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Abstract

As the demand for clean and renewable energy eswaentinues to grow, much
attention has been given to solid oxide fuel IOFCs) due to their efficiency and low
operating temperature. However, the components @FCs must still be improved
before commercialization can be reached. Of pdaticinterest is the solid electrolyte,
which conducts oxygen ions from the cathode taatimde. Samarium-doped ceria (SDC)
is the electrolyte of choice in most SOFCs todaye dnostly to its high ionic
conductivity at low temperatures. However, the ulyileg principles that contribute to
high ionic conductivity in doped ceria remain unkmy and so it is difficult to improve
upon the design of SOFCs. This thesis focuses amtifgling the atomistic interactions in
SDC which contribute to its favourable performaircehe fuel cell.

Unfortunately, information as basic as the strrectaf SDC has not yet been
found due to the difficulty in experimentally cheterizing and computationally
modelling the system. For instance, to evaluat8%0SDC, which is close to the 11.1%
concentration used in fuel cells, one must investigl94 trillion configurations, due to
the numerous ways of arranging the Sm ions andexygcancies in the simulation cell.
As an exhaustive search method is clearly unfeasibé develop a genetic algorithm
(GA) to search the vast potential energy surfacehfe low-energy configurations, which
will be most prevalent in the real material.

With the GA, we investigate the structure of S@Cthe first time at the DFT+U
level of theory. Importantly, we find key differezsin our results from prior calculations
of this system which used less accurate methodshwdemonstrate the importance of

accurately modelling the system. Overall, our satiah results of the structure of SDC



agree with experimental measurements. We iderttéystructural significance of defects
in the doped ceria lattice which contribute to caygon conductivity. Thus, the structure
of SDC found in this work provides a basis for depeng better solid electrolytes, which
is of significant scientific and technological irget.

Following the structure search, we perform an stigation of the electronic
properties of SDC, to understand more about theemaat Notably, we compare our
calculated density of states plot to XPS measuré&neihpure and reduced SDC. This
allows us to parameterize the Hubbard (U) termSor, which had not yet been done.
Importantly, the DFT+U treatment of the Sm ionsoa#dlowed us to observe in our
simulations the magnetization of SDC, which wasfbby experiment.

Finally, we also study the SDC surface, with anpkasis on its structural
similarities to the bulk. Knowledge of the surfasteucture is important to be able to
understand how fuel oxidation occurs in the fudll @ many reaction mechanisms occur
on the surface of this porous material. The growr@wor such mechanistic studies is

provided in this thesis.
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CHAPTER 1 - INTRODUCTION

Section 1.1 - Fuel Cells

Fuel cells are widely regarded as a clean andiefffi technology that will help
alleviate the global energy crisis. In brief, thegnvert the chemical energy from a
reaction into electrical output. Fuel cells havevan useful in industrial, residential, and
transport applications in the past and presentcantinue to be developed and improved
upon to meet growing energy demands.

There exist many different kinds of fuel cellscleavith its own advantages and
disadvantages. They are commonly classified by tijpe of electrolyte. A brief

discussion of the most common fuel cell types fotio

1.1.1 - Common Fuel Cell Types

By a conceptually simple design, the chemical gnerom the reaction of
hydrogen and oxygen is harnessed as electricafygmem fuel cell. Half reactions occur
at opposing electrodes which either require or gereelectrons; as these electrons pass
through a circuit, they are used to generate ebtatipower.

Two common types of fuel cells are polymer eldgteo membrane fuel cells
(PEMFCs) and alkaline fuel cells. In the formersalid porous electrolyte conducts
hydrogen ions from the anode to the cathode, wiaalst with oxygen to form water. In
the latter, the electrolyte is an aqueous KOH smiuthat transports hydroxyl ions which
react with hydrogen to form water. These fuel cetks implemented on large scales most
likely because the product (water) is harmlessgoenvironment. Yet, their components

are not very cost effective.



An advantage of PEMFCs is their low operating terapge, which, at less than
100 °C, is in fact the lowest of all fuel cells. Wever, PEMFCs are exclusive to
hydrogen fuel, for which a convenient storage meéthas not been implemented. Also,
the production of the polymer membrane is costlg #me cell is easily poisoned by
carbon monoxidé.Yet, due to the fact that they emit no pollutaritey remain very
attractive energy sources.

Alkaline fuel cells have proven useful in the pgstviding on-board electricity,
heat, and water to NASA astronauts on the Apollacepmissions. However, there are
several cost issues that limit its mass productan.instance, the fuel cell cannot contain
any carbon dioxide, as this converts KOH into tlaebonate form, which diminishes
conductivity in the electrolyte and ruins cell merhance. Therefore, pure oxygen must
be fed into the cathode, or if the air containsboardioxide, some sort of cleansing
mechanism must be put in place; while feasibleafoiagency like NASA, this is clearly
not a practical option for others.

Currently, alkaline and PEMFC technologies areduse power buildings,
automobiles, and buses, although they are not widad. The leading company in this
business, the United Technologies Corporation, sdiel cell products which operate
on pure hydrogen fuel. In a lot of cases, largentjtias of hydrogen are required which
cannot be met by storing pure hydrogen on sitesTtine fuel plant contains a reforming
centre where methane from natural gas is convéotégdrogen. This reforming process
requires a lot of space and energy, and so isdaatl ifor transport applications. What is
desired in these applications is a fuel cell whadn operate on an abundant and

inexpensive resource, like natural gas, at a lonptrature with low emissions. Also, the



materials should be relatively cheap to make andlde over a long time period. In the

next section, a fuel cell type which fits this dgsiion is described in detail.

1.1.2 - Solid Oxide Fuel Cells

In solid oxide fuel cells (SOFCs), a solid oxideused as the electrolyte to
transport oxygen ions from the cathode to the andlese types of fuel cells require the
highest operating temperature of all fuel cells, &lso have marketable advantages over
the other types. For instance, it is possible ®fugls other than hydrogen in an SOFC,
such as methane, and achieve greater power defsitge their discovery, the high
operating temperature of approximately 1000 °Cdlasys been the biggest setback of
the solid oxide fuel cell. Recently, scientists éaucceeded in lowering the operating
temperature to much more feasible values, such0@stel 600 °C; these are known as
intermediate temperature solid oxide fuel cellsSMFCs) and they are of prime interest
to commercialize.

In terms of the fuel gas, there are a wide rangghemicals that can be used in an
SOFC. In theory, any chemical that can be oxidiaeer the anode is a viable fuel. The
conventional hydrogen fuel cell uses solely purérbgen gas as the input, creating water
as the only product. From an emissions point ofvyithis type of fuel is ideal because its
output raises no threat to the environment. Howelvem a practical standpoint, a safe
and economical way of storing the hydrogen in akigy fuel cell has yet to be
discovered. Hence, there exists a need for anttperof environmentally-friendly fuel.

Hydrocarbons, and in particular natural gas, regmeviable fuels for SOFCs due
to their low cost and high abundance. With thetrighoice of catalyst, the anode first

partially oxidizes methane, which is the main comga of natural gas, to carbon



monoxide and hydrogen, a mixture known as syn §absequently, the hydrogen and
carbon monoxide are further oxidized to produceewand carbon dioxideEssentially,
methane provides a means of using hydrogen inlacéllewithout needing to store pure
hydrogen, which is a significant advantage SOFGe lnaer other fuel cell types.

A disadvantage of using hydrocarbons is carbomé&bion on the anode surface,
which causes the cell to stop working. This phenmone known as "coking”, is a well
known problem amongst fuel cell chemists. Idemifyimaterials that are resistant to
coke formation remains a subject of intense rebeakaother issue with hydrocarbon
fuels is the emission of GOAlthough not ideal for the environment, methaneHlied
SOFCs emit much less carbon dioxide than fosslldombustion engines, and so SOFCs
are still an improvement over existing technologies

The components of a solid oxide fuel cell are alods. Oxygen, or air
containing oxygen, is fed into the cathode wherns iteduced to its anionic form. The
oxygen anions pass from the porous cathode thrthegkolid electrolyte to the anode of
the fuel cell, where they oxidize the fuel (such rasthane or hydrogen gas). The
electronic circuit is attached to either end of ta#l, which allows one to harness the
chemical energy from the reactions as electricghutu A schematic is shown in Figure

1-1.
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Figure 1-1. A solid oxide fuel celt

Section 1.2 - Doped Ceria
1.2.1 - Fuel Cell Electrolytes

The solid electrolyte must isolate the two gas csjpheres at the anode and
cathode from one another, while transporting oxyges quickly across the cell. Thus,
the ideal electrolyte has high oxygen ion condiigtivnegligible electronic conductivity,
and is chemically stable under both the highly @d) environment of the cathode and

the highly reducing environment of the anode. Fevesal years, yttrium-stabilized



zirconia (YSZ) has been the most studied and uksatrelyte material in SOFCs, due to
its high ionic conductivity and stabilifyln particular, the structure of YSZ is known to
be crucial to its function in the fuel cell. Ziraam oxide, ZrQ, is doped with yttrium
sesquioxide (¥Os) in a concentration of about 8 mol %05 to make YSZ. As the
trivalent Y species replaces the tetravalent Zrtha lattice, a charge imbalance is
induced. To neutralize the overall charge, oxygamsispontaneously exit the lattice,
thereby creating vacant spots in the anion sulzdatit is believed that the increased
mobility of oxygen anions in the YSZ lattice is digethe migration over these oxygen
vacancies. Furthermore, the Y dopant stabilizestitéc structure of zirconia from room
temperature to the operating temperature rangeedfuel cell*

The major drawback of YSZ is that it is only sigrantly conductive at
temperatures above 800 Celsius. Therefore it isanstitable electrolyte for fuel cells
operating at lower temperatures. For IT-SOFCs, tenad that rapidly conducts oxygen
anions at such temperatures is desired. Ceria-bmaggtials are promising candidates for
this application due to their high conductivity 30 Celsius. Cerium oxide, or ceria
(Ce(,), doped with a trivalent ion creates intrinsic ggy vacancies, much like yttrium
doping does to zirconia. While several trivalenpalats have been found to improve
conductivity in ceria, the highest ionic condudijvis achieved with St as the dopart.
® Recently, ceria containing two different trivalepecies have been synthesized, which
can increase oxygen ion conductivity beyond thasiofjly doped ceria compounds.
However, co-doped cerias are relatively new mdgeaad are not nearly so ubiquitous in
fuel cell laboratories. A lot of work remains to ene to find optimal combinations of

dopants, and produce an electrolyte better tharasam-doped ceria (SDC) that can be



used in a fuel cell. Currently, samarium-dopeda&ione of the most commonly used
electrolytes. This is due not only to its high moonductivity, but also because of its low
electronic conductivity, which prevents electromgni leaking through the electrolyte
and out of the power circuit. SDC is also knowrh&tve good stability in the reducing

environment of the cell, which is an important teatfor long-term use.

1.2.2 - Motivation

In order to commercialize solid oxide fuel cefigither optimization is required.
For instance, a mechanistic understanding of fuglation over commonly-used anodes
will enable the prediction and development of bettaterials, which are resistant to
problems such as coking. To find the mechanism noast first know the structure of the
anode and electrolyte surfaces on which the reactoocurs. Knowledge of the structure
provides insight on the material's properties anthe same time enables more complex
investigations such as fuel oxidation mechanisnos.tkis purpose, we study primarily
samarium-doped ceria, one of the most commonly eyepl electrolytes. The
fundamental factors that make SDC a superior imucductor to other doped ceria
materials are currently unknown. This knowledgd Wwé useful to improve solid oxide
fuel cells, as it will lead to the design of betwolid electrolytes. To identify these
atomistic interactions which influence conductiyitthe structure of the electrolyte
material must be found.

Unfortunately, the literature on the structureloped ceria is scarce, which is due
in part to the difficulties in experimentally chatarizing and computationally modelling
this system. It is possible to obtain some stradtinformation from x-ray absorption

spectroscopy, however only ions up to a 3 Angstratius around a target ion can be



identified with sufficient accuracyIn order to find the structure of doped ceria, onest
evaluate all possible configurations of dopants\ahncies in the lattice in order to find
the lowest-energy structures, which lie within kdnd hence are populated) at fuel cell
temperatures. However, the number of configuratimsenormous at the dopant
concentrations which are used in fuel cells, and sgstematic evaluation of all these is
not feasible (see Figure 1-2). In experiment, ath ¥4 dopant concentration of samarium
oxide (or 20 mol % Sm) is used. To model a sinsl@tem, in a 2x2x2 simulation cell of
ceria consisting 96 atoms, there are 163 trillioaysvto place six dopants and three
vacancies in the cell, which corresponds to 10.8f%e dopant oxide, or 18.75 mol %
of the dopant atom. Although some of these postséisilare equivalent by symmetry, the
number of unique configurations is still too high ¢valuate systematically. Current
modelling studies of doped ceria use a lower comagon, where the possible structures
are fewer in number. In fact, for the most park fiterature is limited to 3.2 %
concentrations, where there are two dopants and vawcancy in the cell. Due to
symmetry, only 33 unique configurations are presgmihis concentration and so they can

be evaluated with reasonable computational accuracy
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There also exist modelling studies which attengptinderstand the oxygen ion
migration pathway in doped ceria. Of particulaenest is identifying the physical nature
of SDC's high ionic conductivity. One can beginnfrthe Arrhenius relationship, which

relates ionic conductivitys() to the activation energy gEfor oxygen ion diffusion (1):

o E,
a—?@x;{kTJ (2)

where op is a temperature-independent pre-exponential fad&pending on ionic

oscillation frequency and entropy of ion migratfom, is the temperature, ang ks the
Boltzmann constant. For pure ceria, the activatoergy is often parsed into two
components: the migration energy,JEand the vacancy formation energy)(Eowever
in doped ceria, the dopants and vacancies formcides® with corresponding
association energies {8 which influence vacancy mobility. The energies tbése
associates determine the number of mobile vacariniedoped ceria much like the

vacancy formation energy determines the conceatratf vacancies in pure ceria; hence,



in doped ceria, the activation energy is underseothe sum of the migration energy and
the association energy components. Yet, at highpeéeatures, most vacancies are
dissociated and so,f can essentially be neglected. However, at low iatetmediate
temperatures (below 500 °C), the relative assaciatnergies of different configurations
play a key role in diffusion pathways'' Such temperatures are of the most interest
because it is this low-to-intermediate range tlsaturrently being targeted for future
SOFCs to operate withiif:**1t is thus desirable to know what structure fastminimize
the dopant-vacancy association energy, which witurn increase vacancy mobility and
the performance of these materials as solid elgtt®

In order to find these structural properties, @h@uld investigate all possible
configurations of SDC. Then the oxygen ion mignatjwathway can be determined by
calculating the activation energy for various mignas amongst the low-energy
configurations. However, at a high level of accyrasuch as that of periodic DFT
calculations, the combinatorial problem is encotedteagain. There are simply too many
possible migrations to make in the lattice whendbpant concentration is increased to
experimentally-relevant values. Thus, there is ednfor an efficient search method to
find the low-energy configurations of SDC at an 1di®pant concentration, in order to
model the real system. The structure will also mlevan atomic-level understanding of
the properties that yield high ionic conductivitydoped ceria, which will serve to build

better electrolytes for future SOFCs.

1.2.3 - Current Computational Studies of the Doped Ceria Structure

To date, the only studies which have been dormaddel oxygen migration with

electronic structure calculations such as DFT uked3.2 % dopant concentratior: '
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!> This limits the scope of their results becausehiglier concentrations, the increased
amount of dopants and vacancies are expected to glaivotal role in the ionic
conduction mechanism. There is one work which giteth to simulate oxygen ion
conduction in SDC with molecular dynamics at thetiopl 11% doping level®
However, these authors used classical potentialshwliere not fit to experiment, and
placed the dopant ions in random lattice positievilsich may not be accurate; overall,
they did not gain any insight into the fundamemature for increased conductivity in
SDC.

Earlier works that attempted to model doped csuifiered from inconsistencies
in their calculations which resulted in a poor &gnent with experiment. For example,
Yoshidaet al. neglected cationic sub-lattice relaxation in thmatculation of migration
barriers for Y-, La-, and Sm-doped ceria, and foundlifferent order of activation
energies than experimeltThe very first theoretical works used empiricakguuials
which made predictions on ionic conductivity baseddopant radii; however, not all
configurations were investigated, and so an importaw-energy structure may have
been overlooked. Also, classical potentials aracajly fit to the experimental lattice
constant, which is an elastic parameter; the aeiircomponent of dopant-vacancy
association is not considered when developing iclalspotentials. Thus, it is imperative
to use electronic structure calculations that aa&ptaccurately the differences in
association energy between various configuratiesush as density functional theory
(DFT).

The first theoretical works that investigated steicture of doped ceria at a high

level of theory were by Anderssehal.”> and Muthukkumaraet al.,° which calculated
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the activation energy for oxygen ion migration amthanide-doped ceria at 2.1 and 3.2%
dopant concentrations. Using DFT calculations,atthors concluded that for Pfrand
dopants to the right of Pthin the lanthanide series, oxygen vacancies prifdie
nearest neighbour (NN) to the dopant - meaningpauion lies in the first coordination
shell surrounding the oxygen vacancy. For largepadts, to the left of Py the
vacancies prefer to lie in the second coordinasiogll, or next-nearest neighbour (NNN)
to the dopant. (To aid in the visualization of dup@acancy distances, consider Figure
1-2. In the left picture, both dopant ions lie Nd\thie vacancy. In the middle picture, the
additional two dopants added to make 6.6%, lie NNNkhe same vacancy.) The authors
also found that Sm-doped ceria had the lowest @otir energy for vacancy migration
compared to all other dopants, which is consistétit experimental data. However, not
all possible configurations were sampled and sangyortant pathway may have been
overlooked. A systematic search for 3.2% dopedacisripossible, as there are only 33
unique configurations to evaluate. In 2009, &teal. performed such a search for 3.2%
lanthanide-doped ceria, with classical potentiaihe main conclusion from this work,
which was later confirmed by DFT calculatiofiayas that the crossover from NNN to
NN preference occurs at &dand for Gd' itself there is no preference. Several, near-
degenerate, low-energy structures were found fod@ukd ceria which suggest that the
vacancies do not prefer a specific configurationisTinding could suggest a reason for
the high ionic conductivity of Gd-doped ceria, whis almost as high as that of SBC.

So far, it has been assumed that first principlE$ calculations provide accurate
descriptions of the electronic structure in dopedac This is not entirely true. In current

DFT functionals, the well known self interactiomarexists for strongly correlated d and
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f electrons® As a result, in rare-earth metals the f electramsover delocalized, which
makes what should be insulators behave as metalsul#bard correction to the DFT
method known as DFT+U has recently emerged asl &ocorrectly describing strongly
correlated electrons. An empirical potential (knoasithe U parameter) is added to the
rare-earth metals such that the f electrons aralilmzl and the self-interaction error is
corrected. Several studies of ceria have foundttteDFT+U method correctly predicts
experimental properties that conventional DFT doa&s such as density of states, lattice
constant, bulk modulus, and metallic charattéf.In this respect, the most accurate
electronic structure method available to model dogeria is DFT+U.

