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ABSTRACT

First Principles Studies of Perovskites for Intermediate Temperature

Solid Oxide Fuel Cell Cathodes

Omotayo Akande Salawu

Fundamental advances in cathode materials are key to lowering the operating

temperature of solid oxide fuel cells (SOFCs). Detailed understanding of the struc-

tural, electronic and defect formation characteristics are essential for rational design

of cathode materials. In this thesis we employ first principles methods to study

La(Mn/Co)O3 and LnBaCo2O5+δ (Ln = Pr, Gd; δ = 0.5, 1) as cathode for SOFCs.

Specifically, factors affecting the O vacancy formation and migration are investigated.

We demonstrate that for LaMnO3 the anisotropy effects often neglected at high

operating temperatures become relevant when the temperature is lowered. We show

that this fact has consequences for the material properties and can be further en-

hanced by strain and Sr doping. Tensile strain promotes both the O vacancy forma-

tion and migration in pristine and Sr doped LaMnO3, while Sr doping enhances the

O vacancy formation but not the migration.

The effect of A-site hole doping (Mg2+, Ca2+ or Ba2+) on the electronic and mag-

netic properties as well as the O vacancy formation and migration in LaCoO3 are

studied. All three dopants are found to facilitate O vacancy formation. Substitution

of La3+ with Ba2+/Mg2+ yields the lowest O vacancy formation energy for low/in-

termediate spin Co, implying that not only the structure, but also the spin state of

Co is a key parameter. Only for low spin Co the ionic radius is correlated with the

O migration barrier. Enhanced migration for intermediate spin Co is ascribed to the

availability of additional space at the transition state.
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For LnBaCo2O5+δ we compare the O vacancy formation in GdBaCo2O5.5 (Pmmm

symmetry) and GdBaCo2O6 (P4/mmm symmetry), and the influence of Sr doping.

The O vacancy formation energy is demonstrated to be smaller in the already O

deficient compound. This relation is maintained under Sr doping. It turns out that

Sr doping can be utilized to significantly enhance the O vacancy formation in both

compounds. The observed trends are explained on a microscopic level. Furthermore,

we consider antisite defects as they may modify the electronic and O migration prop-

erties but are rarely studied in double perovskite oxides. It turns out that O vacancy

formation is significantly easier in PrBaCo2O5.5 than in GdBaCo2O5.5, the difference

in formation energy being hardly modified by antisite defects. Finally, having es-

tablished that the O vacancy formation energy is significantly lower in PrBaCo2O5.5

than in GdBaCo2O5.5, we study the O Frenkel energy and migration of O ions in

PrBa(Co/Fe)2O5.5. The electronic structure and charge redistribution during defect

formation are analyzed. We demonstrate that Co↔Fe substitution strongly affects

the formation of defects and, consequently, the O migration. The low O Frenkel

energy points to a high concentration of O vacancies. The migration of the O ions

shows a distinct anisotropy.
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Chapter 1

Introduction

Clean and sustainable energy research is of paramount interest to humans worldwide

due to the need to reduce over dependence on fossil fuel [1]. Aside from the fact that

our continued dependence on fossil fuel will inexorably result in its complete deple-

tion, we also have the more immediate threat of climate change to tackle, of which

burning of fossil fuel is a major contributor [2]. The success of any proposed solution

to the sustainable energy challenge depends on two important criteria: efficiency and

economic viability [3]. While a single solution remains elusive, still, several promis-

ing energy storage and conversion technologies, including solar, lithium batteries,

and fuel cells are being investigated [4, 5]. Although these technologies have demon-

strated prospects for the future of energy harvesting and storage, there is still need

for transitional alternatives to bridge the gap betwen present and future solutions.

The success or failure of these technologies is largely dependent on the properties of

the components, hence there is need for development of innovative material chem-

istry and physics to investigate the microscopic properties of these materials [6]. One

promising source is the solid oxide fuel cell (SOFC) which is highly efficient at con-

verting chemical to electrical energy. Apart from their known high efficiency, SOFCs

are attractive due to their low carbon dioxide emission and impressive fuel flexibility

[7, 8].
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1.1 Solid oxide fuel cells

SOFCs produce electrical energy by harnessing chemical energy from a variety of

fuel types [9, 10]. They are based on oxide-electron electrolyte and have numerous

advantages over other fuel cell types. They are known to posses impeccable fuel

flexibility, low environmental pollution and high efficiency [11]. These properties

have propelled extensive research on this device. There has been steady progress

in the development of this technology, especially with respect to the average power

density which has increased from 0.36 W/cm3 in 1997 to 2.4 W/cm3 in 2012 [12].

The typical SOFC comprises of solid-oxide electrolyte that separates the anode from

the cathode. Figure 1.1 shows the principle of operation of a typical SOFC. Air is

supplied to the cathode as an oxidant where it is reduced as follows:

1

2
O2(g) + 2e− → O2− (1.1)

The resultant oxide ions migrate to the anode through the electrolyte. At the anode,

they oxidize the fuel and produce water vapor, useful electrons are released as a result.

For example, using hydrogen as fuel, the reaction occurring at the anode is as follows;

H2 + O2− → H2O + 2e− (1.2)

The overall reaction at the cell is thus:

H2 +
1

2
O2 → H2O (1.3)

The difference between the O activities at the electrodes causes a voltage difference

between them and drives a current through the external circuit thereby doing use-

ful work. During this process, heat generated can be used for various applications.

This process is very efficient (about 80%) and allow for fuel flexibility [13], however
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these stem from operating it at high temperature (800-1000 ◦C) and have limited its

commercialization.

Figure 1.1: Schematic diagram of the operation of a SOFC

1.1.1 Components of SOFC

• Electrolyte: This is the most established component of the SOFC. One key

requirement of this component is to have a good ionic conductivity to minimize

cell impedance hence most of the investigations on this component have been

on O ion conduction. It is also required that a good electrolyte should also be

chemically and mechanically compatible with the other components. Yttria-

stabilized zirconia is the most studied material for high temperature SOFC

due to its impressive oxide ion conductivity over a broad range of O partial

pressures. At reduced temperature, the ionic conductivity decreases to levels

below what is required for optimal performance [14]. Recently, other materials
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like the Gd-doped Ceria and Sr/Mg doped LaGaO3 have gained attention due

to their superior ionic conductivity, low activation energy, and chemical stability

at intermediate temperature [7, 15]. This is aimed at mitigating problems often

encountered when the device operates at lower temperature.

• Anode: This is the component of the SOFC set up where the fuel gets oxidized

with electrons released in the process. A good catalyst for fuel oxidation and

good electronic conduction is required as anode. It is also expected that a good

anode material should have a thermal expansion coefficient value that is com-

parable to that of the operating electrolyte. It must also be porous to allow

for easy passage of fuel to the electrolyte. A commonly used material as anode

is the nickel/yttria-stabilised zirconia cermet. However thermal expansion mis-

match with yttria-stabilised zirconia is a known limitation to the use of Ni [16].

Recently, there has been growing interest in the use of perovskite as anode with

La0.75Sr0.25Cr0.5MnO3 and Sr2NiMoO6 being investigated for this purpose [16].

• Cathode: This is the most studied component of the SOFC . The operation of

this component requires very high activation energy. Commonly used materials

for this component are perovskite-oxide based, for instance the conventional

material for high temperature SOFC cathode is the LaxSr1−xMnO3 because

of its high electrochemical activity and its chemical stability when used with

yttria-stabilised zirconia electrolyte. While this material performs well at high

temperature, its ionic character at reduced temperature is less desirable [17].

Reducing the operating temperatures of SOFCs results in reduced O reduction

reaction kinetics leading to low efficiency. To this end, extensive research has

been carried out on cathode materials aimed at improving existing ones, and

discovering new ones [18, 19, 20]. The operation of SOFC requires a direct

contact of gas, electrode and electrolyte at the triple phase boundary. While
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for pure conductor cathode, only the thin region is exposed to the electrolyte

surface (depending on the make up of the material), mixed ionic-electronic

conductor ensures diffusion of O ions across the whole cathode layer as a result

of its O ion transport capabilities. This can be achieved by accelerating the O

ion transport and the O reduction reaction (ORR) at the cathode [19, 18].

1.1.2 Perspective and challenges of SOFC

The SOFCs are characterized by all-solid component and high operating temperature

which promote fuel flexibility and allow for the use of cheaper catalyst [21]. This

technology has the potential to be the most efficient and cleanest route to convert

chemical energy to electrical energy. Indeed SOFC technology is the most viable

means to distributed power generation from natural gas. These advantages notwith-

standing, operating at high temperature often leads to degradation of components,

thermo-mechanical stress at interfaces and limits choice of materials as interconnec-

tors. The degradation of the components are linked to the high operating temperature

of the system [22]. Moreover, the widespread use of this technology depends greatly

on its economic competitiveness against existing technologies [18]. It therefore follows

that operating SOFCs at high temperatures is accompanied by high cost of materials

(components) and limited lifetime. This indeed is the greatest obstacle to the com-

mercialization of the SOFC technology. A solution to this is reducing the operating

temperature of the SOFC to an intermediate temperature range (550-700◦C) [10, 23].

Nevertheless, reducing the operating temperature is accompanied by a decrease in

transport kinetics particularly at the cathode and at the electrolyte [24]. Therefore,

it is important to search for materials capable of maintaining a high rate of ionic

transport at reduced temperatures [25]. The discovery of electrolyte materials like

Gd/Sm-doped CeO2 with better ionic conducting capabilities than the conventional

yttria-stabilized have aided reduction of the operating temperature. Regrettably,
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when the operating temperature is reduced, cathode performance suffers severely, as

a result of increased polarization resistance to the oxygen reduction reaction at the

cathode. This has limited the choice of materials for intermediate temperature SOFC

cathode. This implies that to realize SOFC operation at intermediate temperature,

improving the cathode is key [9].

Presently, consensus among researchers is that in order to enhance the efficiency

of SOFC cathode at intermediate temperatures, the material needs to be a mixed

ionic electric conductor [20]. When the temperature is lowered, the activation en-

ergy of the cathode reaction is larger than the ionic conductivity of the electrolyte.

Hence, improving the cathode will contribute significantly to the efficiency of SOFC

at intermediate temperature [26]. A cathode material for intermediate temperature

SOFC needs to be a mixed ionic-electronic conductor. Since electrons are needed for

O reduction to take place, it is required that the SOFC cathode should be a good

electronic conductor. A good cathode is expected to have a conductivity of more than

100 S cm−1 and matching thermal expansion coefficient and chemical compatibility

with the other components of the SOFC. Low conductivity in cathodes is accompa-

nied by high ohmic losses. It is also required that the cathode should posses adequate

porosity to allow for diffusion of gaseous oxygen to the cathode/electrolyte interface.

Also, it is very important for the cathode to be stable under oxidizing atmosphere

during operation and posses high catalytic activity towards oxygen reduction. The

conventional material for high temperature SOFC cathode is the LaxSr1−xMnO3, an

excellent conductor [27]. Several other materials like cobaltites and ferrite based

materials have been investigated [28] Despite their excellent electrical conducting ca-

pabilities, they often fall short in their ionic conduction ability when temperature is

lowered [29]. As such, other materials such as the Ruddleson-Popper and layered per-

ovskites are subject of intense research [30, 31]. Different approaches to maximize the

desirable properties, such as modification to the structural, electronic and magnetic
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properties of these materials are being employed. Specifically, the effect of strain and

cation doping have been investigated on these materials [32]. In the following sections

we will give an overview of some classes of materials investigated.

1.1.3 ABO3 perovskites

The ABO3 perovskites are widely used as cathode for SOFC [33]. The A cation (such

as La, Sr, Pb, etc.) is coordinated by twelve anions and the B cation (such as Ti,

Ca, Fe, Co, etc.) coordinated by six O atoms thereby forming corner-sharing BO6

octahedra. Partial or complete substitution of A or B cations with other cations of

different size/valence is possible to tune electrical properties. The crystal structure

of ABO3 perovskites is shown in Figure 1.2. Tilting of the octahedra can result in

deviation from ideal cubic symmetry. This can also occur as a result of cation dis-

placement. The extent of distortion of the octahedra is governed by the Goldschmidt

tolerance factor t:

t =
(rA + rB)√
2(rB + rO)

(1.4)

where rA, rB and rO are the ionic radii of A, B and O ions, respectively. These

values are obtained from the Shannon ionic radii [34] depending on the coordination

of the cation. For a t value close to unity, a cubic structure is realized while for t

<1 or t > 1 a deviation from cubic symmetry is realized. Typically, the A-site of

the ABO3 perovskite used for SOFC cathode is a mixture of alkaline and rare earth

metals like La, Sr, Ca and Ba and the B-sites are often transition metals like Mn,

Fe, Co and Ni. The octahedral coordination of O around the transition metal often

results in semiconducting or metallic behavior at high temperature. The composition

of the ABO3 can be tailored to promote ionic transport. Ionic transport in this ma-

terial occurs via a vacancy hopping mechanism so that the rate of diffusion depends

on the O vacancy formation energy and migration energy of the oxide. Examples of
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ABO3 perovskites often used for SOFC cathode include LaMnO3 and LaCoO3. While

these materials are all good electronic conductors, their ionic conduction capabilities

suffer when temperature is reduced [27]. Several efforts have been channeled towards

improving the ionic conductivity and O reduction reaction of these materials at in-

termediate temperature. For instance, Han and coworkers [32] have suggested that

activity can be enhanced by 103 to 104 times at 550◦C in thin film La0.8Sr0.2CoO3−δ

cathodes decorated by (La0.5Sr0.5)2CoO4. They attributed this remarkable enhance-

ment to high anisotropic O adsorption on the (La0.5Sr0.5)2CoO4 surface coupled with

to the lattice strain induced at the interface. Since anisotropic O vacancy formation

has been reported in perovskites experimentally it is expected that they will play

a key role at intermediate temperature especially at heterointerfaces where strain is

inherent. Furthermore, tuning the magnetic properties of transition metals in these

compounds can also be a way to improve their O vacancy formation and migration

energies. Moreover, the Co atoms in LaCoO3 for instance can be at low, intermediate

or high spin state depending on the synthesis conditions and doping level. In the case

of doping, the size of the dopant and the disparity in the valency of the dopant and

host have been reported to play key role [27, 32].

1.1.4 Layered LnBaCo2O5+δ perovskites

The LnBaCo2O5+δ perovskites have been subject of intense studies recently for in-

termediate temperature SOFC due to their good electrochemical properties [35, 36].

Their general formula is AA′B2O5+δ, where A is a rare earth element, A′ is alkaline

earth and B is transition metal shown in Figure 1.3. They have been reported to

possess higher electronic and ionic conductivity [36], compared to other simple per-

ovskite cathodes. The most studied class of this material are the cobaltites, owing

to their higher catalytic activity compared to those based on other transition metals

[37]. The double perovskite structure is obtained from aliovalent substitution on the
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B

A O

Figure 1.2: Crystal structure of ABO3

A-site of ABO3 perovskite, with general formula A0.5A
′B0.5O3−δ with O vacancies.

