hz with an amplitude of 50 mV at 550 °C. The cell was fed by
air at a pressure of 1.6 bar (100 mL.min™) to the cathode side and by H: at a pressure of 1.25
bar (50 mL.min't) at the anode side for the entire duration of testing (40 h). Figure V.7.a shows
the evolution of the Nyquist plots at 550 °C over time. All spectra exhibited a similar shape,
i.e., a short inductive tail, characteristic of electrical wires and cables, followed by two
overlapped semi-circles at high and medium frequencies (hf and mf) and a partial semicircle at
low frequencies (If). Experimental data were fitted using the equivalent circuit presented in
Figure V.7.a and the fitted elements are listed in Table V.5. The time constants (denoted as
hf, Tmf and Tif) were calculated using the frequency at the maximum value of the impedance’s
imaginary part, and are highlighted in the Bode plot in Figure V.7.b. The intercept at high
frequency with the real axis corresponds to the ohmic resistance (noted Rq), mainly related to
the electrolyte. The evolution of the resistances over the time are presented in Figure V.7.c.

According to the ASC values presented in Table V.4, the first contribution at high
frequency (ASC of about 10° F.cm™) can be attributed to charge transfer, probably at the
cathode/electrolyte [182]. The second contribution at medium frequency exhibiting an ASC
value of the order of 103 F.cm2 corresponds the HOR at the anode while the third contribution
(ASC of about 102 F.cm) is associated with the ORR at the cathode side [258], [264].

The values of the resistances presented in Table V.5 are relatively high in comparison
with the results from Liu et al. at 550 °C [337]. Looking at the trends of the complex plots
(Figure V.8.a) and of the Bode plots (Figure V.8.b), it is apparent that all resistances increased
over time. The greatest contribution to the global polarization resistance R, derived from the
low frequency process (Ris,), while the one that underwent the greatest increment (450%) is the
resistance at high frequencies (Rnf), which is associated with charge transfer at the
cathode/electrolyte interface.

According to these considerations, the microstructural investigation contributes to shed
light on the degradation mechanism both at the cathode—electrolyte interface and in the bulk
cathode itself, as detailed in the following paragraphs.
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Figure 7: Electrochemical measurement at 550 °C of the cell sintered at 1380 °C att =0, 17

and 40 h. a) Nyquist plots, the numbers reported in the figure indicate the log of the
frequency; b) Bode plots and c) evolution of the electrolyte resistance over the time.

Equivalent Capacitance, Ceq [F cm™]

Aging Time hf Mf Lf
Oh 3.06 x107° 3.87x10°° 8.33 x 1072
17 h 1.94x10°° 3.57x10°° 5.56 x 1072
40 h 4,14 x10°° 2.23x 1073 3.41 x 1072
Table 4: Equivalent capacitances for the three contributions, calculated from Hirschorn

[270].
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F F F
Time L(H) Ra(Q.cm2) Rut (Q.cm?) Qe (F) The (S)  Rmf (Q.cm?2) Qne (F) i (S)  Rir (Q.cm?) Qr (F) it (S)
(Nnf) (Nm#) (nir)
24 %1073 2.3 % 1072 7.6 X 1072
Oh 13x10° 224 0.6 % 34%x10% 3.0 x 23%x 102 244 % 5.5
(0.60) (0.60) (0.87)
35x10* 3.1x1072 5.2 x 1072
17h 12x10° 252 05 % 21%x10% 55 % 1.8x 102 316 % 4.9
(0.75) (0.45) (0.88)
1.9 x 1073 7.3x10°° 3.3 x 1072
40h 66x107 338 3.3 1.7x10% 47 18x102 376 4.4
(0.57) (0.74) (0.86)

Table 5: Fitted elements and mean time constants of the three semicircles
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111.3. Post-mortem characterizations

I11.3.a. Microstructural Investigations and Bulk Chemistry Analysis

The interface between the cathode (dark grey) and the electrolyte (light grey) after co-
sintering at 1380 °C (Figure V.9.a) and after co-sintering at 1380 °C and testing 40 h at 550 °C
(Figure V.9.b) was examined by SEM micrograph in Back Scattered Electrons (BSE) mode.
The EDX mappings are also reported in order to show the distribution of the elements. The
studied area is the cathode on which the electrolyte layer was deposited, viewed from above.
The surface of the tested cell appears highly densified whereas the cell without electrical testing
exhibits a porous microstructure. It is assumed that the tested cell underwent dramatic grain
growth in this part of the sample. As shown in the micrograph at the top of Figure V.10.b, the
rest of the tested sample is not as well densified.

As presented on the EDX mappings, for both samples, Ce and Sm are uniformly
distributed in the electrolyte layer. The cathode—electrolyte interface is very sharp for Ce
whereas it is more diffused for Sm. La and Fe are also well dispersed within the cathode layer
with a sharp cathode—electrolyte separation for Fe. Little Co appears in the cathode layer.
Additionally, some Sr-rich or Sr-depleted areas are observed in both samples.
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Figure 8: BSE-SEM surface micrograph and EDX mappings of the cathode—electrolyte
interface, a) before and b) after cell testing.