Recent works by Dholobhagt al.?> ?® have demonstrated that DFT+U
calculations yield different results than plain DféfF Gd- and Pr-doped ceria. Dholobhai
calculated the migration barriers for all possibigrations of an oxygen ion in 3.2 %
doped ceria, and found that in gadolinium-dopedacére dopant ion prefers to lie
nearest neighbor to the vacancy, a finding whichtredlicts the classical and DFT

studies by Weét and Nakayam&

Section 1.3 - Thesis Goals and Outline

This thesis attempts to discover the fundamentapgrties of samarium-doped
ceria that make it a good ionic conductor and soktle fuel cell electrolyte. The first
step is to identify the atomistic interactions iopdd ceria which minimize dopant-
vacancy association energy, and hence increasauctvity. For this purpose, we will
investigate the structure of SDC and other lantfewioped ceria materials at various

dopant concentrations. In order to simulate comaéinhs higher than 3.2%, where there
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are too many possible configurations to evaluatgesyatically, an intelligent search
method will be designed. The search technique hellcreated to sample the entire
structure space of lanthanide-doped ceria and fim& configurations that will be

prevalent at IT-SOFC operating temperatures.

As SDC at the 11.1% dopant concentration has eeh laccurately modelled
before, we hope that the structural informationvmted in this thesis serves as a basis for
future modelling studies of SDC. In addition, itdadto the understanding of atomistic
interactions in doped ceria which optimize conduttj which is needed to build better
fuel cells.

In addition to the structural properties of SDRistthesis will focus on providing
new information on SDC's electronic properties. thais end, we will present new
experimental data and use it to build an accuralel#J model for SDC. The
computational investigation of SDC's electronicgadies will provide further insight on
the electronic structure data obtained by experimen

Lastly, because the surfaces of fuel cell elegtesl play a critical role in fuel
oxidation, it is important to study the SDC surfatbe goals of this section will be to
identify the structure of low-index surfaces of S@E well as the differences between
bulk and surface composition. These results wilinffdhe basis for studies of oxygen ion
diffusion and fuel oxidation mechanisms over theCHirface. Hence, this thesis will be
useful to fuel cell and materials scientists wh@édo optimize solid oxide fuel cells.

The rest of the thesis is organized as follows.afiér 2 contains the
computational details, including a description of antelligent search method used to

find low-energy structures. The structure searshilte for LDC are found in Chapter 3,
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where we emphasize the importance of using accwaltrilations. In Chapter 4, we
show the electronic properties of SDC, found byhbzdlculation and experiment. Next,
to build on our bulk structure search, we perforsudace structure search in Chapter 5.

Finally, the conclusions and future work are owtinn Chapter 6.
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CHAPTER 2 - METHODS

Section 2.1 - Search method

An efficient and practical search method is needefind the structure of doped
ceria at experimentally-relevant dopant concerdnati simply because there exist too
many possible configurations to evaluate systeralijicThe goal is to find the low-
energy configurations of a doped metal oxide, ld@marium-doped ceria, and the
differences in energy between them. An evolutionaspired search method known as
the genetic algorithm (GA) has proven effective énystal structure prediction
previously’ For example, Oganoet al? and Hoopeet al® used genetic algorithms to
find structures of polymeric nitrogen at variousegsures. For this application, we
modified the genetic algorithm of Hooper al2 to find low-energy structures of doped
metal oxides. A detailed description of my personahtributions to the code are
provided at the end of this section.

There are multiple options when creating a geragorithm, which are described
by Woodley and Catlow.In this section, we discuss only our implementatid the GA
search method. The entire process is automatedRyghen code and can be run on the
CCRI (or "Wooki"), HPCVL, and SHARCnet computer sfers.

As the algorithm is inspired by evolutionary piples, many of the terms used to
describe the GA and its elements stem from evaiatip biology. In a structure search,
there are several different configurations, whidifed in their positions of dopants and
oxygen vacancies. To distinguish one configurafrem the next, the GA code keeps

track of each structure's coordinates. The iderdftyeach structure is encoded in its
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genetic information, or its "genes". Thusgeneis defined as the list of fractional X, v,
and z coordinates of the atoms which make up acpéat structure. In addition, the
coordinates of the oxygen vacancies are includetthiengene list. A separate list called
atomtypeskeeps track of the different atomic species irmestcucture, and is written in
the same order as the gene list. For instancdirghhdour x, y, and z positions correspond
to the first four atomic species in the atomtygss IThis is important to keep track of,
because the positions of the dopant atoms and e@saare crucial to the uniqueness of
each gene. In the atomtypes list, the vacanciesepresented by dummy atoms, which
do not correspond to real elements. All of the germe structures, make up what is
known as theopulation The program begins by randomly creating uniquécsires to

fill up a population of pre-determined size. Thes®ictures are created based on criteria
input by the user. For instance, the structureogied ceria is known to be a face-centered
cubic lattice of cerium cations with an interpeagtrg simple cubic lattice of oxygen
anions. The user specifies a specific concentraifomopant which tells the program to
substitute the corresponding number of dopant fongerium ions from the pure ceria
lattice, and remove the corresponding number ofyeryions to form vacancies. During
initial structure creation, the program tests eaelwly created structure against all
existing members of the population, to make sua¢ ¢fach new gene is unique. For this
test, a code was created to check the distancdspaint atoms to dopant atoms, dopant
atoms to vacancies, and vacancies to vacancieacim gructure. These three distances
provide an unambiguous determination of uniquertestsveen any two doped ceria

configurations.
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Once the population is made, each gene is assignéthess which will
determine its fate in the next generation of stmeg. In the GA, the fitness is the
property of the algorithm that the user wishes finsize. Our algorithm applies
Darwinian selection for choosing new structuresnégg the more fit a structure is, then
the more likely it is to pass on its genetic infatman to future populations. (The method
in which its structural information is "passed ar"discussed later.) In this case, the
algorithm is designed to look for low-energy configtions, so it makes sense then that
the fitness of a structure is defined as the tetargy following geometry optimization.
To see how this energy is calculated, refer to i8e@.2. Originally, the total energy
from a single point energy evaluation - that isth@ut optimizing the geometry - was
used as the fitness. However, it was quickly nobed the ranking of structures by single
point energies and by energies after optimizatoomat the same; in fact, significantly
different configurations were found to be favorethwhe two definitions of fitness. It is
of course more reliable to use the energy of attra in a local minimum as the fitness,
so all GA results presented in this thesis aregusie energy of the optimized geometry
as the fitness. The programs used to optimize ¢oengtry are discussed in Section 2.2.
In terms of the code, the genes are ranked by gnargl weighted by a Boltzmann
distribution to determine their probability of setien for reproduction. This weighting is
designed to represent the evolutionary principlenatural selection or "survival of the
fittest".

Wherever possible, it is the goal of the genetgodthm to create more fit
populations. In our case, it corresponds to the pepulation being created from the

favorable structural qualities of the previous pgapan. For this purpose, the genes from
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the current population which are selected for rdpotion undergo one of the many
mating and mutation operations that have been dedigpr metal oxides. In general, the
goal of these operations is to produce more fiegegfficiently, however they also serve
to maintain genetic variability in the populatidaenetic variability, which corresponds
to differences among structures in the populatisnimportant for any algorithm to
proceed effectively. By introducing this variabjlitmore of the configurational space is
explored, and so the more likely and quickly itthgt the algorithm finds the global
minimum of the potential energy surface. The matind mutation operations, as well as
the other schemes used to create the new populatiemexplained below. James Hooper,
a former Ph.D. student of Dr. Tom Woo, wrote thdector these operatiofis.

The mating operation corresponds to taking elemefttwo parent genes to
create two new, "child" genes. The new genes dieespforms of the parents, taking
segments from one parent and complementary segrienighe other parent's gene. In
the context of the new structure, it correspondsking the metal atoms from one parent
and the oxygen atoms and vacancies from the otlremp The second child will have
the complementary segments that the first childnditireceive. A schematic is shown in

Figure 2-1.
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Figure 2-1. Genetic algorithm mating routine. The éft-most column is the atomtypes list (where
"vac" signifies a vacancy) followed by the genes dfoth parents and the children. The splicing occurs
so that the new genes receive cations from one pateand anions from the other parent.

Mutation operations alter a structural quality afsingle gene to make a new
member of the next generation. The operations decla) modifying a subset of the
dopant atoms; b) modifying a subset of the vacanagperforming a) and b) together;
and d) a geometry perturbation. In the first opergata random subset of the dopant
atoms is selected (which ranges from 1 to the tatatber of dopant atoms in the cell) to
be replaced with cerium ions at random positionshi lattice. The second operation
works in a similar fashion, instead using the vaesand the oxygen ions in the lattice.
The third operation is just the sum of the firsbfvgo it changes both the positions of
dopants and vacancies. The geometry perturbattersghe coordinates of one or more
of the atoms in the parent structure. The maximamoumt by which the atoms can be
moved is specified by the user, to avoid creatingsensical geometries. This last
operation is designed to explore more of the p@kmnergy surface which is not
available through any other operation performedtlos positions in the ideal lattice

geometry.
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To generate the new population, in addition to rie& structures created from
mating and mutations, a small number of structamespromoted unchanged from the
current population to the next generation. Thishmédtis known aglitism and is key to
any genetic algorithm. It ensures that the beseg&mm one population are at least as fit
as the best genes from the next population, in tesenating and mutation routines do
not discover a better gene. The number of elitecsires must be kept small enough so
as to not decrease genetic variability to an unhgdbw value. At the same time, the
number of elite structures must be large enougpréserve the good members of the
population in the genepool. It is set to be betwg&@rand 15 % of the population by
default, however for large populations the useiclpy lowers this value in the input
file. For example, for a population of 500 struesyrit was found that promoting the best
20 at each generation is a healthy number for tAe This number leads to the most
efficient retrieval of the best structures and ¢f@me represents the balance described
above.

Finally, at each generation, the program genenat®srandom structures to add
to the new population. The random genes make wpgdercent of the new population.
This is another way that the algorithm ensures tenariability. Another advantage of
putting random genes into the population is thalldws for the possibility of exploring
new parts of the potential energy surface, if ofethese structures is selected for
reproduction. This is especially crucial at lategsts in the GA, when the elite members
of the population stop changing at every generatidrthis point, the genes selected for

reproduction very often share several of the samgctsral qualities, so the mating
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operation is redundant. If one of the randomly gateel structures is selected, then it
introduces new structural qualities in the childnehich would otherwise be unexplored.
Every new population that is created represengsgemeration or one cycle of the
GA. This process is repeated until the elite geresain the same for a sufficient number
of generations. Once the best structures stop amgnthen the GA is converged. The
user must determine through tests of various ptipualaizes, what is a sufficient number

of generations to assure convergence. A flowchamnsarizing the algorithm is shown in

Figure 2-2.
. Initial genes
[ Population ] generated
2
f=——=———=—==- >[ Evaluate fithess ]
|
: I
| Survival of the fittest
I A\ 4
%: [ Mating/Mutation operations ]
%
>
g I
ol \ 4
| (New structures | v
2 [ Best structures |
(]
a ! Elitism
Q1
oy
|
|

—>| New population |¢é—

Figure 2—-2. Genetic algorithm flowchart. In addition to the operations listed, 5 % of each new
population contains randomly generated genes.

Sometimes after the mating and mutation routimeate the child structures and

elite structures are placed in the new genepoetgetbxist structures which have the same
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fitness (i.e. degenerate structures). Initiallye tbrogram was set up to remove any
degenerate structures, because it was believedathattwo structures with the same
energy must be structurally identical. This is alifutrue at concentrations of 3.2 and
6.6% SDC. In fact, an adjustable parameter calted 'tesolution’ allows the user to
specify a small energy value, such as 0.001 eM, thea program uses to determine
whether two structures are degenerate; if two &iras' energies are within the specified
resolution, then one was removed from the genepool.

However, at 10.3% and higher concentrations, eeergf distinct configurations
from the classical evaluation are so similar tiha program cannot distinguish between
them, even if the resolution is set to small valuébus, an additional screening
parameter was used: the Sm-vacancy distances.eé¢ ttoncentrations, in order to find
all of the lowest-energy structures, which wererlyedegenerate, the program was set up
to evaluate the Sm-vacancy distances between twotstes which had the same energy.
If they were different, then both structures reredinn the genepool. If they were the
same, then one was removed. Several GA trials Ibf b3% SDC were run with this
modified code (see Section 3.4 for details).

Later, it was noted that Sm-vacancy distances rase the single unique
determinant of SDC configurations. For instance, igt possible to have two
configurations, which are structurally differem (erms of Sm-Sm distances or vacancy-
vacancy distances) yet have the same Sm-vacantgndes. Therefore, the GA was
modified to account for this. Furthermore, we alsaticed that the program often
miscalculated the positions of the vacancies dftergeometry optimization. A code was

developed by James Hooper to correct the positbtise vacancies in the lattice. In the
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latest version of the GA, if the energies of twoustures fall within the specified
resolution, the vacancies are first 'aligned' teirtltorrect positions in both structures.
Then, both configurations are tested on the bakisSm-Sm distances, Sm-vacancy
distances, and vacancy-vacancy distances. If teists one distance pair that is not
identical, then the structures are different anth lawe kept in the genepool; otherwise, if
every distance is the same (within a specified réolee), then the structures are
considered the same and so one is removed. TheluBo SDC GA trials were run
again with the modified screening criteria, whictogerly accounts for defects in the
lattice and differences between structures (setddeg.4 for details).

As a final note, the bulk of the GA code was wentby James Hooper. The major
parts which | contributed include: extracting thenaic positions and lattice vectors from
a GULP or VASP output file, writing new positionsdalattice vectors to create a GULP
or VASP input file, calculating and comparing théstances between defects in
structures, and modifying the GA code to run on &@Aket and HPCVL clusters.
Importantly, the code is set up to run by itself SHARCnet, as it can on Wooki.
However, for large GAs requiring several CPUs, dlgorithm can be run from Wooki,
yet submit jobs for geometry optimizations to b@#looki and HPCVL computers. This
is crucial for GAs with DFT(+U) optimizations, whicrequire 16 CPUs per geometry
optimization, but only 1 CPU for the main code. &l$ designed a special version of the
code to search for high-energy structures, whigblired a modification to the fitness. In
Chapter 3, it will be made clear which version loé ttode is being used and for what
reason. Finally, for the analysis of the GA resultsvrote codes which analyzed the

distributions of defects within the best structuce®r several generations, which was
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used to determine convergence in bulk and surfa&eri@ls run on highly concentrated

SDC.

2.1.1 - Interpreting GA Results

Above a 3.2 % dopant concentration, the numbegrossible configurations is so
high that it is not feasible for a single GA trial reasonable size to investigate all
structures. In fact, at 6.6 % SDC, there existi#llton possible arrangements of dopants
and vacancies in a 2x2x2 simulation cell, whilelat3 % SDC, this number is 193
trillion. In comparison, the GA trials for thesesggms range from population sizes of 50
to 500, run for at most 600 generations. Thus,bis structures which emerge from a
single GA trial of 6.6% or 10.3% SDC may not be tue lowest-energy structures in the
entire material. It is more reliable to run muléprials with the same parameters (i.e.
same population size, run for the same number ég¢ions) but with different random
genes in the initial population and compare thd besictures. If multiple independent
trials find the same low-energy configurationsthteis more likely that these are indeed
the lowest-energy configurations and less likelattla better structure has been
overlooked.

The number of low-energy configurations from th@& @at are chosen to be
analyzed merits discussion. From their energy iiffees, we can assess the relative
distribution of low-energy configurations at varsotemperatures. Using the IT-SOFC
temperatures as a guide, we should be concerndd thé structures that will be
populated at temperatures between 400 and 600uSelBne Boltzmann distribution of
configurations present at these temperatures vivié g realistic description of the

material. Thus, it is imperative to analyze thefaurations which lie within KT at these
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temperatures. After the relevant configurations tobend, we attempt to look for
gualitative similarities amongst the relevant stmoes to deduce what atomistic

interactions will be dominant in the fuel cell.

2.1.2 - Tandem Genetic Algorithm

In order to accurately determine the energy diffiees amongst low-energy
configurations, it is imperative to use a high legktheory in the energy evaluations.
Such an accurate electronic structure method isiggd by density functional theory
which better describes the electronic structure pamed to classical simulations. To
further improve upon this description for lanthasdit is generally accepted to add a
Hubbard correction (or U term) to the DFT formalisrdlowever, due to the
computational expense of DFT and DFT+U calculatians not feasible to employ such
high-level calculations in the GA, with so manyustures to evaluate. To solve this
problem, a dual level or ‘tandem’ approach to tlgpd@thm was made. In the first stage,
the large structure space is sufficiently seara@dg the low level, classical calculation
to define the fitness of each structure. Multiplkassical GA trials are run until
reproducible results are obtained, and the besttsties are well known. Subsequently,
these elite structures become part of the populatia new GA trial which uses the high
level DFT(+U) calculation as the fitness. The alitstage of the tandem GA is designed
to screen out high-energy configurations, so thatftnal stage can proceed with only
good candidates. Because the DFT(+U) GA begins fronalready fit genepool, it does
not need to be run for as many generations aslaissical GAs to reach convergence. In
this way, the DFT(+U) GA will find the lowest-engrgstructures and rank them

accurately, without needing a large population.size
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A number of tests and results were done to valiteggandem GA search method,

which are presented in Section 3.1.

Section 2.2 - Computational Details

Two main software packages were used for the agdiion of geometries in this
work. The classical simulations were done with tBeneral Utility Lattice Program
(GULPY and the first principles DFT simulations were daviéh the Vienna ab initio
Simulation Package (VASP)’. The latter code was also used for determinatibn o
activation energies in oxygen diffusion pathwayswell as electronic properties like the
density of states. However, most of the calculaidor this thesis involve simple
geometry optimizations to local minima on a pot@nénergy surface. The details are

described in Section 2.2.1.

2.2.1 - Energy Evaluations

The classical calculations involve short range-pase Buckingham potentials
and an Ewald summatidwof long range interactions. The potential is shomequation
(1). The shell mod&lwas used to account for the polarizability of & ions. This
model involves a massless shell potential of negatiharge attached to a massive core of
slightly positive charge, to simulate a mobile &lec cloud around a relatively stationary
nucleus. The oxygen shell had a charge of -2.08dewaas tied to the atomic core by a

27.29 eV/X spring constant. The Buckingham parameters, shiowfable 2—1, were

10 11
| I

taken from Balduccet al:™” and Senyshyet al”~ The functions were evaluated between

0.5 and 10 A for Ce-O and O-O pairs and betweena@id 6 A for Sm-O pairs. The
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elevation of the lower cutoff from 0.0 to 0.5 A wasnployed to help eliminate
unphysical structures from our genetic algorithishould in no way affect the energies

of relevant configurations.