When the size mismatch between A and A′ (the dopant) is significant, the ABO3

adopts a layered structure with ordering of the A-site cation and the general formula

becomes AA′B2O5+δ. This structural characteristic accounts for the O mass transport

capabilities of these compounds. Specifically, the regular layers of these compounds

weaken the O bonding strength and enhance ion motion [37]. To maximize this char-

acteristic, the composition of the material is crucial since the driving force for the

ordering is the difference between the ionic size of the elements at the A and A′ site.

When this difference is low, a highly substituted ABO3 is obtained. As part of the

requirement of a good cathode material, a mixed ionic and electronic conducting ca-

pability is required. In search of this mixed ionic-electronic conducting oxides which

have a tendency to extend reaction sites for oxygen reduction.

Taskin and coworkers reported high oxygen diffusion rate for GdBaMn2O5+δ and
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GdBaCo2O5+δ [38]. Similarly, Parfitt and coworkers showed, using molecular dynam-

ics simulations, that these materials possess not just high diffusivities but also low

activation energies [39]. They also observed anisotropic ion conduction which agrees

well with experimental findings on these compounds. Interestingly, observation of

high diffusivity and low activation energy in this family of compounds is counter in-

tuitive since it is established that when the cation is heavily doped in perovskites

there is interaction between dopant and the oxygen vacancies, thereby reducing the

oxygen diffusivity [40]. However, the simulations of Parfitt showed that the pres-

ence of ordered cation sublattice impedes trapping effect, thereby making the oxygen

sublattice to be highly disordered. These interesting findings have lead to intense

research in this class of materials as cathode for SOFC. The crystal structure of

A O

B

A’

Figure 1.3: Crystal structure of LnBaCo2O5+δ
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these class of compounds depend on synthesis conditions. Anderson and co workers

reported that the oxygen content determines the structure in which the double per-

ovskite crystallizes into [41]. They demonstrated that by varying the oxygen content

in NdBaCo2O5.5 under controlled atmosphere different crystal structures are formed.

Moreover, a tetragonal or orthorhombic crystal lattice can be formed by controlling

other conditions of synthesis. The stability of the material in real operating condi-

tions is an important factor that determines its suitability as SOFC cathode. For

PrBaCo2O5+δ, at intermediate temperature regime, a phase transition is reported

[42]. The transition involves rearrangement of oxygen vacancies and could adversely

affect the electronic and ionic properties of the system which can be improved by

doping Ba with Sr [43]. Improvement in the conductivity of the system upon Sr

substitution not withstanding, Pr based double perovskites are often characterized

by high thermal expansion coefficients thereby casting doubt on their suitability as

intermediate temperature cathode material. Several efforts including doping the Co

site with other transition metals like Cu and Fe have been made [44]. These have

improved the thermal expansion of the Pr based double perovskite, however the ef-

fect of this doping strategy on the overall performance of the material is still open

for debate.

1.2 Thesis outline

This thesis is aimed at providing atomic scale insight into the structural, electronic,

defect formation and migration properties in La(Mn/Co)O3 and Pr/GdBaCo2O5+δ

family of perovskites. We employ the density functional theory with Hubbard cor-

rection to account for on-site correlation effects. These corrections to the traditional

density functional theory enable us to correctly describe the electronic properties of

Mn and Co ions in the studied systems. A detailed description of the methodology

adopted for our investigations is given in chapter 2.



24

In chapter 3, we study anisotropic O vacancy formation and diffusion in LaMnO3.

We demonstrate that lattice strain and Sr doping can be used to promote the inher-

ent anisotropy in this material. From our investigation, we established that tensile

strain promotes O vacancy formation and migration in LaMnO3. This observation

motivated our study of the role of cation doping in a similar system, LaCoO3 in chap-

ter 4. Here we considered the role of chemical pressure and spin state of Co on O

vacancy formation and migration. LaCoO3 is of interest due to high conductivities

and its metal-insulator transition often linked to changes in the spin state of Co. The

competition between the magnetic exchange and crystal field splitting is sensitive

to changes in structural characteristics of the system, hence we study the electronic

properties, O vacancy formation/migration as a function of A-site doping.

Due to poor ionic conductivity in conventional perovskites for SOFC cathode,

there is a need for development of materials with mixed ionic electronic conductivity.

One well-studied class of material for this is the layered perovskite, LnBaCo2O5.5 (Ln

= Gd, Pr). The very strong interplay between structural and electronic properties in

these material make them subject of intense studies both theoretically and from an

experimental perspective. The crystal structure of the system is found to be heavily

dependent on synthesis condition and in turn, affects electronic properties and de-

fect formation in these materials. Hence, in chapter 5, focusing on GdBaCo2O5+δ,

we compare the electronic properties and O vacancy formation in the two possible

symmetries, Pmmm and P4/mmm. We also explored the impact of Sr-doping on

the two symmetries. We established that Sr doping for Ba affects structural and

electronic properties of both systems. Antisite defects are known to modify struc-

tural and electronic properties of double perovskite oxides but their role on defect

formation especially in relation to SOFC are rarely studied. To this end, in chapter

6, we investigate the role of this defect on the formation of O vacancy formation in

LnBaCo2O5+δ (Ln = Gd, Pr). We found that irrespective of the antisite configura-
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tion, O vacancy is lower in PrBaCo2O5+δ than in GdBaCo2O5+δ. Having established

this, we focus our study on PrBaCo2O5.5. Despite the excellent ionic and electronic

properties of this material, it is reported to have high thermal expansion coefficient

which limits its efficiency. One way to mitigate this is doping Co with Fe. Therefore

in Chapter 7, we examined the role of Co/Fe substitution in PrBaCo2O5.5. We found

this substitution to influence electronic structure, defect formation and migration.

We found a significant anisotropy in O diffusion in PrBaCo2O5.5. It turned out that

all O migration barriers are smaller in PrBaCo2O5.5 than in PrBaFe2O5.5 with the

observed anisotropy reduced. A summary of our findings and suggestions for future

research are provided in chapter 8. Appendix A provides a report on vacancy forma-

tion in MoO3 using hybrid density functional theory and photoemission experiments,

where we study the effect of charge states on formation of O vacancies.
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Chapter 2

Methodology

This chapter gives a brief overview of the basics of Density Functional Theory (DFT),

the framework used throughout this thesis. It is a phenomenally successful approach

to calculate ground state properties of materials such as electronic properties, vibra-

tional frequencies and reaction pathways of many-electron systems. In addition to

DFT, this chapter will provide information on beyond DFT (Hubbard approach), O

vacancy formation and migration energy calculations.

2.1 The Schrödinger equation

According to quantum mechanics, all information about a given system is present in

the system’s wavefunction [45]. The dynamics of a system can be completely described

by solving the Schrödinger equation, where information about the eigenvalues and the

wavefunctions (eigenvectors) are obtained. The Schrödinger wave equation is given

as

Hψ = Eψ, (2.1)

where H is the Hamiltonian which when operating on the many electron wavefunc-

tion ψ(rI , RI) the total energy of the system E can be obtained as a function of

electron positions rI and nuclei position RI . The Hamiltonian operator can also be

described as the sum of the kinetic energy operator and the potential energy operator.

The former is due to the motion of electrons and nuclei, while the latter is due to

electron-electron, electron-nuclei and nuclei-nuclei interactions. Since the electronic
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mass is much smaller than the nuclear mass, the kinetic energy term for the nuclei is

assumed much smaller than that of the electron and can be neglected. Moreover, the

Born-Oppenheimer approximation [46] considers the nuclei to be stationary and the

electrons to move in the field of these nuclei. With this approximation, the Hamilto-

nian can be written as

H =

[
− ~2

2me

N∑
i=1

∇2
i +

N∑
i=1

V (ri) +
∑
i=1

∑
j<i

U(ri, rj)

]
ψi, (2.2)

where the first, second and third terms are operators for electron kinetic energy,

electron-nucleus and electron-electron interactions respectively. The interaction be-

tween electrons in a many electron system is the major issue that needs to be tackled in

order to solve the above equation. One way to solve this is to substitute the electron-

electron interaction with an effective potential term. While solving the Schrödinger

equation can be seen as fundamental to describing the electronic system, it is im-

practical since we are dealing with a many body problem. Moreover, obtaining the

wavefunction for any particular set of coordinate is not practical, what however is

obtainable is the probability that electrons are at a given coordinate. This probabil-

ity can be obtained from the density of the electron at a particular position in space.

For a given electron with electron wavefunction ψ, its density can be expressed as

n(r) = 2
∑
i

ψ∗i (r)ψi(r). (2.3)

The factor 2 in the equation is a consequence of the Pauli’s exclusion principle which

states that each ψ can be occupied by two different electrons provided they posses

different spins. The wavefunction ψ depends on spin and 3 spatial coordinates, with

the Hamiltonian operator H in turn depending on positions, atomic number of nuclei

and total number of electrons. This suggests that a useful physical quantity would be

the electron density since when this is integrated over all space the total number of
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electrons is obtained. These however does not guarantee finding the minimum energy,

rather it indicates that the Hamiltonian operator and wavefunction can be formed

given a known density. A formalism that will specify the energy is hence desired.

2.1.1 DFT: Electron density from wavefunction

The DFT is based on two fundamental ansatzes by Hohenberg and Kohn [47], and

Kohn and Sham [48] reveal how to solve the problem at hand.

Hohenberg and Kohn theorems

Theorem 1. The ground state energy and wavefunction are uniquely determined by

the electron density.

This implies that the ψ is a functional of the electron density and therefore all

ground state observables are functionals of the electron density.

Theorem 2. The ground-state wave function ψ should not only reproduce the ground-

state density, but also minimize the energy.

This requirement can be written as

E[ψi] = − ~2

2m

∫ ∑
i

ψ∗i∇2ψid
3r+

∫
V (r)n(r)d3r+

e2

2

∫ ∫
n(r)n(r′)

|r − r′|
d3rd3r′+Eion+Exc.

(2.4)

The first four terms on the right hand side of the equation connote, the kinetic

energy of the electron, Coulomb interaction between electron and nuclei, electron-

electron interaction and nuclei-nuclei interaction respectively. Exc is the exchange-

correlation functional which contains all other effect that are not captured in the

other terms. Knowing this term guarantees that obtaining the ground state energy

is straightforward. Hence the Hohenberg and Kohn theorem has reduced a many-

body problem to one term, the electron density. This notwithstanding, obtaining the
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many-body density required to specify the ground state properties of an electronic

system is non trivial. Although Hohenberg and Kohn specified that the Schrödinger

equation can be solved using functional of the electron density, it does not tell us

what the functional is. This difficulty was solved by the theorem put forward by

Kohn and Sham.

Kohn and Sham theorem

In 1965, Kohn and Sham reformulated the many body problem. They propounded a

theorem:

Theorem 3. The electron density that minimizes the energy of the overall functional

is the true electron density corresponding to the full solution of the schrodinger equa-

tion.

The Kohn-Sham equation can be written as

εiψi =

[
− ~2

2m
∇2 + V (r) + VH + Vxc

]
ψi (2.5)

where V is the potential that defines the interaction between electron and nuclei, VH

is the Hatree potential and is defined thus

VH =

∫
n(r′)

|r − r′|
d3r′, (2.6)

and Vxc is the potential that defines the exchange and correlation contribution and

is the derivative of the exchange-correlation energy:

Vxc =
δExc(r)

δn(r)
. (2.7)

The solutions to the Kohn-Sham equation are single electron wavefunctions and are

dependent on three spatial variables.
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2.2 Exchange correlation term

The Kohn-Sham formalism is exact with the assumption that the exchange-correlation

functional Exc[n(r)] is known. However, in principle no analytical form of this func-

tional exist, hence computations often rely on approximations. The reliability of

the DFT calculations hugely depend on the parametrization scheme adopted for the

exchange-correlation. Indeed, one major challenge of DFT is the search for robust

exchange-correlation functionals. Most commonly used approximations are the local

density and generalized gradient approximations.

2.2.1 Local density approximation

The local density approximation (LDA) is one of the commonest approximation to the

exchange-correlation functional. This approximation uses the homogenous interacting

electron gas to model the exchange correlation functional. It expresses the functional

at a given position of an electron its density at that position. The functional depends

on position of the electron and the exchange-correlation energy per electron and is

defined as [49]

ELDA
xc =

∫
n(r)Exc(n(r))dr. (2.8)

The local density is obtained from the homogenous interacting electron, hence,

for inhomogenous systems an approximation of the functional is an integral over a

local function of the charge density of the non-interacting homogeneous electron gas.

This approximation has proven to be remarkably fruitful since structural properties,

vibrational frequencies, elastic modulus and phase stability are described reliably

for many systems. However, there have been reported errors in computing energy

difference between rather different structures. For example, the energy barriers in

diffusion process calculated using this function is often underestimated.
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2.2.2 Generalized gradient approximation

The generalized gradient approximation (GGA) functional proved to be more reliable

for energetic results and geometrics especially when bond breaking and formation are

involved. Given the limitations of the local density approximation, there is need for

improvement and to achieve this, a non-uniform electron gas needs to be considered.

When the density changes rapidly, the LDA fails. A natural progression beyond the

local density approximation is thus the generalized gradient approximation in which

first order gradient terms in the expansion are included. It takes into account the

density and gradient of the density. The GGA exchange functional can be written as

EGGA
xc =

∫
n(r)εxc(n(r),∇n(r))dr, (2.9)

where n(r) is the density and ∇n(r) is the gradient of the density. Commonly

used GGA functionals include Perdew-Wang 1986 (PW86) [50], Perdew-Wang 1991

(PW91) [51] and Perdew-Burke-Ernzerhof (PBE) [52].

2.2.3 Beyond DFT: Plus U parameterization and the band

gap problem

Despite the remarkable success recorded using the DFT, one major shortcoming is

the well known band gap prediction problem in some systems. This is especially

true for systems with localized electrons in their d or f states where the calculated

band gaps are smaller than the experimentally obtained band gap. For example, a

band gap of 2.4 eV is obtained for FeO experimentally while both LDA and GGA

realized unphysical metallic behavior [53]. This is as a result of the electron self

interaction: the interaction of the electron with the field it generates [54]. One way

to treat this kind of systems is the addition of on-site term U proposed by Hubbard

[55]. This term is added for electrons in the strongly localized d and f orbitals as an
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additional penalty term. This so-called DFT+U approach has been used successfully

to describe properties of transition metal, oxides. Commonly used formalisms include

the Dudarev and Anisimov approach [55, 56].

2.3 Practical DFT method

To solve the Kohn-Sham equation, an effective potential is required. The electron

density is needed to specify this potential. The electron density is defined by the

single electron wavefunction which is obtained by solving the Kohn-Sham equation.