The elemental content evolution as a function of the distance from the cathode-
electrolyte interface on either side of the cathode-electrolyte interface is exhibited in Figure
V.10.a for the non-tested sample and on Figure V.10.b for the tested sample. Only cation-
related signals recorded are reported. EDS measurements were acquired at each cross on the
SEM-BSE micrograph inserted at the top of the figures. Content variations of La, Sr and Fe are
observed in the cathode layer. For the following interpretation, La and Sr are assumed to occupy
to the A-site of the perovskite whereas Fe and Co to belong to the B-site. The A-site/B-site ratio
ranges from 0.95 to 1.16, which is higher than the theoretical value of 0.95. The La/A-site ratio
is also higher than the expected value of 0.60, varying from 0.67 to 0.78 with an average value
of 0.72, while the Co/B-site ratio is much lower than the theoretical value of 0.20, ranging from
0.01 to 0.05. In the electrolyte layer, Ce and Sm contents are stable, reaching a Sm/(Ce+Sm)
ratio of 0.19 + 0.01, close to the 0.20 theoretical value. Lanthanum is also detected in the
electrolyte layer up to a distance of 8 um, while significant amounts of Sm and Ce are observed
in the cathode layer up to a distance of 7 um.

Considering the size of the cations, 0.97 A for Ce** and 1.079 A Sm®" in cubic site, La®*
(ionic radius of 1.16 A in cubic site) could not easily occupy the cationic site of the ceria
structure [338]. However, the substitution of Ce*" with Sm3* creates oxygen vacancies and
therefore enhances the reduction of Ce** into Ce®*, which has an ionic radius of 1.143 A [339],
[340]. In that configuration, depending on the reduction of cerium, La%* could substitute for
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Ce* in the structure. Several authors have studied the incorporation of La into SDC, for
example, Giannici et al. highlighted a diffusion up to 30% at 1150 °C while Chang et al. noticed
a diffusion of La into SDC up to 15% at 1000 °C [341], [342].

The A-site of the perovskite (12-coordinate site), occupied by La** and Sr?* with ionic
radii of 1.36 A and 1.44 A, can also host Sm®* and Ce** ions, which have ionic radii of 1.24 A
and 1.14 A respectively in the 12-coordinate environment [338]. Moreover, Sm presents a good
chemical affinity with Sr and Fe, as evidenced by the SmosSrosFeOs-s compounds [343], and
Ce can also be incorporated into the LSCF structure as highlighted in the
Lao.54Ce0.06Sr0.4C00.2F€0.803-5 compound [344].

In order to investigate the origin of the cationic diffusion, i.e., during co-sintering or
during cell operation, another cell, elaborated by the same procedure and co-sintered at 1380
°C without any electrochemical testing, was studied by SEM-EDX. In the cathode layer, La, Fe
and Co contents are more stable than in the tested sample, the Sr amount shows important
variation, and Ce and Sm are detected up to a distance of 5 um. The A-site/B-site ratio ratio is
1.04 £ 0.05. La/A-site ratio is 0.62 + 0.03, not far from the theoretical value and the Co/B-site
is a little larger than the tested sample and is equal to 0.07 + 0.02. In the electrolyte, Ce and Sm
have the same profile as the tested sample, the Sm/(Ce + Sm) is 0.18 £ 0.01 and lanthanum is
detected in a significant amount up to a distance of 7 um.
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Figure 9: Elemental content evolution in the cathode and the electrolyte layers as a function
of the distance from the interface, represented as a dashed line, for a) the non-tested sample
and b) the tested sample. EDX point measurements were acquired at each cross on the SEM-
BSE micrograph inserted at the top of the figures.

[11.3.b. Structural and Surface Chemistry Analysis

In order to study the SDC-LSCF interface, the cathode layer was selectively dissolved
in HCI 6M for 20 min at room temperature after cell testing. Figure V.10 exhibits the SEM-
BSE micrograph of the cathode—electrolyte microstructure interface after the selective
dissolution of the cathode. The light area represents SDC grains while the dark clusters
correspond to LSCF grains that were not totally dissolved.
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MAG: 1500 x HV: 15,0 kV . WD: 13,8 mm
Figure 10: BSE-SEM micrograph of the cathode—electrolyte interface after selective
dissolution of LSCF.

The low incidence angle X-ray diffractogram of the cathode-electrolyte interface after
the selective dissolution of LSCF is reported in Figure V.11. The major phase obtained is a
cubic fluorite structure with a Fm-3m space group corresponding to the doped ceria phase.
Since LSCF was not totally dissolved, traces of perovskite are also detected. Rietveld
refinement was performed on the diffractogram. The refined lattice parameter of the doped ceria
phase is 5.465(0) A. As a comparison, X-ray diffraction was also carried out on the same sample
on the electrolyte area 2 mm far from the cathode layer. The refined lattice parameter is 5.426(2)
A, similar to the 5.432 A obtained by Mandal et al. for CeosSmo.201.9 (ICDD 04-013-0036)
[345]. The increase in the lattice parameter of the ceria structure at the cathode—electrolyte
interface cannot be imputed to defects generated by the sintering step and evidences the co-
doping of cerium by lanthanum and samarium doped Ce1-x(Sm,La)xO>-5, denoted LSDC. The
LSCF phase can either be cubic perovskite (space group Pm-3m) or rhombohedral perovskite
(space group R-3c) [346], [347]. However, the rhombohedral structure presents a clear
separation of the peak. In the diffractogram presented in Figure V.11, no separation is visible.
Therefore, the LSCF after co-sintering and cell testing is assumed to be cubic perovskite. The
refined lattice parameter of the cubic LSCF phase is 3.889(6) A, as a comparison, Hardy et al.
obtained a cubic lattice parameter of 3.9250 A [348]. The lower value of the lattice parameter
obtained is consistent with the ex-solution of Sr and the diffusion of La. The low amount of Sm
and Ce diffusion into the LSCF structure resulted in a decrease in the lattice parameter.
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Figure 11: Low incidence angle (2°) X-ray diffractogram of the cathode—electrolyte interface
after the selective dissolution of LSCF.

