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1. Introduction

“It is clear that there is some difference between ends: some ends are energia [energy]

while others are products which are additional to energia”
Aristotle

Metaphysics Z-H

1.1 Motivation

Evépyera (energia), evoeléyeio. (endelechia) and Jddvaun (dynami) are three terms that
Aristotle used in order to describe and argue the essence of ovoia (ousia)' [1]. He used
energy to describe something that is evepyd (energo)”. In physical chemistry the energy of
a system is defined as its capacity to do work [2]. In the context of chemistry, chemical
energy is the potential of a substance to undergo a transformation through a chemical

reaction or to transform to other chemical substances.

Moreover, energy is playing a dominant role in determining the quality of life, and is the
single most important factor that impacts the prosperity of any society. However,
approximately a quarter of today’s world has access to energy at the level which, for
instance, the citizens of Europe have. The world’s population will level at around 10
billion people. In order to give everybody the same energy affluence we would need to
generate approximately 60 TW of energy. That is four times the amount of energy we

need now, and would demand almost 900 million barrels of oil per day [3].

! Energia, endelechia, and dynami are the Greek words for energy, entelechy and potency respectively,
while ousia means substance.
? gv-at and gpyo-work; in free translation from Greek to English is “being-at-work”.



In order to tackle this challenge what we need, as the chemistry Nobel prize laureate
Richard E. Smalley stated in [3], is to find the “new-0il”, and to be able to produce energy
in a sustainable manner. Production of energy from burning fossil-fuels (oil, gas, and
coal) is not efficient. From a thermodynamic point of view, the efficiency of a real heat
engine is smaller than that of an ideal Carnot heat engine. In addition, taking into
consideration the forecasts for the abundance of fossil-fuels and the environmental
footprint of the use of such energy resources, energy production is definitely not
sustainable today. Therefore, the development of technologies that can deliver energy

efficiently and sustainably is vital.

It is interesting to note that the fundamental knowledge of converting energy from one
form to another without being subjected to Carnot limitations, dates back in the late
1830’s and early 1840’s pioneered by Sir William Grove. In 1842 Grove developed a
device that he called gas voltaic battery, where hydrogen was being electrochemically
oxidized by oxygen to water, producing electricity [4]. Since then, the advances in
science and technology have allowed devices based on the principles described by Grove,
namely fuel cells, to supply auxiliary power to NASA’s Gemini Program in the 1960°s
and since 2008 to provide Google’s servers with 100 kW [5]. These are only two out of
the many examples that can reveal the potential of fuel cells. Yet, two main reasons
impede the dominance of such devices in the energy field. The first is the lack of political
will for change, but the discussion of this aspect is beyond the scope of this thesis. The
second is the development and a deeper understanding of the functional properties of
materials that compose such devices, in order to overcome challenges related to high

power density output, long life operation, and cost reduction.

Electrochemistry is the field of science that encompasses inter-relations of electrical and
chemical phenomena subdivided to ionics, dealing with ions in solutions, and electrodics,
dealing with ions and electrons at the electrode-electrolyte interface. Defect chemistry is
the study of deviations from perfect order in crystalline inorganic compounds, and the
effects of such disorder on their properties. In this thesis defect chemistry and
electrochemistry provide the path for understanding the transport properties and hydration
thermodynamics of selected materials, namely disordered fluorite related structures,

which can be used as components in proton conducting solid oxide fuel cells.



1.2 Principles of proton conducting solid oxide fuel cells

(PC-SOFCs)

A fuel cell is an electrochemical energy converter, which can continuously convert the
chemical energy of a fuel (typically hydrogen, H;) and an oxidant (air) to electrical
energy, by a process involving an essentially invariant electrode electrolyte system. PC-
SOFCs are such converters, which operate at temperatures around 800 °C, and can use
hydrogen as fuel. The architecture of a typical PC-SOFC consists of two electrodes, the
anode and the cathode, and a dense electrolyte (cf. Fig.1.1).

In a PC-SOFC the electrolyte is typically a ceramic material e.g. acceptor doped BaCeOs3,
in which protons are neither part of the stoichiometry nor the structure, but introduced
from the surrounding environment i.e. water or hydrogen, to charge compensate negative
defects which are part of the nonstoichiometry or structure. Protons are attached to oxide

ions as hydroxide groups forming effectively positive defects, OHy, .

The electrodes of a PC-SOFC are porous structures, in order to facilitate gas transport,
exhibiting high electronic conductivity and large electrode-electrolyte-gas triple phase
boundary (TPB) length. Moreover, they should reveal good catalytic activity for the
oxidation of the fuel (anode) and the reduction of the oxidant (cathode). Typical systems
used as electrodes in a PC-SOFC where the electrolyte is acceptor doped BaCeOs, are Ni
cermets on the anode side, and mixed electronic ionic conductors (MIECs) such as cobalt

ferrites or noble metals such as Pt and Ag, on the cathode side.
The fuel, for instance Hy, is fed to the anode side and oxidized releasing electrons:
2H,(g) — 4H*+ 4e (L.1)

The released electrons are transported to the cathode via an external circuit (cf. Fig. 1.1).
At the cathode, the oxidant (typically air) is reduced consuming the transported electrons

and forming water:

4H*+ 0,(g) + 4> 2H,0 (1.2)



Formation of water at the cathode side prevents the dilution of the fuel with water,
resulting in higher fuel efficiency and allowing the operation of the cell at maximum
power and preventing the oxidation of the anode, opposed to conventional solid oxide
fuel cells (SOFCs) where the electrolyte is an oxide ion conductor. The electrolyte allows

the protons to transport through, in order to complete the overall electrochemical reaction:

H,(2) +30,(2) » H,0 (1.3)

.
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Figure 1.1 Operating principle of a solid oxide fuel cell with a proton conducting electrolyte.

Load

2H,(g) — 4H*+ 4e

Electrolyte

The release of electrons through the external circuit generates direct-current. The
electrochemical difference between the anode and the cathode leads to a potential
difference across the cell which corresponds to the Gibb’s energy AG for the oxidation of

H; (eq. 1.3):
AG = —nFE 1.4

where n is the number of electrons, F is Faraday’s constant, and E is the reversible
potential of the cell. When the reactants and product of the reaction in eq.1.3 are in their

standard state then eq.1.4 is written as:
AG® = —nFE° (1.5)

where AGY is the standard Gibb’s energy of the reaction in eq.1.3, and E° is the standard
potential of the cell.



In a PC-SOFC at temperature T the AG of the cell reaction in eq. 1.3 is calculated

through:

AG = AG® + RTIn (—V’::{f(’)m) (1.6)

so that the reversible potential is given by:

_ _A6°  Rr. (JDO,pH,
E=-—+—lIn (—szO ) (1.7)

where p is the partial pressure of the reacting species and R is the gas constant. Eq.1.7
quantifies the relationship between the standard and reversible potential for the

electrochemical reaction of a PC-SOFC.

The actual cell voltage is smaller than the reversible potential because of irreversible
losses, so-called overpotentials. Losses originate either from the potential requirements to
activate electrochemical reactions, the activation overpotential — 7., ohmic losses,
ohmic overpotential — 1,nm, and/or from losses due to the mass transport of species
participating to the electrochemical reactions, concentration overpotential — 7¢one. The
sum of all above mentioned losses is the total overpotential or polarization of the cell, 7,
given by the difference between the operating cell voltage, E,,, and the expected
reversible cell voltage, E, n = E,, — E. The effect of each overpotential can be seen in
the polarization curve presented in Fig. 1.2. The aim of this work is to investigate

materials that can contribute to reduce these overpotentials.
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Figure 1.2 Schematic polarization curve of a fuel cell.

1.3 Materials challenges

Despite the promising characteristics of PC-SOFCs, their current status is still quite far
from broad commercialization. From technological prospective the applicability of state-
of-the-art proton conductors such as acceptor doped BaCeO;, SrCeOs;, BaZrO; as
electrolytes, is hampered by their high grain boundary resistivity and poor stability. Due
to their basic nature, as Sr and Ba are the main components, they are vulnerable to acidic

environments e.g. CO; and SO,, and steam that may be present during operation.

Regardless of the deep level of understanding of transport and thermodynamic
mechanisms governing proton conductivity in state-of-the-art electrolytes, research on
electrodes is somewhat less extensive. On the anode side, Ni cermet, composed from NiO
and the proton conducting electrolyte, is the most preferable system for anodes due to its
excellent electrocatalytic activity towards H, oxidation. However during production and
operation the most commonly used electrolyte BaCeO; reacts with NiO-Ni, destroying
the electronic conductivity of the anode and reducing the proton transport number of the

electrolyte.



On the cathode side, water formation results a plethora of co-existent charge carriers
making the cathode reactions more complex. It is common in PC-SOFC demonstrations
the use of Pt or Ag, as cathodes. These are primarily expensive metals and given their
pure electronic character they exhibit inadequate performance. Hence, research has also
been focused on the development of electrodes with mixed oxygen ion-electron
conductors, as in the case of solid oxide fuel cells (SOFCs), in order to promote the
oxygen reduction on the cathode side [6-9], cf. Fig.1.1. Yet, using mixed oxygen ion-
electron conducting cathodes restricts water formation at the cathode / electrolyte
interface resulting in slow reaction kinetics [9, 10], and possibly delamination of the
cathode caused by water accumulation at the cathode / electrolyte interface. Oxides with
mixed ionic (proton and oxide ion)-electronic conductivity as cathodes, are expected to
favour the cathode reaction by assisting the oxygen reduction and by delocalizing water
formation from the cathode / electrolyte interface to the whole surface area of the

cathode.

1.4 Aim of this thesis

As described in the preceding section, there is a need for exploration beyond the state-of-
the-art acceptor doped perovskites, both to bring PC-SOFCs closer to commercialization
and to broaden the scientific knowledge and understanding. This work explores and
attempts to gain knowledge on the electrical properties and hydration thermodynamics of
oxides with disordered fluorite related structures — knowledge that can be utilized and
implemented in the design of technologies that exploit mixed ionic electronic conduction,

as in the case of PC-SOFCs.

The first manuscript is on the hydration thermodynamics of rare earth pyrochlore
structured oxides, while the second and the third manuscripts concern the hydration and
transport properties of disordered fluorites. In the second manuscript we also emphasized
on the determination of the crystal structure of lanthanum cerate. Furthermore, recent
advances have shown that lanthanum tungstate is a promising electrolyte for PC-SOFCs.
The fourth manuscript is based on the development of cathodes for lanthanum tungstate.
Before presenting the four manuscripts a theory part is introduced, where theoretical and
conceptual aspects on the structure, ionic transport, hydration thermodynamics and
electrodes are discussed; that are considered cumbersome for the inclusion in the

manuscripts and with the intention to introduce the reader to the basic complementary
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knowledge needed for the manuscripts. Consequently, given the broadness of the topic it
is natural to split the theory part into two chapters, chapter 2 and 3. Chapter 2 discusses
phenomenological and conceptual aspects on ionics and chapter 3 on electrodics. The
thesis is finalized with a discussion on the grain boundary conductivity of lanthanum
cerate. Moreover an Appendix is included summarizing the EFFIPRO project and
reporting the contribution of the different partners on the anode development for

lanthanum tungstate.

No theory on the experimental techniques themselves is included, primarily because this
is beyond the scope of this thesis, and it would have been a superficial repetition of what
one can find in relevant textbooks. Exception is the density functional theory (DFT) part
that is included in chapter 2.



2. Phenomenological aspects and concepts of

ionics

2.1 On structure and disorder

“Everything that depends on the action of nature is by nature as good as it can be”
Aristotle

Nicomachean Ethics, 356 B.C

The crystal structure of fluorites and pyrochlores is similar. In order to assist the reader
with manuscript I-11I, this subchapter begins with a description of the crystallography of
the compounds considered in this thesis, how they are crystallographically related, and

continues with a rudimentary discussion on structural disorder.

2.1.1 Crystallography.

Oxides, XO,, adopting the fluorite structure, crystallize in the space group Fm-3m. Fig.
2.1 shows the unit cell of the fluorite structure. Going from the fluorite structure to the

rare earth (RE) containing pyrochlore RE;X,040 the cation and anion ratio is decreasing



[11], and one of the oxide ion positions of the fluorite structure is now adjacent to the
cation sublattice exhibiting an alternating REXREX pattern. This results in doubling of
the cubic cell lattice parameter from approximately 5 A to 10 A [11].

Figure 2.1 Schematic representation of the fluorite unit cell of XO,, smaller green spheres are x*, larger
red are 0. The size of the spheres is analogous to the ionic radii of zr* and 0% [12].

In this respect a pyrochlore is a fluorite derivative superstructure, with a cubic symmetry
crystallizing in the Fd-3m space group. Crystallographically there are four unique atom
positions. A common way of describing the structure is by fixing its origin on the X site,
with atoms located at the following positions (using Wyckoff notation): RE at 16d, X at
16¢, O at 48f (048f), and O' at 85 (O8b) [13] and one unoccupied interstitial site at 8a
(visa). The RE site is 8 fold coordinated and the X site is 6 fold coordinated. The two
oxygen sites are coordination-wise non-equivalent. The O48f sites are located in the XOg
octahedron, and thus coordinated to both the RE and X site cations, while the O8b sites
are only coordinated to the RE cations. Similarly, the unoccupied vig, sites are coordinated
only to the X site cation, Fig. 2.2 is a colored visualization of Fig. 1b in manuscript II
showing 1/8 pyrochlore unit cell and, highlighting the coordination of the different ions as
well as their respective site occupancy. Nevertheless the illustration in Fig. 2.2 represents
an idealized situation. In reality the change in the cation radius ratio will introduce a

rearrangement of the anions around the 8a site.

10



Figure 2.2 Schematic representation [12] of site occupancy and coordination of cations RE* (medium
blue) and X** (small green), oxygen anions (large red) and the unoccupied 8a site (white) into the 1/8
pyrochlore unit cell.

In a disordered fluorite with the stoichiometry RE,X,07, i.e. La,Ce,07, space group Fm-
3m, cations do not reside on specific positions; rather they are randomly orientated in the
cation sublattice. Oxygen anions are also randomly orientated with 7/8 occupancy (cf.

Fig. 1a manuscript II).

2.1.2 Structural disorder

There are different ways in which disorder can perturb the order into crystalline solids,
such as imperfections in position, composition and electronic state. Structural disorder
occurs easily in pyrochlores because the enthalpy difference between fluorite and
pyrochlore is often rather small. This disorder, which can be considered as a partial
reversion of the pyrochlore back towards fluorite, may occur on a scale of either atoms or
tens of nanometres [14]. This thesis is concerned with structural disorder in cerate-
zirconate systems, as this is described by the cation radii ratio, when moving from the
disordered fluorite to the pyrochlore. The stability field of the pyrochlore structure for
zirconates has been established in the range 1.46 < rggs+/rya+ < 1.80 [14, 15]. The
decrease or increase of rgps+/rys+ ratio reflects upon the so-called oxygen position

parameter x, as a result of the distortion of the XOg octahedron and the REOg cube [16].