This can be solved iteratively as summarized as in Figure 2.1. A trial wavefunction

is defined and used to solve the Kohn-Sham equations from where a single particle

wavefunction is obtained. A new charge density is calculated using the single particle

wavefunction. The process is repeated until the charge densities are consistent. The

default convergence criteria for most plane wave code is 10−5 eV for the electronic

iterations and a value less than 10−4 eV/Å with the geometry getting optimized until

this condition is realized.

2.4 Periodicity and supercell implementation

Atoms are arranged in a crystal in a periodically repeated unit cell. For many real

systems perfect periodicity is absent, however the system can be approximated to

be periodic either in one or more spatial directions. Point defects, surfaces and het-

erostructures are examples of systems with such approximations. In such cases, the

system is often simulated with a periodically repeated fictitious supercell [57]. The

nature of the supercell depends on the investigation to be made. For instance, sim-

ulation of O vacancy formation requires that the vacancy does not interact with its

periodic replica so as to simulate accurately a truly isolated O vacancy. This ne-

cessitates that the supercell is large enough to ensure a significant sample of the

configuration is taken into consideration. In surface calculations, a crystal slab alter-
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Figure 2.1: Flow chart for the self-consistent loop in the DFT method

nated with a vacuum is employed. It is required that the slab and the vacuum are

large enough so that the bulk behavior is replicated and the surface properties are

unaffected by the presence of the periodic replica of the crystal slab. The importance

of the cell size (volume and number of atoms) when defects like vacancies are involved

in DFT calculations cannot be over emphasized. The accuracy of the calculation and

computational resources needed for such task is heavily reliant on this.

2.5 Oxygen vacancy formation and migration

A vacancy is formed when an atom is missing from a site that is normally occupied.

This displacement could occur naturally or induced by factors like temperature or

pressure. Its ease of formation (energy of formation) determines the applicability
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of systems especially where ionic transport is involved. Indeed this is the case with

solid state systems with very small interstices. The O vacancy formation energy for

instance, is an important quantity that influences key material properties like elec-

tronic, ionic conductivity and catalytic activity. Solid oxide fuel cells , electrochemical

supercapacitors and sensors are examples of applications that depend on O vacancy

formation. More so, O vacancies in perovskites can be used to manipulate essential

material properties to quantify how good it is as a conductor. The O vacancy for-

mation energy can be calculated as the difference in total energies of two supercells

depending on the chemical potential of the O molecule. It is evaluated as

EV = E[defective]− E[pristine] +
1

2
E[O2], (2.10)

where E[defective] is the energy of the defective supercell (system with vacancy),

E[pristine] is the energy of the pristine supercell, and E[O2] is the energy of an O2

molecule in the triplet state.

The search for the lowest energy path for rearrangement of atom/atoms from one

stable position to another is a common and vital problem in chemistry and physics of

materials. The energy barrier determine the rate of chemical reactions and migration

of ions. The motion of the atoms can be treated using classical mechanics, however the

transition state of interest is slower than the vibrations of the atoms hence classical

simulation is not useful for reaction path calculations. The O migration in systems

considered in these thesis is governed by vacancy hopping. When this occur, the O

ion is required to overcome the potential barrier at the saddle point between its origin

(initial state) and the site that it migrates to (final state). The path connecting the

origin and final state is the minimum energy path (MEP). The method involve the

optimization of a number of intermediate images which are equally spaced along a

reaction path. Spring forces are included along the band between images in order to
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constrain the optimization (maintaining equal spaces between images while they find

lowest energy possible). This force act on the atoms by pointing along the path only

with the energy being static for any perpendicular degree of freedom.

The climbing image nudged elastic band method as implemented in Vienna Ab

Initio Simulation Package (VASP) is a modification to the conventional nudged elas-

tic band method method. The method constitutes a more rigorous relaxation to the

saddle point while keeping information about the minimum energy path. When con-

verged, the highest energy image is driven to the saddle point. This method move

the potential energy surface in the direction of the elastic band with other images

defining one degree of freedom. This is a good approximation since the defined images

eventually converge to the minimum energy path.

2.6 Techniques used in this thesis

All the calculations in this thesis are performed using the Vienna Ab Initio Sim-

ulation Package with the projector augmented wave method. We employ the spin

polarized Perdew, Burke, and Ernzerhof generalized gradient approximation for the

exchange-correlation potential. In order to model electronic correlations, the Dudarev

approach [55] was used for the on-site Coulomb interaction in the localized d orbitals.

Furthermore, a 2 × 2 × 2 supercell and Γ-centered k-point mesh is used for O va-

cancy formation calculation. We also converge the residual forces until they are less

than 0.02 eV/Å. The energy barriers and minimum energy paths consisting of five

images are computed by the climbing image nudged elastic band method. We further

employ the quasi-Newton method to optimize the transition states found until the

residual forces is less than 0.02 eV/Å. Information regarding each of the calculations

are provided in the computational detail sections in each chapter.
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Chapter 3

Anisotropic O vacancy formation and diffusion in LaMnO3

Fuel cells, particularly solid oxide fuel cells, are capable of converting chemical energy

directly into electrical energy with high efficiency, flexible fuel choice (hydrocarbons

and hydrogen) and low pollution. They thus are regarded as one of the most promis-

ing technologies to cope with future power needs [58, 59, 60]. However, high operating

temperatures (typically 900-1200 ◦C) are required for the O reduction reaction and

diffusion in conventional perovskite transition metal oxide cathodes [61]. Such condi-

tions accelerate material degradation and limit the durability, stability and reliability

of solid oxide fuel cells, hence severely hampering applications in many fields. To

overcome these problems as well as to achieve smaller portable devices, reducing the

working temperature is essential [62, 63].

Numerous ways have been proposed to enhance the kinetics of the O reduction

reaction as well as the O diffusion, such as surface decoration [64, 65] and heterostruc-

tures [66, 67]. Among many factors, lattice strain strongly influences important ma-

terial properties such as the crystal structure [68], electronic states [69], and interface

cation chemistry [70, 71], thus having significant impact on the O vacancy (VO) con-

centrations in the surface [72] and the bulk [73, 74], which determine the surface O

exchange and bulk VO diffusion [75, 76, 77, 78]. First-principles simulations on per-

ovskite oxides, e.g., LaMnO3 [79] and LaCoO3 [80], have confirmed that lattice strain

affects the VO diffusion, based on the hypothesis that diffusion occurs along the [110]

curved path [81, 82].

It has been reported that the activity of the O reduction reaction is enhanced
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by 103 to 104 times at 550 ◦C in thin film La0.8Sr0.2CoO3−δ cathodes decorated by

(La0.5Sr0.5)2CoO4 [66]. Han and coworkers [32] have suggested that this remark-

able enhancement is due to strongly anisotropic O incorporation kinetics on the

(La0.5Sr0.5)2CoO4 surface in addition to the induced lattice strain at the interface.

Anisotropic VO diffusion has been observed experimentally in many perovskite oxides

at low temperature [83] as well as in layered oxide structures [84, 85], so that an

important role for the ionic conductivity of perovskite oxide cathodes at reduced op-

erating temperature can be expected, particularly near heterointerfaces where strain

is present. We note that typically VO diffusion through the bulk dominates over that

on the surface [86].

The operating temperature is generally higher than the Jahn-Teller distortion

energy in perovskite oxides (around 480 ◦C in LaMnO3 [87], for example), so that

the crystal structures exhibit an averaged cubic symmetry. When the operating

temperature is reduced, on the other hand, Jahn-Teller distortions become important,

though there are very few simulations considering such effects [88]. Most studies

adopt a cubic structure without local distortions [89, 90, 91]. In the present work, we

therefore perform calculations consistent with the overall cubic symmetry constraints

and include local distortions to investigate their effects on the VO formation and

diffusion, which determine the bulk diffusion coefficient, in pristine and 25% Sr doped

LaMnO3 under strain. A strongly anisotropic VO diffusion is demonstrated.

3.1 Computational details

All our calculations are based on the Vienna Ab Initio Simulation Package and the

frozen-core projector augmented wave method. The spin polarized Perdew, Burke,

and Ernzerhof generalized gradient approximation is employed for the exchange-

correlation potential. To model electronic correlations, we use the Dudarev approach

[55] for the on-site Coulomb interaction in the localized Mn d orbitals. An effective
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interaction parameter of U − J = 4 eV is used, following previous work by Lee and

coworkers [88], and a cutoff energy of 500 eV is employed for the plane wave expan-

sion. The optimized cubic lattice constant of LaMnO3 is 3.94 Å, which agrees well

with the experimental value of 3.95 Å[92]. We use a 2×2×2 supercell (with 40 atoms)

and a 5× 5× 5 Gamma-centered k-point mesh. The experimental epitaxial strain is

simulated by elongating and compressing the supercell in the x and y directions and

afterwards relaxing the atomic positions and length of the supercell in the z direction.

The residual forces are converged down to less than 0.02 eV/Å. Convergence tests for

the adsorption energies have been performed with respect to the k-point sampling and

energy cutoff to ensure an accuracy of at least 10 meV. Energy barriers and minimum

energy paths (five images) of the VO diffusion are computed by the climbing image

nudged elastic band method. The transition states found by a standard search are

further optimized by the quasi-Newton method until the residual forces have declined

to less than 0.02 eV/Å.

3.2 Results and discussion

We first assess for both LaMnO3 and La0.75Sr0.25MnO3 the impact of strain on the

VO formation energy, which determines the equilibrium VO concentration and is cal-

culated as

E = Ev − E0 +
1

2
EO2 , (3.1)

where Ev, E0 and EO2 are the total energies of systems with and without VO as well

as an isolated O2 molecule, respectively. Five VO sites next to the central Sr atom

are considered, for which the interaction is the strongest. VO(0) is used as initial state

and the other sites as the final states of the subsequent energy barrier and minimum

energy path calculations, see Fig. 3.1. Figure 3.2 (a) shows the VO formation energy in

LaMnO3 as a function of strain from −5% (compression) to 5% (tension) to describe
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Figure 3.1: Crystal structures of (a) LaMnO3 and (b) La0.75Sr0.25MnO3. La, Sr and
O atoms are indicated by green, blue, and red spheres. The CoO6 octahedra are
highlighted. (c) VO sites and (d) diffusion paths.

the behavior in a broad range. However, note that there are practical limitations

in achieving large strain values [93]. We have three groups of nonequivalent sites,

namely, VO(0), VO(1)/VO(2), and VO(3)/VO(4), due to the local octahedral distortions, as

illustrated in Fig. 3.1 (c) and similar o the case of CaMnO3 [94]. The nonequivalency

becomes less and less pronounced on going from compression to tension and for all

sites the VO formation energy shows a similar trend under strain. It becomes more and

more facile to create a VO from −5% to 3.5% strain, while the VO formation energy

increases for higher tensile strain. The minimum at 3.5% strain is similar to that

found in LaCoO3 at 3% strain (ascribed to a transition from low spin to intermediate
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Figure 3.2: ( VO formation energy for different sites as a function of strain in (a)
LaMnO3 and (b) La0.75Sr0.25MnO3.

spin [72].)

To understand the different behaviors of the three VO groups, projected densities

of states of the O(0), O(1) and O(3) atoms as well as the directly bonded Mn atom at

−5% strain are shown in Fig. 3.3, demonstrating hybridization between the Mn d and

O p orbitals and thus strong Mn-O bonding. For all O sites, hybridization peaks are

evident around −3 eV and in the range from −1 eV to the Fermi energy (EF ). The

hybridization with O(1) is the strongest and thus the highest VO formation energy

is obtained. The effect of strain is addressed in Figs. 3.4 (a)-(d). At −5% strain

a distinct Mn-O hybrid peak is present at −7 eV, see the black arrow in Fig. 3.4

(a), which shifts to higher energy, loses intensity and eventually disappears at 3.5%

strain, reflecting a weakening of the Mn-O bonding from compression to tension and

thus a reduction of the VO formation energy. The additional peak at EF , see the blue

arrow in Fig. 3.4 (d), points to destabilization of the Mn-O bonding, so that the VO

formation energy here has a minimum.
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Figure 3.3: Projected densities of states of LaMnO3 under −5% strain.

In comparison to LaMnO3, Sr doping facilitates VO formation in La0.75Sr0.25MnO3

due to the opposite formal charges related to VO (2+) and Sr substitution for La (1−).

The O sites are still nonequivalent, but new features emerge. It is favourable to have

a vacancy at the O(0) site. The preference grows under tensile strain and groups

VO(1)/VO(2) and VO(3)/VO(4) almost merge energetically. At all sites the VO formation

energy decreases under tensile strain, without distinct minima up to 5%, whereas

under compression it decreases and increases almost monotonously for VO(1)/VO(2)

and VO(3)/VO(4), respectively, from −5% to 0% strain. Since for VO(0) the dependence

is more complicated, projected densities of states of the O(0) p and Mn d orbitals are

shown in Figs. 3.4 (e)-(h) to scrutinize the Mn-O(0) interaction. Similar to LaMnO3,

a distinct peak around −7 eV at −5% strain, see the black arrow in Fig. 3.4 (e),

reflects Mn-O(0) bonding. Without strain an additional peak at −6 eV (red arrow

in Fig. 3.4 (f)) is indicative of bond strengthening, whereas at 3.5% strain the first

peak disappears, suggesting bond weakening. Since the peak found in LaMnO3 at

EF under 3.5% strain is absent in La0.75Sr0.25MnO3, no minimal VO formation energy

is obtained.
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Figure 3.4: Projected densities of states of (a)-(d) LaMnO3 and (e)-(h)
La0.75Sr0.25MnO3.

Subsequently, the VO diffusion along different directions (Fig. 3.1 (d)) is analyzed

as a function of the strain. Diffusion from the O(0) site to the other four sites (final

states) follows a curved trajectory, in good agreement with previous experimental

[95, 96] and theoretical [79, 80] reports on bulk perovskites. Figures 3.5 (a) and

(b) illustrate the diffusion barriers in LaMnO3 and La0.75Sr0.25MnO3 as a function of

strain. The VO diffusion is distinctly anisotropic in both systems, where the barriers

along the [011] and [01̄1] directions are lower than those along the [110] and [11̄0]

directions for all considered strain values. Tension leads to lower diffusion barriers

than compression, in agreement with experiments [97]. Additionally, substitution of

25% Sr for La increases the diffusion barriers by about 0.25 eV in each case, which can

be due to electrostatic and/or elastic interactions [98]. In the case of La0.75Sr0.25MnO3

(One Sr at the saddle point), the Sr2+ ion is larger than the La3+ ion, which enhances

the VO diffusion barrier. On the other hand, the VO formation energy decreases

substantially, see Figs. 3.2 (a) and (b), which enhances the VO concentration.
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Figure 3.5: O diffusion barriers as a function of strain in (a) LaMnO3 and (b)
La0.75Sr0.25MnO3. Black: Diffusion along the [011] and [01̄1] directions. Red: Diffu-
sion along the [110] and [11̄0] directions.