S = ad ) —r% (1)
ij
Table 2—1. Buckingham parameters for interatomic ptentials'® **
Species A (eV) p (A) C (eV-A
o -0O" 22764.3 0.149 27.89
ce- o 1986.8 0.3511 20.40
st - OF 4040.9 0.3034 0.0

In addition to the above parameters, we also tisedorce field parameters of
Wei et al*? who performed a systematic evaluation of 3.2 %hiamide-doped ceria. The
two sets of potentials were compared to more ateucalculations, at various
concentrations of dopant (see Section 3.1 for W¢taihe potentials taken from Wet
al. contain a shell potential on both €eand G ions, which are attached to their
respective cores by 177.74 and 6.3 eV#firing constants, respectively. The*Csghell
has a charge of -0.2 e and th& €hell has a charge of -2.04 e. Also, the Buckingha
functions (shown in Table 2-2) were evaluated betw8.0 and 20.0 Angstroms. In

addition to Sm-doped ceria, Gd- and Lu-doped ogeee studied with these potentials.
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Table 2—2. Buckingham parameters for interatomic ptentials from Wei et al.***°

Species A (eV) p (A) C (eV-A
o -0O" 9547.96 0.2192 32.00
ce" -0 1809.68 0.3547 20.40
St - 0% 1944.44 0.3414 21.49
Gd - o 1885.75 0.3399 20.34
Lu®* - 0% 1618.80 0.3385 19.27

All DFT and DFT+U calculations were performed wittie Vienna ab initio
simulation package (VASP)! The exchange-correlation effects were describeh thie
Perdew Burke Erzenhof (PBE) functioffal within the generalized gradient
approximation (GGA). The PBE functional has beeredusn the past for DFT
calculations of similar systemi§,and has been shown to be better for simulatiniglsol
than other GGA and semi-empirical function&ts® *°In the DFT+U method, a Hubbard
(U-term) correction is added to the conventionalhK<&@ham Hamiltonian to more
correctly account for the localization of stronglyrrelated electrons, and to mitigate the
self-interaction error present in conventional DRTU-value of 5 eV was placed on all
cerium ions, which is consistent with previous #sdof doped ceri®?* No such
correction is needed on samarium because the frabscwere placed in the core, and
hence are already localized. Pseudopotentials vggmeerated with the projector
augmented wave (PAW) meth&tThe cerium 55 5¢°, 6, 5d', and 4t states, as well as
the samarium 3s5p, 6, and 5d states, and the oxygen®2md 2 states were treated
as valence electrons, whereas the others werenfiozihe core. Currently all electronic

structure calculations of lanthanide-doped ceripleynthe same methodology as in the
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majority of this work, where the f electrons of thepant are placed in the core of the
pseudopotentig

Structures were relaxed until the forces on eachwere below 0.02 eV/A and
the total energy was converged within 0.01 meV. &hergies from an optimization run
cannot be trusted due to the fact that after eddixation, the PAW basis vectors are no
longer orthogonal. Thus, a static run (where thesiare not moved) is always done,
starting from the optimized structure, to get tmergy. A 520 eV plane-wave cutoff
energy was used throughout. Studies of similar @mgds using VASP have employed a
plane-wave cutoff of 400 eV that were found to loewerged to approximately 0.01
meV 2% 21 2 Other standard features include a variable cglin polarization, and
Gaussian smearing of 0.20 eV. Although the magaibz was not fixed in these
calculations, it was found that all electrons weaé&ed following relaxation.

For the DFT+U calculations of Chapter 3 and Chaptehe VASP calculations
were done as described above. For the electronictste analysis in Chapter 4, it was
necessary to treat the 4f electrons of samariurakshce and parameterize the value of
U for Sm, in order to match our calculations witkperiment. These calculations are

described in Section 2.2.3.

2.2.1.1- Exploration of Faster DFT Calculations

Because VASP calculations used significant CPUetmmd resources, various
techniques were tried to improve the calculationeti First, instead of using the plane
wave approach implemented in VASP, a smaller basiswhich employs atomic-
centered functions implemented in the Spanishaliivg for Electronic Simulations with

Thousands of Atoms (SIESTX) program was used. However, for this system,
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pseudopotentials are difficult to develop and t&ke pseudopotentials used were taken
from an online database available for SIESTA us#rswas found that the DFT-
calculated energies of all configurations of 3.2 IBC did not correlate with the
energetics from the classical optimizations. Atbe improvement in CPU time was not
significant compared to VASP. Thus, the SIESTA paog was not be used in our search
algorithm.

Other methods to improve the VASP calculationudeld a smaller k-point grid.
Using the 3x3x3 Monkhorst-Pack k-point grid, a $#nBFT optimization takes days to
run on 16 parallel processors on Wooki. Yet, witistjthe Gamma point, the same
optimization completes in approximately 8 hourstib@ same number of processors. It
was found that the energy evaluations with the Gankapoint overall reproduces the
same trend in energies with a 3x3x3 k-point grid doped ceria configurations, so it
sufficed to use just the Gamma point in the GA gnealculations. For accurate energy
differences and electronic properties such as tleons$istates calculated outside of the
genetic algorithm, the larger k-point grid was uskdvas also found that calculations
with the 3x3x3 k-point grid produced a very diffet@ensity of states plot than the same
calculation with just the Gamma point. For the z¢he system being studied, a 3x3x3

k-point grid should be sufficient.

2.2.2 - Activation Energy Calculations

To calculate the activation energy of oxygen iagration in the SDC lattice, first
principles DFT+U calculations were used as implet@gnin the VASP code. The
computational details are the same as the DFT+tulzdlons in the genetic algorithm,

where a Hubbard correction of 5 eV is applied to &L not to Sm, whose f electrons are
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placed in the core. To calculate activation enardoe oxygen vacancy migration, we
adopt the same procedure as that of Andersscai?® and Dholabhakt al?® ?* The
activation energy is given by the difference betwte total energy of the system before
migration and the saddle point energy determinemMmfrfirst principles DFT+U
calculations. The saddle point positions were chose the midpoint along the line
joining the initial and final sites for the mignagj ion. The migrating ion was allowed to
relax in both directions perpendicular to the miigia path to ensure the optimal saddle
point positions are found. To ensure that the adtighest energy point is indeed the
midpoint structure, additional calculations werafmened where the ion was shifted
slightly from the midpoint. These calculations sleowthat the midpoint is truly the

highest-energy position.

2.2.3 - Density of States Calculations

For the density of states, static calculationsewperformed on previously-
optimized structures of SDC and pure ceria, usimgir@ber of formalisms implemented
in VASP. Also, a reduced 6.6% SDC lattice was madech contained two trivalent Ce
ions, to attempt to reproduce experimental dataednced SDC. Part of the study here
was to test the difference between calculated D@% pusing various methods. The
methods include: conventional DFT, DFT+U witlkdbut no Wy, DFT+U with Uz and
varying Usy, values, and hybrid DFT calculations. The first twgpes have been
explained above. Various values of\(2, 4, 5, 6, 8, 10, 12, 14, and 16 eV) were tted
attempt to reproduce experimental data. In theskulegions, the 16 electron
pseudopotential of Sm was used, which includegitiedectrons as valence. The value of

Uce Stayed constant at 5 eV, because it has alreagty ferameterized for ceria.
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To optimize structures with DFT+U wherg;}Jis included, it was necessary to
employ a 400 eV plane-wave cutoff energy. With déargutoffs the electronic structure
did not converge. Studies of similar compounds gisfASP have employed the same
400 eV cutoff which was found to be converged tpragimately 0.01 meV? 2% 2
Furthermore, for the static calculations, it wasassary to begin from the optimized
wavefunctions and charge densities from the VASEnopation. Without this, VASP
begins from a random guess at the wavefunctionghwitiis unable to converge. With the
exception of these differences, all other aspeictkeoDFT+U calculation were the same
as described in Section 2.2.1.

As an alternative to the Hubbard correction, hyddFT calculations that use
exchange-correlation functionals which employ aceetage of Hartree-Fock exchange
are a possible solution to the self-interactiorepresent in conventional DFT. We tried
these calculations for ceria and for SDC, althougby were found to be very
computationally demanding, requiring as many as pa@allel CPUs. As this is a
relatively new method, the implementation of itle VASP program has not been fully
optimized. Several computational errors were enwmyed, which were documented by
other VASP users as wéfl,and convergence was never achieved for the SD@rys

only for pure ceria. Thus, no results from theskeritdyDFT calculations are presented in

this thesis.

Section 2.3 - References

1 S. M. Woodley and R. Catlowat Mater, 2008,7, 937-946.
2 A. R. Oganov and C. W. Glask,Chem. Phys2006,124, 244704.
3 J. Hooper, A. Hu, F. Zhang and T. K. Wé&tys. Rev. B2009,80, 104117.

34



J. Hooper, Ph.D. Thesis, University of Ottawal @0

J. D. GaleJ. Chem. Soc. Faraday Tran£997,93, 629.

G. Kresse, Furthmuller, Lomput. Mater. Sgi1996,6, 15.

G. Kresse and J. Hafnétys. Rev. B1993,47, 558.

P. P. EwaldAnn. Phys.1921,64, 253-287.

J. D. GalePhil. Mag. B 1996,73, 3.

10 G. Balducci, J. Kaspar, P. Fornasiero, M. Grazemd M. S. IslamJ. Phys.
Chem. B1998,102, 557.

11 A. Senyshyn, A. R. Oganov, L. Vasylechko, H. dfftrerg, U. Bismayer, M.
Berkowski and A. Matkovskii). Phys.: Condens. Matte2004,16, 253.

12 X. Wei, W. Pan, L. Cheng and B. Splid State lonigs2009,180, 13.

13 R. W. Grimes, Busker, G., McCoy, M. A., Chroneds, Kilner, J. A.,Ber.
Bunsen-Ges. Phys. Chert997,101, 1204.

14 L. Minervini, Grimes, R. W., Sickafus, K. B.,Am. Ceram. Sqc2000,83, 1873.
15 S. Vyas, R. W. Grimes, D. H. Gay and A. L. RdhiChem. Soc. Faraday Trans.
1998,94, 427.

16 J. P. Perdew, K. Burke and M. Erzenlitdfys. Rev. Lett1996,77, 3865.

17 M. Nakayama and M. MartiR,CCP, 2009,11, 3241.

18 S. Kurth, J. P. Perdew and P. Bldh&,J. Quantum Chem1999,75, 889-909.

19 l. H. Lee and R. M. MartirRhys. Rev. B1997,56, 7197-7205.

20 P. P. Dholabhai, J. B. Adams, P. Crozier an®tiarmaJ. Chem. Phys2010,
132 094104.

21 P. P. Dholabhai, J. B. Adams, P. Crozier an8RrmaPCCP, 2010,12, 7904.
22 M. Nolan, V. S. Verdugo and H. Meti@urf. Sci. 2008,602, 2734.

23 Z. Yang, G. Luo, Z. Lu and K. HermanssdnChem. Phys2007,127, 074704.
24 Z. Yang, Luo, G., Lu, Z.,, Woo, T. K., Hermanssd¢fi, J. Phys.: Condens.
Matter, 2008,20, 035210.

25 P. E. BlochlPhys. Rev. B1994,50, 17953.

26 D. A. Andersson, S. I. Simak, N. V. SkorodumotaA. Abrikosov and B.
JohanssorRroc. Natl. Acad. Sci. U.S.,A2006,103 3518-3521.

27 J. M. Soler, E. Artacho, J. D. Gale, A. GardaJunquera, P. Ordejon and D.
Sanchez-Portall. Phys.: Condens. Matte2002,14, 2745-2779.

28 D. Vogtenhuber, lonic relaxation problem (VASR.B1), VASP support site,
2011.

©O© o0o~NO 01~

35



CHAPTER 3 - INVESTIGATING LOW-ENERGY
CONFIGURATIONS OF SAMARIUM-DOPED CERIA

This chapter focuses on identifying low-energykbstiructures of doped ceria at
various dopant concentrations. Systematic and G#chkeresults will be presented, and
the usefulness and credibility of the GA will bstified. The structural qualities amongst
low-energy configurations of SDC are identified aard used to rationalize its high ionic
conductivity. Wherever possible, theoretical resalte compared to experiment.

A lot of the work in this chapter has been pulddhn peer-reviewed scientific
journals. The results of Sections 3.1, 3.2, and &€ published inPhysical Review
B, 201Q 81, 224104 (1-11) anéhysical Chemistry Chemical Physi2911 13, 6116-
6124. We are currently preparing a manuscriptterresults of Sections 3.4 to 3.6. For a

complete list of thesis-related publications, retefection 6.3.

Section 3.1 - Systematic Search of 3.2% LDC

In this section, we perform a systematic searchllopossible configurations of
3.2% Lanthanide-doped ceria, using classical and@ Biels of theory. The classical
potentials are compared to more accurate electrstniccture calculations in order to
justify the tandem GA method, used at higher cottaéons. The implications of using
accurate calculations are discussed in detail, witfards to 3.2% samarium-doped ceria
structures. In addition to Sm, we substituted Gd Bn dopants in ceria, to assess the
differences in defect association amongst ionsh@ kanthanide series. Previously,
Anderssoret al,> Muthukkumararet al,? and Nakayama and Marfistudied migration

barriers in the same materials using DFT; whilertresults are accurate, not all possible
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configurations of the material were sampled, sandy be possible that a relevant
migration path was overlooked. In contrast, \&eal? performed a systematic search for
all lanthanide ion dopants in ceria, although valdissical potentials. Thus, a systematic
search at a high level of theory is lacking in therature and is needed in order to
accurately assess defect association in doped. deii known from experiment that
samarium and gadolinium dopants greatly improvedhé conductivity of ceria, whilst
smaller rare-earth metal dopants like lutetium @b °nWe investigate the low-energy
structures of these materials to determine whaticttral properties influence
conductivity.

Figure 3-1 displays the undoped, 2x2x2 simulatelhof ceria, which consists of
64 oxygen and 32 cerium atoms. The dopant condemtraf 3.2% of the doped oxide is
easily simulated in a 2x2x2 cell of ceria becausty @ne oxygen vacancy and two
dopant atoms need to be placed in the cell. Dwsytametry, all of the oxygen positions
are identical, so the position of the vacancy islévant; this leaves only two dopant
atoms to be placed, which, after symmetry is careid, correspond to just 33 unique

configurations. Clearly, it is feasible to simulaiéof these configurations at the classical

and DFT(+U) levels of theory.
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Figure 3-1. A 2x2x2 simulation cell of ceria. The hite balls represent C&" ions and the red balls
represent & ions.

The classical potentials for cerium and oxygensidmm Balducciet al® in
combination with the potentials for samarium iorfsSenyshynet al” make up the
primary classical force field used in this work. Arhaustive evaluation of all possible
configurations of 3.2% SDC was done with these miabks. We compare our results to
those of Wekt al?, who used a different force field and a slightiffetent optimization.
Instead of the constant pressure geometry optimizatsed in this work, West al. uses
the Mott-Littleton method, which divides the cell into two regions, and cédtes the
defect interaction energy between them at constahime. Overall, both methods
attempt to find the same information, which is thefect association energies of all
configurations. Differences in the potentials méy crucial role in the results.

In the structural analysis of doped metal oxidesnfigurations are often
distinguished by the unique distances between tlegécts, which in this case are dopant

atoms and oxygen vacancies. The first coordinagiweil around the vacancy is known as
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the nearest neighbour (NN) shell, the second onkemext nearest neighbour (NNN)
shell, and so on. For example, a configuration whssth dopant ions lie in the first
coordination shell around the vacancy is called “NIN". In 3.2% LDC, the 33 unique
configurations can be distinguished by the two abpacancy distances, as well as the
distance between the two dopant atoms.

Wei et al? predicts that in SDC, Sm prefers the NNN site riexte vacancy, as
the two lowest-energy structures have the NNN-NNMfiguration, with the dopant
atoms separated by at least 6.7 Angstroms. In asmtrthe hybrid NN-NNN
configuration with a 6.7 A distance between dopateims is preferred by our chosen
force field, with the NN-NN configuration being sed best. Weet al. ranks the NN-
NNN and NN-NN configurations as third and sixth thesspectively, where the relative
association energy of the NN-NN structure is gre#itan 0.1 eV above the lowest-
energy structure. This is a significant differemtenergetics, which could be due to the
fact that the Buckingham parameters are differantl/or the optimization schemes are
different in our study versus Wei's.

To assess how the difference in optimization affebie results, a systematic
search was performed using the potentials of gYeil, with the same optimization in
GULP that was used for the other set of potentidfe. find that our search results
correlate fairly well with the results in ref. 4. eaning that the difference in optimization
scheme does not significantly affect the resultathBr, it is only the difference in
Buckingham parameters that causes the discrepademssibed above. The constant
pressure optimization ranks the structures the sag the constant volume Mott-

Littleton optimization does, as we find the sameergg differences between
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configurations as West al The only exception was that, in our systematarce with
Wei's potentials, three different configurationstiwdifferent energies) were found for
the NNN-NNN structure where the dopant ions lie &.&part. The structures differed
due to the in-plane oxygen relaxations around theamcy, which were not identical
depending on where the Sm atoms were situateckingh. In ref. 4, Weet al. seems to
treat these three structures as separate confgusateven though they have the same
Sm-Sm and Sm-vacancy distances when one takesastdount periodic boundary
conditions. We found one such NNN-NNN configurattorbe just 0.016 eV higher than
the lowest-energy structure, ranking it third bastongst all configurations, although
with the Mott-Littleton method it was much higher énergy. The fact that the constant
pressure geometry optimization ranks all but omactire the same as the constant
volume Mott-Littleton optimization, shows that tbptimization scheme does not play a
big role in determining the difference between oesults and those of Wadt al.
Evidently, the differences in Buckingham parameé&sount for the discrepancies.

In order to determine which set of potentials isenaccurate, we compare them
to higher level electronic structure calculatiossg section 3.1.1). This will also serve to
validate the use of one set of parameters in owdeta GA, which is needed for dopant
concentrations above 3.2%.

As mentioned previously, a systematic search agla level of theory is needed
in order to identify the structural trends amonigst-energy structures in doped ceria
with a greater degree of accuracy. We chose toystacharium-doped ceria because it
has the highest ionic conductivity of all singlypaal ceria materiafs? and is therefore

the most interesting to fuel cell scientists. Dgn#unctional calculations on all unique
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configurations of SDC were performed with and withoehe Hubbard (U) correction
added to cerium ions. The DFT+U method has emeggethe method of choice for
simulating doped ceria, due to its accurate treatn@& the electronic structure
surrounding lanthanide ions. Yet, the DFT methodmsch less computationally
expensive, and in the interest of time it was tfiest. Both sets of results are presented
below, and the implications of using the more aaticalculation are discussed.

The structural information and energetics of thst Imene configurations from the
DFT+U systematic search are shown in Table 3—-1.cBanparison, DFT energies are

also provided; comparison to the classical potémisadone later in section 3.1.1.

Table 3—-1. Relative energies and structural informidgon of the best 3.2% SDC
structures

Structure | AEperey®®  AEper®® Sm-Sm distanfe  Sm-vacancy distante
(eVicel)  (eVicell) (A (A)

S1 0.000 0.007 3.8 NN-NN

S2 0.032 0.000 6.6 NN-NNN
S3 0.068 0.083 5.4 NN-NNN
S4 0.081 0.042 3.8 NN-NNN
S5 0.095 0.112 7.6 NN-NNNN
S6 0.098 0.125 6.6 NN-NNNN
S7 0.106 0.028 7.6 NNN-NNN
S8 0.109 0.023 6.6 NNN-NNN
S9 0.132 0.107 3.8 NNN-NNN

2 Energies reported are relative to the lowest enstgycture of the given potential Relative total
electronic energies from DFT+U calculatiohRelative total electronic energies from DFT caltioles.
4 Sm-Sm distance reported is taken from the ideticéabefore geometry relaxatiohNN distance is
approximately 2.4 A, NNN ~ 4.5 A, and NNNN ~ 5.9 A.

Recent works by West al* and Nakayamat al? predicted that a crossover from

NNN to NN dopant site preference across the laritleaseries occurs at &g and for
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Gd-doped ceria itself there is no preference, usilagsical and DFT calculations.
However, a recent DFT+U study of Gd-doped cericDbplabhaiet al® found that the
NN site is actually preferred by the dopant by GV4cell. Since Sm is close to Gd in the
Lanthanide series, the NN site might also be prefeat the DFT+U level. Indeed, Table
3-1 shows that structur®l, which has exclusive NN occupation, is optimal 2%
SDC at the DFT+U level, while at the DFT level,ustureS2 which is a hybrid NN-
NNN structure, is the most stable. The NN prefeeeat the DFT+U level is further
illustrated by the fact that the lowest 6 structur®1-S6) sport at least one NN
interaction. In contrast, at the DFT level struetf®7 and S8 which contain exclusive
NNN interactions, are the third and fourth mosbkastructures, respectively. It is also
worth noting that structureS7 and S8 are high energy structures at the DFT+U level,
lying over 0.1 eV/cell above the lowest energy e §1).