All ions in the pyrochlore structure have their positions fixed by symmetry except the

048f. The x takes into account the amount that O48f moves away from the centre of its

11



coordination tetrahedron towards the empty 8a site. The value of x is a function of the
cation radii. Large rggs+/rx++ ratios lead to large x, as in the case of pyrochlores, and
vice versa [14]. Therefore, in order to qualitatively express the degree of the cation order
in the cerate-zirconate series of materials, we defined an empirical cation order factor ¢

as a qualitative indicator of the disorder, given by:

@ = (rRﬁ - 1.33) -3.57 @2.1)
Tx4+
The factor ¢ (0 < ¢ < 1)is based on the ratio of the radii between RE (8 fold

coordinated) and X (6 fold coordinated) cations, » .. and r .. are the Shannon radii of

RE and X cations in RE;X,07 (X = Ce, Zr). When ¢ is 0 the system is fully disordered
and when ¢ is 1 it is fully ordered. Intermediate values of ¢ indicate the degree in which
the reversion of the pyrochlore back and towards fluorite occurs. However, a fundamental
assumption in this parameterization of cation disorder is that the same trend in cation
disorder follows in quaternary systems as Lay(Ce;xZrx)O7, and rys+ is the composition
weighted average defined as: rya+ = x-7yxa+ + (1 —X) - rya+. Fig. 2.3 shows the
transition from one structure to the other as a function of ¢ and rggs+/rxs+. For the
studied systems that lie close to the edge of the stability field between disordered fluorite
and pyrochlore, structural disorder occurs easily because the enthalpy difference between

pyrochlores and disordered fluorites is often rather small [14, 17, 18].

08 |- disordered fluorite pyrochlore
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Figure 2.3 Cation order factor ¢ vs. cation radii ratio for the systems studied in this work.

12



The treatment of the oxygen position parameter x is beyond the scope of this work and
none of the experimental techniques used in this thesis is suitable for the accurate
determination of x. Yet, the importance of inclusion of x into eq.2.1 is acknowledged, as
this parameter has an essential effect on the structural features of the system. Especially if
one defines an order or tolerance factor that is generic for the whole pyrochlore family, as

in the study of Cai et al. [16].
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2.2 lonics of disordered fluorite related structures

10v (e-on)-ion, in ancient Greek is the meaning of going

This subchapter contains additional and more detailed theory than what could be included
in manuscripts I-III. The main materials’ property that determines the suitability of a
disordered fluorite as a potential electrolyte for a PC-SOFC is the proton conductivity. A
prerequisite for proton transport in a crystalline solid are defects. In a broader sense, any
deviation from the reference state, that is the ideal structure, is termed a defect [19]. In

this thesis the focus is on proton and oxide ion point defects.

A main characteristic of disordered fluorite related oxides is that protons are not part of
their structure, rather they are introduced into the structure from the surrounding
environment i.e. water in this work. I therefore start my treatment with describing how
defects form, and prior to transport mechanisms I introduce some of the thermodynamic

concepts that have been used in the manuscripts.

2.2.1 On the defect chemistry of disordered fluorites and pyrochlores

Point defects consist of vacancies and interstitial atoms. Impurity atoms are also termed
point defects, whether they occupy a structural or an interstitial site. Point defects can be
formed with or without the reaction of the surrounding environment, termed as external
and internal defect reactions, respectively. A proton, stems from the ionization of
hydrogen. This proton will be located in the electron cloud of an oxide ion, such that the
species is a hydroxide ion on the site of an oxide ion, being effectively positive, OHg

[20].

14



When a charged point defect is formed in an oxide® a balancing point defect with opposite
effective charge must be formed to preserve the electroneutrality. In metal oxides two
types of internal defect equilibria involving point defects have been found to be
important, the Schottky and Frenkel disorder. In pyrochlore systems computational

studies [17, 21, 22] have shown that anti-Frenkel disorder consisting of a pair of an
oxygen vacancy, Vg, and an oxygen interstitial, Oi// , is the most favourable disorder

mechanism. Considering the crystallography of pyrochlores as discussed in subchapter

2.1, anti-Frenkel pair defect formation is considered at all oxygen sites i.e. Vigy, Voass

Oi/éa. Then the anti-Frenkel pair defect formation may read as:
OQuasf + Visa = Vousr + Oi/éa (2.2)
or
0sb T Visa = Vosp T Oi/éa (2.3)

As we show and discuss in manuscript I, defect formation for pyrochlores is favoured
through eq.2.2. On the other hand, as cation disorder increases by increasing the size of
the X cation and the structure of disordered fluorite is adopted, formation of vgygy, is

equally favored.

Given the crystallography of pyrochlores, proton formation is also expected to happen at

all oxygen sites i.e. OHg,g¢ OHpgp, OH(/)Sa. Fig. 2.4 illustrates possible configurations of
a proton on the O8b and O48f ions into five sifes termed a-e within RE;X,07°. According
to DFT calculations® the most stable proton position for pyrochlores is close to the O48f
ion in sife a (96g symmetry), while for disordered fluorites protons can also be stabilized

close to the O8b ion.

3 Deliberately the distinction between stoichiometric and nonstoichiometric compositions is avoided, since
stoichiometric composition in inorganic compounds is in principle the exception rather than the rule.
Oxides in equilibrium with their surroundings are thus generally nonstoichiometric, except under specific
conditions of temperature and activities.

* Ant-Frenkel disorder consists of anion point defects while Frenkel consists of cation point defects.

5 The figure was generated from structural data for La,Sn,0,

® In subchapter 2.3 the computational formalism for these calculations is provided.
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Figure 2.4 Proton sites in RE;X,0; pyrochlore. Sites a-d are coordinated to 048f and the e site is bonded
to an O8b. The green and violet spheres are the RE* and X*" cations, respectively.

The most prominent effect of the transition from pyrochlore to disordered fluorite is the

occupation of both the two interstitial defects, 0/’ and OH/,_, and the two defects at the

i8a isa’
O8b site, OHpgy, and vigy,. Hence, while such defects are in complete minority in ordered
pyrochlores, their concentration is significantly increasing as part of the increasing
disorder. Consequently, in systems with large values of ¢ (manuscript III) or more
generally large values of rggs+/rys+, defect formation mainly occurs on the O48f site,
whereas systems with more similar cations, and therefore higher degree of cation
disorder, also display a large degree of anion disorder among the different oxygen sites.

Thus in cerates, for instance, the occupation of the different oxygen sites is close to

indistinguishable.
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2.2.2 Hydration thermodynamics

As we discussed in the preceding paragraph the formation of vg,g¢ is favoured in both
pyrochlores and disordered fluorites. These oxygen vacancies in their dry state’ may

interact with water vapour according to:
H,0(g) + viugr + 05 = 20Hg 156 (2.4)

When reaction 2.4 proceeds in the forward direction, the annihilation of vy,gf is followed
by the formation of two OHg,gf, and the requirement for charge balance is fulfilled. This
reaction, normally referred as hydration reaction in the relevant literature, is of great
technological interest in the field of PC-SOFCs as it describes the creation of protonic
defects. Moreover, as evident from the hydration reaction, the amount of protons that can
be incorporated in the system, is limited by the amount of v{,g¢ available for hydration.
Traditionally a strategy that is commonly adopted for state of the art proton conductors
i.e. perovskites, is to try to maximize the amount of oxygen vacancies via external
doping. Substitution of cations in the host material by a lower valence element, introduces
effectively negative point defects. These must be compensated by the creation of an
oppositely charged defect, and at moderate oxygen pressures the materials tend to form
oxygen vacancies. This type of aliovalent substitution is termed acceptor doping [23]. As
we show in manuscript I, acceptor doping of ordered pyrochlores favours the formation of

Voagp, and the maximum of the proton concentration that can be achieved is defined by

the acceptor doping level, [Acc/ ], given by the electroneutrality:
[ACC/] = 2[5yl + [OHg,e¢] (2.5)

The mass action expression for the equilibrium constant for the hydration reaction reads:

Khydr -

2

< (015 45 )

N.ome N_ e 0

SOHp g CGOHpugf = exp (_ AhydrG ) —
[V84sf] [08] PH,0 RT

20

N.w N.o+ N_x
SVossf SVoasf SOp

o (25 exp (-2221) 2

"In principle, protons may be incorporated directly as charge compensating defects in the presence of water
e.g. ambient humidity, during synthesis. Yet, synthesis, annealing and sintering are usually done at rather
elevated temperatures where protons are minority.
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where Ng; and N,; are the concentration of sites and number of configurations per site,
respectively, Apyq,GO is the Gibbs energy of the reaction, and Apyq,S® and Apya,H° are
the standard entropy and enthalpy of the hydration reaction. Empirically the expected
standard entropy change from the loss of one gas molecule per unit reaction is in the order
of -120 J'mol K [24] and this value is typically set as an initial estimate for ApyqrS 0,
Consequently the hydration reaction is an exothermic reaction favoured for negative

values of Apyq.H 9 (cf. Fig. 2.5) for the conditions considered here.
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Figure 2.5. Change of AhyerO with temperature for varying AhydrHO in kl-mol™ and unvarying AhydrSO.

Moreover, Fig. 2.6 shows the variation in proton and oxygen vacancy concentration for a
10 mol% acceptor doped ordered pyrochlore, as a function of inverse temperature with
varying the hydration enthalpy and keeping constant the hydration entropy. In a system
with a more exothermic hydration enthalpy, protons dominate as the main charge

compensating defects up to higher temperatures, compared to a system with less
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exothermic hydration enthalpy. It is further illustrated that the temperature at which the
majority of protonic defects changes to oxygen vacancies exclusively depends on the
hydration enthalpy, when the hydration entropy is kept constant. This observation
highlights the importance of hydration enthalpy as a parameter for the transport properties

of a system.
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Figure 2.6. Idealized temperature dependency of OHg,g¢ and vgygr concentrations for a 10 mol%
acceptor doped ordered pyrochlore, pH,0=0.025 atm, with varying AhydrHO (k)‘mol™) and constant

AhydrSO.

Moreover, in manuscript I, we show that the formation of oxygen vacancies on the 8b site
is favoured and compensated with an oxygen interstitial on the 8a site, when substituting
the X-site in RE,X,07 with a larger ion; as in the case of Sm;X,07 with X = Ce and Ti.

Then the electroneutrality condition reads:
2[0f4,] = 2[vged] + 2[V5ap] + [OHpser] + [OHo] (27)

Based on eq. 2.7 one would expect that for systems such as cerates that possess high
degree of disorder, hydration would be more favourable than for e.g. zirconates. Yet, in
manuscript III, we show that the hydration enthalpy as a function of x within Lay(Ce;.

xZ1x)207 (x = 0 to 1) follows a volcano like behaviour, where the highly disordered
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La,Ce,07 reveals as favourable hydration thermodynamics as the fully ordered La;Zr,05.
We attribute this behaviour to the gradual increase in the stability of the oxygen vacancies
as order increases with increasing Zr content, and to changes in the coordination number
and bonding nature that would favour the hydration thermodynamics once the ordered
pyrochlore structure is attained. Furthermore, our findings in manuscript I revealed that
the hydration enthalpy is increasing (less exothermic) with decreasing RE-ion size,
attributed to destabilization of protons and stabilization of oxygen vacancies. The effect
of order/disorder on the transport properties and hydration thermodynamics is presented

in manuscript III.

2.2.3 Transport properties

Once the available oxygen vacancies are hydrated and filled with protons, the transport
properties of these defects are of importance. In the following I shall describe the
transport mechanisms of these defects, in disordered fluorite related structures, and

attempt to rationalize the electrical properties of those structures.

Conductivity

In a solid medium the flow of charged species will give rise to current. In an ionic solid
the net motion of charged defects (e.g. electrons, impurity ions, dopant ions and protons)
will also produce current; what is termed as conductivity. The conductivity of a species i

in an ionic solid is parameterized through:

0; = Zjecju; (28)

where z;e is the charge of each particle, c; is the volume concentration of the species and
u; is the mobility of the species. The mobilities of electrons and electron holes are
normally much higher than those of ions hence most oxides reveal to some extend
electronic conductivity, and the total conductivity, o, will be given as the sum of
electronic, d,;, plus the ionic, 0;,,, conductivity. Depending on the conditions of
temperature and oxygen partial pressure, typically one type of charge carrier
predominates the total conductivity. For pyrochlores, if we consider the formation of a

doubly ionized vg,g¢ the total reaction may read:
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OBage = Voagr + 2¢/ + ;0(®) (2.9)

. 2 2
Ky = [Vousil[e/] D3, (2.10)

with equilibrium constant given by eq. 2.10. As evident from eq. 2.9 at a given
temperature electrons will predominate at sufficiently reducing conditions. A double-
logarithmic plot of the electron concentration as a function of pg, will give a straight line
with slope - [19]. However as we show in manuscripts I and III the conductivity of the
disordered fluorites under investigation is virtually po, independent, suggesting that
electrons never predominate concentration wise and ions comprise the majority of charge

carriers. Thus, the systems under consideration are regarded as ionic conductors.

Conferring to eq. 2.8 one can argue that tailoring of the ionic conductivity of a system can
be achieved or by increasing the concentration of a charge carrier or increasing its
mobility or both. I shall now discuss in the following section the mobility and

concentration aspects.
Mobility

The charge mobility® of ionic defects i, u;, relates to the ionic random-diffusion

coefficient, D;, through the Nernst-Einstein relation [19]:
Di = Uu— (211)

Moreover the random-diffusion coefficient of defect i, within the lattice from one site to

another equivalent unoccupied site, can be related with the jump frequency of defect i, I;:
D; = yI;A? (2.12)

where A; denotes the effective defect i jump distance, and y denotes a geometrical factor.