Two factors have been demonstrated to be responsible for the strain induced

decrease of the VO diffusion barrier in LaCoO3: the Co-O bond strength and the

space available for migration, where the latter correlates better with the barrier height

under tensile strain [80]. These ideas also apply to LaMnO3 and La0.75Sr0.25MnO3

due to their structural similarity to LaCoO3. Tensile strain widens the structure near

the transition states and thus lowers the diffusion barriers. Anisotropic O diffusion

has been demonstrated in bulk layered oxides [84, 85], particularly on surfaces of

cubic oxides, such as strained rutile TiO2 (110) [72] and LaCoO3(001) [80], being

closely related to the inherent anisotropy of the structures [99]. According to Fig.

3.1, the MnO6 octahedra tilt in different directions: O(1) and O(2) shift away from

the central La site, whereas O(3) and O(4) approach it, resulting in anisotropic VO

diffusion. Examining the Mn-O bond lengths and the first nearest neighbour La-O

bond lengths at the transition states shows for all considered diffusion directions that

the former are almost the same, while the latter correlate well with the obtained O
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diffusion barriers along the [011] direction: The longer the La-O bond length, the

smaller is the diffusion barrier. This suggests that the weaker La-O interaction and

additional space for diffusion from VO(0) to VO(1)/VO(2) are responsible for the lower

barriers.

3.3 Conclusions

At reduced operating temperatures local distortions become relevant in perovskite

oxides, which is shown to have dramatic implications for the VO formation and diffu-

sion. Choosing LaMnO3 as a prototypical material, we have performed first-principles

simulations to demonstrate these effects. We also find that strain and Sr doping are

capable of further increasing the anisotropy of the VO formation. In addition, tensile

strain promotes the VO formation as well as the VO diffusion in both pristine and Sr

doped LaMnO3. Under Sr doping the VO formation energy decreases, which is advan-

tageous for solid oxide fuel cells. Importantly, in both LaMnO3 and La0.75Sr0.25MnO3

the VO diffusion is strongly favorable in the [011] and [01̄1] directions at reduced oper-

ating temperatures due to weaker La-O bonding and additional space for migration.

The structural and electronic similarities in the class of perovskite oxides suggests

that the findings of our work are generally applicable to perovskite solid oxide fuel

cell cathodes.
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Chapter 4

Electronic structure and O vacancy formation/migration in

La0.825(Mg/Ca/Ba)0.125CoO3

The need for clean and efficient energy conversion has encouraged extensive studies

of solid oxide fuel cells [100]. Reduction of the operating temperature is found to be

crucial for enhancing the performance and can be achieved by optimizing the cathode

[101, 59]. To this aim, both the search for new and the optimization of existing

materials can be fruitful [61, 102, 103]. Particularly, the O vacancy concentration

and mobility are parameters to be optimized. Another research direction addresses

the heterojunctions in layered materials [104]. However, any optimization approach

requires adequate knowledge of the O reduction reaction, which is determined by the

O absorption at the surface of the cathode and the O diffusion in the bulk, both

being often poorly understood. For the cathode stability at operation temperature

and good thermal expansion properties are essential [105] in addition to the O mobility

[106]. In this context, perovskites are known for their high O mobility according to

experiments and first principles calculations [82, 107]. Such calculations also give

access to other vital information about the O reduction reaction, in particular, the

dissociation of the O molecule and the behaviour of O vacancies. Since LaCoO3 is of

industrial interest owing to its large ionic and electronic conductivities [100, 108], its

electronic transitions as a function of the temperature (being attributed to changes

in the Co spin state) have been studied extensively, see Refs. [109, 88], for example.

Experimental results from infra-red spectroscopy [110] and magnetic susceptibility

measurements [111, 112, 113] show that LaCoO3 at low temperature has a rhombo-
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hedral structure [88] and is non-magnetic with a band gap of 0.6-0.9 eV. However,

as the temperature rises an insulator-metal transition occurs and the magnetic sus-

ceptibility increases towards a pronounced maximum around 100 K. This peak has

been attributed to a transition of Co from low spin to either intermediate spin or high

spin [114, 115, 116]. Though there is still no consesus about the spin state above 100

K, it has been argued that IS is favourable over high spin, because the hybridization

between the Co 3d eg and O 2p orbitals is larger [117]. In any case, this controversy

is not critical, because LaCoO3 realizes a cubic structure at the temperatures rele-

vant for solid oxide fuel cell operations. With respect to the competition between

the crystal field splitting and magnetic exchange, a non-magnetic state being realized

if the former dominates, cation doping can affect both the structural and magnetic

properties [118, 82]. Depending on the size of the doped ion, the CoO6 octahedra

are distorted, which modifies the Co-O hybridization and in turn the magnetic state.

A systematic understanding of the effects of chemical pressure will not only help to

improve the properties of LaCoO3 but will also aid the synthesis of new materials. For

this reason and to clarify the role of the spin state of Co for the O vacancy formation

and migration, we study the effects of hole doping for substitution of trivalent La3+

with divalent Mg2+, Ca2+ or Ba2+ to rank the performance of the dopants.

4.1 Computational details

First principles calculations are performed using the Vienna Ab-initio Simulation

Package [119] and the Perdew-Burke-Ernzerhof exchange-correlation functional. Spin

polarization is taken into account and a 600 eV energy cutoff is used. We employ a

2 × 2 × 2 supercell of the cubic perovskite LaCoO3 unit cell (containing 40 atoms)

and a Monkhorst-Pack 5 × 5 × 5 k-mesh for the Brillouin zone integration. Self-

consistency is achieved with a total energy convergence of 0.01 meV. Since electronic

correlations are important in the systems under investigation [80], we include an
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effective onsite Coulomb interaction, employing the rotationally invariant method of

Dudarev and coworkers [55] with Ueff = 3.3 eV in agreement with previous studies

[88]. We optimize the lattice constant and atomic positions for the pristine as well

as O deficient (one atom per supercell) and/or doped structures. The vacancy and

dopant sites are determined by total energy considerations. Furthermore, minimum

energy paths of the O migration are computed by the climbing image nudged elastic

band method [120], where we fix all atomic positions and allow only the O vacancy

to move. The transition states are optimized by the quasi-Newton method until a

residual force of less than 0.02 eV/Å is achieved.

4.2 Results and discussion

We first validate our approach against known properties of pristine LaCoO3 [111]. The

experimental value of the lattice constant [121] differs from our result by only 2%, see

Table 4.1, and the band gap obtained for low spin Co (magnetic moment < 0.03 µB)

is 0.9 eV in agreement with optical spectroscopy [111]. Figure 4.1 presents projected

Co (atom next to the dopant) and O (atom between the aforementioned Co and

the dopant) densities of states of pristine and doped LaCoO3. La contributions are

negligible around the Fermi energy. Figure 4.1(left) shows for low spin Co a strong

Co-O hybridization. Upon doping of Mg (ionic radius 0.86 Å), Ca (ionic radius 1.14

Å), or Ba (ionic radius 1.49 Å) for La (ionic radius 1.17 Å) unoccupied Co-O hybrid

states appear at the Fermi energy in each case, carrying the introduced holes. The

gross shape of the density of states is hardly modified, while the lattice constant (and

thus the Co-O bond length) changes in agreement with the ionic radius of the dopant,

see Table 4.1.

We now consider the spin state, which is typically neglected in studies of the defect

formation. Pristine LaCoO3 is metallic when Co realizes an intermediate spin state

(magnetic moment 2.16 µB, ferromagnetism), see Figure 4.1(right). The fact that
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Figure 4.1: Projected densities of state of pristine and doped LaCoO3 with low spin
(left) and intermediate spin (right) Co3+. In each case, the Co atom is located next
to the dopant and the O atom is located between the aforementioned Co and the
dopant.

intermidiate spin Co is energetically favorable over low spin Co agrees with the find-

ings of Ref. [108]. Our results demonstrate that the same preference of intermediate

spin Co is characteristic of doped LaCoO3, compare the total energies given in Table

4.1. We also find that doping does not change the gross shape of the density of state.

The chemical pressure resulting from the large ionic radius of Ba reduces the Co-O

hybridization around the Fermi energy, while for Mg and Ca doping this effect is less

pronounced, see Figure 4.1(right). Interestingly, the Co spin state has a significant

effect on the lattice constant, which is around 2% larger in the intermediate spin than

in the low spin case.

We examine the energetics of the O vacancy formation for the different dopants

and Co spin states in terms of the formation energy

Eformation = Edefective − E +
1

2
EO2 , (4.1)

where Edefective and E are the total energies of the system with and without O vacancy,
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Table 4.1: Lattice constant and total energy per formula unit for low spin and inter-
mediate spin Co3+.

low spin Lattice constant Total energy

Pristine 3.81 Å −35.51 eV
Mg-doped 3.78 Å −34.74 eV
Ca-doped 3.79 Å −34.90 eV
Ba-doped 3.82 Å −34.73 eV

intermediate spin Lattice constant Total energy

Pristine 3.90 Å −35.75 eV
Mg-doped 3.86 Å −34.76 eV
Ca-doped 3.88 Å −35.08 eV
Ba-doped 3.89 Å −35.06 eV

respectively, and EO2 is the total energy of an isolated O2 molecule. Figure 4.2(left)

summarizes the results, showing that doping with Mg, Ca, and Ba reduces Eformation

irrespective of the Co spin state. The reason is that the dopants are divalent, while

La is trivalent and therefore binds O atoms more strongly. In contrast to the lattice

constant, Eformation does not follow the trend of the ionic radii of the dopants. While

Mg and Ca doping result in approximately the same Eformation, Ba is the only dopant

with an ionic radius larger than that of La so that negative chemical pressure stretches

the Co-O bonds and Eformation consequently is reduced. This structural modification

also explains the reduced Co-O hybridization mentioned above. Moreover, we find

for all three dopants that Eformation is significantly higher for intermediate spin than

for low spin Co, while the gross shape of the curve in Figure 4.2(left) is maintained.

As an exception, we find for Ba doping in the case of intermediate spin Co a higher

value of Eformation than for Mg doping.

The A∗-O∗ distance at the transition state is a key factor for the magnitude of

the migration barrier in perovskite oxides [122, 123]. But what is the role of the

Co spin state? It is known that the O ions migrate along the edges of the CoO6

octahedra [108]. Figure 4.2(middle) shows the migration barriers obtained for the

different dopants and spin states. For low spin Co the migration barrier grows with

the ionic radius of the dopant. This trend can be explained by the fact that the
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Figure 4.2: O vacancy formation energy, migration barrier, and average A∗-O∗ dis-
tance at the transition state for pristine and doped LaCoO3.

average A∗-O∗ distance is reduced, see Fig. 4.2(right), so that less space is available

for the O migration. The main structural change under doping thus affects the A∗-O∗

distance, while the Co∗-O∗ distance at the transition state is almost the same for the

different dopants (within 0.03 Å). In the case of intermediate spin Co the average A∗-

O∗ distance does no longer correlate with the atomic radius of the dopant, reflecting

again a strong influence of the Co spin state on the transition state. However, again

higher average A∗-O∗ distances correspond to lower migration barriers, which explains

why the curve for intermediate spin Co in Fig. 4.3(middle) deviates from a continuous

growth. Importantly, we obtain higher average A∗-O∗ distances for intermediate spin

than for low spin Co. Consequently, the migration barriers are lower, as more space is

available for the O migration. We note that charge transfer often plays an important

role for the migration barriers, while in our case the structure turns out to be sufficient

to fully understand all the observations.

4.3 Conclusions

We have investigated the effect of A-site cation doping on the O vacancy formation

and migration in perovskite LaCoO3 using first principles calculations. An onsite

Coloumb interaction is applied in order to account for electronic correlations. We

find that modifying the chemical composition of LaCoO3 by doping with divalent
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Mg, Ca, and Ba ions for trivalent La ions lowers the O vacancy formation energy.

Importantly, the magnetic state of Co turns out to have strong influence on both the O

vacancy formation and migration. While low spin Co promotes O vacancy formation,

intermediate spin Co facilitates O migration by increasing the space available at the

transition state.
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Chapter 5

O vacancy formation in pristine and Sr-doped GdBaCo2O5.5

and GdBaCo2O6: A comparative first principles study

Strong interplay between structural, electronic, and magnetic properties in GdBaCo2

O5+δ (0 ≤ δ ≤ 1) makes these compounds exciting subjects from both the experimen-

tal and theoretical perspectives [124]. Phenomena such as high Seebeck coefficient,

spin blockade, and giant magnetoresistance have been reported [38]. The compounds

are also known to catalyze key processes in solid oxide fuel cells and electrolysis [125].

They show a wide range of O stoichiometry, which is important for various applica-

tions as the electronic and magnetic properties are modified [126]. For δ < 0.4 the

compounds are prepared in Ar atmosphere, while for δ ≥ 0.4 they are annealed in O

flow [127]. Anderson and coworkers have argued that variation of the O stoichiome-

try is a route to engineering the properties of NdBaCo2O5+δ, because it determines

together with other synthesis conditions the crystal structure formed [41]. Highlight-

ing the importance of the crystal structure for applications, slight changes in bond

angles/lengths can result in significant differences in the O vacancy formation energy

and migration [128]. The structural changes also can be accompanied by changes in

the oxidation and spin states of Co [129]. Due to the fact that the coordination and

valency of Co are determined by the O stoichiometry, effects on the electronic and

catalytic properties are to be expected [130]. Since experiments have shown that the

symmetry of a system influences catalytic reactions [131], polymorph modification is

a way to improve the activity of GdBaCo2O5+δ [132].

The crystal structure of GdBaCo2O5+δ is orthorhomic for δ = 0.5 and tetragonal
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for δ = 1 [133]. When the temperature is raised, inducing a random distribution

of O vacancies, the tetragonal symmetry forms [134]. Ordering of Gd and Ba in

GdBaCo2O5+δ reduces the O bonding strength and enhances the O motion [135].

The driving force behind the ordered nature is the difference in ionic radii of Gd and

Ba. When it is small we obtain a highly substituted perovskite, while a high dif-

ference increases the O vacancy concentration and consequently lowers the electrical

conductivity [136, 137]. Various efforts have been taken to unravel doping strategies

for improving the electronic, electrochemical, and thermal expansion properties of

double perovskites, including GdBaCo2O5+δ, to suit the requirements of intermedi-

ate temperature solid oxide fuel cells [138, 139]. The electronic and ionic transport

properties of GdBaCo2O5.5 have been enhanced by substitution of Ba with Sr in, Ref.

[140] motivated by the optimization of La-based perovskites by Sr doping [141]. Sub-

stitutional doping is known to be accompanied by structural changes depending on

the concentration of the dopant [101]. In this context, the aim of the present study is

to compare the O vacancy formation in GdBaCo2O5.5 and GdBaCo2O6, both in the

pristine compounds and after Sr doping.