Accurate treatment of the electronic structure fgcial, as dopant-vacancy
interaction is known to have a non-negligible elemic component. *° The proper
description of localized f electrons around*Ceuclei in the DFT+U formalism most
likely accounts for the difference between DFT+U &FT results listed above.

However, overall the two methods correlate fairlgllwin fact, among all 3.2%
configurations, there is a linear relation betw®&T and DFT+U energy (see Figure 3—
2). This shows that plain DFT reproduces the saemei@l trend in the dopant-vacancy
association energies as the more accurate DFT4duladibns. While this result indicates
promise for lower level calculations, it is importado remember that the correlation is
not perfect, and that there are discrepancies whieh manifested in the structural

properties of the best configurations (explainecva.
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Figure 3-2. Correlation between the DFT and DFT+U elative energies of the unique 3.2% SDC
structures. The energies of all structures are relave to the lowest-energy structure from each
method, which is assigned a value of 0.

The NN preference of Sm at the DFT+U level is imeagnent with the DFT
calculations of Anderssoet al;* although, at the DFT level, we found the bestcstme
to be a NN-NNN configuration, which Andersson dat nonsider. In contrast, Wet al.
performed an exhaustive search and predicted a pifeférence for the Sm idnDue to
the higher accuracy of the DFT+U method over ctadgotentials, it is safe to trust the
DFT+U results presented here over other calculatibm Section 3.1.1, which compares
classical potentials to electronic structure caltahs, the pitfalls of Weiet al's
Buckingham parameters are illustrated. In a DFOystidlakayama and Martin found that
the NN Sm-vacancy interaction is not favourablahich contradicts our findings.
However, in their work, the authors do not consitle® second dopant ion in the

simulation cell, which has drastic influence on ttreerall association energy. For
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instance, we found that NN-NN configuration is euidifferent in energy than the NN-

NNNN configuration (where only one ion is at a difnt distance with respect to the
vacancy), and furthermore, that the different Smeistances also affect the association
energy. Thus, it is difficult to compare our resultith those of Nakayama and Martin

because they were interested in identifying the@aton of a vacancy with a single

dopant ion, whereas we identified the associatioa wacancy with two dopant ions, as
in the real 3.2% SDC material.

Relying on the most accurate simulations, it ieckat Sm favours the NN site
around the vacancy in 3.2% SDC. A more thoroughpzaotaon of the classical potentials
with DFT and DFT+U systematic searches is preseintéke following section, as well
as the results for Gd- and Lu-doped ceria; thesalteewill also serve to validate the
tandem GA method. Section 3.1.2 contains the tasis of the genetic algorithm done at

the 3.2% concentration.
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3.1.1 - Tandem GA Validation

A systematic search of all 3.2% SDC configuratiasas completed at the DFT and
DFT+U (Uce = 5 €V) levels of theory, in order to benchmark ttassical potentials used
previously. In Figure 3—-3 and Figure 3—4 (belovig Balducd and Senyshynforce
field is compared to higher level calculations. &lere are concerned with validating the
tandem GA by showing the correlation between atetassical potentials and a higher

level calculation.
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Figure 3-3. Correlation between the classicil’ and DFT+U relative energies of the unique 3.2%
SDC structures. The energies of all structures areelative to the lowest-energy structure from each
method, which is assigned a value of 0.
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Figure 3—-4. Correlation between the classical’ and DFT relative energies of the unique 3.2% SDC
structures. The energies of all structures are relave to the lowest-energy structure from each
method, which is assigned a value of 0.

Clearly, the structures that are low-energy with ¢hassical potentials of Balducci
et al® and Senyshymet al’, are also low-energy with the higher levels ofotlye The
same holds true for the high-energy structureschvihieans that the classical potentials
can be used in the first step of the tandem GAlitoimate high-energy configurations
from the genepool.

It is interesting to observe that this force fiskeems to correlate a bit better with
DFT than with DFT+U, as the R-squared values sugdedact, the force field agrees
quite well with DFT especially at low-energies, wdemost configurations have
predominantly NNN interactions. In DFT+U, NNN cogiirations are not favoured, as
discussed above, and thus these structures lieeabmy line in Figure 3-3. The
configurations with a Sm NN to the vacancy lie belbe line in Figure 3-3, indicating

the DFT+U-preferred interaction, which is not petfg represented in the classical
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scheme. Overall however, the finding that this éofield correlates slightly better with
DFT than with DFT+U is not significant from a contational standpoint; it does not
affect the validity of the tandem GA at all.

A closer analysis of Figure 3-3 and Figure 3-4 aévehat there are a few
structures which are predicted to be low-energythgy classical scheme, yet are high-
energy as ranked by the DFT(+U) calculation. Thesmts represent false positives,
which are not ideal, yet are fairly easy to dealhwin the tandem GA. In the first
generation of the DFT(+U) GA, any high-energy simues that were read in from the
first step are removed from the genepool due to tievly assigned low fitness. More
importantly, there exist no false negatives witis tipproach. In other words, there are no
configurations that the classical force field potdo be high-energy, yet are actually
low-energy in a DFT(+U) calculation. For the purpag our tandem GA, where several
configurations are initially removed from considera in the first stage, it is critical that
none of these structures prove to be low-energy#T(+U) calculation.

Since the correlation between the chosen clastoeg field and DFT(+U) is not
perfect, it is important that near the end of th& Gthat is, once the screening of
numerous structures is complete - a higher levieutation accurately assess the energy
differences between the best candidates. A stricte@rch solely at the classical level of

theory is not entirely reliable due to the exiseentfalse positives, as illustrated above.
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Using the systematic search results, the claskioa field of Weiet al? was also
tested against DFT and DFT+U calculations. Theselteare shown in Figure 3-5 and

Figure 3—6.
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Figure 3-5. Correlation between the classichland DFT relative energies of the unique 3.2% SDC
structures. The energies of all structures are relive to the lowest-energy structure from each
method, which is assigned a value of 0.
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Figure 3—6. Correlation between the classichhnd DFT+U relative energies of the unique 3.2% SDC
structures. The energies of all structures are relive to the lowest-energy structure from each
method, which is assigned a value of 0.

The R-squared values of 0.85 and 0.67 are muchrlowrapared to those obtained

with the other force field, indicating that the agareters of Weket al. do not correlate
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nearly as well as the Balducci/Senyshyn paramewgts high level calculations.
Especially troublesome is the configuration in Fegg3—6, which was assigned a high-
energy of 0.30 eV in the classical scheme yettisadly 0.15 eV above the lowest-energy
structure in DFT+U. This and other points well belthe line of best fit illustrate that, if
Wei’'s potentials were used in the first stage of tandem GA, the screening of
unfavourable configurations would not be very aateirthat is, low energy configuration
would be prematurely rejected.

In summary, the accurate calculations provided ama®f testing whether or not a
lower level calculation performs well. Overall, thesults indicate that the potentials of
Balducciet al® and Senyshyet al” should be used for the first stage of the tandefn G

The correlation between various calculation methads shown for 3.2% SDC
only because it is the only concentration at whicith a comparison is feasible to
calculate. At higher concentrations, there are tmany structures to evaluate
systematically at a high level of theory. Howeveecause the system is generally the
same, we expect that the correlation will hold @fhbr concentrations. Although the
correlation cannot be evaluated exhaustively, wéopa test calculations to justify this

assumption in later sections.

3.1.2 - Initial GA Tests

Here we present the first tests of the geneticrdlgn on 3.2% lanthanide-doped
ceria materials. These tests are designed to a#sesSA's ability to find low-energy
configurations for a variety of potential energyfages. Using the potentials from Wi
al.,* we compare the GA results to the systematic se@shits by Wekt al. for Sm-,

Gd-, and Lu-doped ceria. Also, for SDC, we perfan®A using the parameters from
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Balducciet al® and Senyshyet al.” and compare to our systematic search results from
those potentials. Finally, we performed DFT optatians on the best ten favoured
structures from the classical GAs and compare & dfstematic search with DFT
energetics.

Recall that at concentrations higher than 3.2%s iunfeasible to evaluate all
possible configurations, thus a GA result at thr@s®entrations cannot be compared to a
systematic search result. For these GAs, we wdbreome other form of validation. This
will be presented in future sections.

Using the classical potentials of Baldifcand Senyshyhseven trials of the GA
were run for 20 generations, each with, on avera@etructures in the population. Recall
that each trial of the GA is independent, as tlit@alrpopulation of each trial is randomly
generated from the start. Every single trial recegtehe lowest-energy structure within
the first five generations. Also, the top six stures recovered from the GAs are the
same top six structures from the systematic searclt8.2% SDC. The fact that the
systematic search results parallel the GA resoifdyi that the evolutionary protocols in
the GA are sufficient for exhaustively exploringetpotential energy surface of 3.2%
SDC materials. Structural qualities of the top siuctures from the GA, namé&il-C6

according to their relative classical energies,stui@vn in Table 3-2.
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Table 3-2. Relative energies and structural inform@on of 3.2% SDC structures
recovered from GA search

Structure| Egassica®  Eper®®  Sm-Sm distancg(A) Sm-vacancy distanédA)
(eV/cell) (eV/cell)

C1 0.000 0.000 6.7 NN-NNN

Cc2 0.042 0.007 3.8 NN-NN

C3 0.098 0.023 6.7 NNN-NNN

C4 0.103 0.028 7.6 NNN-NNN

C5 0.158 0.107 3.8 NNN-NNN

C6 0.216 0.042 3.8 NN-NNN

2 Energies reported are relative to the lowest gnsteucture of the given potentidl.Relative total
electronic energies from the classical potentiaBafducciet al® and Senyshyrt al’ ¢ Relative total
electronic energies from DFT calculatioA&m-Sm distance reported is taken from the idetitéabefore
geometry relaxatiorfNN distance is approximately 2.4 A, NNN ~ 4.5 AdadNNN ~ 5.9 A,

The best six structures from these trials were tbetimized with DFT. In the
following order, structure€1, C2, C3, C4, andC6 emerged as the best five structures
ranked by DFT energetics. Encouragingly, the syatensearch at the DFT level found
these configurations to be the top five as wellisTiesult was expected, due to the
positive correlation between the classical poténaad the DFT optimization, presented
earlier. This result indicates that the GA trialsrfprmed at the classical level were
sufficient to screen out high energy structuresftbe gene pool.

Using Weiet al*s potentials for the same material, we performgditmnal GA
trials on 3.2% SDC. Again, the GA results paratldiee systematic search results, which
are summarized in Table 3-3. The last column inl& &3 refers to the structural
notation used in ref. 4, so the reader can easitypare the results with those of i

al.

51



Table 3-3. Relative energies and structural inform@on of 3.2% SDC structures
recovered from GA search using parameters from ref4

Structure| Egassica®” Sm-Sm distant¢A) Sm-vacancy distant¢éA) Structure symbél
(eV/cell)
ca 0.000 7.6 NNN-NNN 422
c3 0.001 6.7 NNN-NNN 3202
c5* 0.016 3.8 NNN-NNN 122
c1 0.030 6.7 NN-NNN 312
C5* 0.090 3.8 NNN-NNN 122
c5* 0.091 3.8 NNN-NNN 122
Cc2 0.125 4.1 NN-NN 111
c6 0.138 3.8 NN-NNN 112

2 Energies reported are relative to the lowest gnsteucture of the given potentidl.Relative total
electronic energies from the classical potential\i et al* © Sm-Sm distance reported is taken from the
ideal lattice before geometry relaxati@iNN distance is approximately 2.4 A, NNN ~ 4.5 AdasdNNN ~

5.9 A.® Refers to the naming convention in ref. 4. *See fer details.

The explanation for multiple energies for seeminiglgntical C5 configurations
(denoted by * in Table 3-3) was provided earlierSection 3.1. Recall that in our
systematic search run with Wet al's potentials, we obtained these three different
energies foC5, whereas in ref. 4, Weit al. treats them as different structures, and finds
a different energy for one of the configurationkisTdoes not represent a fault in the GA,
because the GA mimicked the results from our syatenmsearch (using the same
potentials) perfectly. Rather, it is due to thdet#nce in optimizations between that used
in this work and that in ref. 4.

Overall, our GA results match qualitatively frono#e of the systematic search,
correctly recovering and ranking each of the stmes in the correct energetic sequence.
To further demonstrate the effectiveness of theordlym with other materials, we
performed GA trials using potentials for which astgynatic search has already been

completed. Past calculations have predicted that a crossoivBINN to NN preference
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occurs in the lanthanide series around®Gao we chose to study 3.2% GDC and LuDC
to complement the 3.2% SDC results discussed albarethese materials, we make use
of Wei et al's Buckingham parameters.

We ran two GA trials on each material, with 15 stmes in the population. They
ran for, on average, 15 generations, where tresfittructure remained unchanged in the
last five generations. The lowest-energy structén@®s our GA trials of GDC are shown
in Table 3—4, and similarly for LuDC in Table 39%e last column in these Tables refers
to the naming convention used by Vééial,* to ease comparison with ref. 4. In addition,

we ran a systematic search of GDC and LuDC usiag#me parameters as in the GA.

Table 3—4. Relative energies and structural informion of 3.2% GDC structures

recovered from GA search using parameters from ref4

Structure| Egassica”” Gd-Gd distance(A) Gd-vacancy distanédA) Structure symbél
(eV/cell)
G1 0.000 6.7 NN-NNN 312
G2 0.020 4.1 NN-NN 111
G3 0.029 6.7 NNN-NNN 322
G4 0.029 7.6 NNN-NNN 4 2 2
G5 0.048 3.8 NNN-NNN 122
G6 0.097 3.8 NN-NNN 112

2 Energies reported are relative to the lowest gnsteucture of the given potentidl.Relative total
electronic energies from the classical potentiaiMi et al’ © Gd-Gd distance reported is taken from the
ideal lattice before geometry relaxati@iNN distance is approximately 2.4 A, NNN ~ 4.5 Ada4dNNN ~
5.9 A.© Refers to the naming convention in ref. 4.
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Table 3-5. Relative energies and structural inform@on of 3.2% LuDC structures
recovered from GA search using parameters from ref4

Structure| Egassica™”  Lu-Lu distanc&(A) Lu-vacancy distanfgA) Structure symbél
(eV/cell)
L1 0.000 4.1 NN-NN 111
L2 0.229 5.3 NN-NNN 212
L3 0.234 6.6 NN-NNN 312
L4 0.241 9.1 NN-NNNNN 514
L5 0.242 6.6 NN-NNNN 313
L6 0.267 7.6 NN-NNNN 413
L7 0.270 6.4 NN-NNNNN 314
L8 0.309 3.8 NN-NNN 112

2 Energies reported are relative to the lowest gnetgucture of the given potentidl.Relative total
electronic energies from the classical potentialMsi et al* © Lu-Lu distance reported is taken from the
ideal lattice before geometry relaxatidiN distance is approximately 2.4 A, NNN ~ 4.5 A, NN ~ 5.9

A, and NNNNN ~ 7.0 A% Refers to the naming convention in ref. 4.

Overall, the potentials of Wait al? find that the NN-NN structure is favoured
strongly (by 0.229 eV/cell) in LuDC, not favouredeérly degenerate with other
structures) in GDC, and disfavoured (by 0.125 eNjy/aée SDC. All of the structures
shown in Table 3—4 and Table 3-5 were recoverdtidrsame energetic order from the
systematic searches. Therefore, it is clear thaiGA can properly sample the structure
space at this concentration. Yet, admittedly, tbss is not a rigorous one. Since there are
only 33 unique configurations in 3.2% LDC, it shibude fairly easy for a GA or any
search method to find all of these by simple taiadl error, even with a small population
size. To the credit of our GA, the mating and matatoutines, which were designed to
use favorable structural information from the poes generation to create more fit

structures, were the primary source of the low-gpeonfigurations found in the GAs.
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Section 3.2 - GA Search of 6.6% SDC

Studying the structure of doped ceria materialsocaicentrations above 3.2% is
difficult due to the enormous number of possiblafrgurations, created by the increased
number of defects. A systematic evaluation of tB& Bf 6.6% SDC is unfeasible, at the
DFT(+U) and classical levels of theory, so we haweployed a specialized tandem
genetic algorithm to find the lowest-energy struetu The details of our approach are
described in Section 2.

Our genetic algorithm has proven to be effectivenavigating the potential
energy surface of 3.2% doped ceria materials, @&ithumber of different potentials,
correctly reproducing results of a systematic deafbe algorithm's success suggests that
it can be used to replace systematic searcheglathconcentrations as well. Due to the
enormity of the PES at 6.6% and higher concentratiaghe GA trials run on these
materials must have much larger population sizesraquire many more generations to
reach convergence than the GA trials at 3.2%. isxrdgard, a GA on 6.6% SDC with a
DFT or DFT+U energy as the fitness is simply nasible. Thus, we must first narrow
the scope of the accurate DFT(+U) structure sedrghysing classical GA searches to
eliminate the high-energy configurations. Thishe tmain premise behind the tandem
GA. We begin with classical simulations using ptiteas from Balducciet al® and
Senyshyret al/, which were shown in the previous section to dateewell with DFT
and DFT+U calculations.

Five GA trials, which used the energy derived frtha classical potential as the
fitness metric, were run on 80 to 120 structureshdar 40 generations. The same best

structure was recovered in every trial, which sgggehat it is truly the lowest-energy
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structure. Two larger trials, which were run forOl@enerations with 200 structures in
each population, did not produce any lower enetgycgires. Because the larger GA
trials found no new configurations, we believe slenpling of the configuration space at
the classical level was sufficient.

For the second step in the tandem search, wendicséparate searches: one with
DFT-based fithess and the other with DFT+U-basetbéis. At first, the DFT energetics
were used to benchmark the tandem method. Laterwere interested in accurately
assessing the structural qualities of low-energy¥&iructures, and so a DFT+U-based
GA was necessary. The results of both searchgsresented below and the implications
of using the more accurate method are discussed.

Prior to the DFT and DFT+U GAs, certain classdalsical tandem GAs were
done by James Hooper in order to prove the robsstoéthe algorithm. For example,
one tandem GA was performed using a poor screquotential in the first step of the
tandem GA and demonstrating the ability of the sdcstep of the GA to still find the
low-energy structures. Another test determinedriglt population size to use in the
second step of the tandem GA. Because the secepdsstmuch more computationally
demanding, the second GA should recover the loemstgy structures using the smallest
population possible. It was determined that a tptglulation of 50 structures, starting
from the best 16 structures from the first step, @anverge within 25 generations. All of
these tests were done by James Hooper and arébeesicr ref. 11.

The top 16 structures from the classical GA trigkong with 34 randomly
generated structures were used as the initial ptpal of a GA which used the energy

from DFT+U calculations as the fitness metric. TBIET+U GA trial, which had a
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population size of 50 structures, was run for 2@egations requiring over a thousand
geometry optimization runs. Over the final ten gatiens, the top five members of the
population remained the same. This was deemedcmuifiy converged based on
benchmark calculations of our tandem GA in a presistudy:’ The DFT GA trial
started from the same 16 structures found by dak§8As, and 34 randomly generated
ones. This GA was run for 25 generations, and faumdtructures to displace the three
lowest-energy structures carried over from thesitas portion.