Two areas were selected for XPS surface chemistry analyses, one corresponding to the
cathode-electrolyte interface (denoted tested interface) and one corresponding to the electrolyte
area which is not in contact with LSCF material (denoted reference SDC). Furthermore, another
cell sintered at 1380 °C without any electrochemical testing was analyzed to give a reference
for the LSCF layer. The elemental content of each area obtained is presented in Table V.6.
Compared to the theoretical composition, oxygen is more present than expected, due to
adventitious oxygen such as OH, C-O and O-C=0 bonding. The obtained Sm/(Ce+Sm) ratios
for the tested interface and for the reference SDC are both 0.18, not far from the theoretical
value of 0.20. In the reference LSCF, the ratio La/A-site is 0.23, almost three times lower than
the expected 0.6, suggesting a Sr-rich phase at the extreme surface of the cathode. Due to
interference with iron characteristic peaks, cobalt was excluded from the analysis.

Area C Ce Sm La Sr Fe O
Tested
) ND 10.2 2.2 4.6 41 11.3 67.7
interface
Reference
ND 19.4 4.4 ND ND ND 76.2
SDC
Reference 8.5 ND ND 4.7 15.4 5.7 65.7
LSCF ) ) ) ) )

Table 6: Elemental composition (atomic%) of the tested interface, reference SDC and
reference LSCF obtained by XPS. Adventitious carbon, cobalt and residual chlorine were
removed from the elemental composition. ND (Non Determined).

Figure V.12 shows the Ce 3d (Figure V.12.a) and Sm 3ds.. (Figure V.12.b) core-level
spectra of the tested interface and reference SDC and the La 3d (Figure V.12.c), Sr 3d (Figure
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V.12.d) and Fe 2p (Figure V.12.e) core-level spectra of both the tested interface and reference
LSCF. Furthermore, the C 1s spectrum (Figure V.12.f) of the reference LSCF is also presented
in Figure V.12.

The Ce 3d spectra, typical of a ceria environment, can be decomposed into four spin—
orbit components. The peaks labeled v and u refer to 3ds» and 3ds spin—orbit components
respectively. The peaks denoted v, v”, v", u, u” and u” are characteristic of Ce ions in the +IV
oxidation state, while the v’' and u’ peaks correspond to cerium ions in the +III oxidation state
[322], [349], [350]. Both samples exhibit Ce** and Ce®* characteristic peaks. The percentage of
reduced cerium ion can be obtained by summing the relative area of the v’ and u’ peaks. The
obtained %Ce®" are 7.8% and 12.9% for the reference SDC and the tested area, respectively.
Several studies showed that lanthanum incorporation into the ceria structure promotes the
reduction of Ce** into Ce3* [351], [352]. Thus, the higher concentration of Ce®" in the tested
area can be attributed to lanthanum incorporation into the ceria structure.

The Sm 3ds2 core level spectra exhibit two peaks at 1079.3 eV and 1082.6 eV for the
reference SDC and 1081.7 eV and 1084.3 eV for the tested interface. The contribution at high
binding energy for the two samples corresponds to Sm in the +111 oxidation state while the one
at 1079.1 eV corresponds to charge transfer of the unpaired 4f electron [52,57,58]. The
coordination number induces a chemical shift of the binding energy [353]-[356], however, the
Sm 3d5/2 spectrum of the tested interface was too noisy to separate the contributions of Sm3*
from SDC and Sm*®" from LSCF.

The La 3d spectra present well separated spin—orbit components and each spin—orbit
component is split into doublets. The degree of splitting and the position of the doublet allow
the determination of the element’s chemical environment [357], [358]. In the case of the
reference LSCF, the doublet at 832.9 eV shows a split of 3.9 eV corresponding to LSCF [359],
[360]. A satellite component was added to fit the asymmetric shape of the doublet [361]. The
tested interface presented two doublets, suggesting two different chemical environments. The
doublet at the lower binding energy (833.1 eV) with a split of 4.0 eV is attributed to LSCF that
was not totally dissolved. The second doublet at 835.4 eV has a split of 3.9 eV. By taking into
account the previous deduction concerning La diffusion, the second doublet is assigned to
lanthanum in the ceria environment.

The classical figure of Sr 3d spectra in LSCF exhibits two contributions, the one at low
binding energy corresponding to the bulk and the one at high binding energy corresponding to
the surface [362]-[364]. Thus, for the tested interface, the doublet at 131.6 eV is attributed to
the bulk component and the doublet at 134.2 eV to the surface component. However, the
reference LSCF could not be fitted by only two spin—orbit components. A third contribution at
133.4 eV was added to fit the spectra. According to the literature, this contribution is assigned
to strontium carbonate [365], [366]. This assignment is supported by the C 1s core-level spectra
of reference LSCF, which exhibited a peak at 289.1 eV, well corresponding to strontium
carbonate. Thus, the strontium-rich areas highlighted by EDX mappings correspond to SrCOs.
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During the selective dissolution of the cathode, SrCO3 was also dissolved, resulting in only two
contributions of Sr in LSCF in the Sr 3d window of the tested interface.

The Fe 2p present well separated spin—orbit components and a satellite. The two samples
present the classical figure of iron from LSCF, where each spin—orbit component can be fitted
by two contributions, the one at low binding energy corresponding to iron +I11 oxidation state
while the one at higher binding energy belongs to iron +1V oxidation state [50,73,74].
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Figure 12: XPS windows spectra of the tested interface and the reference sample, a) Ce 3d
core-level spectra, b) Sm 3ds> core-level spectra, c) La 3d core-level spectra, d) Sr 3d core-
level spectra, €) Fe 2p core-level spectra and f) C 1s core-level spectra.