Gd

Co

4

Ba

O

1

2

3

5

Figure 5.1: Crystal structure of GdBaCo2O5.5 (left) and GdBaCo2O6 (right).
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5.1 Computational details

We use the Vienna Ab-initio Simulation Package [119] (projector augmented wave

method) to perform spin polarized first principles calculations for GdBaCo2O5.5 and

GdBaCo2O6, see Fig. 5.1. The Perdew-Burke-Ernzerhof exchange-correlation func-

tional is employed together with a plane wave cutoff energy of 530 eV. A 2 × 2 × 2

supercell is constructed for each case and the Brillouin zone is sampled on 6× 3× 3

(orthorhombic) and 6×6×3 (tetragonal) k-meshes. We achieve self-consistency with

a total energy convergence of 0.01 meV. The on-site Coulomb interaction is set to

6 eV and 6.9 eV, respectively, for the localized Co 3d and Gd 4f orbitals, following

previous work [142, 143, 144]. Both the O vacancy and Sr dopant sites are determined

by total energy considerations. Because the transport in perovskites is governed by

the migration of O vacancies, we calculate the O vacancy formation energy

EV = E[defective]− E[pristine] +
1

2
E[O2], (5.1)

where E[defective] is the energy of the defective supercell, E[pristine] is the energy of

the pristine supercell, and E[O2] is the energy of an O2 molecule in the triplet state.

5.2 Results and discussion

According to Table 5.1, the optimized lattice parameters agree very well with the

experimental values [145]. Densities of states obtained for pristine GdBaCo2O5.5 and

GdBaCo2O6 are shown in Fig. 5.2 together with results for 50% and 100% Sr doping.

Experimentally, the perovskite crystal structure is known to be preserved at 50% Sr

doping [146, 136], while no results are available for higher dopant concentrations.

Nevertheless, we also present results for 100% Sr doping for systematic reasons. The

Ba and Sr states are not included in Fig. 5.2, because they give virtually no contri-

bution in the energy range shown. The pristine compounds reveal a simple metallic
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Table 5.1: Optimized lattice parameters and average Co-O bond lengths of pristine
and Sr-doped (50% or 100% of the Ba atoms replaced) GdBaCo2O5.5 and GdBaCo2O6.
Experimental values from are given in brackets.

GdBaCo2O5.5 GdBaCo2O6

a 3.89 Å (3.88 Å) 3.89 Å (3.88 Å)
b 7.84 Å (7.83 Å) 3.89 Å (3.88 Å)
c 7.57 Å (7.54 Å) 7.56 Å (7.54 Å)

d(Co-O) 1.99 Å 1.97 Å
50% Sr 50% Sr

a 3.87 Å 3.88 Å
b 7.73 Å 3.88 Å
c 7.56 Å 7.56 Å

d(Co-O) 1.95 Å 1.96 Å
100% Sr 100% Sr

a 3.87 Å 3.82 Å
b 7.69 Å 3.82 Å
c 7.51 Å 7.49 Å

d(Co-O) 1.90 Å 1.88 Å

behaviour with strong hybridization of the Co 3d and O 2p states. Substitution of

Sr for Ba affects the structure and electronic states of both systems significantly, de-

pending on the dopant concentration. From the structural point of view we observe

in the case of 50% Sr doping ordering between the Ba and Sr atoms as they form a

checkerboard pattern within the ab-plane.

50% Sr doping of GdBaCo2O5.5 leads to a 2.0% decrease in cell volume and 100%

Sr doping to a 4.1% decrease. This effect is reflected by a reduced average Co-O bond

length, see Table 5.1. According to Fig. 5.2(left), the gross shape of the density of

states is surprisingly similar between the pristine and 100% Sr doped compounds. The

most significant difference is a shift of the Co 3d states to higher energy, while the O

2p states rather tend to lower energy. Interestingly, for 50% Sr doping the electronic

structure is subject to a qualitative change as a band gap opens in the minority

spin channel, resulting in a half-metallic state. The implications of Sr doping in

GdBaCo2O6 are similar to the case of GdBaCo2O5.5 from the structural point of view.

We obtain a (rather small) 0.5% decrease in the cell volume for 50% Sr doping and a
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Figure 5.2: Co 3d and O 2p densities of states of pristine (top), 50% Sr-doped (mid-
dle), and 100% Sr-doped (bottom) GdBaCo2O5.5 (left) and GdBaCo2O6 (right).

4.5% decrease for 100% Sr doping. For the pristine and 100% Sr-doped compounds

we obtain again similar densities of states, see Fig. 5.2(right), and for 50% Sr doping

a half-metallic state. However, for 50% Sr doping the electronic states are shifted to

higher energy (with respect to the Fermi energy).

Turning to the O vacancy formation, we consider for GdBaCo2O6 all possible sites

(one O vacancy per cell), labelled 1 to 5 in Fig. 5.1. According to Fig. 5.3, O site 3

(in the GdO layer) provides the lowest vacancy formation energy. The value is similar

to the energies obtained for O sites 2, 4, and 5. Only in the BaO layer O vacancy

formation is much less likely, which is due to the fact that Ba is much larger than

Co and Gd. For GdBaCo2O5.5 we study only O vacancy formation in the GdO layer,

since previous experimental [147] and theoretical [137] works have shown that this

site is favourable by 0.50 eV. It turns out that O vacancies are formed much easier
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Figure 5.3: O vacancy formation energy for the pristine and 50% Sr doped compounds.

in the orthorhombic Pmmm (1.32 eV) than in the tetragonal P4/mmm (1.79 eV)

structure, i.e., in the already O deficient compound, which we will explain later. In

general, the O vacancy formation energy is smaller than in other perovskites, such as

LaCoO3 (2.4 eV) [148], LaMnO3 (2.6 eV) [149], and SrTiO3 (5.2 eV) [150], implying

that the O vacancy concentration will be high, as required for cathodes of solid oxide

fuel cells.

Since Sr doping is known to modify the O vacancy formation in perovskites [149],

we next study the effect of 50% Sr doping. Substitution of Ba with smaller Sr modifies

the Co-O bond length, see Table 5.1, and the O-Co-O bond angle changes from 167◦

to 170◦ in the case of GdBaCo2O5.5 and from 168◦ to 170◦ in the case of GdBaCo2O6.

For both compounds, we have confirmed that O vacancy formation is favorable in the
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GdO layer. We find that Sr doping of GdBaCo2O6 strongly reduces the O vacancy

formation energy by 0.64 eV, whereas Sr doping of GdBaCo2O5.5 reduces it by 0.33

eV. This difference must be connected to modifications of the electronic structure,

because the changes in the Co-O bond lengths are minor.

In order to explain why the O vacancy formation energy is smaller in GdBaCo2O5.5

than in GdBaCo2O6 (both without and with Sr doping), we investigate how the excess

charge resulting from the O vacancy formation is redistributed [151]. The average

Bader charges before/after O vacancy formation turn out to be 1.225/1.226 (Co, 32

atoms), 2.075/2.070 (Gd, 16 atoms), 1.662/1.657 (Ba, 16 atoms), −1.125/−1.136 (O,

88/87 atoms) for GdBaCo2O5.5 and 1.562/1.421 (Co, 16 atoms), 2.116/2.119 (Gd, 8

atoms), 1.568/1.562 (Ba, 8 atoms), −1.125/−1.110 (O, 48/47 atoms) for GdBaCo2O6.

Of course, all these values are lower than the formal charges of the ions as the bonds

are not purely ionic. The charge states of Gd and Ba show only small changes when

an O vacancy is introduced. While in the case of GdBaCo2O5.5 the excess charge

mainly enters the O sublattice, in the case of GdBaCo2O6 it enters the Co sublattice

and reduces the Co ions. This leads to higher O vacancy formation energies, as

previously shown for LaFeO3 [152] and SrCoO3 [153]. The observed trends thus can

be attributed to additional Coloumb repulsion as a consequence of reduction of the

transition metal ions.

5.3 Conclusions

We have established the effect of substitutional Sr doping at the Ba site in GdBaCo2O5.5

and GdBaCo2O6 on the structural and electronic properties, in particular the O va-

cancy formation energy. For GdBaCo2O5.5 the cell volume decreases continuously un-

der Sr doping, while for GdBaCo2O6 only a high dopant concentration results in signif-

icant volume reduction. O vacancy formation turns out to be easier in GdBaCo2O5.5

than in GdBaCo2O6, i.e., in the already O deficient compound, both in the pristine
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case and after Sr doping. The origin of this behaviour is backtracked to differences

in the redistribution of the charge freed during the O vacany formation. While in the

case of GdBaCo2O5.5 mainly the O sublattice accepts the excess charge, in the case

of GdBaCo2O6 the Co sublattice assumes this role.
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Chapter 6

O vacancy formation in (Pr/Gd)BaCo2O5.5 and the role of

antisite defects

Numerous efforts have been made to lower the operation temperature of solid oxide

fuel cells (SOFCs) to the intermediate temperature range (500-700 ◦C) [154, 155, 141]

in order to reduce the material degradation typically encountered at higher temper-

ature and to increase the efficiency [156]. However, the reduction of the operation

temperature is often accompanied by increased interfacial polarization resistance (re-

sistance to O reduction) at the cathode, which leads to poor SOFC performance

[79]. To overcome this issue, many perovskite oxides have been investigated as po-

tential SOFC cathodes [141]. Although La0.75Sr0.25MnO3, for instance, shows good

performance at high temperature, the ionic conductivity at low temperature is very

low [157]. In the search for materials capable of catalyzing O reduction and main-

taining high ionic conductivity at intermediate temperature, layered Co perovskite

oxides have been put forward due to the ability of Co to enhance the adsorption

of O molecules [158, 159], ionic conductivity [127], and O vacancy concentration as

compared to other perovskite-related oxides [147, 160].

LnBaCo2O5+δ (Ln = Pr, Nd, Gd; 0 ≤ δ ≤ 1) layered cobaltites, so called double

perovskites, have been subject of intense studies related to giant magnetoresistance

[161], charge ordering [162], and easy O diffusion (important for SOFC cathodes)

[130]. For δ = 0.5 half of the Co atoms is octahedrally coordinated by O and the

other half has a square pyramidal coordination due to O vacancies in the LnOδ layer.

The significant size difference between the two A-site cations, Ln and Ba, results in
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a layered structure (along the c-axis) [131, 163], as shown in Fig. 6.1, with LnOδ

and BaO layers separated by CoO2 layers, giving rise to different possible surface

terminations. While generally the formation and migration of defects play key roles

for a material’s performance in SOFCs [128, 60, 164, 165, 166, 167], here both the

O stoichiometry and A-site ordering have major effects on the electronic structure

[135]. Previous studies have focussed on the spin state and metal-insulator transition

[129, 168], both being linked to the mean valence (varies between 2.5+ and 3.5+ for

0 ≤ δ ≤ 1) and coordination of the Co atoms [169]. Indeed, magnetism can strongly

influence the structural and catalytic properties of Co perovskite oxides [124].

Within the class of double perovskites the compounds (Pr/Gd)BaCo2O5+δ are

studied most frequently [170, 134]. They adopt orthorhombic (space group Pmmm)

or tetragonal (space group P4/mmm) structures depending on the O stoichiometry

[171]. The O vacancy concentration, on the other hand, is influenced by the size

of the Ln cation, growth temperature, and other growth conditions [126, 41]. This

variability makes it possible to control the Co valency [121]. As the O diffusion

follows a vacancy mechanism, factors that modify the structure are critical to the

performance of (Pr/Gd)BaCo2O5+δ in SOFCs [39]. In particular, antisite defects

(atoms of different type exchange their positions) and segregation of cations have

been reported to affect the O reduction reaction as well as O diffusion mechanism

and energetics [38, 39]. In order to design efficient intermediate temperature SOFCs

it is necessary to improve the O reduction reaction (being limited by the O exchange

at the surface) to achieve fast kinetics. To this end, it is essential to understand SOFC

cathodes at the atomic level, with antisite defect formation being a key phenomenon.

Antisite defects can be induced by electron irradiation, which affects the material

stability and O reduction reaction [128, 172]. Molecular dynamics simulations have

shown that they reduce the anisotropy of the O diffusion in GdBaCo2O5.5 [39]. In

addition, the static atomic simulation approach has been used to demonstrate that
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the (Pr/Gd)-Ba antisite defect is the lowest energy defect in (Pr/Gd)BaCo2O5.5, in-

dicating that mainly its energy and the O Frenkel energy determine the O diffusion

[137]. For this reason, we study in the present work the role of antisite defects, which

are likely to occur under SOFC operation conditions, for the O vacancy formation

in (Pr/Gd)BaCo2O5.5. Because the electrochemical properties of these double per-

ovskites are strongly linked to the electronic state of the transition metal (Co) atoms

[142], we also analyze the effects of antisite defects in this respect.

IV

Ba

Co

Pr/Gd

II

III

O

IV

Figure 6.1: Crystal structure of the unit cell of (Pr/Gd)BaCo2O5.5 (top) and of a
2 × 2 × 2 supercell defining the antisite defects (II, III, and IV) considered in this
study (bottom). The O atom that is removed to create a vacancy is shown in black.
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6.1 Computational details

We study (Pr/Gd)BaCo2O5.5 with orthorhombic structure (space group Pmmm; high

O deficiency; see Fig. 6.1), employing the Vienna Ab-initio Simulation Package [119]

and the Perdew-Burke-Ernzerhof flavor of the generalized gradient approximation. A

6×3×3 k-mesh in the Monkhorst-Pack scheme is used for Brillouin zone integration.

The kinetic energy cutoff of the plane wave basis is set to 530 eV and the residual

force criterion for the structure optimization to 0.02 eV/Å. In order to account for

correlation effects of localized electrons, onsite Coulomb repulsions of 6 eV for the

Co 3d orbitals [143, 144] and 6.9 eV for the Pr/Gd 4f orbitals [142] are employed.

These values have been tested carefully to make sure that the trends discussed in the

following do not depend on the specific choice. For instance, the lattice parameter

and O vacancy formation energy vary by less than 0.6% when the onsite Coulomb

repulsion of the Co 3d orbitals is reduced to 3.3 eV.

To generate antisite defects we exchange Pr/Gd with Ba atoms considering pairs

in different distances in a 2× 2× 2 supercell containing 152 atoms, as shown in Fig.

6.1. In the discussion that follows we call pristine (Pr/Gd)BaCo2O5.5 configuration

I, the antisite defect of Pr/Gd (0.75, 0.13, 0.25) and Ba (0.75, 0.12, 0.50) with a

distance of 3.78 Å configuration II, the antisite defect of Pr/Gd (0.75, 0.36, 0.25)

and Ba (0.75, 0.12, 0.50) with a distance of 5.43 Å configuration III, and the antisite

defect of Pr/Gd (0.75, 0.13, 0.25) and Ba (0.75, 0.12, 0.50) with a distance of 9.12

Å configuration IV. One O atom is removed at an energetically favorable site [137]

in the supercells of configurations I to IV (see Fig. 6.1) to calculate the O vacancy

formation energy

EV = E[defective]− E[pristine] +
1

2
E[O2], (6.1)

where E[defective] is the energy of the defective supercell, E[pristine] is the energy
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of the pristine supercell, and E[O2] is the energy of a spin polarized O2 molecule in

the triplet state corrected by 1.36 eV [88] in order to account for overbinding in the

generalized gradient approximation.