The lowest-energy configurations recovered fromRRE+U GA, which we have
labeledU1 to U5, are shown in Table 3-6. The reported energiesraegive to the
lowest-energy structure obtained from the respeatnethod - i.e. the best structure is
assigned an energy of zero. Qualitative informatsuch as the distance between
vacancies and distance between Sm atoms and vasascilso provided. As there are
two vacancies in the simulation cell, we reportdistances of all four Sm atoms to each
vacancy in two columns: Sm-vacl and Sm-vac2. Ietergly, two of the lowest five
structuresU2 andU4, were not read in to the initial population of thET+U GA, yet
were found through mating and mutation operatitinfiese configurations proved to be
grossly high in energy in the classical optimizatiehen they would represent false
negatives and greatly compromise the validity o gtreening using this method.
However, we find that in the classical GA, struegld2 andU4 are not that far off from
U3 and U5 in terms of energy (at the classical level). Inijelead we read in slightly
more than the top 16 structures from our clas$t&d, structuret)2 andU4 would have
been members of the population from the beginninthe DFT+U GA. For reference,

the lowest energy structure resulting from the sitad GAs, structurexXl, is also
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included in Table 3-6. Structur¥l, although the best structure with the classical
potential, is somewhat high in energy at the DFTakbd DFT) level. It is also useful to
compare the lowest energy structures of 6.6% SD@irdd from the DFT+U GA with
those determined at the DFT level. The lowest-gneanpfigurations recovered from the

DFT GA, which we have labelddl to D5, are given in Table 3-7.

Table 3—6. Relative energies and structural inform@on of the best five 6.6% SDC
structures recovered from DFT+U GA

Structuré | AEperey  AEper AEgassica  Vac-vac Sm-vacl Sm-vac2
(eVicellP© (eVicellp® (eVicellP® distancé distancé distancé
A)

urD1" 0.000 0.000 0.048 6.0 3 NNN, 1 NN3 NNN, 1 NN

uz2* 0.000 0.297 0.369 6.0 1 NNNN, 1 NNNN,
1 NNN, 2 NN 1 NNN, 2 NN
U3 0.027 0.089 0.330 6.0 1 NNNN, 3 NNN, 1NN

1 NNN, 2 NN

u4* 0.039 0.118 0.386 6.0 2 NNN, 2NN 1 NNNN,
2 NNN, 1 NN
us 0.043 0.286 0.337 6.0 3 NNN, 1 NN2 NNN, 2 NN
x1! 0.128 0.198 0.000 6.7 4 NNN 4 NNN

& Structures with asterisks were newly found with BYeT+U GA and were not a member of the initial
population.” Energy relative to the lowest-energy structure,chtis assigned a value of zef®elative
total electronic energies from DFT+U calculatiofisRelative total electronic energies from DFT
calculations.® Relative total energies from the classical poténtiaBalduccf and Senyshyh.” The
vacancy-vacancy distance reported is taken fronidibal lattice before geometry relaxati§mhe column
shows the number of Sm with that particular distafatlowed by a letter code for the distance vglNBl

is on average 2.4 A, NNN is 4.5 A, and NNNN is 8)9" StructureU1 is identical to structurB1 located
from the DFT GA reported in Table 3-The lowest energy structurg]l, resulting from the classical GA
is provided for reference.
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Table 3—7. Relative energies and structural inform@on of select 6.6% SDC
structures from DFT GA

Structure|  AEpgt AEpFT+U Vac-vac Sm-vacl Sm-vac2
(eV/cel)*® (eV/cellf° distance (&)  distancé distancé
D1/UY 0.000 0.000 6.0 3 NNN, 1 NN3 NNN, 1 NN
D2 0.020 0.110 6.0 4 NNN 4 NNN
D3 0.020 0.082 6.0 4 NNN 3 NNN, 1 NN
D4 0.030 0.082 6.0 4 NNN 3 NNN, 1 NN
D5 0.041 0.069 6.0 4 NNN 2 NNN, 2 NN

2 Energy relative to the lowest-energy structure, olvhis assigned a value of zefoRelative total
electronic energies from DFT calculatiohRelative total electronic energies from DFT+U cédtions.
4The vacancy-vacancy distance is taken from thel ickeréa lattice before geometry optimizatiGithe
column shows the number of Sm with that particdiatance followed by a letter code for the distance
value (NN is on average 2.4 A, and NNN is 4.5 AStructureD1 is identical to structur&1 located
from the DFT+U GA reported in Table 3-6.

The small differences in energy between favouredfigorations in Table 3-6
suggest that several of these may co-exist in mmeermediate temperature solid oxide
fuel cells (IT-SOFC). Therefore, in order to gatrustural insight on the material, we
attempt to rationalize structural trends from a hamof low-energy configurations
recovered from the GA. The first, most striking tiea is that structures with a 6 A
vacancy separation are strongly favored. This isb&uitous characteristic of all
structures recovered from both DFT and DFT+U GAsu@ures with longer or shorter
vacancy-vacancy distances tend to have higher iesesgthe DFT and DFT+U levels of
theory. For example, structudél, which has a vacancy-vacancy distance of 6.7 A is
notably higher in energy (0.128 eV in DFT and 0.E98in DFT+U). Therefore, such
configurations would not contribute significantty the overall makeup of the material at
IT-SOFC operating temperatures if one were to assanBoltzmann distribution of

configurations.

59



Interestingly, beyond the identical vacancy sepamatthere is little overlap
between the five lowest energy structures obtaatetthe DFT+U and DFT level. Only
structureUl was recovered from both GAs, and amongst the atrectures - namely
U2 to U5 andD2 to D5 - there exist significant differences. The moskstg is that the
next-nearest-neighbor (NNN) preference of the Spmatelative to the vacancy is
observed with DFT but not with DFT+U. Structuri@2 to D5 all contain at least one
vacancy with exclusive NNN Sm occupation. Thesecstires are disfavoured in DFT+U
(relative energiez 0.07 eV compared to Ul) because of their NNN damde, yet are
favoured in conventional DFT calculations for th&ne characteristic.

In contrast, DFT+U-favoured structures contain ariety of Sm-vacancy
interactions, with no specific site being dominahitommonality amongst structured
to U5 is the presence of at least one samarium atonesteaeighbor to each vacancy.
This is not seen in the majority of DFT-favouretustures,D2 to D5. It is precisely for
this lack of Sm NN interactions at both vacancles these structures are penalized in
DFT+U. A more precise analysis further justifiesstbonjecture. Consider structurig2
to D5 at the DFT+U level. These structures possessahee optimal vacancy-vacancy
distance and somewhat similar Sm-Sm distanb@ss highest in energy out of this set
because no NN sites are occupied by a Sm didhandD4 are slightly lower in energy
thanD2, due to the presence of one NN interaction; Bbds even lower in energy at
0.07 eV/cell due to the presence of an additiondl iNteraction. Considering the
structural differences amongsf to U5 andD2 to D5, we can conclude that DFT+U
does not favor the NNN Sm-vacancy interaction ryeasl strongly as does conventional

DFT, and that the DFT+U method favors a balance@mfvacancy interactions.
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We now focus our analysis on the two lowest-enestguctures,Ul and U2,
which are most likely to be present in low tempemt6.6% SDC. As their relative
energies suggest, structutds andU2 are very similar configurations (see Figure 3-7).
The Sm positions in both structures are identioaly the vacancies have moved one
lattice unit (or 2.7 A) in the x direction. In aatefuel cell, even at low temperatures, one
does not expect a single configuration to existiterown, as oxygen anions must hop
over vacancies to move through the lattice and éeoontribute to the overall
conductance. Because anions move orders of magriifister than cations in the fluorite
structure*? it is reasonable to assume that the vacanciesquitkly change positions to
create a range of configurations existing in a dyicsstate, while the metal atoms remain
in their ideal lattice sites. Indeed, studies miiglionic conductance in doped ceria and
zirconia electrolytes have found this to be titi€. Therefore, we suggest that both

structuresJ1 andU2 be considered in future modelling studies of 6 B3B¢C.
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Figure 3—7. Atomic positions of the lowest energytrsictures, Ul (left) and U2 {ight) obtained from
the DFT+U GA structure search. For clarity, the unrelaxed positions are shown.

The fact thatUl and U2 are degenerate has another interesting implication

Consider the radically different Sm-vacancy intémars induced by the shift of both
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vacancies by a single lattice position: from a dtte with 6 NNN and 2 NN
interactions, a structure with 2 NNNN, 2 NNN, andlM interactions is created. The fact
that both configurations have the same energy shbats6.6% SDC favours "hybrid"
structures which contain a variety of Sm-vacansyaices. This is important because the
same rationale has been used to explain the high @nductivity of Gd-doped ceria
(GDC) at 3.2%; namely, because the NN and NNN sitesdegenerate for &d it is
favorable for a number of configurations to hopnir@ne to another, and hence the
material has high ionic conductivity'! (As a side note, this so-called "degeneracy" is
based on energy evaluations from classical potentend subsequent DFT+U
calculation$ have shed doubt on this claim. However, the rat®rfor high ionic
conductivity remains sound.) The opposite is trueliu-doped ceria at 3.2% where the
NN site is strongly favoured: here, the vacancrestepped in a deep potential energy
well and thus argued to be less moBife For 6.6% SDC, the hybrid configurations are
degenerate, meaning the vacancies are not trappegarticular site - much like in 3.2%
GDC - which gives the material very high ionic cantivity. This relationship is
explored further in Section 3.3.

It is worthwhile to note that the thermal energwitable at 673 and 773 Kelvin,
which are typical SOFC operating temperatures,08® eV and 0.066 eV, respectively.
Therefore, it is not justyl andU2 that will co-exist at these temperatures; thetireda
energies of structurebll to U5 fall within this range, and should be substantiall
populated at these temperatures. In fact, our GAvered five additional structureldg
to U10 - shown in Table 3-8) that lie within kT at 773 tkree of which lie within kT at

673 K. These structures would also be expectectprevalent in low temperature fuel
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cells. Although our GA was not fully converged begtidhe fifth-best structure, we find a
6 A vacancy separation in the top ten structures fihe GA, which reinforces the notion
that this particular distance is favored. Alsojrathe top five, the top ten configurations
do not exclusively favor a particular Sm-vacandgiaction. Other GAs done by James
Hooper on vast structure spaces in a 3x3x3 sinaunatell demonstrate that the GA does
not need to be fully converged to the best strastun order to rationalize meaningful

trends from the datd.

Table 3-8. Relative energies and structural informion of select 6.6% SDC
structures recovered from DFT+U GA

Structuré AEpET+y Vac-vac distande Sm-vacl distanée Sm-vac2 distanée
(eV/cellp* (A)
ue6* 0.046 6.0 1 NNNN, 3 NN 1 NNNN,
2 NNN, 1 NN
u7* 0.056 6.0 1 NNNN, 3 NN 2 NNNN,
1 NNN, 1 NN
us* 0.058 6.0 1 NNNN, 1 NNNN,
2 NNN, 1 NN 1 NNN, 2 NN
uo* 0.062 6.0 3 NNN, 1 NN 1 NNNN,
1 NNN, 2 NN
ul10 0.066 6.0 3 NNN, 1 NN 3 NNN, 1 NN

& Structures with asterisks were newly found with BET+U GA and were not a member of initial
population.” Energy relative to the lowest-energy structure,chtis assigned a value of zef®Relative
total electronic energies from DFT+U calculatioh$he vacancy-vacancy distance reported is taken from
the ideal lattice before geometry relaxatibihe column shows the number of Sm with that paiicu
distance followed by a letter code for the distamakie (NN is on average 2.4 A, NNN is 4.5 A, and
NNNN is 5.9 A).

Thus, in order to simulate a representative strectd 6.6% SDC, future studies
should investigate configurations which contain itteractions that are favoured at the
DFT+U level of theory. These structural qualities as follows: a 6 A distance between
oxygen vacancies; at least one Sm ion nearest Io@igbh each vacancy; and a mix of
Sm-vacancy distances (i.e. no single coordinatienasound the vacancy (NN, NNN, or

NNNN) is favoured).
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In summary, the tandem GA has been used to findbtlkeenergy configurations
of SDC at the 6.6% concentration, which are impdrta understand the mechanism of
fuel oxidation and bulk oxygen ion diffusion, asIhas the change in properties with
increasing dopant. A preliminary investigation ofygen ion diffusion in 3.2 and 6.6%
SDC is carried out in the next section. Followihgtwe will continue to use our GA to
investigate higher concentrations, which are mepgasentative of the optimal SDC fuel

cell electrolyte.

Section 3.3 - oxygen lon Diffusion in Bulk SDC

In this section, we investigate the activation ggebarriers for oxygen ion
diffusion in 3.2 and 6.6% SDC, making use of the-knergy structures found by the
GA. Since it is only relevant to explore the oxygen migrations which are likely to
occur in low-temperature fuel cells, then it makesse that we evaluate those migrations
between low-energy configurations. Prior works hewestigated oxygen ion migrations
in other 3.2% lanthanide-doped ceria materials, reshie is feasible to evaluate all
possible oxygen jumps, at the DFT+U level of thebry Anderssoret all as well as
Nakayama and Martinperformed a DFT study on selected diffusion pagsnia 3.2%
SDC. We build on this work by evaluating selectegigen ion jumps in 3.2% SDC, for
the first time at the DFT+U level of theory, andngmare our results to lower level
calculations. These results are presented in $e8ti1.

At 6.6%, just as with the structure search, evalgatll possible oxygen ion
jumps is not possible due to the enormous numbeyossibilities. Now that the low-

energy 6.6% SDC structures are known, it is possibperform a diffusion study on this
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material, and investigate relevant oxygen migrapaths in the lattice amongst the most
prevalent configurations. Thus, we consider stngstl/1 and U2 in our evaluation of
diffusion in 6.6% SDC. These results are presem&ection 3.3.2.

Note that the work presented here is not a complietare of the diffusion in 3.2
and 6.6% SDC; in the interest of time, we selesjeekcific migrations to evaluate, and

consider our work a starting point for future resbaon oxygen ion diffusion.

3.3.1 - Migration Barriers in 3.2% SDC

Because the anions in the fluorite structure maders of magnitude faster than
the cationd? it makes sense to consider oxygen ion migrati@teéen structures which
possess the same Sm positions. Previous studiesllimgdonic conductance have also
relied on this phenomendfi*®

Two such configurations a&2 andS9, which represent an oxygen ion migration
between NN and NNN sites. We chose these configmsbecause the dopant ions are
6.6 A apart, which is a large enough distance tiey do not interact. This also makes
our calculations analogous to the Pr- and Gd-daped migration barrier calculations of
Dholabhaiet al,” *° who separated the dopant ions by approximatelyséimee distance.
We find that the activation energy for the NN to NIlfansition was higher than that for
the reverse transition, due to the fact that the $ilN is favoured in 3.2% SDC. The
migration barrier for the NNWNNN transition was 0.48 eV, and for the reverswats
0.40 eV, which is on par with barriers for 3.2% GIXG.50 eV for the forward and 0.36
eV for the reverse). In contrast, work by Dholabéiaal. showed that in Pr-doped ceria

(PDC) the NN>NNN transition is favoured over the NNANN by 0.02 eV2® Also in

65



contrast to GDC and SDC, it was found with DFT+Ucukations that the Pt dopant
prefers to occupy the NNN position relative to daeancy'®

The differences in migration barriers and doparmaway preferences in PDC
versus GDC and SDC is often understood by the siz¢he dopant ion. Pt is
substantially larger than Gdand Smi* and so it tends to repel vacancy formation at the

%4 and experimentdl works have

nearest neighbor site.!® Several theoretichl
confirmed that smaller dopants such &% ahd L&* strongly favour the NN site, and in
fact trap the oxygen vacancy in a deep potentiargn well in their low-energy
configurations, although this is yet to be confidneith DFT+U calculations. As SDC
and GDC fall in the middle of the lanthanide serid®y represent a balance between
these competing effects: the dopant is large ensogls not to trap vacancies in NN sites
yet small enough to have easily surmountable mardiarriers. Consequently, SDC and
GDC have the highest ionic conductivity amongssedbly-doped ceria materials.

With conventional DFT, Nakayamat al. found a linear correlation between
dopant ionic radius and activation energy for oxygacancy diffusior. Our DFT+U
calculations are in line with this trend as SDC &10C have near-identical dopant ionic
radii and exhibit similar migration barriers. Hovesy it is possible that the DFT+U
method may give significantly different activatibarriers than DFT. To test this, we
further consider the migration barrier for the NMSININ transition considered by
Anderssoret al. for 3.2% SDC configurations in which the dopantsidie 3.8 A apart.
This corresponds to a transition from struct8deto S1 and was found to have a barrier

of 0.39 eV at the DFT level with structul being 0.08 eV more stable th&#.

Although the energy difference between struct8ésndS1is the same at the DFT+U
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level, the activation barrier is found to be 0.56 (&4 to S1), which is 0.16 eV higher
than the analogous migrations where the dopant lien8.6 A apart. The discrepancy
between DFT and DFT+U calculated migration barristgygests that the two methods
may predict different migration pathways.

Unfortunately, it is not possible to compare thergies for single jumps to the
experimentally-determined activation energy, beeathe rate-limiting migrations have
not been found. Since the experimental value iavanage of several long range oxygen
ion migrations, the likelihood of all possible si|egumps must first be determined in
order to calculate the activation energies of ptadaslong range diffusion pathways,
which can be compared to experiment. However, desydic investigation of all
possible migrations is beyond the scope of thiskw&ncouragingly, Anderssoet al.
reported the same additive effect on the barripanibringing the dopant ions closer to
one another in the lattice for several doped cemgerials: Once again, DFT+U

reproduces a trend from a lower level calculati@t,the actual values are distinct.

3.3.2 - Migration Barriers in 6.6% SDC

We investigate activation energy barriers for ddéfg vacancy migration
pathways in 6.6% SDC in order to gain insight om tirechanism of oxygen diffusion in
this material. While several studies of migraticarrkers have been calculated for 3.2%
SDC, the literature severely lacks the same ingastins for higher concentrations. As
mentioned previously, the higher concentrations @regyreater relevance to fuel cell
researchers because the peak of SDC's ionic canitjycs around 11%. To investigate
relevant diffusion pathways, one must study thecstires that are representative of the

true material. To this end, we use the lowest-gnstgictures from our GA search to
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investigate diffusion in 6.6% SDC, as they arertlest prevalent in nature. In particular,
structuredJ1 andU2 are ideal for this study, because their cationtjpos are identical

(see Figure 3-7), which is crucial in order to gtadrealistic pathway involving only
anionic migrations. In this section, we considelp tpossible pathways of diffusion

between structurddl andU2: the concerted and step-wise mechanisms (seeeF3d).

Figure 3-8. Top view of vacancy-containing (010) ahe of structure U1. In the stepwise pathway,
migrations illustrated by the arrows 1 and 2 occursequentially. In the concerted mechanism,
migrations 1 and 2 occur simultaneously. The colouscheme is the same as in Figure 3-7.