The jump frequency is given by the number of jumps n, per time given by:

¥ Main assumption of the treatment in this paragraph is that the concentration of ionic defects is in
equilibrium and not limited by kinetic effects, and that the defects do not interact with each other
(unassociated)
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AG™

I; = vgexp (— —) (2.13)

KT

where v, is the attempt frequency, AG,,, is the free energy of migration:
AG™ = AH" — TAS" (2.14)

AH[" is the migration enthalpy and AS[™ is the entropy of migration. Combining eq. 2.11
to 2.14 the mobility of defect i reads:

U; = Uy %exp (— ﬂ) (2.15)

evidently the AH™ in eq. 2.15 dominates the temperature dependence of the ionic
mobility. In eq. 2.15, ugy; is the pre-exponential term of mobility which relates to the
attempt frequency, and/or the migration path of the respective species, given by:
zZie 2 ASZn
Ug; = Ty/li Voexp (T) (2.16)
Conventionally these factors, v, and 4;, are not expected to alter substantially from oxide
to oxide. Yet, different species may behave differently in different oxides. In manuscript

IT we experimentally show that for the disordered fluorite La,Ce,07, the pre-exponential

factor for protons is much lower than the one for oxide ions.
Concentration
In thermodynamic equilibrium the concentration of ionic defects c¢;, is given by:

~ AGH =~ AS! AH]
c;i = Njexp(- p )=N;exp (Tf) exp (— F) (2.17)

where N; is the product of concentration of sites times the number of configurations per
site the defect may attain. AH and AS!, are the enthalpy and entropy, respectively,
associated with the introduction of one such defect into the lattice. The formalism and the
thermodynamic considerations for the calculation of the defect formation energies are

covered in subchapter 2.3.
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Activation energy

Conferring to eq.2.8 and utilizing the equations for mobility (2.15 and 2.16) and
concentration of ionic defects (eq.2.17) the Arrhenius type expression for the partial

conductivity of ionic defect i reads:

~ zZe? AS™+ASE AH™+AH E@
o;T = N; Zke Padvgexp (T) exp (— T) = 0g,;eXp (— E) (2.18)

where oy ; is the pre-exponential term relating the mobility pre-exponential factors with
the defect concentration, E® is the activation energy for the conductivity. The derivation
of eq.2.18 highlights that both the formation enthalpy of the defects and the energetic
barrier that the defect has to overcome in order to migrate from one site to another
contribute to the activation energy of the conductivity of a given material. Hence, both

thermodynamic terms have to be favorable in order for the conductivity to be high.

Trapping

The main assumption of the treatment so far has been that the defects do not interact with
each other, and, hence are randomly distributed. Yet, this is an idealized situation, and
deviation from ideality has been found in many oxides. The intended formation of mobile
charge defects by acceptor doping, may lead to electrostatic attraction between the
acceptors and the mobile defects, what is commonly termed as trapping. Consequently, a
mobile defect will have to overcome an energetic barrier to dissociate from this local
bound state and enter the conductive state. As a result the activation energy of the defect

in consideration may read:
E* = AH™ + AHf + AH} (2.19)

where AHf is the “extra” energetic barrier normally termed as dissociation enthalpy.
Hence an oxide that experiences trapping this will exhibit a decrease in ¢; stemming from
an increase in E®. In manuscript III, we rationalize that the Ca acceptors induce a
negative effect on the conductivity of the studied disordered fluorites and pyrochlores that

is attributed to trapping of the charge carriers by the acceptors.
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All in all the transport properties of mobile defects depend on their concentration, their
ability to overcome the necessary energetic barrier in order to migrate from one site to

another, and the migration path.
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2.3 Computational methodology

“It is evidently equally foolish to accept probable reasoning from a mathematician and to

demand from a rhetorician demonstrative proofs”
Aristotle

Nicomachean Ethics, 356 B.C

I shall now attempt to provide complementary material, from the experimentalist’s point
of view, on the basics and formalism of the computations we used based on density
functional theory in manuscript I. We performed calculations to elucidate trends in the
stability and electronic properties of defects and in hydration thermodynamics of

pyrochlore oxides.

Density functional theory (DFT) is a quantum-mechanical approach for the computation
of the electronic structure of matter. The central focus of DFT is the electron density, p,
and the “functional” part of the term comes from the fact that the energy of the molecule
is a function of the electron density, written E[p], and the electron density is it self a
function of position, p(r) [2], thus one can write E[p(r)]. In mathematics a function of a

function is called a functional.

2.3.1 Density functional theory formalism

The microscopic description of the physicochemical properties of matter can be expressed

via a collection of coulombic (electrostatic) interactions of nuclei and electrons. In
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principle all these properties can be derived from the quantum-mechanical wave function,

W, of the system under question:
(rl,rz,...,Rl,Rz, ...;t) (2.20)

where r; and R; denote the coordinates of the electrons and nuclei in the system

respectively. The time-independent Schrodinger equation written in the succinct form:
AHY = E¥ (2.21)

may, in principle, assist to determine the wave function, where E is the energy of the
system. The term H is the Hamiltonian operator given by:

N N N
H—Z 1v2+z ()+1Z ! (2.22)
L2 T LMY Ly
=1 i £3]

2

and corresponds to the total energy of the system, i.e. the sum of the kinetic and potential
energy of all the N electrons of the system. However, solving the Schrodinger equation is
far beyond today’s computational capabilities. Hence, one must involve some
approximations to circumvent this challenge. DFT is a method that we can use to obtain

an approximate solution to the Schrédinger equation.

2.3.2 Approximations

In order to simplify many-atom problems we can reduce the degrees of freedom by
separating them into nuclear and electronic. A way to do so is by assuming that a nucleus
is held fixed in position during the period of an electron’s motion, since an electron
moves faster than a nucleus. This assumption in known as the Born-Oppenheimer
approximation [25], and a many-atom problem breaks down to an electronic and a
nuclear problem. In that manner the electronic problem is solved for a fixed nuclear
configuration giving rise to an external potential, Vo, from the interaction of the electron
with the atomic nuclei. Then the Hamiltonian for the electronic system may be given by:
ﬁ=i—1V?+VA +1i—1 (2.23)
£, 5 Vi ext T3 L -1 .

4
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Yet, the electron-electron interaction expressed in the third term of eq. 2.23 is rather
complicated and demanding to treat, and we still have to deal with a wave function of 3N

variables.

If we instead use the electron density, which is a function of space and time we go from a
3N-dimensional problem to an only 3-dimensional problem. Hohenberg and Kohn in
[26], formulated a theorem in two parts regarding the ground-state electronic density. The
first part shows that the external potential Vo, of an electronic system is determined by
the ground-state electronic density py(r). Given that the Hamiltonian operator is specified
by the external potential, then the electron density uniquely determines the Hamiltonian
operator of eq. 2.23. The second part of the theorem formulates the relationship between

the ground-state energy and the electron density.

Kohn and Sham [27] introduced a fictitious system of non-interacting electrons and
isolated the many-atom effects of a real system into one unknown energy term. The

electron density functional may be expressed:
E[P(r)] = EK +EP;e—n + EP;e—e + Exc[p] (2-25)

where Ey is the total kinetic energy, Ep._, is the electron-nucleus potential energy,
Ep.._, is the electron-electron potential energy, and E,[p] is the exchange correlation
energy, which takes into account all the many-atom effects. The two difficult terms to
calculate here are the Ex and E,.[p]. Applying the variation principle in order to

minimize the E[p(r)] will lead us to the Kohn-Sham equations:

1
{37+ v@}n® = e (2.26)

The term V(r) contains the electron-nucleus attraction, the electron-electron repulsion,
and the very important exchange-correlation potential V., which is the functional

derivative of the exchange-correlation energy:

SE
Vielp] = OExlp] (2.27)

5p
Eq.2.27 is solved iteratively, given an initial guess of E,.[p], until a self consistent

solution is found. The first approximation of the E, .[p] is the so called local-density

approximation (LDA) as proposed by Kohn and Sham [27]:
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Exlp] = f pMexc[p()]dr (2.28)

where &, is the exchange-correlation energy per electron in a homogenous gas of
constant density. However electron density is rarely homogenous, therefore a more
sophisticated approximation is used, the generalized gradient approximation (GGA). In

GGA the &, is considered a function of the local density and its gradient.

Using empirical fitting of parameters based on experimental results and combining
theoretical methods functionals may be constructed, in practice the choice of which &, to

use breaks down to testing and knowledge gained from experimental work.

2.3.3 Point defect calculations

The formalism for the calculation of a point defect in a system is based on the energy
difference before and after the formation of the defect, taking into account the chemical
potential of the reference states, with which atoms are exchanged. Chemical potentials
can be thought of as the energy cost of exchanging atoms with a reservoir of such atoms.
Correspondingly, when defect formation involves removing an atom from the material the
energy after formation will have a contribution from the chemical potential of the
removed atom in its corresponding reservoir [28]. In that manner we may formulate the

energy for defect formation as:

N
AGgefect = lt)oetfect - Elgolilk + Z ny; + qUe (229)
i=1

where Efjy, is the total energy of the pristine lattice before defect formation and Efjeg. is

the total energy of the defective lattice after defect formation, n; is the number of atoms
exchanged, upon defect formation with chemical potentials y;. The last term qu, contains
the energy related to electronic exchange upon defect formation, where q is the effective

charge of the defect and p, is the electronic chemical potential.

Moreover, the qu, term in equation 2.29 measures the energetic cost associated with the
exchange of g electrons between the defect and the electrochemical environment. In a

situation prior to the formation of any defects the u, will be pinned to the center of the
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band gap. However in the presence of defects the value of pu, will depend on the
concentration and the electronic properties of the defects. In order to avoid possible
implications, we introduce an electrostatic term, Ae that aligns the core levels of the

defective and pristine cell, and eq. 4.10 may be re-written

N
AG]gefect = B)e[fect - Eéolhk + Z nili + Q(Sf + AE) (230)

i=1
where &; is the Fermi level of the pristine cell.

As we discussed in the proceeding chapter, the stability of protonic defects and oxygen
vacancies in the studied systems, is strongly dependent on the temperature and the
atmosphere. In order to calculate point defect formation energies for finite temperature
and partial pressure, the dependencies of partial pressure and temperature on atomic

chemical potentials should be included:
o o bi
Hi = Ui + ML(T,p ) + kTIn F (231)

where p;° are set to the total energies of the pristine phase while w;(T,p°)are the
tabulated temperature dependencies of the atomic chemical potentials [29]. Finally
combining equations 2.29 and 2.30 the defect concentration per site for a finite

temperature and pressure will be given:

C; AGE
—— = Neonfig €Xp | — — ot (2.32)
[site] kT

where [site] is the concentration of sites on which the defect may form and N, is the
number of configurations per site that the defect may attain. Substituting the product

N; = [site] - Neonfig We obtain eq. 2.17.
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3. Phenomenological aspects and concepts of

electrodics

Moving away from the study of ionic transport and defects in disordered fluorites that
may consist the electrolyte in a PC-SOFC, we now come to the electrochemical
phenomena that occur at the interface between the fluorite electrolyte and the electrode.
Electrodes in a PC-SOFC provide or remove both electric charge (ions and electrons) and
mass, i.e. fuel oxidant, and water. For example, the introduction of protons from the fuel
i.e. Hy, into the electrolyte can be achieved by using porous Pt electrodes applied onto the
electrolyte. In this case the process takes place at the interface between the electrode, the
electrolyte, and the fuel, the so-called triple phase boundary (TPB). In this chapter I
introduce the basic concepts on electrodes, and the utilized phenomenology for their

study.

3.1 Cathode

Under operating conditions in a PC-SOFC, protons depart from the electrolyte and arrive

to the cathode where they undergo the following reaction:
2H*+ 2e'+30,(g)~H,0(g) (3.1)

The flow of charge carriers consumed in this reaction delivers some portion to the overall
reversible work converted to electrical work. The amount of electrical work produced
depends on the internal losses in the cell, including overpotential losses at the cathode.
One of the first studies on polarization phenomena on PC-SOFCs by Uchida et al. [30]
using Pt, as electrodes showed that the polarization of the cathode could not be neglected

below 900 “C.
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Oxygen gas that reaches the cathode diffuses into the open pores and is reduced
somewhere within the electrode matrix reacting with the protons arriving from the
electrolyte. Evidently the cathode should meet manifold complex requirements, namely,
adequate porosity - for gas diffusion, high electronic and ionic conductivity - for current
distribution, superior catalytic activity - for oxygen reduction, chemical and thermal

compatibility with the electrolyte, and long-time performance.

Despite the very good catalytic activity of noble metals such as Pt, their high cost makes
them a not feasible choice towards the commercialization of PC-SOFCs. Moreover, the
same study by Uchida ez al.[30] suggested surface diffusion of adsorbed oxygen atoms to
the electrochemically active site on the electrolyte, as the rate determining step for the
cathodic reaction. The latter may suggest that purely electronically conducting electrodes
are insufficient, and electrode materials permeable to oxygen via ambipolar transport of
oxide ions or via atomic transport might be more suitable. Yet, a main concern is the
reaction between oxide ions and protons arriving from the electrolyte to form water at the
electrode / electrolyte interface which can lead to electrode degradation. Hence, the
incorporation of a protonic phase into the electrode can facilitate the proton diffusion
within the cathode bulk, and water formation will not anymore be limited within the
electrode / electrolyte interface. Moreover, the incorporation of the protonic phase
enhances the active area of the electrochemical reaction. For that purpose the use of
mixed ionic (protons and oxide ions) electronic conducting (MIEC) cathodes has been

much studied (suggestively: [7, 31-36]).

Nevertheless, for a systematic and targeted electrode development, a deeper
understanding of the underlying transport and reaction mechanisms and the correlation to
materials properties is required. Keeping this in mind for the development of fuel cells
based on Las WO 4, in manuscript IV we attempted to rationalize the rate determining

step of the cathode reaction for the studied systems.

3.1.1 Possible mechanisms and rate limiting steps

In manuscript IV we divided the cathode reactions with respect to the distribution of
relaxation times and atmosphere dependencies, into two categories. The first category
concerns reactions occurring on the surface of the electrode, involving exchange and

diffusion of adsorbed species and red-ox reactions. The second category involves charge
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transfer reactions across the cathode/electrolyte interface. All of these processes require a

driving force and thus they all potentially contribute to the overpotential.

Uchida et al.[30] proposed the elementary reaction steps for a PC-SOFC cathode, using
Pt as a model electrode, investigating the pO, dependence of the cathode polarization
resistance. He er al [37] investigated the polarization resistance of
Smy 5Sry sC00;-5—BaCep §Sm( 035 composite cathode on BaCej sSmy,0;-5 electrolyte as
a function of pO, and pH,O to determine rate limiting steps. They proposed a cathode
reaction model consisting of eight elementary steps and calculated the reaction order of
each step. From the reaction order and the dependency of the polarization resistance on
0O, and pH,0 they were able to elucidate the rate limiting step for the oxygen reaction on
the cathode under study. Yet, it should be mentioned that the reaction rates in the
proposed model cannot serve as a panacea in all cases, given the complexity of the
studied systems, and the plethora of charge carriers. In manuscript IV, in order to identify
the rate determining steps of the oxygen reduction at the studied cathode we examined the

dependence of the polarization resistance on pO, and pH,O.

3.2 Anode

The electrochemistry on the anode side is seemingly simpler compared to the cathode, as
it involves only the oxidation of the fuel, and it is worth to mention that electrochemical
and morphological characterization of anode for PC-SOFCs has not received much
attention in literature. However as stated earlier for the cathode, in order for the anode to
perform, it has to meet various requirements, for the most part the same as for the
cathode. The anode should reveal high electrocatalytic activity towards fuel. The latter
has been the main reason for the use of Ni or Ni cermets, when hydrogen is the fuel, as Ni
reveals high electrocatalytic activity towards hydrogen. Yamaguchi ef al. [38] studied the
performance of hydrogen permeable metal anodes as Pd, Pd-Ag, and a porous Ni anode,
based on voltage losses. For the porous Ni anode the overall reaction when using

hydrogen as a fuel is:

H,(g)—>2H"+2e (3.2)

While in the case of the hydrogen permeable metal anodes, where hydrogen exists in the

atomic form, the expected reaction reads:
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HoHt+e (3.3)

Based on reaction 3.3 Yamaguchi ef al. claimed that in the hydrogen permeable anodes of
their study, the fuel oxidation proceeds faster than in porous Ni, as the dissociation
process of hydrogen is not contained in the reaction. However, research on anodes for
PC-SOFC is mainly focused towards Ni and Ni cermets due to the higher price of Pd and
Ag compared to Ni.