111.3. Discussion

The two chemical behaviors, the strontium segregation and the lanthanum diffusion
towards SDC, highlighted in this study are depicted in Figure V.13. As investigated by several
authors, Sr segregation generally occurs during cell operation and long-term testing. For
example, Simner et al. pointed out a significant performance degradation at 750 °C/0.7 V after
500 h due to Sr segregation [367]. Wang et al. highlighted a tremendous increase in Sr-rich
areas after cell testing at 800 °C/OCV for 800 h [368]. In this work, a massive increase in the
cathodic polarization resistance was found after only 40 h of cell operation. As suggested by
Kubicek et al. and Dai et al., this rapid degradation is caused by the high temperature sintering
[369], [370]. According to the XPS results, the strontium segregated into SrCOs, consisting of
SrO formation at high temperature followed by carbonation after returning to room temperature.
The degradation of the cathode surface by SrCOs resulted in a decrease in the ORR sites. This
led to mass transfer process deterioration, i.e., oxygen surface adsorption and desorption and
surface diffusion of the species, thus inducing an increase in the cathodic polarization resistance
(Ry) [371], [372].
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Figure 13: Schematic of the strontium segregation and lanthanum, cerium and samarium
diffusion.

The La 3d XPS spectrum of the tested interface clearly indicated that lanthanum is
present both in LSCF and in ceria. The La/(Ce + Sm + La) ratio in the electrolyte layer at 2.5
pm from the interface with LSCF obtained by EDX quantification is 0.04 after cell testing.
Lanthanum is also detected in significant quantities in the electrolyte layer near the interface in
the non-tested sample, indicating that lanthanum diffusion occurs mainly during sintering.
Moreover, this diffusion is assumed to be mainly surface diffusion. The grain boundaries have
more crystallographic defects than the bulk, implementing a facilitated pathway for cation
diffusion [373]. Thus, cations diffuse preferentially through the grain boundaries; however,
bulk diffusion is also possible, creating a concentration gradient from the grain boundaries to
the bulk of the grain [374], [375].

The high sintering temperature led to an increase in the mobility of cations, causing the
interdiffusion of Ce and Sm from the electrolyte and La from the cathode. The La diffusion into
the electrolyte led to the high Rq resistance value highlighted in Table 2 due to the decrease in
oxygen vacancies mobility and/or defect clustering as well as lattice strains [321], [376].
Moreover, the increase in Rq during cell testing suggests that the cation interdiffusion continued
under operating conditions. This assumption is supported by the highlight of the diffusion
mechanism in LSCF//SDC//LSCF cell measurements. On the other side, diffusion of both Sm
and Ce into the cathode layer caused the slight increase in R.

As highlighted before, Sr-segregation is widely reported, which is not the case for the
diffusion of lanthanum. In the classical YSZ-based SOFC, an SDC or GDC layer is added as a
diffusion barrier layer between YSZ and LSCF [377], [378]. The results presented in this work
suggest that GDC is more effective than SDC to hinder lanthanum ion diffusion.
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IVV. Conclusions

Impedance measurement of a Ni-SDC//SDC//LSCF cell fabricated by a cost-effective
process consisting of co-tape casting and co-sintering showed a strong degradation in
performance after the first 40 h of operation. By studying the electrochemical properties of
LSCF//SDC//LSCF and Pt//SDC//Pt symmetrical cells, a diffusion mechanism appears for the
LSCF symmetrical cell while this is not the case for Pt symmetrical cell. This diffusion may
induce a chemical degradation between LSCF and SDC. EDX and XPS observations evidence
that lanthanum diffuses into the CeosSmo.202-s electrolyte layer, the preferred diffusion paths
appear to be the grain boundaries. It occurs during sintering and cell operation and leads to the
formation of a La- and Sm-doped ceria, resulting in a slight increase of the ohmic resistance.
On the other hand, a strontium segregation into SrCOs clusters at the interface and at the surface
of LSCF grains is also highlighted. This mechanism occurs during sintering and possibly
pursues during cell operation and leads to a tremendous increase of the cathode polarization
resistance. This severe drop in the performances is enhancing by the destabilization of the
perovskite structure during thermal treatment due to the segregation of the strontium ions out
of the LSCF phase. Finally, strontium segregation is very detrimental for the cell performance
while lanthanum diffusion into Sm-doped ceria only results in a small increase of the degree of
reduction of cerium
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ANNEX A: RIETVELD REFINEMENT DATA

This annex presents the Rietveld refinement data as imputed in FullProf software. The
occupation rate (noted occupation*), as given in FullProf manual, was calculated according to

Equation A.1.

site multiplicity

Occupation™ = Occupation X

Phase BaZrOs

CIF number: 1538369
System: cubic

Space group: Pm-3m (221)
General multiplicity: 48

Lattice parameter: 4.1815 A (o =B =y =90 °)

general multiplicity

Equation A.1

Oxidation . . .
Atom X y z Occupation Site Occupation*
state
Ba +2 0 0 0 1 1b 0.02083
Zr +4 0.5 0.5 0.5 0.8 la 0.02083
@) -2 0 0.5 0.5 1 ad 0.0625

Table A.1:Structural parameters of the cubic BZ.

Phase BaCO3

CIF number: 1000033
System: orthorhombic
Space group: Pnma (62)

General multiplicity: 8

Lattice parameter: a = 5.3126 A, b = 8.8958A and ¢ = 6.4284 A (0. =B =y =90 °)
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Oxidation . . .
Atom X y z Occupation Site Occupation*
state
Ba 0 0.25 0.41631 0.7549 1 4c 0.5
C 0 0.25 0.757 -0.081 1 4c 0.5
@) 0 0.25 0.9011 -0.0878 1 4c 0.5
@) 0 0.25 0.6839  -0.079 1 8d 1

Table A.2: Structure parameter of the orthorhombic BaCO:s.