We begin with the step-wise approach, which is naralogous to the previous
studies at 3.2%, because it considers the migratiammly a single oxygen ion. In this
mechanism, one of the vacancies from strudtitenoves to its position b2, creating
an intermediate structure with a 3.8 A vacancy s#jum; subsequently, the second
vacancy migrates to become th2 structure. It was expected that this intermediate
would be very high-energy due to the unfavouralogitpning of the oxygen vacancies.
The relative DFT+U energy of the intermediate wat®V, which is in line with our

understanding of the effect of vacancy separationthe energy. As there are two
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vacancies in the lattice, it is possible to craate intermediates depending on which
vacancy is moved first; both possibilities were raikged, namely wherein either
migration 1 or migration 2 (as illustrated in Figu8—8) occurs first. It was found that
both intermediates had the same energy and that dgberesponding transition states
were also degenerate, which indicates that it doésnatter in what order the migrations
occur. The activation energy for the stepwise mersa was found to be 0.43 eV, which
is comparable to activation energies found for 3@@C° (for example, 0.46 eV) and
SDC (for example, 0.40 eV) at the same level obthelnterestingly, in this case the
presence of additional Sm ions and vacancies in @lé8o SDC lattice does not
significantly change the migration barriers for ggp diffusion as compared to 3.2%
SDC.

In the concerted mechanism, both oxygen vacancigsata together to create a
transition state that preserves the 6 A vacancwrséipn. This corresponds to both
migrations 1 and 2 illustrated by the arrows inufgg3—8. It was found that the activation
energy for the concerted migration was 0.73 eV,oalmwice as high as that for the
stepwise mechanism. This is most likely due tofte that in the concerted transition
state, two oxygen ions lie in unfavourable posgiomvhich destroys many of the
favourable interactions present in configuratitisandU2. In contrast, in the stepwise
mechanism only one oxygen ion lies in a non-equilib position, which preserves the
favourable interactions for one of the vacancidgt(twhich is not moving) in the
structure. Thus, it seems that the additional Soamey and vacancy-vacancy
interactions present at higher concentrations cdbse stepwise mechanism to be

favoured over its concerted counterpart.
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We note that the midpoint approximation was use@stimating the migration
barriers wherein the migrating ion is placed haifvb@tween the initial and final states.
For the stepwise mechanism, this is a good appbam as calculations where the ion is
shifted slightly from the midpoint reveal that thedpoint is the highest energy position.
However, for the concerted mechanism, one couldjiingathat the migration of one ion
occurs slightly before the other. To address tbiscern for the concerted mechanism, we
investigated six alternative intermediate configiores where one migration occurred
slightly before the other. In other words, one w&s constrained to the midpoint, while
the other ion was placed slightly before or aftex tmnidpoint structure. All of these were
found to be lower in energy than the structure whleoth ions were placed at the
midpoint.

An important corollary to the 0.43 eV activatiomeegy of the stepwise
mechanism is that the energy of the intermediatesire, at 0.24 eV above the starting
configuration, comprises more than half of the ileariThis illustrates a large influence of
relative association energies on the activatiomgees for diffusion. This was also shown
in Section 3.3.1 for 3.2% SDC, as the kinetic pierfiee for lower activation energies was
governed by the thermodynamic preference for sirestwith lower energy; recall that
S2was favoured by 0.11 eV ov86, and hence the barrier for migration was 0.40 &V f
S9>S2 but proportionately higher for the reverse. Thet fdhat at 6.6% the relative
energies comprise even more of the barrier suggiestsas the concentration of dopant
increases, the dopant-vacancy associations becareimportant in controlling oxygen

migration. Therefore, future investigations of 6.68®C should be concerned with
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investigating diffusion amongst the low-energy stuwes which were found by our
DFT+U GA.

To summarize, we have shown that the migratiorridrarin 6.6% SDC are
comparable to those in 3.2% GDC, which could expthe high ionic conductivity in
these materials. Also, in 6.6% SDC the vacancietepito move in a step-wise manner
rather than in a concerted mechanism. Further wonkeeded to fully understand the
migration pathways in 6.6% SDC, and we have pralitie basis for such work with the
configurations found by the GA. Overall, DFT+U adhtions reproduce trends found
with lower level methods, but the actual valuesdifierent. In studying diffusion, it is
often important to know the activation energy qfaaticular migration; in these cases we

must trust the DFT+U-calculated barriers, becaumsethe most accurate method.

Section 3.4 - GA Search of 10.3% SDC

Perhaps the most relevant concentration to study &x2x2 simulation cell of
SDC is 10.3%, as it is closest to the optimal valti@1% that is used in real fuel cells.
10.3% SDC consists of three vacancies and six 8msadistributed in the 96-atom cell.
The number of possible configurations at this catre¢ion is therefore 193 trillion,
which is orders of magnitude greater than the nurfdre5.6%. Clearly, the classical GA
trials will need to be of much greater size andagrein number, to ensure the lowest-
energy structures are recovered.

As mentioned in Section 2, there were a numberAti@ls run on this material
without the proper structure screening. Thirty Gials, each with 500 structures, were

run for 300 generations, using the classical patknof Balducciet al® and Senyshyet
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al.” Every single trial converged to the same top siseven structures. Subsequently,
seven more GA trials were run, with the same pdpriaize and for the same amount of
time, yet they began from the best seven structimesd previously (along with 493
random structures). These trials found no betterciires to displace the top seven, after
300 generations. Later, it was noted that soménede structures were in fact identical,
and that structure screening was not adequate.alDvéne best configurations had
predominantly NNN Sm-vacancy interactions, and @ 6.6 A separation between all
vacancies. Even though there were duplicate stregtim the genepool, from these trials
we still had a good sense of what to expect indin@st-energy configurations of 10.3%
SDC.

With the correct screening of duplicate structusgght trials of the GA were run,
again with 500 structures and for 300 generatittese, the original top seven were
narrowed down to just two unique structures. Stiky were the same configurations that
were found previously as the lowest-energy candelaAll of the trials found the same
lowest-energy structure within the first 50 geniers. Encouragingly, in all eight trials,
the same top seven unique configurations were folmdeven out of eight trials, the
same top ten unique configurations were found. @hssuctures all exhibited a
preference of NNN Sm-vacancy distances, and a 6sthoigp separation between
vacancies. Based on these findings, it is highlybtil that a more fit structure was not
investigated. To ensure the search was sufficievd, larger GA trials were run on
populations of 1000 structures for 500 generati@mcouragingly, the larger GA trials

found no new low-energy configurations that weresezn with the smaller GA trials.
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Once the search at the classical level was completeas time to begin the
DFT+U GA. However, we first needed to run tandem t8sts to determine the smallest
population size that could be used and the numbegeaerations required to reach
convergence in the second GA. To this end, we amdem classical-classical GAs,
which used the potentials of Wet al? in the first step, and the more accurate SDC
potentials of Balduc&iand Senyshynin the final step. The goal was to reproduce the
low-energy structures of the chosen potential ia #econd step with the smallest
population size possible, in the least number okgations.

First, a large structure search was completed With et al's SDC potentials.
Five GA trials were run each with 500 structures300 generations; convergence was
achieved quickly as with the other classical po#sit For the second part of the tandem
GA, several trials with various options in the GAne tested. Because the regular version
of the GA did not find the structures fast enouggrfain mating and mutation operations
were turned off in an attempt to improve the cogeece speed. We noted the number of
trials which recovered the best six and best seterttures, as ranked by the Baldfcci
and Senyshyhforce field, as well as how many generations tiek to reach this point.
Five trials of each type of GA were run, to minimithe effect of randomness in the

results. All of the tandem GA test parameters asdlts are summarized in Table 3-9.
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Table 3—-9. Tandem classical-classical GA parameteasd results for 10.3% SDC

#readin Total # of trials
from step  population which found®  # of generations
Special optioh 1° size best 6 best 7 required to find best 7
None 17 50 4/5 1/5 > 100
None 17 100 5/5 4/5  >150
None 24 50 2/5 0/5 N/A
None 24 100 3/5 3/5 =70
15 elite structurds 24 50 05 0I5 N/A
Perturb Off 24 50 1/5 1/5 > 200
Perturb Off 0 50 0/5 0/5 N/A
Perturb Off;
Mating Off 24 50 4/5  3/5 >116
Perturb Off;
Mating Off’ 24 50 5/5  4/5 > 125
Swap Both Off
Perturb Off;
Mating Off’; 24 50 0/5 0/5 N/A
Swap Dopants Off
Perturb Off;
Mating Off; 24 50 5/5  5/5 > 43;< 175; avg. 107
Swap Vacs Off

@ All trials are step two tandem GAs and were run3@0 generations using the potentials from Baldatc
al.® and Senyshyet al” ® Number of structures, from the classical GAs witlei\at al*’s potentials, that
were read into the initial populatiohThese columns show how many trials found the bopusd top seven
structures? This GA promoted 15 structures instead of the wlefa ® This GA did not use the geometry
perturbation.” This GA did not use the crossover (mating) routth@his GA did not use the mutation
which alters the positions of both dopant atoms achncies” This GA did not use the mutation which
alters the positions of dopant atomsThis GA did not use the mutation which alters pusitions of
vacancies.

It is crucial that at least the best seven confiians are found within a
reasonable time, since DFT+U GAs are very compigenanding. For example, twenty
generations of a DFT+U GA on 6.6% SDC took appr@atety 2 months to complete,
running on one to two hundred processors. The teefidm Table 3-9 suggest that we
would have to wait approximately 100 generationadbieve convergence, which is not
feasible at the DFT+U level.

However, from these results we can still gain insign the performance of the

GA routines. It was first noted that the geometeytprbation was not finding lower-
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energy structures, so this mutation was turned lbffeems like the mating operation
performs poorly in later stages of the GA, as battsults are obtained when mating is
turned off in part two of the tandem algorithm. Howgr, at the start of large structure
searches, the mating routine plays a much more riapo role. Finally, the best
performance was achieved by turning off the mutatidich swaps vacancies. This is
most likely because, in the late stages of a GA,dnuctures already have the optimal
vacancy-vacancy separation, so altering this ontyelases the energy and lowers the
fitness. Oddly, the GA performs worse when 24 stmgs from step one are read in as
opposed to 17. This may be due to the fact thaadhktional seven structures read in are
in fact not favourable in energy with the classjoadentials used in step 2 of the GA.
Overall, convergence is too slow for a DFT+U GA he feasible at this
concentration. More importantly though, perhaps RIBU GA is not needed at this
concentration. The defect distribution amongst tiye 40 configurations found at the
classical level is nearly identical. The structugalalities which are favoured at the
classical level include the NNN preference of tbpaht, and the 6 or 6.6 A separation of
the vacancies. The same distribution is most likalypured at the DFT+U level as well.
In fact, it would suffice to show that the distrilmn amongst the best structures in the
DFT+U GA has converged, rather than prove thatdhest-energy configurations have
not changed in several generations. Also, it is mgaicker for the defect distribution
amongst favoured structures to converge compardtetstructures themselvEsThe
only drawback of this approach is that perhapsatiobf the low-energy configurations
are recovered, and the precise number of configmstvhich lie within KT at fuel cell

temperatures remains unknown. However, we hypatbeabat at 10.3% SDC there exist
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so many configurations which are populated at I'TFSQemperatures, with similar
defect distributions, that accurate energies ofyesigle one are not needed.

In light of this, it seems that a DFT+U GA whichdgbes from a number of
different defect distributions should converge tgigle distribution amongst the best
structures. However, we cannot begin such a GA fileenfavoured structures found at
the classical level, as they all have the sameiloligion. Furthermore, it is unknown how
many configurations are necessary to properly saraplpossible distributions. Indeed,
such a GA might still be too cumbersome to perfaiue to limited computational
resources. It would be more feasible to show thaT-U correlates with the Balduéci
and Senyshyhforce field at this concentration, by comparing ttelative energies of
configurations with different defect distributiorsglected manually.

To prove this, we evaluated the top 28 unique goméitions recovered from the
classical GA trials with DFT+U, all of which hadettsame structural characteristics
described above. Also, 25 configurations which hamst Sm NNN to the vacancies, a
trait in common with the true low-energy structyrbat a variety of vacancy-vacancy
distances, in contrast with the optimal separationnd amongst the low-energy
structures, were evaluated in DFT+U. As well, gelécconfigurations with different
dopant and vacancy distributions were run in DFTaxld with the classical potentials. In
addition, we used a special version of the GA whilersed the fitness to favour high-
energy structures, at the classical level. Two sBéhtrials with 500 structures were run
for 100 generations, and the three optimal strestdirom these trials were optimized in
DFT+U. If the correlation holds, then these struesushould be highest-energy in

DFT+U, probably with a large energy separationtnedato the structures recovered from
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the normal, low-energy-fitness classical GAs. Algothe correlation holds, then the
structures with different defect distributions shibinave higher energies in DFT+U
compared to those with the favoured defect distigiog in other words, the distribution
favoured classically should also be favoured aCtR&+U level.

The energies of structures with similar dopant-nagadistances yet different
vacancy-vacancy distances help understand how #waney separation affects the
stability of a configuration. The energies for the&b configurations as a function of
vacancy separation are plotted in Figure 3-9 agdrEi 3—10. There is overwhelming
agreement between the classical force field and #FWwith regards to vacancy
separation; the favoured structures all have vaearseparated by at least 6 Angstroms,

and no more than 6.6 Angstroms.
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Figure 3-9. DFT+U energy of various 10.3% SDC corgfurations as a function of shortest vacancy-
vacancy distance. These structures have similar Smacancy distances.
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Figure 3—-10. DFT+U energy of various 10.3% SDC coigfurations as a function of vacancy-vacancy
distance. All three vacancy separations in the sintation cell are shown. These structures have
similar Sm-vacancy distances.

As hypothesized, a number of structures have tlienapvacancy separation, at
very low relative energies (within 0.1 eV/cell). Gshit is likely these will all exist in the
fuel cell electrolyte.

To compare the effect of Sm-vacancy distance on+F&nergy, it is imperative
to study configurations with a variety of dopardgtdbutions. Several configurations were
tested and the results are summarized in Table, 3#i€re different sets of structures are
separated by dotted lines. The first set of stmestare the 28 unique ones favoured with
the classical potentials of Balduatial® and Senyshyet al’ Secondly, with the optimal
vacancy distances, we altered the Sm positionsréate different dopant-vacancy
distributions. It is important to note that witlgeven vacancy separation, it is impossible
to have all Sm NN to all vacancies, or NNNN toaktancies. Still, we tried to vary the

Sm-vacancy distribution as much as possible withictiires in this set. Thirdly, a set of
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structures with random positions of dopants andweies were investigated. The last set
of structures in Table 3—-10 are some of the higheetgy configurations found with the

reverse-fitness GA at the classical level.

Table 3-10. Relative energies and structural informtion of selected 10.3% SDC
structures

Vac-vac Sm-vacancy distances
distance # NN # NNN # NNNN #NNNNN  AEpereu®/
rangé/A (2.4 A) (~4.5 A) (~5.9 A) (~7.0 &) eV per cell
60-66_ __1t03 _____ 111013 ____ Qo3 ______ Oto3 ______ 0t00.10
6.0-6.6 2 6 8 2 0.56
1 7 7 3 0.85
4 9 5 0 0.19
3 9 6 0 0.23
2 7 8 1 0.46
3 5 9 1 0.56
1 6 10 1 0.62
1 5 9 3 0.74
3 7 7 1 0.56
___________ O .5 ... 8 .. _____. 12 .
27-54 10 8 0 0 1.63
27-54 0 12 6 0 2.28
6.0-8.1 6 0 11 1 0.76
76-76 6 0 12 0 1.30
20-5A4 2 . 11 S ... 0 _______.218 ___
27-38 0 0 9 9 3.39
2.7-3.8 0 1 7 10 3.41
27-38 0 0 10 8 3.30

@ Range of vacancy-vacancy distances, consideringtihee distances between vacancies in the cell.
® Relative total electronic energies from DFT+U cédtions.¢ All low-energy configurations recovered
from the classical GAs have this distributidnAll structures in this set have the same optinsdancy
separation, but different Sm positiohglighest-energy configurations found at the claddivel.

Importantly, the low-energy configurations recovkefeom the classical GA are
also the lowest-energy configurations at the DFTelkl. Overall, the results indicate
that DFT+U favours precisely the same defect digtion as the classical force field. For
instance, the vacancy separation has already bemmsto be optimal at 6 Angstroms

(see Figure 3-9), with both calculation methods $tnuctures in the first and second set
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of Table 3-10 show that the NNN position of the alupis favoured. In particular, in the
second set, the two structures which were closetet optimal distribution, with 9 NNN
Sm-vacancy interactions, were lowest in energyaddudll structures in this set, at 0.19
and 0.23 eV. Also, in general in the second set, fidbwer the number of NNN
interactions, the higher the energy of the configjon.

The last set of structures in Table 3-10 serveustfication for the correlation
between the classical potentials and DFT+U. Thesdigurations are significantly
higher in energy than all other structures, at tgrethan 3 eV over structures with the
favoured distribution. Interestingly, these higrergy configurations have identical
vacancy separations and similar dopant-vacancyilisons. This further suggests that
the same distributions favoured classically areotmgd in DFT+U, and that those
disfavoured classically are equally disfavoure®Hr+U.

It seems as though no other defect distributioanisrgetically competitive with
the favoured distribution. Indeed, the thermal gpavailable at 673 and 773 K, which
are targeted SOFC temperatures, is 0.058 and ®b6Gespectively. Thus, one can
expect only configurations with the favoured distition to be populated significantly at
these temperatures. In order to accurately modeBSIC electrolyte, future researchers
should base their model on the optimal defectibistion found by our GA.

Our findings are in agreement with EXAFS measurdsjebut offer more
information than the measurements provide. The raxeat finds isolated vacancies,
which is characterized by a lack of NN Sm-vacaneteractions.” This suggests a
dominance of another Sm-vacancy interaction, sscNMN, although distances further

than NN were not seen in the EXAFS experiment.Heurhore, in order for vacancies to
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be isolated (and hence mobile), pairs of vacanmaesot be present; in other words, the
experiment predicts that no vacancies lie within Angstroms of each other, which is
replicated by the GA result. Also, because the Nh\&cancy interaction is stronger
than a NNN interaction’ the NNN preference of the dopant, or rather thi &£ NN site
preference, allows the vacancies to be more mobil®.3% SDC.

To summarize, in 10.3% SDC, the Sm ions predomiypaatcupy NNN positions
with respect to the oxygen vacancies, and the viéesrare separated by at least 6
Angstroms. The structure search completed in thisian is probably the most relevant
of all, because the concentration of 10.3% is db&ethat which is used experimentally.
In fact, the ionic conductivity of SDC peaks at 1i86st likely because there exist more,
nearly degenerate configurations available withintkan at lower concentrations. Our
GA and subsequent DFT+U evaluation enabled théevelrand energetic analysis of

these structures.

Section 3.5 - GA Search of 14.3% SDC

Above an 11.1% dopant concentration, the ionic aohdity of SDC drops with
increasing dopant concentration. Experimentalistd hypothesized that above 11.1%,
the concentration of vacancies becomes so high ttheyt aggregate, impeding the
conduction of oxygen ion$.Later, Ouet al*® found local oxygen vacancy ordering in
14.3% SDC and other lanthanide doped cerium oxidesugh selected area electron
diffraction measurements. (As a side note, 25 aSm which is used by Oet al, is
equivalent to 14.3 % Si®; dopant. Recall that in this thesis, the dopanteontrations

are reported as % L®s, where Ln is the lanthanide dopant atom.) In #@stion, we

81



investigate the structure of 14.3% SDC, to gaingimtson the structural changes above
the optimal doping level.

14.3% SDC can be modelled in a 2x2x2 ceria lattvith eight Sm atoms and
four oxygen vacancies. Our GA will be used agaifirnid the lowest-energy structures.
We begin with classical simulations using potestiabm Balducciet al® and Senyshyn
et al’, which correlate well with DFT+U calculations.