3.3 Phenomenology

Given the similarity of the nature of the electrochemical processes occurring at the anode

and the cathode in the subsequent part I will use the cathode as reference point.

The polarization area specific resistance, R, (£ - sz), is an important phenomenological
measure of the potential drop, when evaluating the performance of the cathode. As a
phenomenological parameter, R, has different constituents rising from the interplay
between materials property and microstructural processing. For instance, in a PC-SOFC
the R, of the cathode is related to the reaction 3.1. A convenient way to treat R, is to
express it as the sum of the individual resistances, R;, associated with one elementary
reaction step i. In that manner R, reads:

Ry= YL, RixA 3.4)
where A is the area of the cathode. From the discussion in the preceding paragraphs it is
clear that the polarization resistance contains terms that may be associated with
microstructural processing, for instance gas diffusion, grain size, TPB length, and cathode
effective area, rather than materials properties. Parameters such as activation energy, E,,
and pressure dependencies need to be determined in order to precisely describe the

overall performance of the electrode.

There is a direct connection between the behaviour of a physical system, like the systems
studied in this thesis, and an idealized model circuit consisting of discrete electrical

components. This connection exists through the fundamental laws which connect charge
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and potential. Electrochemical impedance spectroscopy (EIS) is a technique that may be

used in order to utilize this connection for the interpretation of the measured data.

Through our studies we fitted the impedance spectra to equivalent circuits which are
representative of the electrochemical processes taking place in the systems under
investigation, with respect to the distribution of relaxation times of each process.
However circuit elements are based on fundamental principles and can be considered as
ideal transfer functions. A recurring phenomenological dispersion function is the constant

phase element (CPE) [39], presented in the admittance plane by:
Yo = Y(w)™ = Yyw™cos (E) + jYyw™sin (E) (3.6)
CPE 0 > 0 5 .

where j = V—1, and w is the angular frequency. The parallel combination of a CPE and a
resistor presents a depressed semicircle in the impedance plane cf. Fig. 3.1. The CPE is a
generic transfer function, and for n = 1 it represents a capacitor (C), for n=0.5 a
Warburg element (W), for n = 0 a resistor (R), and for n = —1 an inductor (L). The
frequency of the apex corresponds to the characteristic frequency w, of the circuit given

by:
1
Wy =—= 3.7)

2nRC

The quasi-equivalent capacitance C of the CPE may be calculated from:

c=y»RG) (3.8)
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Figure 3.1 Impedance spectra in Nyquist representation of a parallel circuit of a resistor and a CPE.

In semi-conductors and in many poly-crystalline oxides, in particular, electrical circuits
consisting of series of parallel combinations of a resistor and a capacitance or a CPE are
often utilized to analyse electrical and electrochemical properties of grains, grain
boundaries and electrodes. However, electrodes are commonly described by Randles-

type’ circuits as the one shown in Fig. 3.2.

Electrodes are in contact with the electrolyte. The interface between the electrode and the
electrolyte is assigned to a capacitance and denoted as the double-layer capacitance, Cg;.
Unlike grain boundaries, we have only one or two electrodes, so the Cq4 becomes big,
typically in the order of pF-cm™. Moreover, electrodes have a charge transfer resistance
Rcr in parallel with Cg;. In practise Rer can represent both the path electrons and ions use
to jump activation barriers, and the processes at the electrode / electrolyte interface where

electrons and chemical species are involved.

Several transport processes take place in series during charge transfer at the electrode i.e.
gas diffusion and diffusion of species, and adsorption-desorption. These processes are

attributed to chemical storage of species and give rise to high capacitances, in the order of

° For the analysis of interfacial electrochemical reactions in presence of semi-infinite linear diffusion of
electroactive species to electrodes, the proposed equivalent circuit by Randles consists of a Warburg
element instead of the Qp and Ry, in parallel [40] J.E.B. Randles, Discussions of the Faraday Society 1
(1947) (0) 11.
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mF-cm™. The resistance of this processes may be large or small. For simplicity we may
refer to this element as diffusion resistance Rp. In the Randles-type circuit this process is
represented by the constant phase element, Qp, and Rp in parallel. If the diffusion

resistance is infinitely large, the parallel Qp, and Rp reduces to Qp, cf. Fig 3.2.

Ca Ca

[Rer | Q]

(a) (b)

Figure 3.2 Schematic diagram of a Randles-type circuit.

36



4. Manuscripts

Manuscript I

Hydration thermodynamics of pyrochlore structured oxides from TG and

first principles calculations

Dalton Transactions, 41(43), 13343-13351, (2012)

T.S Bjgrheim, V. Besikiotis, R. Haugsrud

Manuscript II

Crystal structure hydration and ionic conductivity of the inherently

oxygen-deficient La;Ce207

Solid State lonics, 228,1-7 (2012)

V. Besikiotis, C. S. Knee, I. Ahmed, R. Haugsrud, T. Norby

Manuscript 11 Conductivity and hydration trends in disordered fluorite and pyrochlore
oxides: A study on lanthanum cerate-zirconate based compounds
Solid State lonics, 229, 26-32 (2012)
V. Besikiotis, S. Ricote, M.H. Jensen, T. Norby, R. Haugsrud

Manuscript IV

On LazNiOg4 as cathode on lanthanum tungstate Las sW0O11.4

electrolyte

To be submitted

V. Besikiotis, R. Strandbakke, T. Norby

37



38



Manuscript I:
Hydration thermodynamics of pyrochlore structured oxides from TG and first principles
calculations

Dalton Transactions, 41(43), 13343-13351, (2012)

T.S Bjgrheim, V. Besikiotis, R. Haugsrud
Erratum

The correct form of eq. 11 is:

8Ny News: [Cage] \

2

_ Khydr(Ns,OHch,OHb)
2 (PH,0

Khydr(Ns,OHch,OHb) ( pé )/

[OH}] = (
© 4'Ns,vb' Nc,vb‘

PH,0
pO

) -1+ 1+




40



Dalton
Transactions
Cite this: Dalton Trans., 2012, 41, 13343

www.rsc.org/dalton

Dynamic Article Links °

PAPER

Hydration thermodynamics of pyrochlore structured oxides from TG and

first principles calculations

Tor S. Bjerheim, Vasileios Besikiotis and Reidar Haugsrud*

Received 10th July 2012, Accepted 24th August 2012
DOI: 10.1039/c2dt31517¢

In this contribution we investigate trends in the defect chemistry and hydration thermodynamics of rare-
earth pyrochlore structured oxides, RE;X,07 (RE = La—Lu and X = Ti, Sn, Zr and Ce). First principles
density functional theory (DFT) calculations have been performed to elucidate trends in the general defect
chemistry and hydration enthalpy for the above-mentioned series. Further, to justify the use of such
theoretical methods, the hydration properties of selected compositions were studied by means of
thermogravimetric measurements. Both DFT calculations and TG measurements indicate that the
hydration enthalpy becomes less exothermic with decreasing radii of RE ions within the RE,;X,0; series
(X =Ti, Sn, Zr and Ce), while it is less dependent on the X site ion. The observed hydration trends are
discussed in connection with trends in the stability of both protons and oxygen vacancies and changes in
the electronic density of states and bonding environment through the series. Finally, the findings are
discussed with respect to existing correlations for other binary and ternary oxides.

1 Introduction

Oxide ceramics display numerous functional properties which
are widely utilised in applications covering a range of fields from
low temperature photocatalytic applications to high temperature
solid oxide fuel cells. Hydrogen, being omnipresent as Hy(g) or
H,0(g), is often found as a dominating defect in the form of
substitutional hydroxide defects (OHp) in oxides. Hydration of
oxygen vacancies (vp) is the most commonly parameterised
equilibrium for incorporation of these protonic defects

H,0(g) + v§ + O™ = 20H;, (1)

with an equilibrium constant given by

AnyarS°® AnyarH®
Khyar = exp( yR ) exp <7 ;QT ) (2)

where ApygS° and AyyqH® are the standard hydration entropy
and enthalpy, respectively. The hydration entropy typically is
reported to attain values of —120 + 40 J mol™' K~ with no
apparent compositional dependence.' The hydration enthalpy, on
the other hand, is materials dependent, and found to range from
around —220 kJ mol™! for Y,0; and Er,0s,% to positive values
in ZrO, or CeO,." While the two former oxides remain hydrated
to above 1000 °C in wet atmospheres, hydration is insignificant
in the two latter.

Over the last few decades it has been shown that many
ceramic oxides display significant proton conduction, even at
temperatures up to 1000 °C. The most commonly studied oxides

Department of Chemistry, University of Oslo, FERMiO, Gaustadalléen
21, NO-0349 Oslo, Norway. E-mail: reidarha@kjemi.uio.no

are those crystallising in the perovskite structure (ABO;) where
systems such as acceptor doped BaZrO;, BaCeO; and SrCeO;
display proton conductivities in the order of 107> S cm™' at
800 °C>° in wet atmospheres. However, the applicability of
these oxides is limited by high grain boundary resistance and
instability towards CO,(g), and at moderate temperatures also
towards H,O(g). Although various non-Ba containing oxides,
for instance within the monazite (LaPOs,’ LaVO,® and
LaAsO, °) and scheelite (LaNbO,) families,'®'" and in the rare-
earth pyrochlore family of oxides, RE;X,0; (X = Ti, Sn, Zr and
Ce),'>'® display proton conduction, the partial proton conduc-
tivity is generally significantly lower than those of the state-of-
the-art perovskites. Acceptor doped La,Zr,05 is the most widely
studied rare-earth based pyrochlore oxide in terms of proton
conduction'*™"* and displays a maximum proton conductivity of
107 Sem™.

In the search for materials with high proton conductivity, a
more fundamental understanding of possible correlations
between hydration and proton transport in the oxides and other
fundamental properties such as elemental composition and struc-
ture has been sought during the last two decades. The hydration
reaction (eqn (1)) may be viewed as a two-step process in which
an oxygen vacancy first is filled by an oxide ion, followed by
protonation of two lattice oxide ions

vy +2¢/ +10,(g) = OF 3)

H,0(g) + 208 = 20H;, + 2¢/ +10,(g) (4)

Both processes may be regarded as Lewis acid/base reactions,
and an oxide’s hydration properties are often linked to its basi-
city through the electronegativity of the cations (for instance in
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the case of perovskites™®). In other oxide series, such as the rare-
earth sesquioxides and niobates, it seemingly to a large extent is
the size of the cations which determines the hydration proper-
ties.>' These two rather different empirical correlations reflect
the intricate nature of the hydration thermodynamics of oxides,
which we will elaborate on in the following section.

2 Hydration trends of binary and ternary oxides

For the perovskite series Ba(Zr;_,Y,)Os, Ba(Ce;_,Y,)O3_s and
1/2Bay(Sn,_,Y,)Os.5_s, Kreuer™ reported an increasingly
exothermic hydration enthalpy with increasing Y content, which
was attributed to increasing basicity of the oxide ions. This
observation has later been supported by computational charge
density analyses on Y doped BaCeOs,'” showing increasing
charge of the oxygen ions with increasing Y content. Norby
et al." proposed a more general correlation relating hydration of
oxygen vacancies to the difference between the electronegativity
of the B and A site cations within the perovskite series; the
smaller the difference, the more exothermic the hydration
enthalpy is. It has later been argued that the correlation also
holds for both systems in which B is more electronegative than
A, and vice versa.** The hydration enthalpy has also been
related to Goldschmidt’s tolerance factor of the perovskites; the
lower the tolerance factor, the more exothermic is the hydration
enthalpy.?’

In the case of the rare-earth sesquioxides, RE,O3, Norby and
Larring®?' showed that the enthalpy of hydration according to
eqn (1) becomes more exothermic with decreasing size of the
RE ion (and thus increasing stability of the oxides), attributed to
decreasing stability of oxygen vacancies.

For the scheelite structured rare-earth —ortho-niobates,
RENbO,, Haugsrud and Norby'® also showed that the hydration
enthalpies become more exothermic with decreasing size of the
RE ion. Further, for the structurally similar monazites, LaXO4
(X =P, As and V), only a minor dependence of the hydration
enthalpy on the X site element was encountered,® thus showing
that the two cations do not affect the hydration enthalpy in a
‘simple’ manner, such as for the perovskites.

For pyrochlore structured oxides, trends in the hydration
thermodynamics are more unclear. Knee ez al.'® investigated the
Sm,X,0; series (X = Ti, Sn, Zr and Ce) and found that
the hydration thermodynamics were dependent on the X site
element, with the smaller cations displaying the highest levels of
hydration. Furthermore, Sm,Ti,O, '® exhibits higher proton con-
ductivity than Er,Ti;O; which only displays a minor contri-
bution from protons to the bulk conductivity at the lowest
temperatures (7 < 350 °C).?* Eurenius ez al.'” also reported the
water uptake in the RE,Sn,O; (RE = La, Sm and Yb) to
decrease with decreasing RE size. This suggests that the
hydration enthalpy increases (less exothermic) with decreasing
size of the RE ion, i.e. opposite to the rare-earth sesquioxides
and niobates. In this respect, it is interesting to note that the
trends in formation enthalpy for the pyrochlore®® and monazite
REXO, (X = P and V)** series of compounds concur; the for-
mation enthalpy increases (less stable oxides) with decreasing
RE size, while it is opposite for the rare earth sesquioxides.
Furthermore, within the pyrochlore series, the deviation from the

ideal pyrochlore structure has been related to the rrg/rx ratio,
and the degree of anion and cation disorder increases when the
ratio decreases.>?° In this respect, Besikiotis er al.*’ recently
showed that the hydration enthalpies of the two end-members in
the series La,(Ce,Zr;_,),07 (x = 0 and x = 1) were similar,
whereas those of the substituted compositions were less exother-
mic. The behaviour was attributed to the gradual ordering of the
cation and anion lattice with increasing Zr content.

As trends in the hydration enthalpies most likely are depen-
dent on structural changes through a series of oxides, we have in
this work focused on pyrochlore structured oxides, which attain
the cubic Fd3m structure for a large variety of compositions. We
investigate the general defect chemistry and trends in the
hydration thermodynamics through the RE,X,0; pyrochlore
series by first principles density functional theory (DFT) calcu-
lations. The calculations are limited to selected compositions
with the ordered pyrochlore structure, i.e. RE;X,0, with RE =
La-Lu and X = Ti, Sn or Zr. For comparison, we also include
selected rare-earth cerates, RE,Ce,05, although these experimen-
tally take on disordered pyrochlore related structures.”® The
observed trends are, moreover, supplemented with thermogravi-
metric measurements (TG) of the water uptake in selected
RE,Sn,O; compositions. The trends are discussed in relation to
the bonding environment of protons and oxygen vacancies,
charge density of the oxide ions, and changes in the electronic
structure upon defect formation. Finally, the characteristics of
these pyrochlores are discussed and compared with existing
empirical trends for other series of oxides.