6.2 Results and discussion

Calculated and experimental [145, 173] lattice parameters of (Pr/Gd)BaCo2O5.5 are

given in Table 6.1, revealing close agreement. Total and partial Co 3d and O 2p

densities of states are shown in Fig. 6.2. PrBaCo2O5.5 exhibits a half-metallic nature

and GdBaCo2O5.5 a simple metallic nature, both with hybridized Co 3d and O 2p

states at the Fermi energy. Since the Co3+ ion has a d6 electronic configuration in

octahedral coordination, low, intermediate, and high spin states are possible. We

find for the octahedrally coordinated Co atoms in PrBaCo2O5.5 and GdBaCo2O5.5,

respectively, intermediate (2.54 µB) and high (3.03 µB) spin states, whereas the pyra-

midally coordinated Co atoms have high spin in both compounds. For GdBaCo2O5.5

high spin also has been found experimentally for all Co atoms in Ref. [174] and con-

firmed theoretically in Ref. [175], while the experiments of Ref. [126] rather point to

low spin of the pyramidally coordinated Co atoms.

The energy required to form antisite defects depends on the pair distance of the

exchanged atoms, being lower for PrBaCo2O5.5 (1.01 eV, 0.90 eV, and 1.60 eV for

configuration II, III, and IV, respectively) than for GdBaCo2O5.5 (1.92 eV, 1.90 eV,

and 2.63 eV for configuration II, III, and IV, respectively). This difference between

the two compounds correlates with the length of the c lattice constant, see Table

Table 6.1: Lattice constants, Co magnetic moment (µB), and O vacancy formation
energy of pristine (Pr/Gd)BaCo2O5.5. Experimental lattice constants from Refs. [145,
173] are given for comparison.

Compound a (Å) b (Å) c (Å) µB EV (eV) aexp (Å) bexp (Å) cexp (Å)
PrBaCo2O5.5 3.92 7.87 7.68 2.54 0.86 3.91 7.84 7.63
GdBaCo2O5.5 3.89 7.84 7.57 3.01 1.74 3.88 7.83 7.54
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Figure 6.2: Total and partial densities of states of PrBaCo2O5.5 (top) and
GdBaCo2O5.5 (bottom), showing a half-metallic nature in the former and a simple
metallic nature in the latter case.

6.1. For both compounds the magnetic moments of the pyramidally coordinated

Co atoms are hardly affected by the presence of antisite defects, in contrast to the

octahedrally coordinated Co atoms (which still maintain their oxidation state). For

antisite configurations II and III in PrBaCo2O5.5 the magnetic moments turn out

to be 2.65-2.69 µB for half of the octahedrally coordinated Co atoms and 3.08-3.16

µB for the other half, while for antisite configuration IV (which is energetically less

favorable due to the larger pair distance, see above) these values are 2.50-2.57 µB

and 3.15-3.20 µB. We therefore find in each case that half of the atoms switch from

intermediate to high spin. For all antisite configurations in GdBaCo2O5.5, on the

other hand, the original Co high spin states are maintained with magnetic moments

of either 3.02-3.04 µB or 3.24-3.31 µB, which reflects a slight increase for the second
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Figure 6.3: EV for pristine (Pr/Gd)BaCo2O5.5 (configuration I) and for the antisite
defects (configurations II, III, and IV).

group (again without changing the oxidation state).

Since O vacancies are energetically favourable in the (Pr/Gd)O layer [137], results

of EV obtained for this layer are presented in Fig. 6.3 for both compounds without

and with antisite defect. They are much higher in GdBaCo2O5.5 than in PrBaCo2O5.5

(which is consistent with Fig. 6.2 of Ref. [137]), because the c lattice constant is smaller

and mainly the O bonds connecting neighbouring CoO layers are affected by this fact,

see Fig. 6.1. Indeed, the difference is greatly reduced for O vacancies in the CoO layer

with EV = 1.32 eV for PrBaCo2O5.5 and EV = 1.81 eV for GdBaCo2O5.5. The trend

that EV is lower in PrBaCo2O5.5 than in GdBaCo2O5.5 is maintained for all antisite

configurations (II to IV) with about the same energy difference as in configuration I,

because the antisite defects turn out to have only minor effects on the lattice constants

(PrBaCo2O5.5: a = 3.92-3.96 Å, b = 7.82-7.87 Å, c = 7.76-7.80 Å; GdBaCo2O5.5:

a = 3.89-3.91 Å, b = 7.78-7.84 Å, c = 7.52-7.57 Å). As a consequence, we study

only PrBaCo2O5.5 in the following. For O vacancies in proximity to an antisite defect
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I II III IV
Co1 2.65 µB 3.14 µB 3.14 µB 2.77 µB
Co2 2.65 µB 3.09 µB 3.09 µB 2.77 µB
Co3 2.65 µB 2.73 µB 2.73 µB 3.17 µB
Co4 2.65 µB 2.66 µB 2.66 µB 3.20 µB

Co4

Co3

Co1

Co2

Figure 6.4: Magnetic moments of the octahedrally coordinated Co atoms next to the
energetically favorable O vacancy site for configurations I to IV of PrBaCo2O5.5. The
colors have the same meaning as in Fig. 6.1.

(configurations II and III) the value of EV is higher than without antisite defect,

showing that antisite defects counteract O vacancy formation. On the other hand,

when the separation from the antisite defect is large (configuration IV) the interaction

is weak and EV resembles the original value. The ease of accommodating the excess

charge due to O vacancy formation is given by the degree of charge delocalization

on the O sublattice [108], λ = (N − 1)(〈qVO〉 − 〈qO〉)/〈qO〉, where N is the number of

O atoms in the pristine supercell and 〈qO〉 and 〈qVO〉, respectively, are the O Bader

charges before and after vacancy formation. We obtain for λ values of 1.86, 0.85, 0.74,

and 1.05 for configurations I, II, III, and IV, respectively. Higher λ implies lower EV ,

which explains the trends of Fig. 6.3. We note that λ is reduced in the presence of

antisite defects due to the formation of Co high spin states (as discussed earlier).

We observe that upon formation of O vacancies the electronic states of the pyra-

midally coordinated Co atoms remain virtually the same (with magnetic moments of

3.03 µB). On the contrary, the magnetic moments of the octahedrally coordinated

Co atoms next to an O vacancy, see Fig. 6.4, increase from 2.54 µB to 2.65 µB (with-

out antisite defect). In the presence of antisite defects we reproduce the previously

described transition of half of the atoms from intermediate to high spin, on average

with slightly enhanced magnetic moments, as to be expected.
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6.3 Conclusions

O vacancy formation and the role of antisite defects in (Pr/Gd)BaCo2O5.5 have been

investigated by first principles calculations. PrBaCo2O5.5 turns out to be half-metallic

with the octahedrally coordinated Co atoms realizing intermediate spin states, while

GdBaCo2O5.5 is metallic with the octahedrally coordinated Co atoms in high spin

states. O vacancy formation is predicted to be much easier in PrBaCo2O5.5 than in

GdBaCo2O5.5. The difference in O vacancy formation energy between the two com-

pounds hardly changes in the presence of (Pr/Gd)-Ba antisite defects, because these

defects have only minor effects on the lattice constants. On the other hand, proximity

to an antisite defect enhances the O vacancy formation energy significantly. Inter-

estingly, presence of antisite defects in PrBaCo2O5.5 causes parts of the octahedrally

coordinated Co atoms to switch from intermediate to high spin.
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Chapter 7

Intrinsic defect process and O migration in PrBa(Co/Fe)2O5.5

The ability to provide electricity efficiently and in an environmentally friendly man-

ner has made solid oxide fuel cells (SOFCs) to one of the most attractive sources of

renewable energy. At high operating temperatures of 800 to 900◦C they can produce

power with an overall efficiency of up to 85% [176]. Unlike low temperature SOFCs,

intermediate temperature SOFCs do not require expensive noble metal catalyst and

can operate with a large variety of fuels. In addition to pure hydrogen, for which

water is the only by-product, bio and hydrocarbon fuels can be used. For hydrocar-

bon fuel the amount of CO2 produced is considerably reduced, with virtually no NOx

emission, because of the highly efficient electrochemical conversion and the absence

of any direct chemical combustion reaction. However, many applications are ham-

pered by high operating temperatures [177]. While promoting thermally activated

processes (O migration and electrode reactions), a high operating temperature ac-

celerates aging and enhances thermo-mechanical and chemical incompatibility issues.

An intermediate temperature range of 500 to 700◦C would significantly enhance the

lifetime [154] and would allow less expensive materials to be used as current collec-

tors [60]. Indeed, huge efforts have been directed towards this goal, while maintaining

good performance.

The focus in recent years concerned two complementary aspects: Advanced mi-

crostructures of existing materials and the design of new materials for the desired

temperature range. With respect to the microstructure, graded electrodes have been

proposed in order to lower the polarization resistances [178] and to enhance the me-
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chanical robustness [179]. Significant progress was achieved by developing the im-

pregnation method [63], in which the active electrode material is infiltrated, in the

form of a liquid precursor solution, into a porous structure of another material [180].

This procedure considerably increases the electrode performance [181] because of a

very high density of triple phase boundaries, as compared to the widely used powder

mixing methods. With respect to newly developed electrolytes, both doped CeO2

and doped LaGaO3 have to be mentioned as well as oxide proton conductors [182].

Concerning the anodes, the instability inherent to Ni containing compounds was

overcome by all oxide compositions including (La,Sr)Cr0.5Mn0.5O3 [183, 184], doped

(La,Sr)TiO3 perovskite [185] and Sr2Mg1−xMnxO6−δ double perovskite [186].

Prospective cathode materials should show a high O reduction activity with good

electronic and ionic conductivities. They have to be thermo-mechanically and chem-

ically compatible with the electrolyte. The thermal expansion coefficients of all com-

ponents of the cell must be similar to avoid delamination and cracks during operation

of the SOFC. Mixed ion-electron conductors such as LaMnO3 [79], LaCoO3 [187]

and BaCoO3 [188] possess the aforementioned properties but regrettably show a poor

O reduction activity at intermediate temperatures [187, 189]. Ba1−xSrxCo1−yFeyO3

and La1−xSrxCo1−yFeyO3 solid solutions perform better in this respect but suffer

from phase transitions at intermediate temperature [190, 191]. Recently, the Co con-

taining layered oxides LnBaCo2O5+δ (Ln = La, Pr, Nd, Sm, Gd, Ho, Er and Yb)

have been subject of intensive studies [127], while still a deeper understanding of the

physical and chemical processes is needed to advance the applicability. This applies

particularly to the structural and electronic properties and their interrelation with

the O migration. It was found that PrBaCo2O5+δ shows the highest bulk diffusion

and surface exchange coefficients [131, 159] as well as better O migration properties

than many well known cathode materials [154], Regrettably the thermal expansion

coefficient is high [157]. One way to overcome this issue is the substitution of Co by
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Table 7.1: Calculated (U(Co3d) = 6.0 eV, U(Fe3d) = 5.7 eV) and experimental lattice
parameters.

PrBaCo2O5.5 PrBaFe2O5.5

Calculated Experimental [173] Calculated Experimental [154]

a 3.920 Å 3.908 Å 3.961 Å 3.928 Å
b 3.988 Å 3.937 Å 4.011 Å 3.934 Å
c 7.802 Å 7.611 Å 7.890 Å 7.794 Å

other transition metals such as Fe and Cu [192]. Indeed, it has been reported that

for GdBaCo2O5+δ substitution of Fe at the Co site decreases the thermal expansion

coefficient [193]. Attempts have been made to achieve the same for PrBaCo2O5+δ

[157, 160], but the effect on the overall performance of the material remains a subject

of intense debate [131].

The defect formation in LnBaCo2O5+δ has been previously studied using molecu-

lar dynamics simulations [137]. The main focus was on the effect of antisite disorder,

defect interactions and the implications for the defect processes. Experimental and

molecular dynamics studies have addressed the O migration and predicted a signifi-

cant anisotropy as a consequence of the layered structure [194]. However, an indepth

understanding of the factors that influence the defect formation is required, especially

the charge distribution and localization, as the O migration is defect driven [195].

Since first-principles calculations offer insight into these questions [196, 128, 88], we

present an ab-initio study of the defect formation and O migration in PrBaCo2O5.5

and PrBaFe2O5.5 cathodes to shed light on the effect of Co→Fe substitution.

7.1 Computational details

We consider a fixed O stoichiometry of δ = 0.5 and perform first-principles cal-

culations using the Vienna Ab-initio Simulation Package and the projector aug-

mented wave method [119]. For a correct description of PrBaCo2O5+δ it is essential

that electronic correlations are taken into account, as shown by previous work on
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Figure 7.1: (a) Crystal structure of PrBa(Co/Fe)2O5.5 with the O octahedra high-
lighted. (b) 2×2×2 supercell. Arrows indicate vacancy sites and open circles inter-
stitial sites.

GdBaCo2O5+δ [142]. Thus, an onsite interaction is added to the generalized gradient

approximation in the Perdew-Burke-Ernzerhof flavour, using U(Pr4f) = 6.9 eV [142],

U(Co3d) = 6.0 eV [143, 144] and U(Fe3d) = 5.7 eV [197], as reported for similar

systems by comparing to experimental insights into the electronic properties. We

have also performed test calculations with U(Co3d) = 3.3 eV and U(Fe3d) = 4.0 eV,

finding that the trends discussed in the following do not change. The O vacancy

formation energy varies by less than 0.5% and the lattice parameters by less than

0.6%. In addition, the O migration barrier decreases by 0.05 eV for PrBaFe2O5.5 and
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Figure 7.2: Density of states for (top) PrBaCo2O5.5 and (bottom) PrBaFe2O5.5.

0.13 eV for PrBaCo2O5.5.

The energy convergence criteria of the ionic and electronic self-consistency iter-

ations are 10−4 and 10−5 eV, respectively, and a force convergence criterion of 0.02

eV/Å is used. We employ a plane wave basis set with 520 eV energy cut-off together

with a 4 × 2 × 2 k-mesh for the Brillouin zone integrations and relax both the lat-

tice parameters and atomic positions. A Methfessel-Paxton smearing with σ = 0.2

eV is used. The crystal structure of PrBaCo2O5+δ is orthorhombic and consists of

alternating BaO, CoO2 and PrO layers along the c-axis, see Fig. 7.1(a). Defects are

simulated by removing (adding) O atoms from (to) a 2× 2× 2 supercell constructed

from the orthorhombic unit cell, see Fig. 7.1(b). The climbing image nudged elastic
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band method with five images between the initial and final states is employed for

computing the minimum energy paths of the O migration, using the quasi-Newton

method until the residual forces have declined below 0.02 eV/Å.