Five classical GA trials, each with 500 structureshe population, were run for
300 generations. Each trial recovered the same I#structures, which is significant
considering the enormous search space. These teerEsread into the initial population
of another classical GA, which consisted of 500dtires in total. After 300 generations,
the GA did not find any new low-energy structuresdisplace the original top 13
configurations. Three more trials of this type oA @ere run and they completed with
the same result. Thus, these top 13 configuratewasmost likely the global minima of
the potential energy surface of 14.3% SDC. Finatlyconfirm that structure sampling
was sufficient, two larger GA trials were run, eaeith 1000 structures for 500
generations. The larger trials found the same ®gdnfigurations as the smaller GA
trials, and recovered no new low-energy configorsi

The 40 most fit structures from the classical GAlshad the same defect
distribution. Moreover, this distribution is similéo that favoured in 10.3% SDC. The
vacancies are separated by at least 6 Angstromghandopants prefer the NNN site
surrounding the vacancies. In order to confirm ttie# same defect distribution is
favoured with higher level calculations, DFT+U opizations were run on the top 13

configurations from the GA, as well as other s@dctonfigurations. To assess the
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influence of dopant ion positions on the energyfigurations with the optimal vacancy
distribution but different Sm positions were evahgh Also, various vacancy
distributions were evaluated in DFT+U to assessrifieence of vacancy separation on
the energy. The results are shown in Table 3-11réverse-fitness GA was run on
14.3% SDC, because the correlation between thertethods has already been proven at

lower concentrations (see Section 3.1.1, and Se8tif).

Table 3-11. Relative energies and structural informtion of selected 14.3% SDC
structures

Vac-vac Sm-vacancy distances
distance # NN # NNN # NNNN #NNNNN  AEpereu®/
rangé/ A (~2.4 A) (~4.5 A) (~5.9 A) (~7.0 A) eV per cell
60-66_ __ 3106 _____ 161020 ___ 4106 ______ 3105 ______ 010013 _
6.0-66 1 15 11 5 0.84
4 14 10 4 0.50
___________ 8 ...\ ______° 3 .02 ____
2.7-5.4 16 16 0 0 3.06
n/a (didn't
2.7-5.4 0 16 16 0 converge)
2.7-5.4 0 0 16 16 5.87
6.6-7.6 6 8 14 4 1.65
6.6-7.6 4 12 12 4 1.67
6.6-7.6 6 9 12 5 1.52
3.8-94 7 11 9 5 0.66
2.7-8.1 5 14 10 3 2.13
5.4-9.4 6 10 10 6 1.62
4.7-8.1 4 11 11 6 1.68
3.8-8.1 4 13 10 5 1.58

# Range of vacancy-vacancy distances, consideriegfdbr distances between vacancies in the cell.
® Relative total electronic energies from DFT+U cddtions.® All low-energy configurations recovered
from the classical GAs have this distributi§nAll structures in this set have the same optinsdancy
separation, but different Sm positions.

It is clear that the DFT+U-favoured defect disttibn matches the classically-
favoured one, as all of the top 13 configuratiaasalithin 0.13 eV of the lowest-energy
structure. From the energies of configurations wetitrer distributions, it appears that the

vacancy separation plays a crucial role in detegithe stability of a configuration. For
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example, structures with all vacancies separatetb®hort a distance (2.7 - 5.4 A) are
penalized heavily, whereas structures with all natss separated by over 6 Angstroms
(6.6 - 7.6 A) are still penalized, yet not as muaHile selecting appropriate structures to
evaluate, it was noted that it is difficult to lomte number of NNN interactions in the
cell, as there exist so many vacancies that seWwi cation sites are available.
Although an extensive configuration search wasduoote at the DFT+U level, a DFT+U
GA is still not needed at this concentration foe ttame reasons as at 10.3% SDC;
mainly, the two methods correlate so well that &g trust the results from the classical
GA.

Surprisingly, the optimal vacancy separation remah 6 Angstroms in 14.3%
SDC, even though vacancies are known to order aterdrations above 11% in
experiment® '° This ordering would be represented by vacancigmraged by 4.7
Angstroms or less. Consider the fact that ther&2@reeighbouring oxygen sites around a
vacancy: 6 in <100> sites, 2.7 A away, 12 in <1%fes, 3.8 A away, and 8 in <111>
sites, 4.7 A away. As the concentration of dopawtdases, the possible number of
neighbouring vacancies increases linearly. @uwal. showed that in 14.3% SDC, the
possible number of neighbouring oxygen vacanciasdbuld be connected with a given
vacancy is large enough to enable the possibifityxygen vacancy pairs forming, but
too small to allow for the formation of chains awother ordered structuré$.To
understand why our calculations of 14.3% SDC showxygen vacancy pairs, we must
examine the experimental finding more closely.

The segregation of vacancies with dopant cationgtay an important role in the

ordering. In a real sample of SDC, there exist sameal domains with doping levels
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higher than other parts of the samf#é* Dopant segregation is not uncommon in doped
ceria, so it is realistic to expect local dopamaantrations of 40 at. % Sm in a sample
that is stoichiometrically 25 at. % Sm (or 14.3% ,8g). In fact, higher dopant
concentrations in nanosized domains was confirnxperémentally by TEM-? Because
vacancies have an association enthalpy with themojons, it is reasonable to expect
pairs of oxygen vacancies to form in these domadlhsis, Ouet al. suggests that chains
of vacancies form in these domains, generatingttier observed experimentalfy.

Obviously, in our simulations, the entire sampleh@mogeneously doped at
14.3%, or 25 at. % Sm. Thus, it is impossible tosesbe the effects observed
experimentally due to local ordering, unless ooration cell is so big that it can house
nanosized domains. With just four vacancies and8@en atoms in the 14.3% SDC
simulation cell, it is not possible to create oseilve the formation of nanosized domains.

James Hooper performed GA trials on 14.9% SDC Bx3x3 simulation cell,
which consisted of seven vacancies and 209 oxygensa Even with the larger cell, at
this concentration the vacancies remained 6 A dpatte most fit structur& Although
this GA was much more computationally expensiventhi@at on the 2x2x2 cell, the
3x3x3 simulation cell (of 16.2 A side-length) islistoo small to capture the domains,
which are on the order of 10 rffhA simulation cell of adequate magnitude to observe
these domains would be grossly unfeasible to catlepleven at the classical level of
theory.

Overall, we find that 14.3% SDC looks very simitarthe 10.3% SDC material.
The same structural qualities are favoured at ther#J level of theory at both

concentrations, which are below and above the 15D% material used experimentally.
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Thus, we expect 11.1% SDC to mimic these propertigsch are a dominance of the
NNN Sm-vacancy interaction and at least a 6 Angstegparation between vacancies.
These structural findings are in agreement with E®Aneasurements.

To investigate the aggregation of vacancies inliighncentrated SDC, we must
raise the dopant concentration above 14.3%, axistsein the domains of the real

material. The next section considers 18.5% SD@ thits goal in mind.

Section 3.6 - GA Search of 18.5% SDC

With the goal of observing vacancy aggregation,investigated the structure of
18.5% SDC with our GA. Recall that at lower concativns, vacancy pairing could not
be observed due to homogeneous doping acrosstiéasion cell.

18.5% SDC is simulated in a 2x2x2 cell of ceriahwitO Sm atoms and 5
vacancies. In parallel to this work, James Hoofraukated a similar concentration in a
3x3x3 cell®® Just as before, we begin with classical energyuatians with potentials
from Balducciet al® and Senyshyet al,” because they are known to correlate with more
accurate electronic structure calculations.

Five GA trials were run on populations of 500 stuwes for 600 generations.
After the first 300 generations, four out of fivethese trials were converged. However,
each individual trial did not converge to the sadowest-energy structure. This is most
likely because, at this concentration, there arenany defects to place in the cell that it
is difficult for a single GA trial to sample all dfie low-energy possibilities. Five more
trials were run on populations of 1000 structu@s300 generations, which did not find

any new structures. From the top 10 structuresvezeal by the initial structure search,
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more GAs were run starting with these structureshi initial population. Nine such

trials, each with 500 structures in total, did fiatl any better configurations after 300
generations. Another trial starting with the same 0 structures, contained 1000
structures in the population and did not find amgttdr configurations after 300

generations. At this point, sampling of the stroetspace was sufficient.

The best structures from the classical GA searct bae of two defect
distributions. In all cases, most Sm are NNN to ¥heancies, and most vacancies are
separated by 6 or 6.6 Angstroms. However, in sametsres, there are two vacancies
separated by 4.7 A, whereas in others, all vacaraie separated by at least 6 A. For this
analysis, we considered all elite structures fromfinal generation of each GA trial. In
some trials, as many as the top 80 structures alges and so it is quite significant that
they all exhibit one of two vacancy distributioifis result is in contrast to GA results at
10.3 and 14.3%, wherein all favoured structureseshthe same defect distribution. In
order to determine which of the two vacancy disttitns will predominate in the actual
material, DFT+U optimizations were done.

34 structures recovered from the classical GAs wevaluated with DFT+U
geometry optimizations. In addition, 12 configuras which had either of the two
preferred vacancy distributions, but different Sosipons than were found in the GA
were tested in DFT+U. Four configurations with acamcy distribution having two
vacancy pairs separated by 4.7 Angstroms (as ogdptsgust one pair as in the
distribution from the GA) were also evaluated inT3®. The idea behind this was to
test the relative energies of various structuresh wthe two favoured vacancy

distributions, and compare their relative energmth structures of other, similar,
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vacancy distributions. The results are shown inld8&8b12, where structures are grouped
into sets separated by dotted lines.

Based on previous findings for 10.3 and 14.3% SIDiS,reasonable to expect the
DFT+U-favoured structures to resemble those fawbugtassically. However, in order to
ensure the correlation holds at 18.5% SDC, we byeed more structures at the
classical level, in the following manner. A spedaialsion of the GA was designed to find
the third-best defect distribution favoured at thessical level of theory. Recall that even
with large populations, the previous GAs found ambp different distributions of defects
that were favourable, so we needed to alter tined& to remove these two distributions
from consideration. The GA was changed so that dtracture had one of the two
favoured vacancy distributions, it was assignedar@d, positive energy penalty, to
remove it from the genepool. Four of these triablyevrun with 500 structures in the
population for 300 generations. The best structuee recovered quickly, and the top
structures were common to each trial. The bestctstres shared the same vacancy
distribution, which had most vacancies 6 Angstraapart, one pair of vacancies 3.8
Angstroms apart, another 9.4 Angstroms apart, agghamone 4.7 Angstroms apart. Three
of these structures were also evaluated in DFT+Whd correlation holds, then these
structures should have relatively higher energlem tstructures recovered from the
normal, unrestricted GAs. Table 3-12 contains thergies of these structures as well.
The dopant-vacancy distribution stayed constanthese GA trials, with the NNN

interaction dominant.
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Table 3—-12. Relative energies and structural inforrtion of selected 18.5% SDC
structures

Vac-vac Sm-vacancy distances
distance # NN # NNN # NNNN #NNNNN  AEperu®/
rangé/ A (~2.4 A) (~4.5 A) (~5.9 A) (~7.0 A) eV per cell
60-94 _4t08 221027 __ 10to14 . 71010 ____ 0100.07_
47-66_ __4t08 231030 ____ /013 . 609 _ ____._ 0.17100.58
38-94 _6to8 221025 _ ___ 10t012 ___ 609 ______ 0.05t00.16
6.0-9.4 0 25 16 9 1.69
10 11 24 5 1.05
11 12 23 4 1.10
9 20 16 5 1.37
__________ e ... o .5 ______..086 ___ __
47-6.6 0 24 21 5 1.12
5 15 22 8 1.49
6+ 15 23 6 0.65
9 16 17 8 0.17
8 16 17 9 0.35
10%** 15 17 8 0.20
___________ o 4 .20 ____6 _______.04 _____
47-6.8 6 20 18 6 0.89
8 19 18 5 0.73
6 22 18 4 0.91
10%** 18 16 6 0.66

& Range of vacancy-vacancy distances, consideriegfitte distances between vacancies in the cell.
® Relative total electronic energies from DFT+U cddtions.® All low-energy configurations recovered
from the classical GAs have one of these distritngti® The third-best distribution at the classical level
found by a special GA. All structures in this set have the same vacarnstyibution which was favoured
classically, but different Sm positiorlsAll structures in this set have another vacanayritiiution which
was also favoured classically, but different Smitpmss. 9 All structures in this set have two vacancy pairs
at 4.7 A (not found in the GA). *Sm ions clusteiadhe cell. **Sm ions scattered about the celh@er
Sm-Sm distances). **Two Sm NN to each vacancy.®*®our Sm NN to some vacancies, and other
vacancies contain no NN Sm ions.

Overall, the results suggest that structures withaeancies separated by at least
6 Angstroms are more likely to exist at low temparas compared to structures which
have a vacancy pair 4.7 Angstroms apart. Yet tderexist some structures with the 4.7
Angstrom vacancy pair that are as low as 0.17 eWalihe lowest-energy structure.
Admittedly, it is difficult to predict which vacagdistribution will dominate because the

energy ranges of structures with different defestrithutions overlap.
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Encouragingly, the distribution with two pairs ohocancies separated by 4.7
Angstroms turned out to be high-energy @.66 eV/cell) relative to the classically
favoured defect distributions. This particular vaoa distribution was not found in any
classical GA, and it has a correspondingly highrgywé DFT+U. This suggests that the
top three classically-favoured distributions maythoe most stable in DFT+U.

Yet, the third-best distribution favoured at thasslical level (found with the
special GA) turns out to be lower in energy in DETthan expected. This result suggests
that the correlation between the two methods isasadtrong at the 18.5% concentration
as it is at lower concentrations. It also sugg#sds configurations with paired vacancies
will be populated at 673 and 773 Kelvin, with enesgas low as 0.05 eV/cell. The fact
that structures with vacancies 3.8 Angstroms agratfavoured over those with vacancy
pairs at 4.7 Angstroms support the suggestionsuwét@l, who claimed that the <110>
pairs (3.8 A) are more stable than the <111> [{4isA) in doped ceri¥’

Also, consider the configuration with the favourdd? to 6.6 A vacancy
distribution, and a dopant distribution other thhat found by the GA, that was actually
low energy (at 0.17 eV/cell) compared to those tbbg the GA. This finding supports
the hypothesis that the correlation between the tivethods is not as strong at 18.5%.

Therefore, the structure evaluation at the DFTe\kl is not complete, and there
may exist more configurations which may alter thergy ranges quoted in Table 3-12.
It is not clear which distribution, if any, is fawed at the DFT+U level. Thus, it would
be prudent to perform a DFT+U GA on 18.5% SDC tcawer all of the low-energy
configurations. However, due to time constraintd Amited computational resources, a

full scale GA of this kind is not feasible. A sn&alIDFT+U GA could be run with the
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constraint that the vacancies stay fixed, and &ty positions are altered. In this case,
multiple GAs would be run, each on a different givacancy distribution. Subsequently,
the best structures from each GA can be rankechéy DFT+U energy. We plan to
perform these structure searches in the near future

It may be that configurations of both vacancy disiiions are energetically
competitive, and that no single one dominates, antrast to the structure at lower
concentrations of SDC. Nevertheless, the overal g@s to show that in 18.5% SDC,
structures with paired vacancies are present. Allhothe structure search was not
completed to its desired extent, our results sugtieg 18.5% SDC contains several
configurations with paired vacancies which will &in nature. However, it is also clear
that structures without paired vacancies will alsatribute to the overall material.

Recall that Otet al’® observed vacancy pairing in nanosized domainsgsfin
concentrated (40 at. % Sm, or 25%) SDC. A GA seamott DFT+U evaluation of
configurations of 18.5% SDC proved that vacancyripgi starts to occur in the
homogeneous material, which is in agreement wighetkperimental findings. We expect

that at higher concentrations, pairing of vacaneigisbecome more prominent.

Section 3.7 - Chapter Summary

In this chapter, we presented the first ever stinectearch of a metal oxide at a
high level of theory. It was found that the DFT+U=ttmod correlates well with the
classical potentials of Balduceit al® and Senyshyret al,” which were used in the
genetic algorithm. Using a systematic search, wecowered the low-energy

configurations of 3.2% SDC and found that the Nf¢ 8 preferred by the dopant, much

91



like in 3.2% gadolinium-doped ceria. A tandem GAarsd was done on 6.6% SDC,
where we found that no particular site around theawcy is dominated by Sm ions, and
that vacancies prefer to be 6 Angstroms apart. @exygn diffusion studies on the low-
energy configurations of 3.2 and 6.6% SDC were dartbe DFT+U level of theory for
the first time. It was found that oxygen ions prefemigrate sequentially, rather than in
a concerted mechanism. Also, the barriers to oxyiffusion in SDC are similar to those
in GDC, which explains the similar ionic conductyof these materials.

At SDC concentrations closer to the optimal dopliexgl, the same optimal 6
Angstrom vacancy separation was found, althoughd®s preferred to occupy the NNN
site around the vacancies, in contrast to 6.6% SI€se results are in perfect agreement
with structural EXAFS dat¥. Finally, above the peak of conductivity at 11.1t%ere
exist possibilities for paired vacancies in low-ayeconfigurations, which contribute to
the decreased conductivity of the material. It i@snd that the vacancy pairs in the
<110> sites are more favorable than the <111> sitddch is in agreement with
experiment? This effect was observed at 18.5% SDC in the ¢aficms due to the
homogeneous representation of the material, wisigiot entirely accurate. In summary,
the structural information found by the GA is redav to researchers studying oxygen
diffusion mechanisms in SDC, which will enable tdesign of better solid ion
conductors. As well, knowledge of the structure QIDC provides insight on the
fundamental interactions which exist in the matemehich are important to fuel cell

scientists.
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CHAPTER 4 - ELECTRONIC PROPERTIES OF
SAMARIUM-DOPED CERIA

Now that the structure of SDC has been identifie, possible to perform more
detailed investigations on the properties of thigterial. In this chapter, we provide
experimental XPS data on SDC for the first time] aBe it as a basis for developing an
accurate DFT+U model for SDC. With density of stat@OS) calculations, we
parameterize the Hubbard (U) term for samariumcivtiias not yet been done. These
calculations allow for a more detailed interpretatiof the XPS spectrum and the

prediction of magnetic properties.

Section 4.1 - Experimental

Experiments were run at the Advanced Light Sourcéhe Lawrence Berkeley
National Laboratory by John Selwyn, Matthew Browichard Green, and Dr. Javier
Giorgi. Unreduced and reduced 8% SDC were measatréige high pressure XPS line
with a surrounding atmosphere of approximatelyrt &b oxygen or hydrogen at various
temperatures. The average of twenty XPS spectuar@duced SDC is plotted in Figure
4-1. The graph rises up near the low-energy endtdube presence of background
electrons at these energies, which are always qteBlee XPS of partially reduced SDC
is shown in Figure 4-2. Due to experimental prolslethe spectrum cuts off at 30 eV

below the Fermi level.
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Figure 4-1. XPS of 8% SDC (average of 20 spectrajhe zero energy corresponds to zero binding
energy. X-axis values are plotted as orbital energs for ease of comparison with calculated DOS
spectra. Coloured arrows and lines refer to specifi orbital contributions, which are identified by

DFT+U calculations in the next section.
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Figure 4-2. XPS of partially reduced 8% SDC. The ze energy corresponds to zero binding energy.
X-axis values are plotted as orbital energies forase of comparison with calculated DOS spectra.