Phase CeO»,

CIF number: 9009008
System: cubic

Space group: Fm-3m (225)
General multiplicity: 192

Lattice parameter: 44110 A (a =B =y =90 °)

Oxidation . . .
Atom X y z Occupation Site Occupation*
state
Ce +4 0 0 0 1 4a 0.02083
@) -2 0.25 0.25 0.25 1 8c 0.04167

Table A.3: Structural parameters of the cubic CeO..

Phase BaZrogY0.202.9

Adapted from CIF number: 7202179
System: cubic

Space group: Pm-3m (221)

General multiplicity: 48

Lattice parameter: 4.2088 A (o = B =y =90 °)

Oxidation . . .
Atom X y z Occupation Site Occupation*
state
Ba +2 0 0 0 1 1b 0.02083

172



Annex A: Rietveld refinement data

Zr +4 0.5 0.5 0.5 0.8 la 0.01667
Y +3 0.5 0.5 0.5 0.2 la 0.00417
@) -2 0 0.5 0.5 0.9667 3d 0.06042

Table A.4: Structural parameters of the cubic BZY20.

Phase YO(OH)
Adapted from Klevtsova and Klevtosov [379]

System: monoclinic
Space group: P2:/m (11)
General multiplicity: 4

Lattice parameter: a=4.28 A, b=3.63A,c=6.05A 0 =p=90°andy=112.5"°.

Oxidation . . .
Atom X y z Occupation Site Occupation*
state
Y +3 0.643 0.25 0.312 1 2e 0.5
01 -2 0.781 0.75 0.552 1 2e 0.5
02+ -1 0.310 0.75 0.058 1 2e 0.5

Table A.5: Structural parameters of the monoclinic YO(OH).. * 02 is the oxygen supporting
the hydrogen.

Phase Y.8Zro20(0OH)

Adapter from Klevtsova and Klevtosov [379]
System: monoclinic

Space group: P2:/m (11)

General multiplicity: 4

Lattice parameter: a=4.28 A,b=3.63 A, c=6.05A, a=Pp=90°and y=112.5°.

Oxidation

Atom state X y z Occupation Site Occupation*
Y +3 0.643 0.25 0.312 0.8 2e 0.4
Zr +4 0.643 0.25 0.312 0.2 2e 0.1
01 -2 0.781 0.75 0.552 1 2e 0.5
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02 8

-1

0.310 0.75 0.058

1

2e

0.5

Table A.6: Structural parameters of the ¢ monoclinic YosZro.O(OH). # 02 is the oxygen
supporting the hydrogen.

Adapted from CIF number: 1009013

System: cubic

Space group: la-3 (206)

General multiplicity: 48

Lattice parameter: 10.3935 A (o = f =y =90 °)

Atom Oxsiijaa}[:aion y z Occupation ~ Site  Occupation*
Y +3 0.96742 0 0.25 0.8 24d 0.4
Y +3 0.25 0.25 0.25 0.8 8b 0.13333
Zr +4 0.96742 0 0.25 0.2 24d 0.1
Zr +4 0.25 0.25 0.25 0.2 8b 0.03333
o -2 0.39072 0.1519 0.38016  1.0667 48e 1.06667

Table A.7: Structural parameters of the cubic Y16Zr0.403..
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ANNEX B: DIFFRACTOGRAM OF THE BAF, SAMPLE

This annex presents the diffractogram of the BaF> single-cristal used to determine the
broadening due to the instrument. The experimental diffractogram is presented in Figure B.1.
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Figure B.1: XRD pattern of the BaF single-cristal

The plot representing the integral breadth B (that can be assimilated to pinstrumental) as
a function of 20 is presented in Figure B.2. The experimental integral breadths were determined
using Eva software. The curve can be fitted with a second degree polynomial function expressed

as Equation B.1:
f = 13574 x 107° x (20)2 — 9.8955 x 10™* x (26) + 1.0403 x 107! Equation B.1
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Figure B.2: £ as a function of 26 plot of the BaF single-cristal
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ANNEX C: XPS LITERATURE SURVEY

This annex presents the literature data used for the plot in Figure 11.26 and the
interpretation of XPS spectra in Chapter II.

Ba 3d
Compound
(elaboration Binding energy (eV) Figure caption Ref
method)
[Bw3a
BZ R Ba 3ds
(solvothermal e
: Ba3ds, (BZ)=7795 = Chen 2019
using ethylene- z
diamine) =
T98 795 ;‘J;ldirjzaﬁln::;:; {:‘B?) T80 177
(A) Ba 3d
1.0x10* { ——BaZiO_bulk Ba 3d,,
a7 Ba 3ds2 (BZ, bulk) = ——eaz0_su
778.7 Miodynska
(hydrothermal o
synthesis) Ba 3ds2 (BZ, surface) = *** 2017
y 780.6
BZY20 E
. Ba 3ds, (BZY)=779.7 =
(combustion) g Sun 2013
775 780 785 790 795 800 805 810
Binding energy/ eV
Handbook
Ba 3ds2 (BaCOs3) = .
BaCO3 No figure of XPS
779.5-780.3
1993
BaCOs3
urchased Ba 3ds2 (BaCOs) = Christie
(P . w2 ( ? No figure
from Hopkins 779.4 1983
and Williams)
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BaCOs3
(purchased
from CERAC)

BaCOs3
(purchased
from from

Alfa/AESARS)