3 Experimental

La; 3CaSn,07_5, Sm; gCag,Sn,07_5 and Er; gCag2Sn,07_5
were prepared by the solid state reaction with La,O; (99.9%),
Sm,03 (99.9%) and Er,O5 (99.9%) supplied by Alfa Aesar. All
starting powders were dried at 950 °C for 1 h prior to weighing
due to their hygroscopic nature. Stoichiometric amounts of the
precursors were ball milled in isopropanol, calcined at 1000 °C
for 10 h in air, and finally remixed in a mortar before a second
calcination at 1350 °C for 10 h. Structural characterisation of the
as-prepared powders was performed by X-ray diffraction (XRD),
utilising a Siemens D5000 diffractometer with CuK,,; radiation.
All X-ray patterns could be refined in the pyrochlore (Fd3m)
structure, but also with minor amounts of CaSnOs;, indicating
that the solubility of Ca in the series of RE,Sn,O; is rather
limited.

The relative weight change as a function of temperature in wet
air (pp,0 = 0.025 atm) was studied by means of thermogravime-
try (TG) using a Netzsch STA 449 F1 Jupiter. The measurements
were performed isobarically as a function of temperature in
the range from 1000 to 300 °C. The samples were allowed to
equilibrate for 5 h at each temperature, with a cooling rate of
50 °C h™" between the temperature steps.

4 Computational methodology

4.1 Computational details

The calculations in this work were performed within the density
functional theory (DFT) formalism, using the VASP code.?**
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Exchange and correlation effects were described by the general-
ized gradient approximation functional due to Perdew, Burke and
Ernzerhof (GGA-PBE)*' and the projector augmented-wave
(PAW) method for the electron—ion interactions.>> A constant
cut-off energy of 500 eV for the plane-waves was used in all cal-
culations. Bader charge density analyses were performed on
selected compositions according to ref. 33.

As the Fd3m unit cell of RE;X,0; encompasses 88 atoms
with lattice constants of 10-11 A, a single unit cell was used in
all calculations. The pristine structures were optimised prior to
the defect calculations by relaxing all lattice volumes, shapes
and ionic positions until the residual forces were smaller than
0.02 eV A™', with an energy convergence criterion of 107 eV
for self-consistency. Defect calculations were performed with a
single defect in each cell with the total charge adjusted to reflect
the desired charge state of the defect.

Phonon calculations of the OHg defect and bulk O atoms
were performed using accurately optimised structures, for which
the convergence criteria were decreased to 107 ¢V A~' and
1078 V. The vibrational modes were calculated within the har-
monic approximation from finite displacements. In the case of
OHp, we allow displacements of the OHg itself and the two
nearest O atoms, while for bulk O we only displace the O atom.
A finite displacement length of 0.015 A in all directions was
used for all calculations.

Rare-earth pyrochlores encompass RE and X cations coordi-
nated to 8 and 6 O ions, respectively, two coordination-wise
non-equivalent occupied oxygen sites, O48f and O8b, and an
unoccupied interstitial site, v;g,. The O48f sites are located in the
XOg octahedron, and are thus coordinated to both the RE and X
cations, while the O8b sites are coordinated only to the RE
cations. Similarly, the unoccupied vig, sites are coordinated only
to the X site cation. Hence, we have in this work considered
defect formation at all oxygen sites, i.e. Vogy, Voasss OHogb,
OHouss, Of/xa and OH{X&

4.2 Thermodynamic formalism

All defect formation energies were obtained through

N
AGdfefect = é‘;‘feet - Ellz(t)}lk + Z Ani/ui + q(gf +A e) (5)
i=1
where Efngece and Eigyi are the total energies of the defective and
pristine supercells, respectively, An; is the change in the number
of atom i with chemical potentials x; upon defect formation.
Further, ¢ is the charge of the defect and &; is the Fermi level of
the pristine cell. Ae is an electrostatic term aligning the core
levels of the pristine and defective supercells in order to account
for the artificial interactions caused by the jellium background in
the charged, defective systems.*® Finite temperature and partial
pressure formation energies were obtained by including the
partial pressure dependencies and tabulated temperature depen-
dencies on all atomic chemical potentials in eqn (5),
according to

=15+ 1,(T, p°) +ka1n<%> (6)

where u,° are set to the total energies of the pure phases as
obtained through DFT, while y;(7,p°) are the tabulated tempera-
ture dependencies of the atomic chemical potentials.>> This
approach effectively neglects contributions from vibrational
changes within the crystal itself upon defect formation.
However, to estimate trends in the solid state vibrational contri-
butions to the thermodynamics of the hydration reaction
(eqn (1)), we have applied a simplified Boltzmann model where
all vibrational modes are assumed to be purely harmonic and
independent, with their free energies given by

G;(T) =%+kaln[l —exp(—%)] (7)
where v; are the vibrational frequencies. The first term thus rep-
resents the vibrational zero-point contributions to the enthalpy,
while the second term represents the vibrational entropic contri-
butions from a given lattice model.

Finite temperature/pressure defect concentrations are calcu-
lated from the defect formation energies according to

AGdfefect(T7 P)
kT

[defect]

N, s,defect

= Nc,defecteXp <7 (8)
where N gefect 1S the concentration of defect sites on which the
defect may form (for instance concentration of Og) and Ne defect
is the number of configurations per site the defect may
attain.*®” Finally, for each lattice site, the concentration of
species (i.e., defects and perfect occupants) must equal the con-
centration of lattice sites.

5 Results and discussion
5.1 Thermogravimetric measurements

Fig. 1 displays the concentration of water in RE,Sn,O; (RE =
La, Sm and Er) as a function of inverse temperature determined
from TG measurements in wet air (py,o = 0.025 atm). The water
uptake increases with decreasing temperature, reflecting the
exothermic nature of the hydration reaction (eqn (1)). In the case
of La,Sn,O; nominally substituted with 0.20 mol Ca per mol
oxide, the water concentration levels off at temperatures below
~450 °C attaining a constant value of ~0.042 mol H,O per mol
oxide, or 0.084 mol OHg per mol oxide. Given that thermal
equilibrium is reached at the lower temperatures, this saturation
reflects the limiting electroneutrality [Cakg] = [OHg], and thus
an effective acceptor concentration of 0.084 mol Ca per mol
oxide. This observation is in line with the segregation of
CaSnOj; observed in the XRD diffractograms (not shown here)
indicating that the nominal acceptor concentration is beyond the
solubility limit. We note that Eurenius er al.,'® for Sm,Sn,0
substituted with 0.08 mol Ca per mol oxide, determined the
proton concentration to be ~0.04 mol OHp per mol oxide at
300 °C, a factor of 2 lower than what we observe here. This devi-
ation could either reflect precipitation of the acceptor, or an un-
saturated material due to a non-equilibrium state in the
measurements of Eurenius ez al. Further, at a given temperature
(in the unsaturated regime), the water uptake increases in the
order Er - — Sm — La, and La,Sn,0; and Sm,Sn,07, more-
over, are saturated to higher temperatures than Er,Sn,O,, thus
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Fig. 1 Water uptake in Ca doped RE,Sn,O; (RE = La, Sm and Er) as
a function of inverse temperature in wet air. The symbols represent the
water uptake as measured by means of TG, while the lines correspond to
curve fitting of the data according to eqn (10).

indicating an effect of the RE ion on the hydration thermodyn-
amics, in line with Eurenius et alV’

Water uptake in nominally acceptor doped systems can be
explained by a simplified defect model where water dissolves
according to the reaction in eqn (1) with the acceptor concen-
tration, [Caky], thus being charge-compensated according to the
simplified electroneutrality

2[vg] + [OHg] = [CaRE] )

The hydration thermodynamics corresponding to the measured
water uptake may be quantified by the mass action law

(1M 1/N, o Vo)
(161 Moz Nes) ([oo}/zvs,og) (pro/pe)  (10)
= exp(AnyarS° /R)exp(—(AnyarH° /RT))

Khydr =

where Ng; and N.; are the concentration of defect sites and
number of configurations per site, respectively, as in eqn (8). As
both oxygen vacancies and hydroxide defects mainly are located
on the O48f site (see section 5.2) of which there are 6 per
formula unit, Ng; equals 6 mol per mol oxide for both defects
(for small defect concentrations). Further, there is only one
possible vacancy configuration per oxygen site, i.e. N, = = 1.
Our DFT calculations (and those of Bjérketun ez al.'®) show that
there are two possible orientations of the hydroxide defect (or
two low energy H positions) per O48f ion such that N_ ,;» = 2.
Finally, [O5)/Ns .0p 1s taken as unity. A combination of eqn )

and (10) yields the proton concentration

o - o ()
ol — 2 0
4<N N ) P

s,0Hg" Ve, OH,

8 (N< onr Neon; )2 [Car/u:]

x| =14+ ,|1+
KhydrN N (szO/p )

(11)

The standard enthalpy and entropy of hydration of the
RE,X,05 series were obtained by curve fitting eqn (11) to the
TG profiles, with [Cagge] = 0.084 mol per mol oxide as a first
approximation. The fitted curves are included in Fig. 1 and the
extracted hydration enthalpies of Ca-doped RE,Sn,O for RE =
La, Sm and Er equal —103 + 5, =76 + 8 and —44 + 10 kJ mol_l,
respectively.

5.2 First principles defect calculations

General defect chemistry of pyrochlores. The defect chem-
istry of acceptor doped pyrochlores depends on the relative for-
mation energies of the aforementioned defects, where the
concentrations must follow the electroneutrality condition (i.e.,
the complete form of eqn (9))

2[V5ase] + 2[Vogy] + [OHpuge] + [OHgg,]
= [OHj,] + 2[04,] + [A/] (12)

where A’ is a frozen-in acceptor and the defect concentrations
are obtained from their formation energies through eqn (8).
Fig. 2 displays the equilibrium defect formation energies (with
reference at the equilibrium Fermi level) at 800 K with py,o =

5— T T T
800 K
Py, = 1atm
4| Py = 0.025 atm Yol
>
O 3t H
<
<
o
& 2t 1
1]
=
O
< 1t E
ok 4
_1 1 1 1 1

Ce Zr Sn Ti

Fig. 2 Equilibrium defect formation energies in the series Sm,X,07
(X = Ti, Sn, Zr and Ce) at 800 K, pp,0 = 0.025 atm and po, = 1 atm as
obtained when solving the electroneutrality with [A'] = 0.084 mol per
mol oxide.
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0.025 atm and po, = 1 atm for the series Sm,X,07 (X = Ti, Sn,
Zr and Ce) with a modest acceptor concentration of 0.084 mol
per mol oxide. The most prominent change through the series is
the stabilisation of the two interstitial defects (O, and OHlg,),
and the two defects at the O8b site (OHpg, and vogp) with
increasing size of the X site cation (or decreasing rrg/rx). This
is in agreement with earlier computational studies which have
claimed that the stability of anti-Frenkel pairs increases with
decreasing rrp/rx.>>>° The formation energies indicate that such
defects are in complete minority in Sm,Ti,O, while they will be
significantly more prominent in Sm,Ce,O; where they even
display negative equilibrium formation energies (which corres-
pond to saturation of the defect site). Hence, while defect for-
mation mainly occurs on the O48f site for larger rrp/rx,
pyrochlores with more similar cations display a large degree of
anion disorder and occupation of the different oxygen sites, for
instance in the cerates, is close to indistinguishable. However,
the effect of order/disorder on hydration properties is outside the
scope of the present study and is covered in ref. 27 and 40.
Fig. 3 displays the computationally estimated defect concen-
trations in Sm,Sn,O; and Sm,Zr,0O; as a function of inverse
temperature with py o = 0.025 atm and po, = 1 with [A] =
0.084 mol per mol oxide. As elaborated in the preceding para-
graph, the most notable difference is the stabilisation of the Ola
in Sm,Zr,0; compared to Sm,Sn,0-, which manifests itself in a
dominating anti-Frenkel disorder at the highest temperatures. At
lower temperatures however, these defects are predicted to be in
minority with respect to the frozen-in acceptors. The dominating
positive defects are in all cases vougr and/or OHgpuge which
charge-compensate the acceptor according to eqn (9). The

Q
e & uc
O T T i | T T
A/
21 i
’CC)\ OH 51 Vot
'..3 -4+ i
©
&=
Q
O -6 .
€
o s Sm,Sn,0,
8 1 Ps= 1 atm
(S -
v;&b .OH:)% Pyipo = 0.025 atm
10 F b . 4
% ~
\ N,
. N\
A2 L \ L L N
1.0 1.5 2.0 2.5 3.0
1000T" /K"

concentration of OHgggy increases with decreasing temperature
and the materials are predicted to saturate and be completely
dominated by OHgggy at the lowest temperatures, in agreement
with the TG measurements (see Fig. 1). Finally, protons are pre-
dicted to dominate up to slightly higher temperatures in
Sm,Zr,07 compared to Sm,Sn,05 (see Fig. 3).

Hydration enthalpy trends through the RE,X,0; series. The
dominance of protons or oxygen vacancies is given by their rela-
tive formation energies, which may be quantified by the enthalpy
of the hydration reaction (eqn (1)). Computationally, the
hydration enthalpy is obtained through

AhydrH - 2AH(§H(')481" - AHVS);M (13)

Note that the enthalpies calculated according to eqn (13) are
purely of electronic nature and thus neglect zero-point vibrational
contributions. Fig. 4 presents the calculated Apyq,/1 as a function
of the ionic radius of the RE ion (RE = La—Lu) through the
RE,X,05 series (X = Ti, Sn, Zr and Ce) when constraining the
structure to that of an ordered pyrochlore. Within each X ion
series, the hydration enthalpy increases (less negative) with
decreasing size of the RE cation, i.e., in the order La — Lu.
Hence, the RE;X,0; oxides with the larger RE ions will be
dominated by protons to higher temperatures than those with the
smaller RE ions, in good agreement with the TG measurements.
Changing the X site ion has less impact; the hydration enthalpy
increases only slightly in the order Ti, Zr — Sn — Ce.