7.2 Results and discussion

Starting with an analysis of defect-free PrBaCo2O5.5 and PrBaFe2O5.5, Table 7.1

shows that the calculated lattice parameters agree reasonably well with the exper-

imental values [154, 173]. The larger ionic radius of Fe as compared to that of Co

leads to increased lattice parameters. The density of states in Fig. 7.2 offers insight

into the chemical bonding in both compounds. For PrBaCo2O5.5 we obtain a semi-

metallic behaviour with hybridized Co 3d and O 2p states at the Fermi energy and

an intermediate spin state of Co (magnetic moment of 2.54 µB). On the other hand,

PrBaFe2O5.5 is found to be insulating with Fe in a high spin state (magnetic moment

of 4.11 µB). The fact that the electronic conductivity of PrBaFe2O5.5 experimentally

is significantly lower than that of PrBaCo2O5.5 has been attributed to the fact that

Fe4+ ions, in contrast to Co3+ ions, trap holes [198]. A similar trend of the conduc-

tivity has been reported for the La0.8Sr0.2Co1−yFeyO3−δ family of oxides [199]. We

also note that the hole mobility in LaFeO3 is about three orders of magnitude lower

than in LaCoO3 [200].

Defects mediate the O migration in the present compounds, mainly Frenkel pairs

consisting of an O vacancy and an O interstitial [201]. The formation energy

E = Edefective − Epristine ± µ (7.1)

of these pairs determines the performance as cathode, together with the defect mo-

bility and O exchange reaction. Edefective and Epristine are the total energies of the

defective and defect-free supercells, respectively, and µ (+ for vacancy, − for intersti-
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Figure 7.3: O vacancy and O interstitial formation energies for different sites, as
shown in Fig. 7.1(b).

tial) is the chemical potential of O taken as 1/2 of the total energy of an O2 molecule

(calculated at zero Kelvin) after correction (by 1.36 eV) [88]. We first consider the

contribution of the O vacancy to the Frenkel energy. Figure 7.3(left) addresses six

different O vacancy sites, as defined in Fig. 7.1(b), distributed in the BaO, CoO2 and

PrO layers. Generally, the O vacancy formation energies for PrBaFe2O5.5 are about

twice those obtained for PrBaCo2O5.5. While O vacancy formation is energetically

preferable at site 3 in the PrO layer, site 2 in the BaO layer is least favorable with

about twice the required energy. Sites 4 and 6 in the (Co/Fe)O layer are competitive

to site 3 in the Co case, but not in the Fe case. Figure 7.3(right) shows the O intersti-

tial formation energy for five different O sites, as defined in Fig. 7.1(b). PrBaCo2O5.5

and PrBaFe2O5.5 behave similarly, both showing the lowest energy for site E in the

PrO layer. The energies obtained forthe two sites in the PrO layer (A and B) are

similar, which also applies to the two sites in the BaO layer (C and D). The obser-

vation that the O vacancy formation energy increases for Co→Fe substitution agrees

with findings for Ba1−xSrxCo1−yFeyO3 [202]. Accordingly, the O interstitial formation

energy decreases for Co→Fe substitution.

For the O Frenkel energy we obtain for PrBaCo2O5.5 and PrBaFe2O5.5 values of
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(contributions of the O vacancy and O interstitial in brackets) 0.88 eV (0.91 eV −

0.03 eV) and 0.61 eV (1.97 eV − 1.36 eV), respectively. Therefore, the O Frenkel

energy is only slightly reduced for Co→Fe substitution, since both the O vacancy and

O interstitial formation energies grow similarly (and substantially) in magnitude. A

higher O vacancy formation energy (and thus a lower O vacancy concentration) upon

Fe substitution agrees with the thermogravimetric analysis of Fe doped PrBaCo2O5.5

in Ref. [155]. Generally, O vacancy formation requires the breaking of two (Co/Fe)-O

bonds and formally releases two electrons into the defective system. The process is

accompanied by changes in the structural and electronic features near the vacancy.

The reduced coordination of the Co/Fe atoms results in a strong distortion of the

(Co/Fe)-O octahedron in that the O vacancy is created. The Co-O bond length

grows from 1.97 to 2.04 Å opposite of the O vacancy, while the Fe-O bond length

grows even more from 1.99 to 2.15 Å. On the other hand, we find a similar increase

in the supercell volume (0.42% in PrBaCo2O5.5 and 0.35% in PrBaFe2O5.5). We note

that without considering the structural relaxation the O vacancy formation energy

grows for both PrBaCo2O5.5 (to 1.45 eV) and PrBaFe2O5.5 (to 2.89 eV), so that

the difference between the two compounds appears not to be determined by local

relaxation effects. Figure 7.4 shows projected densities of states of the transition

metal atom next to the O vacancy before and after the vacancy formation.The Co 3d

states, in contrast to the Fe 3d states, are subject to a distinct crystal field splitting,

which explains the intermediate spin state of Co and high spin state of Fe. As a

consequence of the high spin state, the excess charge from the O vacancy formation

in the case of PrBaFe2O5.5 results in double occupancy of Fe 3d orbitals (the magnetic

moment is lowered by 0.23 µB). This is energetically unfavorable and the origin of

the substantially higher O vacancy formation energy as compared to PrBaCo2O5.5.

During the O migration (hopping of O ions to vacancies, leaving behind other

vacancies) an O ion needs to overcome the potential barrier at the saddle point
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Figure 7.4: Density of states projected on the transition metal atom next to the
O vacancy for (top) PrBaCo2O5.5 and (bottom) PrBaFe2O5.5, before (full lines) and
after (dashed lines) the vacancy formation.

(transition state) between the site that it originates from (initial state) and the site

that it migrates to (final state). It is known that the migration always happens along

edges of O octahedra and does not affect the BaO layer [203, 194]. Referring to

Fig. 7.1, migration thus is possible only between sites 3 and 6 (segment I), between

sites 5 and 6 (segment II) and between sites 3 and 5 (segment III). Moreover, long

range migration paths are formed by consecutive segments II (path II) or segments

III (path III), which are interconnected by segment I. Table 7.2 summarizes the

obtained O migration barriers for the three segments. Since the value for segment I is
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Table 7.2: O migration barrier (energy difference between the initial and transition
states) and energy difference ∆E between the initial and final states.

PrBaCo2O5.5 PrBaFe2O5.5

Segment O migration barrier ∆E O migration barrier ∆E
I 0.87 eV 0.09 eV 1.11 eV 0.33 eV
II 0.38 eV 0.20 eV 0.95 eV 0.24 eV
III 0.47 eV 0.28 eV 0.98 eV 0.24 eV

Table 7.3: O activation energy for different materials and methods.
Material O activation energy Methodology Reference
PrBaCo2O5+δ 0.48 eV Electrical conductivity relaxation [[30]]
PrBaCo2O5.5 0.35 eV Molecular dynamics [[194]]
PrBaCo2O5.5 0.38 eV Density functional theory This work
PrBaFe2O5.5 0.95 eV Density functional theory This work

high, in agreement with previous work [204], paths II and III are largely independent

with O migration barriers of 0.38 eV and 0.47 eV, respectively. We note that all

migration segments turn out to be slightly curved (most pronounced for segment I),

similar to those in perovskites [205]. The range of migration barriers (0.38 to 0.87

eV) obtained for PrBaCo2O5.5 is in qualitative agreement with previously reported

activation energies from experimental and theoretical studies, see Table 7.3. The

value from electrical conductivity relaxation in Table 7.3 is larger than the simulation

result for PrBaCo2O5.5 due to a different O stoichiometry. Table 7.2 indicates that

migration in PrBaCo2O5.5 is substantially easier than in PrBaFe2O5.5, for which we

obtain O migration barriers of 0.95 eV and 0.98 eV for paths II and III, respectively.

Therefore, lower O vacancy formation energies, see the above discussion, correspond

in the present materials to easier migration. Note that the O migration barrier is

determined not only by the O vacancy formation energy but also by the energy

landscape seen by an O atom during migration.
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7.3 Conclusions

We have presented a theoretical study of the layered oxides PrBaCo2O5.5 and PrBaFe2O5.5

using first-principles calculations. We have analyzed how Co→Fe substitution influ-

ences the electronic structure, defect formation and O migration. Specifically, we

have demonstrated that the O Frenkel energy decreases by 0.27 eV, since the easier

O vacancy formation in PrBaCo2O5.5 is overcompensated by enhancement of the O

interstitial formation in PrBaFe2O5.5. All O migration barriers turn out to be smaller

in PrBaCo2O5.5 than in PrBaFe2O5.5, with a significant anisotropy due to the layered

crystal structure.
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Chapter 8

Conclusion and outlook

With the aim to offer fundamental insights in the behavior of perovskites as cathode

materials for intermediate temperature SOFCs, we present detailed first principles

studies of how structural modification and tuning of electronic properties influence

the O vacancy formation and migration in La(Mn/Co)O3 and LnBaCo2O5.5 (Ln =

Pr, Gd). In particular, we show how strain, cation doping and the spin configura-

tion of the transition metal atoms can be modified to promote O vacancy formation

and migration in La(Mn/Co)O3. Our investigation reveals that reduced temperature

anisotropy effects become relevant in LaMnO3 and that they can be enhanced by the

application of strain and Sr doping. Both tensile strain and Sr doping are found to

reduce the O vacancy formation energy. However, only tensile strain facilitates O

migration, as Sr doping reduces the space available for O migration due to the larger

ionic radius of Sr than La. Similar effects are found for LaCoO3. We demonstrate

that modifying the chemical composition of LaCoO3 by doping trivalent La3+ with

divalent Mg2+, Ca2+ and Ba2+ ions lowers the migration barrier of ions for larger

A*-O* distances. The magnetic state of Co turns out strongly influence both the O

vacancy formation and migration. While low spin Co promotes O vacancy formation,

intermediate spin Co facilitates O ion migration. Our results demonstrate the enor-

mous roles of A-site modification and the magnetic state of Co towards enhancing O

ion migration.

For GdBaCo2O5.5 the cell volume decreases continuously under Sr doping, while

for GdBaCo2O6 only a high dopant concentration results in significant volume reduc-
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tion. O vacancy formation turns out to be easier in GdBaCo2O5.5 than in GdBaCo2O6,

that is, in the already O deficient compound, both in the pristine case and after Sr

doping. The origin of this behaviour is traced back to differences in the redistribution

of the charge freed during the O vacancy formation. While in the case of GdBaCo2O5.5

mainly the O sublattice accepts the excess charge, in the case of GdBaCo2O6 the Co

sublattice assumes this role. This result indicates superiority of GdBaCo2O5.5 over

GdBaCo2O6 with regards to O vacancy formation. Hence, further investigations on

these materials focus on GdBaCo2O5.5.

PrBaCo2O5.5 turns out to be half-metallic with the octahedrally coordinated Co

atoms realizing intermediate spin states, while GdBaCo2O5.5 is metallic with the octa-

hedrally coordinated Co atoms in high spin states. O vacancy formation is predicted

to be much easier in PrBaCo2O5.5 than in GdBaCo2O5.5. The difference in O va-

cancy formation energy between the two compounds hardly changes in the presence

of (Pr/Gd)-Ba antisite defects, because these defects have only minor effects on the

lattice constants. On the other hand, proximity to an antisite defect enhances the O

vacancy formation energy significantly. Interestingly, presence of antisite defects in

PrBaCo2O5.5 causes parts of the octahedrally coordinated Co atoms to switch from

intermediate to high spin. Despite the significantly lower O vacancy formation energy

in PrBaCo2O5.5 (as compared to GdBaCo2O5.5) this compound is known to have a

high thermal expansion coefficient that can be reduced by doping with Fe. Hence, we

analyze how Co↔Fe substitution influences the electronic properties, O vacancy/in-

terstitial formation and O ion migration. Specifically, we find that the O Frenkel

energy is reduced by 0.27 eV, since the easier O vacancy formation in PrBaCo2O5.5 is

overcompensated by decrease in the O interstitial formation energy in PrBaFe2O5.5.

All O migration barriers are found to be smaller in PrBaCo2O5.5 than in PrBaFe2O5.5,

with a significant anisotropy owing to the layered crystal structure.

Using first principles methods this thesis has established ways of improving the O
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vacancy formation and migration in typical SOFC cathodes. Specifically, structural

and electronic modifications (strain and doping) have been identified as promising

routes in the case of La(Mn/Co)O3. In-depth understanding of the defect formation

and migration in LnBaCo2O5.5 as a function of the O vacancy concentration has been

obtained. In particular, the O vacancy formation energy in (Pr/Gd)BaCo2O5.5 is sig-

nificantly lower than in other materials considered as SOFC cathodes, with the atomic

size of Pr/Gd playing an important role. Considering the above, PrBaCo2O5.5 is an

attractive candidate for SOFC cathodes. Additional investigation is recommended

with respect to optimizing the microstructure of the compound in order to unravel

the origin of its high thermal expansion coefficient. Further recommendations for

future research are:

• Ab initio studies of O the reduction reaction in PrBaCo2O5.5. Understanding

of the reaction mechanism in perovskites aids identifying shortcomings in cath-

ode applications. Few investigations have been conducted experimentally with

respect to the surface chemistry of double perovskites for cathode applications.

Both Refs. [127] and [195] indicate that (Pr/Gd)BaCo2O5.5 posseses lower ac-

tivation energy than its competitors and suggest that the surface activity is

maintained when the temperature is lowered. While this is encouraging, details

are unknown about the individual chemical steps, calling for ab initio calcula-

tions to obtain basic parameters such as the energies of intermediate species

and the transition state. This will provide insight into the rate determining

steps that govern the operation of the material as cathode.

• The flexibility in the structural composition of LnBaCo2O5.5 allows for optimiz-

ing its properties, especially if the mixed occupancy of Ln and Co is taken into

account. This can be achieved by systematically investigating trends associated

with doping at the A and B sites.
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• The possibility of proton conduction in LnBaCo2O5.5 offers an alternative ap-

proach for reducing the operating temperature of SOFCs. Although Ref. [206]

has investigated the proton conduction in GdBaCo2O5.5, insights into the O

reduction mechanism and the possibility of forming protonated intermediaries,

for example, are scarce.
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APPENDICES

Vacancy formation in MoO3: Hybrid density functional

theory and photoemission experiments

Experimental results presented in this section are contributed by Maria Vasilopoulou

and Stella Kennou.