Ba 3ds2 (BaCOs) = . Gauzzi
No figure
779.8 1990

Ba3d,,

2

Schmitz
2001

Ba 3ds/2 (BaCO3) =
779.4

805 800 795 790 785 780 775
Corrected binding energy (eV)

Table C.1: Ba 3d literature review
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Zr 3d
Compound
(elaboration Binding energy (eV) Figure caption Ref
method)
Binding Energy (eV)
BZ ? Iﬂ].lnln\r"
solvothermal Zr 3ds;2 (BZ) = 181.4 B
(solvot w2 (BZ) £ Chen 2019
using Zr 3ds2 (BZ) = 183.7 g
ethylenediamine) h A
190 188 1;:]nd1::g él:erg‘l:ﬂ{e‘l;ﬂ 176 174
Zr 3ds, (BZ, bulk) =180.6 [ —euo.us —
87 Zr 3ds;2 (BZ, bulk) = 183.0 L i
Zr 3ds2 (BZ, surface) = Miodynska
(hydrothermal 52 ) —— y
synthesis) 182.7 2017
y Zr 3da2 (BZ, surface) =
185.1 -
. ... il Zr 3d5{2
-‘§ @ o $2r3d;, )
s as A
Zr 3dsi2 (Zrz) = 180.3 T
BZY20 s (2172) >
Zr 3das2 (Zrzr) = 182.8 £ Aruta
(pulsed laser . ¢
. Zr 3dsy2 (Zrea™) = 182.2 3 w \ 2016 [202]
deposition) . S ket A
Zr 3dsp (ZrBa ) =184.9 186 184 182 180 178
Binding energy (eV)
Partial substitution of Ba by Zr
and Y
BZY20 3
(combustion) Zr3ds (BzY) 21810 ¢ Sun 2013
Zr 3ds;2 (BZY) =183.3 £
1%5 1t|30 1é5 190
Binding energy/ eV
Handbook
710 Zr 3ds2 (ZrO2) = 182.0 - No fidure of XPS
; 1825 g
1993
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8YSz
(hydrothermal
synthesis)

8YSz
(purchased from

Aldrich
Chemical Co.)

12YSZ
(purchased from
CERES)

13YSz
(purchased from
Dalian Keri
Optoelectronic
Technology Co.)

ZrO(OH):
(precipitation
between ZrOCl;
and NH4OH)

Zr 3ds2 (YSZ) = 182.2
Zr 332 (YSZ) = 184.4

Zr 3ds2 (YSZ) = 181.8
Zr 3d32 (YSZ) =184.2

Zr 3dsi2 (YSZ) =182.2
Zr 3d32 (YSZ) =184.6

Zr 3dsp2 (YSZ) = 182.5
Zr 3d32 (YSZ) =184.9

Zr 3dsp2 (ZrO(OH),) = 182.2

b)

counts per second (au)
e oy
®oe o % o o ces

176 180 184 188

100
20
60

04

188

Intensity (arb. units)

191

TN T T T T T S B |

o L
187 183 179 175
Binding Energy (eV)

Counting rate (arbitrary unit)

(B)

Zr+*3d 3/2

190

187 184 181 178
Binding Energy, E, / eV

No figure

Gonzalo-
Juan 2014

Pomfret
2005

Parmigiani
1993

Oishi
2017sa

Wyrwalski
2005

Table C.2: Zr 3d literature review
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Y 3d
Compound
(elaboration Binding energy (eV) Figure caption Ref
method)
2}
=
b= |
Y3ds2 (BZY, Yz)=1555 £
B7Y10 52 ( zr’) 5 )
3/2 y Yzr) = . 2 azinas
(spra Y3ds2 (BZY, Yz')=157.5 = S
(2}
rfl g;s) Y3dsz (BZY, Yes) = 1580  § 2019
PYroy Y3ds2 (BZY, Yer) = 1602 =
164 ‘159‘ 15;4 ‘ ‘149
Binding energy (eV)
Partial substitution of Ba by Y
BZY20 —Bulk
Y 3d —100 h
o=l —1000 h
2
=
=
2
©
Y3dsp (BZY, Yz’)=1553
BZY20 2 ( z) 2 ,
Y3ds2 (BZY, Yz')=1573 2 Sazinas
(spray g
: Y3dsp (BZY, Yea') =1575 = 2019
pyrolysis) .
Y3dzp (BZY, Yga') = 159.8
164 1;39 ] 154 149
Binding energy (eV)
Partial substitution of Ba by Y
- - o s
Y3ds2 (BZY, Yz') =156.5 < "9 ¢ At
BZY20 Y3dsz2 (BZY, Yz') = 1586 £ o 016
(PLD) Y3dsi2 (BZY, Yea) =158.2 £ [202]
Y3ds2 (BZY, Yes) =160.4 g

164 162 160 158 156 154 152 150
Binding energy (eV)
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BZY20
(combustion)

Y203

Y203

8YSzZ
(hydrothermal
synthesis)

8YSZ
(purchased
from Aldrich
Chemical Co.)

Partial substitution of Ba by Zr
and Y

—y 2
Yr,_Sdsfz ~——BZSY|

Y3ds)2 (BZY) = 157.8

Intensity/ a.u.