Vibrational contributions to the hydration thermodynamics.
The solid state vibrational contributions to the hydration

NS Qo B
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T T T T
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5
= g
[&) / i8a
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Fig. 3 Thermal equilibrium defect concentrations under wet, oxidising conditions (py,0 = 0.025 and po, = 1 in Sm,Sn,07 and Sm,Zr,07 with

[A’] = 084 mol per mol oxide.
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thermodynamics may be assumed to be dominated by the
creation of 3 additional lattice modes upon formation of each
OHpygr defect (one O-H stretch and two O-H wag modes) and
the 3 lattice modes upon filling of a vosgr (given by the
vibrational modes of a single O48f atom). We thus neglect
changes in the vibrational modes of the surrounding atoms, as
these contributions have been shown to be small.*! With the free
energy of each vibrational mode given by eqn (7) and by
accounting for the zero-point energy of H,O(g), the Gibbs
energy of hydration is obtained through (under py,o = 1 bar)

AnyarGO(T) = AnyarH

3 hv:one hv one
+ Z{Z L(;mef +kyTIn [1 —exp <7 Jl.col;uaxr)] }
b

i=1

3 hv; ox hv; ox
+ {Z#Jrkbﬂn[l - exp(fﬁ>] }

i=1

3
N {Z%%»Hﬁzo(z-) - SHZO(T)}

i=1

(14)
0 T T T T
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Fig. 4 Calculated hydration enthalpies (excluding zero-point

vibrational contributions) for selected pyrochlore structured RE;X,07
compositions (X = Ti, Sn, Zr and Ce).

where the values of v;y,0 are taken as those obtained in our
DFT calculations: 3840, 3730 and 1585 em™'. Linearisation of
eqn (14) vs. T'yields the average standard hydration enthalpy and
entropy (Anya1° and Apya,S°). AnyaI° derived from eqn (14),
consequently, contains zero-point contributions from H,O and
the additional lattice modes, and a contribution due to Hy,o(7),
in addition to the electronic part, Apyg/1, from the preceding
section. Ayyq,S” is similarly composed of the entropy of H>O(g)
itself and the contributions due to excitation of the included
lattice modes.

Table 1 lists the calculated vibrational frequencies of the
OHgysr defect and those of an O48f atom in selected RE,X,0-
compositions, as well as the corresponding ApyqH and ApyqeS°,
compared with Apyq/7 from the preceding section. For all com-
positions, the AyyqH® is somewhat less exothermic than Apyg
due to inclusion of zero-point energies, but the difference is
similar for all compositions due to the minor changes in the
vibrational frequencies through the series. Further, the Ayyq,S° is
in the lower limit of the average value of —120 + 40 J mol™
K~ as usually found experimentally for similar oxides, which
may reflect the simplifications of the model. Nevertheless, all
entropies are less negative than —215.15 J mol™' K~ as
obtained when neglecting all solid state contributions in
eqn (14), showing the significance of such contributions in the
hydration reaction. There is only a minor change in the entropies
through the series due to small changes in the vibrational fre-
quencies, which again reveals only minor structural changes
through the series. From eqn (14), the low-frequency modes, i.e.
the O48f modes and the two O—H wag modes, dominate the
solid state vibrational contributions to Ahyd,SOA While the two
O-H wag modes are comparable for different series of oxides,
the O modes are more dependent on the bonding environment
and structure. Hence, we suggest that the hydration entropy is
comparable for structurally similar oxides without large sym-
metry changes (e.g. within the pyrochlore series) while it may
vary more betSween different structural classes (e.g. pyrochlore
vs. monazite). Consequently, the major change in the hydration
thermodynamics through the pyrochlore series is Ayyqg./7, which
we will elaborate upon further in the following section.

Effect of bonding and electronic structure on defect stability.
As formation of both OHpggr and vougy represents forming and
breaking various bonds, the individual contributions to the
hydration enthalpy may be addressed from changes in the site
projected electronic density of states (DOS) upon defect
formation.

Table 1 Calculated vibrational frequencies of modes corresponding to the OHpggr defect and an O48f atom, ApyarH as reported in Fig. 4, and

ApyarH® and Apyq,S° as obtained through linearisation of eqn (14)

OHpyg/cm™" 048f/cm™!
AnyacH AnyarH® ApyarS®

Vi vy V3 Vi V3 kJ mol™! kJ'mol™! Jmol™' K™!
SmyZr,07 3531 826 719 590 320 312 =77 —68 —165
Sm, Ti, 07 3410 829 780 533 344 306 =77 —68 —166
Sm,Sn,0, 3431 998 771 579 370 283 -70 —60 —168
Er,Sn,0, 3471 980 790 623 372 297 =23 -12 -170
La,Sn,04 3471 980 790 623 372 297 -91 -82 —167

13348 | Dalton Trans., 2012, 41, 13343-13351

This journal is © The Royal Society of Chemistry 2012



2 ——Bulk O
g 0O4sf
s Ly E OHOASV |
2
© = <=
- 2s
N i
8 ;
o 2s
o
4]
o
2,
)
Q.
2
-25 20 -15 -10

Energy / eV

—BulkSm ——BukTi

12 {
k= "Sm1 - OHy, | s THTI2 - Oy
S e Sm2 - OHy,,
el ¥
S =» | L
s '
(%] 2.
o )
o
8 ——Bulk Sm ——Bulk Ti
8 e | s THITI2 = Vg
ko3 B
9 |
g <
2 f |
A d
-25 -20 -15 -30 -25 -20
Energy / eV

Fig. 5 Site projected DOS in Sm,Ti,O; for (a) O™ and OHg, and (b) cations in bulk and on sites next to OHg and vo, respectively. The valence

band top is set to 0 eV.

Table 2

‘Band energies’ of various contributions to the hydration enthalpy from integration of the partial DOS; inclusion of H bonding states (Ey),

downward shift of O48f states upon OH formation (AEq,g¢), shifts in RE (AEgg) and X (AEx) states due to OHg,gs formation and filling of visgy, the
energy g%in of filling a voage (energy of an O48f ion, AEq4sr) and the sums of the contributions from the two defects and the corresponding
an

Apyar

Formation of OHpggs (X2)/eV Filling of vossieV

Ey AEoass AERg AEx Sum Eoage AERg AEx Sum Ahyderand/eV
Lu,Ti,0, 54 -7.0 —0.1 +1.4 —11.1 —18.6 —-1.4 +0.2 -19.9 —42.0
Er,Ti,07 54 -7.1 —0.1 -0.6 —13.0 —18.6 -0.6 -1.3 -20.5 —46.5
SmyTiO, —5.4 ~76 ~0.5 +0.1 ~133 —208 _13 —03 234 ~50.0
Sm,Sn, 0, -5.0 -10.9 +1.4 -5.2 —19.6 -25.1 +1.9 +13.8 -9.4 —48.6
Smy,Zr,0, —6.2 -9.1 —-0.4 -0.4 16.1 —17.8 -1.8 +2.4 -17.2 —-49.4
Sm,Ce, 07 5.4 -8.9 +0.2 -0.5 —-14.7 —153 -2.3 +4.8 —-12.8 —422

As illustrated in Fig. 5 for Sm,Ti,O;, OHgyugr formation and
Voags consumption result in:

— Inclusion of H bonding states (Fig. 5a) — ‘E};” in Table 2.

— Stabilisation of the O48f ions as represented by the down-
ward shift in O48f states upon O-H bond formation
(Fig. 5a) — ‘AE4s¢” in Table 2.

— Filling of vouge which is represented by the bulk O48f
bonding states in Fig. 5a — ‘Ep4g¢” in Table 2.

— Shift in nearest neighbour RE and X ion states upon OHoggr
formation and vg4ge consumption (Fig. 5b) —AERg’ and
‘AEY’ in Table 2.

These contributions may be quantified by changes in the

‘band energy’ as obtained by integration of the partial DOS,
EPOS, for given ions

Ei=EVBM

EPOS = Z D(g)eiAe

£=—00

(15)

where D(g;) is the calculated DOS at energy &;. Table 2 summar-
ises the resulting band energies of the different contributions.
The trend in the Apyge and - matches the trend of AnyarH; the
enthalpies become less exothermic with decreasing RE radii, and
only slightly less exothermic in the order Ti, Zr — Sn — Ce.
The individual contributions indicate that these changes are due
to variations in the stability of both OHpagr and vissr. In the
series Sm — Er — Lu, both the energy gain of forming two
OHpugr and that of filling the voug¢ decrease (i.e., less stable

protons and more stable oxygen vacancies with decreasing RE
size). The variation is mostly due to a decreasing contribution
from AEqugr (i.e., the stabilisation of the O ions by bonding to
H) and Eougr (i.e., stability of O48f ions). However, upon chan-
ging the X site ion, variations in the different contributions are
to some extent counteracting. The energy gain of forming two
OHoyss increases (less stable protons) in the order Sn — Zr —
Ce — Ti, whereas that from filling a v(4gr increases (less stable
vacancies) in the order Sn — Ce — Zr — Ti. Overall, this results
in a less pronounced overall effect on the hydration enthalpy.
The fact that AEg4sr and Eogge vary in a concise manner through
the RE ion series indicates that these contributions and variations
in the hydration enthalpy through the series may be related to
shifts in the bonding nature (degree of ionicity) and stability of
the O48f ions (or stability of the oxide). The effects of changing
the X site ion seem less conclusive and such factors vary and
affect the defect stability and hydration thermodynamics in a
more complicated manner.

Bonding nature. Table 3 lists the Bader charges of the RE, X,
0O8b and O48f ions for selected RE,X,0; compositions as emer-
ging from the Bader partitioning of the bulk systems. Within the
RE,Ti,O7 series, the charge of the RE cation increases while
that of the two oxide ions becomes more negative in the order
Sm — Lu, thus indicating increased ionic character through the
series, in line with the predictions by for instance Kennedy
et al** There is a similar effect of changing the X ion; the X site
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Table 3 Bader charges of selected pristine RE;X,0; compositions

RE X 08b 048f
Lu,Ti,O, 2.8 2.35 ~1.66 ~1.30
Er,Ti 0, 227 2.34 -1.65 —1.29
Sm,Ti,0; 2.16 2.34 -137 —127
Sm,Sn,0, 2.18 2.46 ~1.38 ~131
SmyZr,0; 2.18 2.57 -1.39 ~135

ions become more positive and the O48f ions become more
negative in the order Ti — Sn — Zr, while there is only a minor
change in the Sm and OS8b ions, indicating increasing ionic
character of the X—O48f bond. Further, the change in the O48f
ion polarisation upon X site ion substitution is approximately
twice that of the change from La to Lu.

In the literature, one of the hypotheses has been that the
hydration enthalpy correlates with the basicity of the oxides."®
The basicity, and therefore in principle also AyyqH°, should cor-
relate with the Bader charges of the O48f ions. However, we do
not observe any such simple correlation in this work (Fig. 4 and
Table 3). Interestingly, the change in the Bader charge of the
048f ion is most pronounced upon changing the X ion, or oppo-
site to the change in AyyqH°. Further, from the band energies in
the preceding section (see Table 2), it is clear that the AyyqH°
trend from La — Lu is due both to destabilisation of protons and
stabilisation of vacancies, which thus mainly may be attributed
to the decreasing oxide stability through the RE series. Similarly,
upon changing the X site ion, the defects are affected by stabilis-
ation of the oxide ions, but the effect is to some extent counter-
acted by the more pronounced shift in the degree of ionicity and
048f polarisation, and the Auyq/° thus varies in a more
complex manner upon changing the X site ion.

5.3 General hydration trends

As elaborated in the preceding section, the hydration enthalpy of
RE,X,07 pyrochlores for a given X ion correlates with the size
of the RE ion, which is attributed to destabilisation of the oxide
and increasing degree of ionicity for smaller RE ions. Fig. 6 dis-
plays the obtained hydration enthalpies versus the calculated
oxide formation enthalpies and the ryrp/ryx ratio, respectively.
There is no clear trend in either the formation enthalpy or in the
rre/rx ratio that applies to all series. However, within a given
X-ion series, the hydration enthalpy clearly correlates with both
parameters, as both reflect the stability and bonding nature of the
oxides.

The hydration enthalpy of rare-earth pyrochlores displays the
opposite dependence on the RE ion compared to rare-earth ses-
quioxides (RE,05)? and rare-earth ortho-niobates (RENbO,).'°
This may indicate larger changes in the O ion polarisation upon
reduction of the RE ion size in the two latter series than in the
pyrochlores. Nevertheless, also in these systems, changing the X
ion has a smaller effect on the hydration properties than the RE
ion (e.g. LaPOy4, LaAsO4 and LaVO4)8'g which as for the pyro-
chlores can be due to counteracting effects from changes in O
ion polarisation and stability of the oxides.

For ABO; perovskite oxides, the hydration enthalpy has been
correlated with the difference in electronegativity of the A and B
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Fig. 6 Hydration enthalpies versus the formation enthalpy (from DFT
calculations) and versus the rrp/rx ratio of the RE;X,07 (X = Ti, Sn, Zr
and Ce) pyrochlore oxides.
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cations'?° and related to the basicity of the oxide ions. As elabo-
rated in this study, this trend may rather reflect changes in the
oxide stability and degree of ionicity, which also depends on the
electronegativity of the two cations. A detailed study of the
stabilisation of protons and oxygen vacancies with bonding
nature and stability of the oxides through different classes of
oxides will be pursued to elaborate on more general hydration
trends.

6 Summary

Comparative DFT calculations and TG measurements have been
employed to elucidate the trends in the defect chemistry and
hydration properties through the pyrochlore structured RE;X,0-
(RE = La—Lu and X = Ti, Sn, Zr and Ce) series of compounds.
The DFT calculations reveal that, in systems with large rrp/rx,
the dominating positive defects are vugr and/or OHpage which
charge-compensate acceptor dopants. In systems with smaller
rri/rx, however, the interstitial defects Ol, and OHl,, and
defects at the second oxygen site, OHpg, and vogy, are stabil-
ised, and such oxides therefore display a large degree of anion
disorder.

Total energy and phonon calculations within the DFT approxi-
mation reveal that trends in the hydration thermodynamics
through the pyrochlore series to a large extent are dominated by
electronic (binding) contributions. Hydration entropies obtained
from phonon calculations and a simplified Boltzmann model are
comparable for all included series due to only small changes in
the vibrational characteristics of oxygen ions and protons. The
hydration enthalpies obtained with DFT calculations become
more exothermic with increasing size of the RE ion, while the
effect of changing the X site element is smaller. These compu-
tational findings are in good agreement with TG measurements
on Ca doped RE,Sn,O; (RE = La, Sm and Er), which show
increasing water uptake (at a given temperature) and more
exothermic hydration enthalpies with increasing RE ion size.
The relative contributions from formation of protons and filling
of oxygen vacancies to the hydration enthalpy were quantified
by integration of the calculated partial DOS. The increasing
hydration enthalpy with decreasing RE ion size is attributed to
destabilisation of protons and stabilisation of oxygen vacancies,
i.e., additive contributions, through the series. This stabilisation
is related to both increasing stability of the oxide and increasing
degree of ionicity in the same order. The smaller effect of chan-
ging the X site element is similarly explained by counteracting
contributions from stabilisation of both protons and oxygen
vacancies. Hence, within each X ion series, the hydration enthal-
pies correlate with the size of the RE ion, or the rrp/rx ratio,
while no general trend applying to all series was found.
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5. Discussion beyond the manuscripts

“So he [Democritus] thinks that they hold to on to one another and remain together up to
the time when some stronger force reaches them from their environment and shakes them

and scatters them apart”
Aristotle

On Democritus Fragment 208

A common characteristic of the systems investigated in manuscripts II and III is the
negligible grain boundary resistance. This characteristic was not discussed in the relevant
manuscripts, as it was beyond the scope of each manuscript. In this last part of the thesis I
provide an exploratory discussion on the negligible grain boundary resistance of

L32C6207.