MoO3 is frequently used in Li-ion batteries, electrochromism, heterogenous catal-

ysis, and as cathode material [207, 208, 209, 210]. Its ability to activate C-H bonds in

alkanes and its role in oxidation reactions in industrial processes, for example, are of

great practical importance [211, 212, 213]. On the other hand, the usability in elec-

tronics and optoelectronics is poor due to the large and indirect band gap. Defects

are known to be key for electronic applications of the material, since charge transfer

is not feasible in pristine MoO3 [214]. They also govern the interface and surface

reactions in catalysis and electrochromism [215]. Indeed, the usability of MoO3 in

catalysis depends critically on O vacancies, as different Mo oxidation states are pro-

vided [216, 217, 218]. Besides the possibility to modify the physical properties, the

ability to change the oxidation state affects the breaking and formation of bonds with

reactants [219]. Furthermore, defects have been reported to enhance the extraction

of holes when MoO3 is used as anode buffer layer in organic photovoltaics [220].

Orthorhombic MoO3 (space group Pbmn) is a layered material, consisting of bilay-

ers held together by weak van der Waals forces along the [010] direction. The bilayers
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Figure A.1: Crystal structure of MoO3, showing the three O sites.

comprise MoO6 octahedra that share edges along the [001] direction and vertices along

the [100] direction. There exist three distinct O sites: symmetric, asymmetric, and

terminal, refer to Figure A.1. The symmetric and asymmetric sites are also called

bridging sites. The symmetric sites are three-fold coordinated with two shorter (1.95

Å) and one longer (2.33 Å) distance to Mo, the asymmetric sites two-fold coordinated

with one shorter (1.73 Å) and one longer (2.25 Å) distance to Mo, and the terminal

sites one-fold coordinated with the shortest distance to Mo (1.67 Å). Discrepancies

exist in the literature concerning the relative stability of the different O sites. There

are experimental and theoretical reports that suggest it would be easier to create O

vacancies at bridging sites [221, 222], while controlled oxidation of MoO3 (110) films

rather points to the terminal site [223].

The introduction of native defects is used to tune the electronic structure of MoO3

and induce in-gap states with high density [214]. On the one hand such in-gap
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states can dramatically enhance the conductivity, on the other hand they give rise

to high responsivity of photodetection in the visible light range. Since the vacancy

formation in MoO3 and its influence on the material properties remains an open issue

till this day, the present study aims at investigating the energetics of vacancies and

the consequences of their presence. We will employ density functional theory, as this

methodology can provide important insights in the formation of native defects in solid

state systems [224]. The obtained electronic structure data will be put in relation to

photoemission experiments.

A.1 Computational details

The following calculations refer to thermally stable orthorhombic MoO3 and are per-

formed using the projector augmented wave method of the Vienna Ab-initio Simula-

tion Package [225]. A plane wave basis set with cut-off energy 500 eV and a 5× 3× 5

Γ-centred k-mesh are used for optimizing 3 × 1 × 3 supercells (144 atoms) of MoO3

until the residual forces have declined to less than 0.02 Å/eV. Larger supercells are

investigated to control finite size effects. In order to evaluate the role of electronic

correlations in localized d and f orbitals, both GGA (generalized gradient approxi-

mation) and GGA+U calculations are performed, using different U values (Dudarev

approach) [55]. Furthermore, for including the interaction between bilayers and issues

that will be discussed later, we employ the Heyd-Scuseria-Ernzerhof hybrid functional

with van der Waals interaction term added. Atomic charges are calculated by the

Bader approach [120].

The formation energy of a defect is related to the Fermi level µf and charge q,

being defined as [226]

ED,q = ED +
∑

nαµα + q(EV BM + µf )− E, (A.1)
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where E and ED are the total energies of supercells without and with defect, respec-

tively. Moreover, nα is the number of atoms of species α removed from or added

to the supercell and µα is the corresponding chemical potential. The energy of the

valence band maximum in the perfect supercell is denoted by EV BM . Since µf is

measured with respect to EV BM , it ranges from 0 to the value of the band gap. We

find that the value of ED,q varies only within 0.05 eV between supercells containing

144 and 258 atoms, which does not affect the trends reported in the following. The

growth conditions are defined by µα, ranging from O-poor (Mo-rich) to O-rich (Mo-

poor). The O chemical potential of MoO3 cannot exceed that of an O atom in the

O2 molecule in gas phase and the Mo chemical potential cannot exceed that of a Mo

atom in the bulk metal.

A.2 Experimental details

MoO3 films are deposited in a home-made deposition system [227, 228] consisting of

a stainless steel reactor in that the sample is positioned on an Al susceptor, 2 cm

below a heated W filament. The filament temperature is set to 660 ◦C, controlled by

the current using calibration data obtained with a tiny thermocouple mechanically

fixed to it. The deposition time is used to control the film thickness. Note that the

substrate remains near room temperature during deposition. The base pressure is

set to 80 mTorr. We use a commercial pressure stabilization system with diaphragm

pressure gage (Baratron) and PC-driven needle valve, allowing for the flow of either O2

or forming gas (90% N2 and 10% H2) through the reactor, thus setting the deposition

environment.

The valence band spectra of 10 nm thick MoO3 films deposited on InSnO substrate

either in oxidizing or reducing environment are recorded by ultraviolet photoemission

measurements, using the He I (21.22 eV) excitation line and an Leybold EA-11 an-

alyzer. A negative bias of 12.28 V is applied to the samples in order to analyze the
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high binding energy region. The analyzer resolution is determined from the width

of the Au Fermi edge, resulting in 0.16 eV. The unmonochromatized Mg Kα line at

1253.6 eV (15 keV with 20 mA anode current) and an analyzer pass energy of 100

eV, giving a full width at half maximum of 1.3 eV for the Au 4f7/2 peak, are used in

all X-ray photoemission measurements. The oxide stoichiometry is determined from

the Mo 3d core level X-ray photoemission spectra, which are fitted with asymmetric

Gaussian-Lorentzian curves.

A.3 Results and discussion

Table A.1: Lattice parameters and Mo-O distances in MoO3.
GGA GGA+U (4.3 eV) GGA+U (6.3 eV) Experiment

a (Å) 3.92 3.89 3.88 3.96
b (Å) 13.67 13.66 13.67 13.86
c (Å) 3.70 3.73 3.75 3.70

Mo-Os(Å) 1.95 (2×) 1.96 (2×) 1.96 (2×) 1.95 (2×)
2.40 2.39 2.39 2.33

Mo-Oa(Å) 1.76 1.79 1.80 1.73
2.18 2.14 2.11 2.25

Mo-Ot(Å) 1.70 1.70 1.70 1.67

The optimized lattice parameters of the MoO3 unit cell (calculated for a 7× 3× 7

Γ-centred k-mesh) reproduce the experimental values within 2%, see Table A.1, and

the Mo-O distances obtained by the GGA and GGA+U (U = 4.3 eV, 6.3 eV) methods

within 3.1%, 4.9%, and 6.2%, respectively [7, 229]. Figure A.2 addresses the density

of states obtained by the GGA, GGA+U (4.3 eV) and hybrid functionalE06 (relaxed

GGA structure) methods. We find in all three cases a valence band of about 6 eV

width (in agreement with the experimental situation [7]) that contains primarily the

O states, with Mo contributions clearly below the Fermi level. On the other hand, the

conduction band is dominated by the Mo states and reflects the covalent nature of the

bonding in MoO3 by a significant hybridization with O states. Despite similar shapes
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Figure A.2: Densities of states of MoO3 obtained by the GGA (top), GGA+U (4.3
eV) (middle), and hybrid functional (bottom) methods.

of the density of states, the size of the band gap varies strongly with the calculational

approach used. While a value of 2.1 eV is obtained for the GGA method, the GGA+U

method yields 1.9 eV and the hybrid functional method 3.1 eV (which agrees well with

the experimental value of 3.3 eV [229]). Also, the hybrid functional method results

in a wider valence band than the other two methods (6.3 eV versus 5.8 eV). The

GGA and GGA+U methods are well known to underestimate band gaps in related

materials.

For the GGA functional we obtain Bader atomic charges of 2.67 for Mo, −1.06

for Os, −0.93 for Oa, and −0.68 for Ot, all notably lower than the formal charges

(Mo6+ and O2−). As expected, the Bader charge is more negative when an O atom

is involved in more Mo-O bonds. The O vacancy formation energy is calculated

using the hybrid functional and turns out to depend not only on the availability of

O in the environment (O-poor or O-rich) but also on the coordination number. It is

calculated by removing one O atom from the supercell and adjusting the charge state.

The results are presented in Figure A.3 as a function of µf . It turns out that the O
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vacancy formation energy is almost identical for the Oa and Ot sites (irrespective of

the charge state of the defect), which is due to the fact that in both cases one short

Mo-O double bond is formed, see Table A.1. On the other hand, we obtain for the Os

site an O vacancy formation energy that is about twice as high. The reason is that

we have in this case two Mo-O single bonds instead of one double bond. It previously

has been reported for neutral defects on the MoO3 (010) surface that the difference

in the O vacancy formation energy is 0.08 eV between the Oa and Ot sites [215, 230].

The similarity of the two sites is further supported by results from X-ray absorption

experiments for the MoO3 (010) surface [231]. The fact that we obtain not exactly

the same values as Ref. [230] can be attributed to the different functionals (GGA and

GGA+U) used in the previous work as well as to surface effects. Our value of 3.6 eV

for the neutral Oa vacancy agrees reasonably well with the 3.98 eV obtained by Guo

and Robertson [232] by the hybrid functional, given the fact that these authors have

used the experimental lattice constants.

For both O-poor and O-rich environment, +2, +1, and 0 charged Oa vacancies

form for growing µf . For the neutral state and O-rich environment we obtain O va-

cancy formation energies of 5.18 eV, 3.60 eV, and 3.63 eV for the symmetric, asym-

metric, and terminal sites, respectively. O vacancies thus slightly favor asymmetric

sites over terminal sites, whereas they are difficult to form on symmetric sites. While

the O vacancy formation energies in O-poor environment are lower, as to be expected,

we observe similar trends as in O-rich environment, with the lowest value for the Oa

site in the +2 charge state. This conclusion is in qualitative agreement with Ref.

[215], however, our values are smaller, because, as stated earlier, the previous study

has addressed the MoO3(011) surface and used the GGA+U functional. In other

words, it is more difficult to create an O vacancy on the MoO3(011) surface than in

the bulk [230]. The reduction of metal oxides requires redistribution of the charge

of the removed O atoms. In the present case, the released electrons occupy localized
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Figure A.3: Vacancy formation energies for the (a) symmetric, (b) asymmetric, and
(c) terminal O sites. The top row refers to O-rich and the bottom row to O-poor
environment.

Mo dxz in-gap states, see Figure A.5, leaning to the conduction band edge (n-type

defect).

Charge states from −6 to 0 are considered for the Mo vacancy both in Mo-poor

and Mo-rich environment. As expected, the Mo vacancy formation energies are lower

in Mo-poor environment for all charge states. While in a wide range of µf the −6

charge state is favorable, see Fig. 4, the −2 charge state is favorable below 0.7 eV and

the neutral state below 0.1 eV. For transition metals with octahedral coordination,

the crystal field splits the d states into t2g and eg manifolds, the former giving rise
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Figure A.4: Mo vacancy formation energy in Mo-rich (left) and Mo-poor (right)
environment.

to the conduction band edge and the latter being located at higher energy. Hence,

the size of the band gap is determined by the t2g states [233]. Figure A.5 (left) shows

that the formation of a Mo vacancy leads to localized O pz in-gap states leaning to

the valence band edge (p-type defect), which accomodate the introduced holes.

Mo 3d core level spectra are shown in Figure A.6 (incidence angle 90◦). The

spectrum of the film deposited in O2 environment (termed as MoO3) consists of a
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(left) and Mo vacancy (right).
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Figure A.6: X-ray photoemission Mo 3d core level spectra of MoO3 and MoO3−x
films.

spin-orbit doublet with peaks at 232.6 eV and 235.7 eV binding energy, associated

with the Mo6+ cations of the fully stoichiometric (oxidized) compound [234, 235, 236].

The spectrum of the film deposited in reducing environment (termed as MoO3−x) is

considerably broader and the doublet evolves to a less structured shape. The presence

of Mo5+ cations is evident (Mo 3d5/2 at 231.5 eV and Mo 3d3/2 at 234.6 eV binding

energy) [237, 238]. It is therefore reasonable to assume that deposition in reducing

environment yields an under-stoichiometric sample with O vacancies. Note that it is

not possible to obtain samples containing Mo vacancies by our deposition method.

Ultraviolet photoemission (valence band) spectra of the MoO3 and MoO3−x films

are shown in Figure A.7. The spectrum of the MoO3 film consists of a single broad

peak, as expected for an amorphous sample [239]. The MoO3−x film shows an in-

creased spectral width as well as a new peak appearing above the valence band edge,

being indicative of the formation of occupied in-gap states [240], in agreement with

our numerical predictions. The work function is found to be reduced from 6.2 eV

in MoO3 to 5.6 eV in MoO3−x, which is also reflected by the spectra in Figure A.7.

Comparison of experiment and theory leads to the energy band scheme displayed in

Figure A.8. According to the chemical formula, each anionic orbital is to be weighted
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Figure A.7: Ultraviolet photoemission (valence band) spectra of MoO3 and MoO3−x
films.

Figure A.8: Energy band scheme of MoO3.

by a factor three. By symmetry, the anionic pσ orbitals are stabilized relative to the

pπ orbitals by both the electrostatic crystalline field and the covalency of the σ-bond.

Therefore, the top of the s-p valence band has anionic O 2pπ character, as predicted

by our calculations. The bottom of the conduction band, on the other hand, has

cationic character, consisting of Mo 3d states that are split into eg and t2g manifolds.

The latter have lower energy and thus form the conduction band edge. Absorption

measurements that we have performed for MoO3 (empty conduction band) demon-

strate a wide band gap of 3.0 eV. This value agrees excellently with the results of
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our hybrid density functional calculations, see Figure A.2. In the case of MoO3−x

the additional charge occupies the initially empty t2g states, which partially split off

the conduction band edge and give rise to the in-gap states predicted by theory and

measured by ultraviolet photoemission spectroscopy.

A.4 Conclusion

We have employed first-principles electronic structure calculations to investigate the

formation of O and Mo vacancy defects in MoO3, using the GGA, GGA+U , and

hybrid functional functionals. In addition, we have conducted photoemission experi-

ments on stoichiometric and O defective films. The hybrid functional reproduces the

experimental value of the band gap with a deviation of only 0.2 eV and therefore is

used for analyzing the defect energetics. It turns out that O is removed much easier

from the asymmetric and terminal than from the symmetric sites, which is under-

stood in terms of the involved Mo-O bonds and their respective lengths. As a function

of µf , +2, +1, and 0 charge states are found to be favorable for O vacancies, while

Mo vacancies realize only 0, −2, and −6 charge states. We find that O vacancies

are formed easier in bulk MoO3 than on the MoO3(011) surface. Both O and Mo

vacancies in MoO3 result in localized in-gap states (n or p-type defects, respectively),

while the size of the fundamental band gap is hardly affected.
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