Y3da, (BZY) = 159.8 Sun 2013
150 1%5 WéO 1E|35
Binding energy/ eV
Handbook
Y3ds2 (Y203) = 156.4 - 157 No figure of XPS
1993
:: ) ;ad - I ‘ 7-03—3‘
Y3ds/2 (Y203) = 157.4 Barreca
Y3dsp (Y203) = 159.3 2001
)
i)
3d5/2 Y3d
g il
Y 3ds2 (YSZ) = 157.7 : i3 Gonzalo-
| A Juan 2014
Fl %
1&1'»2 156 1&0 1!;4
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Y 3d J'H‘ _
A
. f_!d \~FWHM = 1.45 aV|
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Jf
IW Mttt
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Binding Energy (eV)
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Keri Y 3da2 (YSZ) = 159.5 < 2017
Optoelectronic E
Technology) 165 1oz 159 1% 153
Binding Energy, E, / eV
YO(OH) Y3ds, (YOOH) = 158.5 No figure Barr 1978
Table C.3: Y 3d literature review
O 1s
Compound
(elaboration Binding energy (eV) Figure caption Ref
method)
Is Binding Energy (eV) T
O 18 (metal OXIdeS) - 5281 f;if:})o(jndil'\pc 528 529 530 531 532 533 534
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BZ
(solvothermal
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diamine)
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BaCOs3
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from Hopkins
and Williams)
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O1: inner perovskite
O2: oxygen vacancy

Intensity (a.u.)

Chen 2019
O3: OH-/surface adsorb
oxygen e
* ™ Binding Enorgy @V)
2 ¢
O 1s (BZY) =529.3 B [ Aruta 2016
O 1s (OH) = 531.5 z | [202]
g7
_536 ) 534( '532 530 528M 526
Binding energy (eV)
Christie
O 1s (BaCO3) =530.8 No figure
(BaCO:) g 1083
. Gauzzi
O 1s (BaC0Os3) = 531.1 No figure
1990
28 on 543-4
" Schmitz
O 1s (BaCO3) =531.0 3
(BaCO:) ‘ 2001
54‘0 53‘8 ?;rra;é;d bif‘l‘%‘UQingZénDerg;E‘[aeV)SéE Sé4 552
O 1s (BaCO3) = 531.7 No figure Karslioglu
3) =952 g 2018

184



Annex C: XPS literature survey

8YSz
(hydrothermal
synthesis)

12YSz
(purchased
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13YSZ
(purchased
from Dalian
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UANY
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Table C.4: O 1s literature review
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Cls
Compound
(elaboration Binding energy (e28V) Figure caption Ref
method)
Is Binding Energy (eV)
| Compound Type 280 282 284 286 288 290 292 294
Carbide H J
Carbon
Cwith N
Handbook
C 1s (carbonates) = 288.5 — | cuno
ek of XPS
2908 é'%mcfh\l&:hydu
= 1993
Cwith C1
Cwith F
BaCOs3 7
(purchased ) Christie
C 1s (BaC03) = 289.9 No figure
from Hopkins ( ? 9 1983
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BaCOs3 .
. Gauzzi
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from CERAC)
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BaCO3 8000
(purchased £ Schmitz
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iy i,
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Table C.5: C 1s literature review
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ANNEX D: BODE PLOTS

This annex presents the Bode plots associated with the Nyquist plots of BZY-com,
BZY-c 1000 °C and BZY-b 1000 °C presented in Chapter IlI.
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Figure D.1: EIS spectra of BZY-com symmetrical cell at 250 °C. a) Nyquist plot; b) Bode plot
in wet air and c) Bode plot in wet H2. The insert in the Nyquist plot exposes a zoom of the
high frequencies points.

187



Annex D: Bode plots

2x10°

Z (Q.cm?)

10° ]

- 40
30 g
R ()
(0]

[ 20
o

- 10

4000 - wet H, wet air
a) 400 °C 2
J eXp ] n
3000 fit
500
g 2000 -
g 0 T 4 ‘I\ T 1
N 0 500 1000
' 1000 - 3.2x10°Hz 3x10°Hz
6 J n
10°Hz|__ .
0
i 102Hz 1
110°Hz  4.1x10%Hz 107Hz
1 ' I ' I I 1
0 1000 2000 3000 4000 5000
Z' (Q.cm?)
b) wet air - 25
20 o~ —~
- 15 @ e
wn [&]
10 © o 103—:
L D_ e -
e):p fit __5 I N E exp fit
n -0 : =
ARALL, BRALLL BLALLL B 5 o BLAA

IIIIIH Illllq LLI LLLL LLL
102107 10° 10" 10* 10°

Frequency (Hz)

LALL BRELLLL B -
10% 10° 10°

Frequency (Hz)

bk Bk IR b Bt B BLbles BLAAL
10210 10° 10" 10* 10° 10* 10° 10°

0

Figure D.2: EIS spectra of BZY-com symmetrical cell at 400 °C. a) Nyquist plot; b) Bode plot
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Figure D.9: EIS spectra of BZY-b symmetrical cell at 250 °C. a) Nyquist plot; b) Bode plot in
wet air and c) Bode plot in wet H2. The insert in the Nyquist plot exposes a zoom of the high
frequencies points.
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Figure D.10: EIS spectra of BZY-b symmetrical cell at 400 °C. a) Nyquist plot; b) Bode plot
in wet air and c) Bode plot in wet H2. The insert in the Nyquist plot exposes a zoom of the
high frequencies points.
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Figure D.11: EIS spectra of BZY-b symmetrical cell at 550 °C. a) Nyquist plot; b) Bode plot
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197



Annex D: Bode plots

100
wet H, wet air
1@) 700 °C e
80 4 exp
fit R — —_—
60 -
— 5 2.4x10° Hz
E [
S 40 0 l-.\l/-
N 30 35 40 45
20 4 s
_ 10" Hz . ._.6.8x10 Hz
2.3x10° Hz \’L___\
0 J Y $
{10° Hz ! S
10° Hz 107 Hz
'20 v T | 4 I 4 I ' 1 N 1
20 40 60 80 100 120 140
Z' (Q.cm?)
10 1.6x10°
45x10'7 b) wet air 1.4x10° - C) wet H, L 10
T 4x10' <
cEq " T3 -5 @ g 1.2x10%
S 3.5x10" 1 ! T, e} ]
N y £ N 107 H
exp  fit
3x10" = -0
- 8x10' S ——

Lk IR LR IILRLLL IR, BILRLLLE IR AL
10" 10° 10" 10 10° 10* 10° 10°
Frequency (Hz)

102107 10° 10" 10°

03

e Bl B ]
10* 10° 10°

Frequency (Hz)

Figure D.12: EIS spectra of BZY-b symmetrical cell at 700 °C. a) Nyquist plot; b) Bode plot
in wet air and c) Bode plot in wet H2. The insert in the Nyquist plot exposes a zoom of the

high frequencies points.