On the grain boundary conductivity of lanthanum cerate

In manuscript II we show that La,Ce,0O7 in terms of defects and transport behaves as 50%
La-doped CeO,. The deconvolution of the impedance spectra at 400 °C under wet,
deuterated, and dry O, revealed no grain boundary contribution to the total impedance of
the system. On the other hand this is not the case for undoped or moderately doped CeO,.
An early study on the electrical behaviour of acceptor-doped CeO, by Gerhardt and
Nowick [41], showed that what they called “grain—boundary effect” leads to a greatly
reduced ionic dc conductivity for CeO, doped up to 6% with La®", Y**, Gd*". The same

phenomenon is also observed for other state-of-the-art oxide ion conductors i.e. Y-doped
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ZrO, [42], and proton conductors i.e. Ca-LaNbOy [43], Y-doped BaZrOs; [44-46], and
Gd-doped BaCeO; [47] revealing high grain boundary electrical resistance. Possible
applications of these oxides as electrolytes in fuel cells can be limited because of

dominating grain boundary resistance.

In the relevant literature two different explanations have been advanced to account for
this high resistance: symmetry reduction and space-charge layers. In the former the
reduced symmetry of a grain boundary is expected to hinder the migration process, since
proton migration in perovskites, which occurs by the Grotthuss mechanism, is known to
be sensitive to lattice symmetry [48, 49]. In the latter, the high resistance of the grain
boundaries is attributed to an intrinsic effect of negatively charged space-charge layers
created in response to the positively charged grain boundary core by accumulation of
oxygen vacancies to relieve mismatch stress [50-52]. This charge is compensated by
accumulation of acceptor dopants and a depletion of positive defects, including protons,
in the adjacent space charge layers (cf. Fig. 5.1). The experimental study of Guo and
Waser [53] on the electrical properties of the grain boundaries of acceptor-doped CeO,
and ZrO, provided sound indications that space charge layers are present. In the following
I will speculate around the grain boundary conductivity of La,Ce,O7 providing in parallel

aspects of space-charge layer theory.

From an electrical point of view, a grain boundary consists of a grain boundary core and
two adjacent space-charge layers (cf. Fig. 5.1). The grain boundary core is structurally
different from the bulk. The intercept between the grain boundary core and the space-
charge layer is positioned at x = 0. The size of one space-charge layer is given by the
space-charge layer width A*. The two space-charge layers are, in structural terms, part of
the bulk of the crystal. Hence, it is reasonable to assume that the mobility of the charge
carriers in the space-charge layer is equal to what we find in the bulk of the crystal. The

electroneutral part of the bulk crystal is termed grain interior.

92



A Grain boundary core A
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Figure 5.1 Simplified illustration of the space charge layer theory.

The grain boundary core may in principle be positively or negatively charged. In this
occasion we assume that the grain boundary core is positively charged, with oxygen
vacancies being responsible for this charge. The positively charged core will give rise to
charge-compensating layers of so-called space charge around the core. As a result, a non-
uniform electrical potential ¢ in the space-charge layers develops. The space-charge
potential A (0)10 is the potential at the grain boundary core at x = 0 relative to the grain
interior at x = o0, Ap(0) =d(0) - d(e0), cf. Fig 5.1. Ad(0) increases with the excess of
oxygen vacancies being transferred to the core. The higher the Ad(0), the more severe
the depletion of the oxygen vacancies in the space-charge layer is. Thus, Ad(0)

phenomenologically scales with the grain boundary resistance.

The formation of a space-charge layer is driven by differences in the standard chemical

potential of charged point defects between the grain interior and the grain boundary core:
A = e — iy CRY

where ¢ and gi denote grain boundary core (x = 0) and grain interior (x = ),
respectively. A negative Ay} indicates that the defect prefers to reside in the grain

boundary core. If the defect is mobile, then it will segregate to the grain boundary core,

1t is also called the Schottky barrier height.
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electrically charging it in the process, forming charge compensating space-charge layers.
The system lowers its Gibbs free energy by redistributing defects between grain-boundary
core and grain interior, but there is a penalty of having charge separation. The equilibrium
corresponds to the minimum in overall Gibbs energy, and with the electrochemical
potential of all mobile defects being constant across the grain interior and grain boundary
regions (actually the entire sample) [48]. In the case of La,Ce,04, treating it as 50% La-
doped CeO,, there are three defects that may redistribute between the bulk and the core:
acceptor-dopants, oxygen vacancies and protons. In the treatment here we consider the
Mott-Schottky approximation where the acceptor-dopant cations are immobile. Thus,
there are only two thermodynamic driving energies for space charge formation, namely

Au&; and A,ug%.

The electrochemical potential of a mobile oxygen vacancy as a function of distance x,

assuming unity activity coefficient, is:
vy () = ugé. + kpTInc,: (x) + edp(x) (5.2)

where cye(x) is the volume concentration of oxygen vacancies at position x from the

grain boundary core, kg is the Boltzmann constant and T the temperature. At equilibrium,

where 7,5 (x) = 1z (), the difference in the electrical potential at position x in the

space-charge layer referenced to the potential in the grain interior, Ad(x) = d(x) - p(o0),

is given by:
kBT Cv"(oo)
Adp(x) = —In—2—= 5.3
@ = Inoirs (5:3)
and, consequently:
e () (eAd)(x))
) = exp T (5.4)
From the Poisson equation we have:
d?Ad(x) 1
oz —EQ(X) (5.5)
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where ¢ is the dielectric permittivity, and Q (x) the net charge density in the space-charge
layer at position x. Considering that oxygen vacancies are strongly depleted in the space-

charge layer, the net charge density can be considered to be governed by the acceptors:
Q(x) = e(2¢yy — Cpees) ® —€Cpes (5.6)
substituting eq. 5.6 to 5.5 the Poisson equation reads:

d2Ad(x) 1
dx? = EecAcc/ (57)

By integration of eq. 5.7 (see De Souza et al. [48]) one obtains the relationship between

Ad(0), the core charge (., and ¢, ./, given by:

2

kgT
e~ T (5.8)
8ecy s ze

Ad(0) =

Defining the Debye length, Ly, for this case as [46, 54]:

Lp = <ﬂ>E (5.9)

2
2e%Cpc/

and the effective space-charge layer width, 1%, as:

r =21, <eAc|)(0)>7 _ (28A¢(0)>7 (5.10)

kgT eCpce/

the concentration of the oxygen vacancies in the space-charge layer at position x will be

given by:

Cv(')'(x) _ 1/x—A" 2
e = exp [_5( I ) ] (5.11)

For x > A%, we obviously have cy; () = ¢yz(x). Similarly the expression for the

concentration of protons will read:
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Cony (¥) 1/x— 2%
—COH(')(OO) = exp [_Z< I ) ] (5.12)

From the formalism presented above it is apparent that systems with lower dopant

concentrations are expected to reveal larger space-charge layer effects.

Fig. 5.2 shows the variation of A¢(0) as a function of dopant concentration based on
eq.5.8 at 400 °C. The input value for Q. was calculated from the A¢p(0) of 10% acceptor
doped CeO, as reported by Guo and Waser [53]. It is interesting to note that the vertex of
the hyperbola appears approximately at 10% doping, and above 30% doping the decrease

is less pronounced.
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Figure 5.2 The potential at the core, A$p(0), as a function of La® doping at 400 °C.

From eq. 5.8 Ad(0) is 0.25 and 0.07 V for 10 and 50%-La doped CeO,, respectively.
Inserting these values to eq. 5.10 the A* for the two doping levels can be obtained.

Assuming a defect scenario where oxygen vacancies are charge compensated by the
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acceptors, 2¢yx () = ¢,/ , the concentration profile of oxygen vacancies in the space-
charge layer at 400 °C, based on eq. 5.11, can be plotted as shown in Fig. 5.3. It is evident
from Fig. 5.3 that the decrease of Ad(0) by increasing the doping level results in a
decrease in A*, justifying the decrease of the grain boundary resistance with increasing the
acceptor doping in CeO, as it is reported in literature [41, 55]. Hence, a reasonable
assumption to make based on the behaviour of La,Ce,07 as 50%-La doped CeO,, is that
heavy doping dramatically decreases Ad(0) (cf. Fig. 5.2) and in turn also the grain

boundary resistance.
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Figure 5.3 1" and concentration profiles of oxygen vacancies in the space charge layer for 10 and 50% La
doped CeO, at 400 °C.

Under wet O, (pH,0 = 0.025 atm) at 400 °C our findings in manuscript II suggest that
protons contribute to the ionic conductivity of La;Ce,O5. In this case the electroneutrality

condition reads:

cony () + 2¢yy () = ¢/ (5.13)

97



The impedance spectra recorded at 400 °C shown in Fig.3 in Manuscript II reveal no

grain boundary resistance for La,Ce,O7 neither in wet nor in dry O;.

Based on the thermodynamic and transport parameters, reported in manuscript II, the
concentration of oxygen vacancies and protons in the grain interior can be obtained, and

the concentration profile of oxygen vacancies and protons in the space-charge layer can
be plotted, cf. Fig 5.4.
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Figure 5.4 2" and concentration profiles of oxygen vacancies and protons in the space charge layer of
La,Ce,0; at 400 °C and pH,0 = 0.025 atm.

From Fig. 5.4 it is evident that under wet O, (pH,0 = 0.025 atm) at 400 °C protons are
marginally the main charge carrier both in the grain interior and in the space-charge layer,

while the depletion of oxygen vacancies in the space charge layer is more severe due to

their double effective charge.
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In conclusion the behaviour of La,Ce,O; as 50% La-doped CeO, rationalizes the
negligible grain boundary resistance attributed to the low Ad(0) and A* stemming from

heavy doping.
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6. Summary and outlook

“Every man has his own circle composed of trees, animals, men, ideas, and he is in duty

bound to save this circle. He, and no one else. If he does not save it, he cannot be saved”

“Free yourself from the simple complacency of the mind that thinks to put all things in
order and hopes to subdue phenomena. Free yourself from the terror of the heart that

>

seeks and hopes to find the essence of things’

Nikos Kazantzakis

Ascesis: The saviors of god, 1927

Every generation is confronted with new challenges and new opportunities. Fossil-fuels
have offered astounding opportunities to the mankind and especially the rich western
world. The technological advances around the utilization of fossil-fuels made energy
available to a degree that mankind never experienced before. Now mankind is facing the
challenges arising from fossil-fuel exploitation. The proven reserves of fossil-fuels are
progressively decreasing, and their continuous use produces harmful effects on humans
and the environment [56, 57]. Energy improves people’s standard of living, as it is
embodied in any type of goods and is needed to produce any kind of service. If we want
to decrease the disparity, in terms of quality of life, between developed and developing
countries, we have to make energy available and be able to produce it in a sustainable
manner. Therefore broadening the spectrum off available and sustainable means of energy
production is crucial. This thesis attempted an understanding of the fundamental
properties governing the ionic behavior of pyrochlores and disordered fluorite oxides.
These oxides can be employed for energy production, namely, as electrolytes and
electrode components in PC-SOFCs.

Proton conductivity is a main materials’ property that determines the suitability of
pyrochlores and disordered fluorite oxides as electrolytes in a PC-SOFC. In these oxides
protons are natively neither part of the structure nor of the stoichiometry. They are
introduced from the surrounding environment notably hydrogen or water, charge

compensating negative defects which are part of the nonstoichiometry or structure of the
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material. In that respect hydration thermodynamics and defect chemistry of pyrochlores

and disordered fluorite oxides, are of great importance.

In manuscript I with the aid of DFT we elucidated trends in the general defect chemistry
and hydration enthalpy of RE,X,0; (RE = La-Lu and X = Ti, Sn, Zr and Ce) series. The
hydration of selected compositions was also studied by means of TG, in order to justify
the use of DFT calculations. The latter showed that the hydration enthalpy becomes more
exothermic with increasing size of RE ion, while the effect is smaller when changing the
size of the X ion. These computational findings were in good agreement with TG
measurements on Ca doped RE,;Sn;0; (RE = La, Sm, Er), that showed an increase in the
water uptake (at a given temperature) and a more exothermic hydration enthalpy with
increasing RE ion size. Moreover, the DFT calculations showed that systems with large X
site ions, such as cerates, are predicted to behave as disordered systems with defect
formation occurring among the different oxygen sites; whereas systems with smaller X

site ion behave as ordered pyrochlores with defect formation occurring on the O48f sites.

Traditionally the enhancement of ionic conductivity is achieved by acceptor doping. Yet,
compounds without acceptor doping, and with inherently defective disordered structures
are found to exhibit comparable levels of ionic conductivity. Our study in manuscript II
showed that La,Ce,05 has a disordered, oxygen deficient, fluorite crystal structure acting
effectively as 50% La-doped CeQO,. The electrochemical characterization by means of
impedance spectroscopy in the temperature range 1000-200 °C and as a function of water
vapour and oxygen partial pressure showed that oxide ion conductivity dominates at high
temperatures, while protons are the main charge carrier at temperatures below
approximately 450 °C. Moreover, based on the derived defect chemical model it was
found that La,Ce,07 may fill all its oxygen vacancies, 1 out of 8 sites, with water, all the

way down to room temperature, replacing the positive charge by protons.

We continued our studies on disordered systems and in manuscript III. There, we
investigated the influence of order/disorder on the on the ionic conductivity and hydration
enthalpy in undoped and acceptor, Ca’’, doped fluorite and pyrochlore structured
lanthanum cerate-zirconate oxides. Our study revealed that, the contribution from the
ionic conductivity increases and the hydration enthalpy becomes more exothermic with

increasing disorder. Moreover, it was found that the ionic conductivity decreases upon
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acceptor substitution of La’* with Ca®". This was interpreted to reflect trapping of the

. /
mobile ions by the acceptor Caj,.

A common characteristic of the above mentioned systems is the negligible grain boundary
resistance. As we show in the discussion part of this thesis by exemplifying La,Ce,07, the
negligible grain boundary resistance is attributed to the low Ad and A* of the system,

stemming from the high acceptor doping level.

Coming to the electrodics part of this thesis, in manuscript IV, we discussed the influence
of the incorporation of the ionic phase on the cathode performance. We tested composite
cathodes of La;NiO4 and LassWO;;4 in different ratios, using LascWO;;4 as the
electrolyte. The cathode with the single phase La;NiO4 and the cathode with 50 wt.%
La;NiOy revealed comparable to each other, polarization resistance, and for the composite

cathode with 50 wt.% La,NiO4 we elucidated the rate determining step.