198



Annex E: Impact of the AFL on the elaboration process

ANNEX E: IMPACT OF THE AFL ON THE ELABORATION
PROCESS

This annex exhibits pictures of co-sintered half-cell made NiO and BZY, with and
without AFL.

Without AFL — co-sintering With AFL — co-sintering
at 1200 °C for 5 hours at 1400 °C for 5 hours

Figure E.1: Pictures of half-cell after co-sintering, the electrolyte layer is on the top side
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Titre : Pile & combustible & céramique protonique : élaboration et caractérisation. Etude de
I'électrolyte BaZrosYo.20s-5 par spectroscopie d'impédance électrochimique

Mots clés : Pile a combustible a céramique protonique ; BaZrosY 02035 ; spectroscopie d’impédance
électrochimique ; conductivité ; synthése hydrothermale

Résumé : L'un des défis mondiaux actuels
consiste a développer des techniques nouvelles,
propres et efficaces pour la production d'énergie.
L'utilisation de cellules électrochimiques
combinées a I'nydrogéne est I'une des solutions.
Ces cellules permettent de convertir I'exces
d'énergie produit par les moyens conventionnels
en hydrogéne par électrolyse de [’eau.
L'hydrogéne peut étre stocké et transformé en
électricité au besoin par les cellules en mode pile
a combustible. Parmi les différentes cellules
électrochimiques, les cellules a céramiques
protoniques attirent grandement l'attention en
raison de leur efficacité élevée a température
intermédiaire (400 — 600 °C). De plus, ces
systémes offrent l'avantage de ne pas diluer
I’hydrogéne produit en mode électrolyse. Ce
travail de these porte sur le mode pile a
combustible des cellules a céramique protonique
(PCFC). Le matériau conducteur protonique,
BaZrosYo.2035, a été élaboré par le procédé de
synthése hydrothermale a basse température

(400 °C) sous une pression de 300 bars. Deux
variantes du procédé ont été utilisées : un
systéme batch et un systéme continu. En plus de
présenter une plus grande productivité (6 g.h™),
le procédé en continu permet 1’élaboration d’un
matériau de meilleure qualité aussi bien en terme
de stabilité et que de conductivité (évaluée par
spectroscopie d’impédance électrochimique).
Des cellules completes PCFC ont également été
réalisées lors de ce travail. La partie anodique,
composée de Ni et BaZrogY020s3-5, a été élaborée
par coulage en Dbande. L’électrolyte
(BaZrosYo02035) par pulvérisation cathodique
réactive. Enfin, la cathode, un composite
BaZrosY0.2035-BaosSrosCoosFeo 2035, a  été
déposé¢ par pulvérisation au moyen d’un
aérographe. Ce procédé de fabrication permet la
production de cellules électrochimiques
présentant un électrolyte fin (5 pm) et de
microstructure colonnaire, ce qui permet
d’abaisser la résistance ohmique a 7 Q.cm™ a
525 °C.

Title: Protonic ceramic fuel cell: elaboration and characterization. Investigation of the
BaZrosY 0203 electrolyte by electrochemical impedance spectroscopy.

Keywords: Protonic ceramic fuel cell; BaZrogY0.20s.5; electrochemical impedance spectroscopy,

conductivity; hydrothermal synthesis

Abstract: One of the current global challenges
is to find novel, clean and efficient techniques
for the energy production. The use of
electrochemical cells and hydrogen is one of the
solutions. These cells convert the excess energy
produced by conventional systems into
hydrogen by steam electrolysis. The hydrogen
can be stored and transformed into electricity
when needed in the fuel cell mode. Among the
different electrochemical cells, protonic ceramic
electrochemical cells have attracted much
attention due to their high efficiency at
intermediate temperatures (400 — 600 °C). In
addition, these systems offer the advantage of
not diluting the fuel in electrolysis mode. This
thesis work focuses on the electricity
production, i.e., on the protonic ceramic fuel cell
(PCFC). The protonic conductor material
BaZrosY 02035 was produced at low temperature
(400 °C) under a pressure of 300 bar by

hydrothermal synthesis. Two variants of the
process were evaluated: a batch and a
continuous system. In addition to exhibit greater
productivity (6 g.h™), the continuous process
allows the elaboration of a better quality
material in terms of stability and conductivity
(evaluated by electrochemical impedance
spectroscopy). PCFCs were also produced
during this work. The anode, composed of Ni
and BaZrosYo02035 was elaborated by tape
casting. The electrolyte (BaZrogY02035) by
reactive DC sputtering. Finally, the cathode, a
BaZrosY0.203.5-BaosSrosC0osFe0203.5 ceramic
composite, was deposited by spray using an
airbrush. This manufacturing process allows the
production of an electrochemical cell with a thin
electrolyte  (5um) and a  columnar
microstructure allowing the ohmic resistance to
be lowered to 7 Q.cm? at 525 °C.
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