Concluding this thesis and addressing the main findings; in the first manuscript we found
that the hydration thermodynamics of RE,X,07 (RE = La-Lu and X = Ti, Sn, Zr and Ce)
series depend on the RE ion radii, and that the formation of oxygen vacancies on the 85
site and oxygen interstitials on the 8a is also favorable, in addition to the vacancies at the
48f site when substituting Zr*" with Ce*", cf. Fig.6.1. The latter helped us to explicate the
effect of cation order/disorder on the hydration thermodynamics and ionic conductivity
on lanthanum cerate-zirconate based compounds in manuscript III, where we found that
increasing cation disorder favors the hydration and the ionic conductivity of the studied

systems, cf. Fig.6.2.
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Figure 6.1 (a) Hydration enthalpies versus the rge/ry ratio of RE,X,0; (X=Ti, Sn, Zr, Ce) series (b)
Equilibrium defect formation energies in the series Sm,X,0; (X=Ti, Sn, Zr, Ce) at 800 K, py,(=0.025 and

Po,=1 atm as obtained when solving the electroneutrality with [Ca{m] = 0.01 mole fractions.
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Figure 6.2 (a) Hydration enthalpy, AHﬂYdr determined from TG-DSC measurements for (La,.,Ca,),(Ce;.
«Zry)207.5 (y=0, 0.02, 0.10 and x=0, 0.50, 0.75), vs. cation order factor ¢ and ¢ /7 (b) Total conductivity
of (La,.,Cay),(Ce;.,Zr,),07,5 (y=0, 0.02, 0.10 and x=0, 0.50, 0.75)vs. cation order factor ¢ at 800 °C
(dominating oxide ion conductivity) and 350 °C (dominating proton conductivity) under wet O,, pH,0=
0.025 atm.

In manuscript II, based on room temperature neutron and powder X-ray diffraction we
found that the average crystal structure of La,Ce,O7 is well described as disordered
fluorite. Moreover, we developed a defect chemical model founded in thermogravimetry
and conductivity data, and derived the thermodynamic and transport parameters of the

system, cf. table 6.1

Table 6.1 Thermodynamic and transport parameters extracted from modelling of partial and total
conductivity data, and from TG and TG-DSC measurements

AS}, AHy, Uy AH . Uy o AH

Hyd mH m,0°

[Jmol™K'] [kImol'l  [em*K-V's'] [kImol] [em* K-V [kg-mol]

-125+ 12 93412 113+7 81+3 5000+ 800 108+2
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Finally, in manuscript IV we found that, the incorporation of the ionic phase in the
cathode did not decrease but instead increases area specific polarization resistance. This
was explained by the loss of MIEC surface area in the composite cathode as compared
with the single phase cathode. Moreover, our analysis on the rate determining step for the
composite cathode with 50 wt% ionic phase, revealed that the process related to

dissociative adsorption of O, had the highest activation energy.
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Appendix

EFFIPRO summary

This work has been part of the EFFIPRO project: EFFlIcient and robust cell with novel
ceramic PROton conducting electrolyte, funded by the European Union FP7. EEFIPRO
explored the use of novel Sr- and Ba-free stable oxides that may make an efficient PC-
SOFC also robust. It took as starting point the discovery at University of Oslo (UiO) in
2004 of Ca-doped LaNbO4 (LCN) [58] as the best among a new class of stable but
modest proton conductors [43], which require novel electrodes and fabrication of thin
film electrolytes. The aim was not to assemble a complete cell, rather to reach
quantifiable goals of electrolyte thickness, conductivity, and electrode polarisation of
support-anode-electrolyte and cathode-electrolyte assemblies. During the course of the
project, it became clear that LCN or other LaNbO, class formulations could not be
brought to the targeted conductivity, and could not sustain cathodes anywhere near to the
set targets of the project. At midterm they were replaced with the emerging “LagxWO,.
sx2” (LWO) class of proton conducting oxides. LWO was found to be most stable, also in

CO,, with proton conductivity of 0.0015 S/cm satisfying final target.

LWO reacts with NiO and for that reason EFFIPRO investigated Sr-doped LaCrO; as
barrier and functional anode. A 2.5 um LWO electrolyte was made by pulsed layer
deposition (PLD) on a porous LSC layer spray-deposited on an alloy support, the first so-
called 3™ generation PC-SOFC structure reported. Other developments included Ni post
sintering infiltration and reductive precipitation of catalytic Ni nanoparticles from Ni-
substituted LSC. As cathode for LWO we investigated substituted, infiltrated, and
nanostructured LaMnQOj; and La,NiO4 as well as the fundamentals of La,Ce>O7 as mixed

conducting electrode component.

EFFIPRO counts 7 partners in 5 countries coordinated by UiO (cf. Table A1). It has met
the majority of its milestone targets and at closure lists 1 patent, 11 articles, and 26
presentations. It has led to several follow-up projects to make PC-SOFC an effective

alternative for the emerging hydrogen economy.
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Figure Al. a) 7 um LCN on Ni_LCN cermet b) LCN between supported functional anode and cathode c)
3" generation PC-SOFC; coarse alloy support, fine LSC anode and thin dense LWO (hardly visible) d)
close-up of the same LWO on LSC.

Table A1l. List of EFFIPRO partners.

Partner name abbreviation Country
University of Oslo uio Norway
Centre National de la Recherche CNRS France

Scientifique; Institut des

Matériaux Jean Rouxel, IMN

Inst. Chemical Technology, U.P. CSIC-ITQ Spain
Valencia/CSIC

SINTEF SINTEF Norway
Forschungszentrum Jilich JULICH Germany
Fuel Cells and Solid State RIS@-DTU Denmark

Chemistry Department, Risg
National Laboratory for
Sustainable Energy, Tecnical

University of Denmark

Ceramic Powder Technology AS CERPOTECH Norway
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Substrate/anode/electrolyte

An objective of EFFIPRO is to develop a stable, thin anode-supported proton conducting
electrolyte. The goals at midterm were 5 pm electrolyte with area specific (ASR) of 0.5
Qcm’ and an anode polarization ASR of 0.5 Qcm?, both in wet H; at 800 °C. Target at the
end of the project was to have a 3 pm electrolyte with ASR of 0.2 Qcm” and an
electrochemical anode ASR of 0.2 Qcm? at 700 °C. The electronic conductivity of the
anode material should surpass 100 S/cm at midterm and 200 S/cm at the end of the
project. The work has been done between three partners that offer partly complementary
and partly overlapping technologies and were assigned three different routes — partly
complementary and partly overlapping but most of all focusing on the different layers that

make up the half-cell.
Substrate/anode/LWO electrolyte

At midterm when EFFIPRO changed electrolyte material from LCN to LWO the
development of substrate, anode, and cathode started from scratch. La;4SrxCrO; (LSCO)
was chosen as candidate anode functional layer between the Ni in the cermet and the
LWO, as they are known to react. The options were narrowed down from the work on
LCN in order to succeed making LWO-based systems in the remaining time. JULICH
would use standard Ni-YSZ SOFC substrates instead of developing new ones for LWO,
since the LSC layer would in any case come in between. SINTEF would deposit LSC and
LWO on anode-alloy substrate. RISO-DTU would contribute with LWO electrolyte film
deposition on JULICH and SINTEF anodes, and with testing them. Finally, UiO would
assisted with its pulsed layer deposition (PLD) facility to study the effect of the inclusion
of a 400 nm dense film of LSCO on the performance of Ni-LSCO anode on LWO, and to

make sufficiently thin functional electrolyte for the final tests.

The work at JULICH showed that it was difficult to sinter a dense electrolyte on top of
LSCO which was, in turn, on top of a Ni-YSZ cermet, without delamination or reaction
between materials. This is caused by the high temperature needed for sintering and the
consequent high cation inter-diffusion between and through the layers, possibly also over
surfaces in the porous components. It was finally concluded that anodes based on Ni and

LWO would have to be made by making dense LWO on a porous LWO substrate and
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thereafter infiltrating the porous with Ni-containing solution, which after reduction during
operation as anode becomes metallic. This was carried out by RIS@-DTU; after reduction
to Ni and application of gold counter electrode they measured an electrolyte resistance in

correspondence with the conductivity of the 30 um thick LWO electrolyte layer.

SINTEF focused on investigation of robust manufacturing routes for porous alloy
substrates and compatible functional anodes with reduced cost. These layers are
integrated in the 3™ generation alloy supported fuel cells. From the different routes, tape-
casting was selected for producing porous substrates of ferritic alloys. Flat alloy
substrates 1 mm thick were successfully obtained with connected porous networks after

single casting and annealing step.

The anode functional layer (LSCO or Ni-LSCO) was then applied by spray-coating.
Suspensions and parameters were optimized to avoid infiltration of LSCO grains into the
metallic substrates, to improve adhesion and to provide a suitable surface for the
deposition of the electrolyte layer. The application of LWO layer was investigated
through three main paths using spray-coating, electrophoretic deposition in collaboration

with RIS@-DTU, and PLD in collaboration with UiO.

The deposited LWO layers by electrophoretic deposition were homogenous and well
adhered to the anode/substrate assembly. However, the layers remained porous and it was
not possible to sinter the cells at higher temperatures than 1350 °C due to melting of the

alloy. Deposition of LWO layers by spray-coating resulted similar outcomes.

In UiO the PLD enabled us to produce thin dense electrolyte layers of around 3 microns
on the alloy/LSCO substrate after adjustment of the substrate temperature and atmosphere
in the PLD chamber (cf. Fig. A2). This electrolyte thickness reaches one of the final
targets of the project. Post annealing did not cause microstructural changes, and the
electrolyte remained crack-free. Testing of the cells was conducted at UiO on the PLD
deposited LWO layers coated on LSCO/alloy substrates, which were post anneal at 700
and 800 °C for 24 h. The cell was characterized by EIS from 500 to 700 °C in wet 5% H;
in Ar. The ASR of the electrolyte was 1.2 Q-cm? at 700 °C, and the activation energy was

approximately 0.5 eV.
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Surfaceof LWO54 [P

700°C, pAr =0.05 mbar

Figure A2. Left: SEM micrograph of the entire anode-substrate structure, with coarse porous alloy, finer
porous LSCO, and dense thin (hardly visible) LWO. Middle: close-ups of alloy-LSCO interface (top) and
LSCO+LWO (bottom). Right: Further close-ups of the porous LSCO and dense LWO.

Ni-LSCO / LWO interface

In a parallel activity UiO investigated the interface between Ni-LSCO and LWO. Namely
in UiO we studied the effect of the inclusion, by PLD, of a 400 nm dense film of LSCO
between Ni-LSCO and LWO on the performance of Ni-LSCO anode. The effect was
studied both on a LassWO;;4 (LWO56) and a LassWO;;, (LWO54) electrolyte. The
electrochemical characterization of the system was performed by means of EIS in the
temperature range 900-700 °C in a three electrode configuration (cf. Fig. A3) under 5 %

wet H, in Ar.
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Ni-LSCO
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Pt-Reference Pt-Reference
Electrode Pt-Counter Electrode Electrode

Figure A3. lllustration of the three electrode configuration used in the experiment. For current
collection at the working electrode, Pt paste and Pt net were used. The reference and counter
electrodes were Pt paste.

Fig. A4.a depicts the cross section of Ni-LSCO/LSCO film/LWO(56), analyzed by SEM
after the electrochemical characterization. From the SEM micrograph the adhesion
between the LWO(56) and the dense LSCO film can be assessed. Moreover the line scan
(EDXS; EDAX Pegasus 2200) in Fig.A4.b taken at the contact point between Ni
grain/LSCO film/LWO(56) suggests that there is no reaction between the LSCO film and
the LWO(56). Furthermore, the intensification of the Cr signal approx. 360 nm before the
Ni signal, confirms the thickness of the LSCO film.
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Figure A4. a) SEM micrograph of the cross section of the sample after measurement and b) line scan of
at the contact point between the Ni-LSCO/LSCO film/LWO(56). From the intensity of the signals the
thickness of the LSCO film can be seen.

For sake of comparison, a cell without the inclusion of the 400 nm dense film of LSCO
was also tested. Fig. AS.a depicts the cross sections of that cell after the electrochemical
characterization. No obvious signs of electrode delamination can be observed, and the

good adherence between the anode and the electrolyte is evident; without any noticeable
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signs of reaction between Ni or LSCO with LWO(56). The latter is further supported
from the line scan in Fig ASb.
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Figure A5. a) SEM micrograph of the cross section of the sample after measurement and b) line scan of
the Ni-LSCO/LWO(56) interface. For sake of illustration we graphically portray the contact between a Ni
grain and the LWO(56) surface.

Fig. A6 compares the polarization resistance of the two cells as a function of temperature
in wet 5% H; in Ar. The Ni-LSCO/LSCO film/LWO(56) exhibits a lower polarization
resistance and somewhat lower activation energy than the Ni-LSCO/LWO(56).

112



t/°C

900 850 800 750 700
30 T T T T T
(=] R, without LSCO film, E, = 0.64 ev
@ R with LSCO film, E, = 0.41 eV °
25 <y -7
r-%
= o =
(&}
@ 20}
<
> [ - --@
kel . e T
15 F UL
10 1 1 1 1
0.85 0.90 0.95 1.00 1.05
1000/T /K"

Figure A6. Polarization resistance Ni-LSCO/LWO(56) with and without the 400 nm thick LSCO film as a
function of inverse temperature in wet 5 %H, in Ar.

Fig. A7 shows the temperature dependence of the apparent electrolyte resistivity as a
function of temperature for the two different cells. The inclusion of the LSCO film results
a decrease of the apparent electrolyte resistivity. The observed activation energies for the
two systems are to some extent in the same range. As the electrolyte for the two systems
is identical the decrease of the apparent electrolyte resistivity can be explained by an
improvement in the contact between electrolyte and electrode, when the LSCO film is

included [59-61].
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Figure A7. Electrolyte resistivity as a function of temperature in wet HArmix.

We performed the same study also for LWO (54). In order to reduce the Ni grain size

which would in turn facilitate the catalytic activity of Ni towards H,, we reduced the

annealing temperature of the anode under H, from 1200 °C to 1150 °C. A fracture from

such a cell after measurement is shown in Fig. A8. The Ni grain size is clearly reduced

(compare Fig. A4a with A8), the anode adherence is visibly in order, the porosity appears

to be adequate for gas diffusion, and from the plot in Fig. A9 the polarization resistance

appears to be largely reduced compared for the anode annealed at 1150 °C.

114



Figure A8. Fracture after measurement of the cell with anode annealed at 1150 °C under HArmix for 5 h.

t/°C
900 850 800 750 700
20 T T T T T
@ anode anealed at 1200 °C, E,=041eV
QO anode anealed at 1150 °C, E,=050ev | __ - E ]
&7
15| e
C o
©
G
Z
5&
S 10+
05 1 1 1 1
0.85 0.90 0.95 1.00
1000/T /K

Figure A9. Comparison of the polarization resistance as a function of temperature for the anode

annealed at 1200 °C (closed circles) and the anode annealed at 1150 °C (open circles).
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