Upon reduction, the peaks shift downward in enengg a new peak appears near
the Fermi level, which corresponds to the orbitalwhich the additional electrons
entered. Yet, with only the experimental datasidifficult to assign individual orbital
contributions to the spectrum. For instance, tieatitly of the orbital which is being filled
upon reduction is unknown. While there do exisallases to aid in the interpretation of
the XPS! there are several factors that can alter the tep@nergy of individual orbitals,
such as charge transfer and electron screeninghwéad to difficulties in assigning all
of the contributing orbitals to the peaks in theSXBy calculating the density of states
(DOS) with electronic structure methods like DFT,id possible to make the peak

assignments and therefore better understand therimgntal spectrum. In the next
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section, we provide these calculations and fit owodel to match the XPS of the

unreduced sample.

Section 4.2 - Density of States Calculations

In order to understand the results presented sg#ction, a brief introduction to
band theory is necessary. To begin, consider alatéxb atom. Its electrons occupy
atomic orbitals which each have discrete energgléewWhen several atoms are brought
in close proximity to form a solid, there exist Bue large number of orbitals with very
similar energies, that they can be approximated esntinuous band of energies, which
contains several electronic states. Thereforedsdfliave an electronic band structure
which consists of occupied and unoccupied orbitalsmetals, there is overlap of the
occupied and unoccupied orbitals, and so therdsesgisiply one continuous band which
the electrons can occupy, which provides them wWithmeans to conduct electricity. In
semiconductors and insulators, like in ceria, thiera region of energy with no orbital
overlap in between the fully occupied band anduth@ccupied band. These are known as
band gaps, and are characteristic of these mateA#though the band gap of ceria is
well known? those of lanthanide-doped ceria materials, angaiticular of SDC, have
not been measured prior to this work. In fact, ¢hextronic band structure of SDC has
not yet been investigated in detail. In this worle, examine the density of states (DOS),
which is the number of available electronic statiesach energy level.

There exist a number of challenges with modeling $lygstem computationally to
achieve an accurate band structure. Firstly, teedtrons of samarium must be in the
valence of the pseudopotential, in order to obs#mea contribution to the overall band

structure. Yet, DFT calculations with this pseudeptial always fail, which is most
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likely due to an inadequate description of therggtp correlated Sm f electrons. It was
found that a Hubbard (U) correction is necessalgdalize these electrons and allow the
calculation to proceed. Yet, unlike for cerium, praor parameterization had been done
for samarium. Therefore, we tested several valfié$ for Sm, between 2 and 16 eV, in
order to find one that matched best with the expental spectra.

Another challenge present with these calculatisrthat SDC contains a non-zero
magnetic moment.In order to account for this with DFT(+U), one ralow the
electronic spins to relax in the calculation. Baotie addition of the U parameter on
samarium and the spin relaxation contribute to @hmanger DFT+U calculation (over
two times slower); however, they are necessaryderao properly model this system.

Starting with the goal of matching our calculated® to experiment, we
calculated the electronic structure of three défgrconfigurations of 6.6% SDC with the
DFT+U method. We consider 6.6% SDC because itasedt to the 8% material used
experimentally (see Section 4.1). We also perforngattulations on 10.3% SDC
configurations and found no difference in the DQ&céra relative to 6.6% SDC.
Furthermore, regardless of the defect ion arrangéimehe lattice, the overall DOS was
found to be the same in all configurations. Thussuffices to consider just one
configuration of 6.6% SDC in our calculations totlie U for Sm to experiment.

Before presenting the parameterization results, utseful to show the failures of
lower level calculations in evaluating the electcostructure. For this purpose, we
calculated 6.6% SDC with conventional DFT (i.e.Uhparameter on Ce or Sm), as well
as with DFT+U, with the U correction on only Ce sorin these DOS spectra, it is not

possible to observe the Sm f electron contributisrthese electrons were placed in the
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core of the Sm pseudopotential, which allows tHeutations to converge. These spectra
will serve as a baseline for marking the improvessaliption with the U on Sm,
presented later. Although not the most accurateutaions, there are still important
spectral features of these DOS plots that can imppret the experimental spectrum.
Figure 4-3 shows the DOS calculated from conveati®@FT and DFT+U (with e
only) methods. The major atomic orbital contribugdo the DOS are represented by the
different colours, which match features of the expental spectrum (refer to Figure 4—
1). The orbitals in smaller font in Figure 4-3 havenuch smaller contribution to the
overall DOS than those in larger font. In fact, 8m d orbital contribution is so small
that it is not identified in the graph. The Ce bital is unoccupied, and therefore lies
above the Fermi level, as evidenced by our caledlapectra. As XPS recovers only the
occupied orbitals, this was not found in the expent.

Importantly though, most of the experimental speutrwas reproduced by the
DFT+U (Uce only) calculations, which makes it possible toigisshe peaks to specific

orbitals.
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Figure 4-3. a) XPS of 8% SDC; b) Density of statesf 6.6% SDC calculated with DFT (broken line)
and DFT+Uc, (solid line). All states below 0 eV are occupiedhe major atomic orbital contributions
are identified above each peak, and their colours atch those on Figure 4—3a, for ease of comparison
with the XPS spectrum.

The major flaw in these calculations is that teakpat -6 eV, indicated by the red
arrow in Figure 4-3a, is not found. The databas¥R$ binding energies suggests that
the samarium f orbital should lie near this valineleed, it would make sense that the

above calculations did not find this peak becale3m f electrons were not treated
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explicitly, as no Hubbard correction exists for saimm. Thus, we begin our
parameterization of thedy parameter with the goal of capturing this spedg&ature.
Although the DFT+U (de only) calculations allowed the electron spinsetax,
the final solution had all spins paired, and sogpm up DOS was identical to the spin
down DOS (only the spin up DOS is shown in Figur&)4 Since SDC is known to
exhibit magnetic behaviodrthe spin up and down DOS should not be identidal.

accurate DFT+U model should be able to reproduecditiding.

4.2.1 - Parameterization of Ugy,

It is now evident that to accurately model thecetmic structure of SDC, DFT
calculations require the Hubbard correction on samaas well as on cerium ions.
Unlike for Uce, Usm has not been previously parameterized to expetahebservables,
such as lattice constant, bulk modulus, and bandtste. Here, we use the XPS spectra
of SDC to parameterize theslJterm. The band structure of 6.6% SDC was calcdlate
with the spin-unrestricted DFT+U method, with g.Wf 5 eV, and yn, of 2, 4, 5, 6, 8,
10, 12, 14, or 16 eV.

The value of |, affects the energy of the Sm f peaks in the DO&ts@, which
is to be expected. Asdd increased, the energy of the occupied Sm f orbigégreased
and that of the unoccupied Sm f orbital increaddus trend is illustrated in Figure 4—4,
which shows the spin up DOS of SDC. The Sm f oflgitetributions with various &},
values are highlighted by the different coloursjyo, 8, and 16 eV are shown to
demonstrate the trend. A small energy window isluedocus on the positions of the Sm

f peaks. For the full spectrum, refer to Figure .4-5
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Figure 4—4. Spin up density of states of 6.6% SDGlculated with DFT+U, with Uce=5 eV and W, as
shown. All states below 0 eV are occupied. The reatrow corresponds to the experimental peak in
Figure 4-1. A small energy window and only a few &}, values are shown for clarity.

The experimental Sm f peak, highlighted by the aesbw, is best reproduced
with a Usy, value of 8 eV. Clearly, &}, values other than 8 eV incorrectly assign the
energies of the Sm f orbital. For instance, with£2 eV, the Sm f peak lies in the band
gap, which was not seen by experiment. On the dlider of the spectrum, withd=16
eV, the Sm f orbital is at -10 eV, which is muchvéy than what was seen in the XPS.
The full spectrum, including spin-up and spin-dodensity of states, for 4J=8, is

shown in Figure 4-5.
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Figure 4-5. Total density of states of 6.6% SDC aallated with DFT+U, where U=5 eV and U;,=8
eV. The x-axis displays orbital energy in eV. All sites below 0 eV are occupied. Spin up and down
DOS are represented as positive and negative on tlyeaxis, respectively. The major atomic orbital
contributions are identified above each peak, andheir colours match those on Figure 4-1, for ease of
comparison with the XPS spectrum.

Interestingly, the spin up DOS does not matchsgiia down DOS, for any value
of Usm In fact, all Sm f electrons in the calculatiordhzarallel spins, which indicates
paramagnetic behaviour and a non-zero magnetic miormais finding is in agreement
with recent magnetic measuremeh®ur calculations indicate that the origin of SDC's
magnetism is primarily due to the Sm f electronl.other electrons in the calculation
were paired, even though the spins were allowerklax in the DFT+U optimization.
Furthermore, we optimized the same system withirzrgstricted calculation, where the
electrons are forced to be paired. This calculatimmpleted with an energy 1 eV higher
than the unrestricted spin calculation, which iatks the true low-energy structure has

unpaired electrons.
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Thus, we have created an accurate DFT+U mod@&BdE by fitting the d,, term
to experimental XPS data. Our model recovers theemxentally-observed
magnetization of SDC, and reproduces XPS measutenoen unreduced SDC. More

importantly, it provides fundamental insight ondbexperimental findings.

4.2.2 - Reduced SDC

It is also worthwhile to calculate the density aates of a partially reduced
sample of SDC to observe how the electronic stadiasage when electrons are added. We
make use of the newly parameterizegh,Walue to accurately calculate the DOS of a
reduced sample of 6.6% SDC. Such an analysis Wslb delp us understand the
differences in electronic states betweeri*Gad C&" ions, which are both common on
ceria surfaces, due to the high reducibility ofixe©ur DFT+U calculations suggested
that the Ce 4f orbital is the lowest unoccupiedtatiin SDC (see Section 4.2.1) and will
become populated upon reduction. Thus, it makesesenconvert two tetravalent cerium
ions to trivalent ions and add an oxygen vacandyhén6.6% SDC lattice to simulate the
reduction process. Other researchers have simubatdtilly reduced ceria in the same
way? ° It is well known that the reduction of pure cedacurs by this mechanism:
namely, where vacancies are formed and the addltelactrons are localized on cerium
ions, creating the trivalent specfesVe assume that samarium is not reduced upon
reduction, due to the fact that samarium is ndiletan the +2 oxidation state. Therefore,
our model of 6.6% SDC with an additional vacancg amo trivalent cerium ions should
adequately represent the partially reduced SDC Eamp

As for pure ceria, the value forcks. has been heavily parameterized based on

properties of reduced ceridhe accepted value of 2 eV was used in this detgmni The
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reduced SDC DOS plot calculated with the accurd&- model is shown in Figure 4—

6.

L VALV
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Figure 4—6. Density of states of unreduced and paatly reduced 6.6% SDC, calculated with DFT+U,
where Uc=5 eV, W3=2 eV, and =8 eV. All states below 0 eV are occupied. Only thepin up
DOS is shown for clarity. Inset: A magnified view of the cerium f orbital DOS in patially reduced

SDC near the Fermi level, showing both spin up andgpin down contributions. The faint dotted line at
the Fermi level is to guide the eye.

In agreement with experiment (see Section 4.1)pfathe peaks in the reduced
DOS are shifted to lower energy. This indicate$ tha energies of the orbitals change as
electrons are added to the sample. Most importatily Ce 4f orbital peak begins
slightly below the Fermi level, at -0.5 eV, whiahdicates that it is occupied; thus, the
DFT+U calculations predict the electrons will redithe C&" ions in SDC. This finding
is in good agreement with our experiment, althotigh experimental spectrum has a
larger peak near the Fermi level, indicating thaarger amount of reduction than was

modelled took place (see Figure 4-2). It is impatrta clarify that this discrepancy in the
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peak intensity does not represent a problem wi¢hellectronic structure description in
DFT+U. Rather, it is simply due to the fact thatiasufficient amount of reduction was
modeled in the SDC simulation cell.

Nevertheless, the model predicts that the new peak the Fermi level which
appears in the XPS upon reduction, correspondbedCe 4f orbital. UPS of partially
reduced ceria surfaces found the same peak patteumd the Fermi level, which was
attributed to the reduction of €eto C€* via filling of the 4f orbita® ° Thus our
calculations as well as our experiment indicat¢ i@ cerium ions are first to be reduced
in SDC, which was expected due to the high redodtability of samarium, and the high
reducibility of ceria®®

Our DFT+U calculations also predict that the*Ce orbital is of slightly higher
energy than its tetravalent counterpart (see re#f peFigure 4-6). Unfortunately, due to
experimental limits, the XPS of reduced SDC cufsabf30 eV below the Fermi level,
which does not allow us to observe the low-enempytals such as the Ce s and Sm s.

In reduced SDC, the spin up DOS differs from thim gfpwn DOS (see inset of
Figure 4-6). We also attempted spin-restricted DFTealculations of this material.
However, like with unreduced SDC, we found that $ipgn-unrestricted solution, with
unpaired spins, is heavily favoured. This indicdtest partially reduced SDC would also
exhibit a magnetic moment.

Furthermore, in reduced SDC, the magnetizationighdr than in the unreduced
sample, due to the additional contribution from @&* which each have an unpaired f
electron. Still, the primary source of the magregtan was the samarium f electrons,

although this could be because there were onlyttivalent cerium ions in our model.
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Overall, the calculations suggest that an incréaseduction of the SDC sample would
increase the magnetic moment. In theory, this figds reproducible by experiment, but
the magnetic properties of the samples were notsared due to time constraints and
lack of available equipment. Nevertheless, thidifig is expected because reduced ceria

is known to be magnetic:**

Section 4.3 - Chapter Summary

With the help of the Giorgi lab, we provided thesfiever XPS data on SDC. Our
electronic structure calculations of the densitystates correlate very closely with the
XPS measurements. Moreover, the experiment allawgetb fit the value of &}, to an
observable property, for the first time. FittingrddFT+U-calculated DOS to the XPS
spectra, we suggest the optimal value gf,td be 8 eV, with the GGA functional. Thus,
we have developed an accurate DFT+U model to stemsamarium-doped ceria. With
this model, we assigned individual atomic orbitahtributions to each peak of the XPS
spectra. It was found that €eons are the first to be reduced in SDC. Also, madel
predicted that SDC is magnetic, due to the Sm iand,that reduced SDC should have an
even stronger magnetic moment than the oxidizedokarRrior DFT calculations have
not been able to make these predictions, due talikence of the Hubbard correction on

samarium.
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CHAPTER 5 - SURFACE STUDY OF SAMARIUM-DOPED
CERIA

In Chapter 3, we found the structure of SDC andtified certain structural
properties in the bulk that give it high condudiviThis provides a good starting point
for surface studies of SDC. In fuel cells, the acef of a metal oxide catalyst often plays
an integral role in the reaction. Of particularemst is the interface between the
electrolyte surface, the anode surface, and theogasfuel, otherwise known as the
triple-phase boundary. Interesting chemistry oftakes place at the triple phase
boundary, which is important to understand to be &b optimize solid oxide fuel cells.
As SDC is a promising electrolyte, it is useful study its surface properties. An
understanding of the structure of the surface o€3®needed for investigations of the

triple phase boundary and fuel oxidation mechanisms

Section 5.1 - Investigation of (001) and (111) SDC Surfaces

In this section, we make use of the genetic algorito find the structure of two
low index surfaces of SDC, in order to identify th®mistic interactions which are
prevalent at the electrolyte surface. This is tingt Structure search of a doped metal
oxide surface to date. In the past, researcherg Isamulated surfaces of fuel cell
electrolytes like SDC by molecular dynamics, whidbes not sample all relevant
configurations. Yet it is crucial to investigate the low-energynfarmers of a material in
order to accurately represent it with a computationodel.

As the classical potentials of Balduatial.? and Senyshyset al.® are known to

correlate with higher level DFT+U calculations ($€kapter 3), it is reasonable to use
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them in a search for low-energy conformers of s@falabs. We performed a structure
search similar to the high concentration GA seacime Chapter 3, where the bulk
coordinates of pure ceria are input, and the dgpamd vacancies are randomly placed in
the lattice and evolved over time, until the defaistribution is converged amongst the
best configurations. The main difference here @, tln the surface GA, the initial
structure is a (001) or (111) slab of pure ceright least 10 A of vacuum to separate
the surfaces in the z-direction. It was quickly limsd that the constant pressure
optimization in GULP shrinks the cell such that tleaxed cell with the optimized
configuration has no vacuum layer. Therefore, aifexe GAs had to be run with the
constant volume optimization implemented in GULPB, preserve the vacuum layer
separating the surfaces. After the optimal distrdsuis found with classical potentials,
we use DFT+U to check that the same defect digtabus favoured at the higher level
of theory. Finally, we compare the optimal disttibn of defects at the surface versus
that in the bulk and highlight any differences.

We chose to investigate these specific surfaces foumber of reasons. Firstly,
the (111) surface is known to be the most stabig@we ceria, and therefore should be
the easiest to calculate, as the atomic rearrangfeimeminimal? The (001) surface is
interesting for the opposite reason: it is knownbt® less stable and thus atomic
rearrangements are significdr@ften in surface catalysis, the less stable sasfaend to
be more catalytically active, so it is useful todst the (001) surface.

While there exist few experimental investigatioristee SDC surface, there are
several of similar materials, such as gadoliniupeatb ceria (GDC) and yttrium-

stabilized zirconia (YSZ), which have the same dasiucture as SDC and are also fuel

110



cell electrolytes. In GDC and YDC, experimentaland theoretical works' have
observed the aggregation of dopants at the (11d)@®1) surfaces. As vacancies have
an association enthalpy with dopant ions, it issoeable to expect the vacancy
concentration at the surface to be higher than ithéihe bulk. It will be interesting to
observe whether these effects exist in SDC. As &mgur slab is made large enough, we

should be able to observe aggregation if it is getgrally favourable.

5.1.1 - (111) Surface

In order to simulate a surface of SDC most reprtasiee of the true electrolyte,
we begin with the 10.3% doping level which is cldeethe value of 11.1% at which
conductivity is maximal. The (111) surface of cesaown in Figure 5-1, consists of

repeating oxygen-metal-oxygen (OMO) layers.

Figure 5-1. Simulation cell of a (111) surface ofndoped ceria. The red and white balls represent
oxygen and cerium atoms, respectively.

111



The slabs were all two unit cells wide in the x andirections, and different
lengths in the z direction. Classical GA searchesewun on 10.3% SDC slabs of 4, 6,
and 8 OMO layers. In each GA, the population cdadif 500 structures and was
evolved for a large number of generations. To deitez convergence, we waited until
the defect distribution amongst the best three igardtions remained constant for at
least 100 generations.

For all of the (111) slab sizes, we found a Sm-magalistribution similar to that
of the low-energy bulk structures. For instance, 8hAngstrom separation between all
vacancies is maintained at the surface, and mostiSMNN to the vacancies. If the
optimal bulk structures are cut to form (111) slatteeir defects are spread evenly
throughout the slabs. However, in the (111) slaesvered from the 6 OMO and 8 OMO

GAs, we observed defect segregation to the su(se=eFigure 5-2).
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Figure 5-2. Lowest-energy 6 OMOIgft) and 8 OMO (right) 10.3% SDC (111) slabs recovered from
classical GAs. Unoptimized coordinates are shown falarity. The vacuum layer is not shown. The
white, red, and green balls represent cerium, oxyge and samarium ions, respectively, and the
vacancies are represented in black.

In the 4 OMO slab, no segregation was observedaltiee relatively small depth
of the slab. In the 6 OMO slab, one of the cen@®O layers contained no Sm atoms
and no vacancies. In the 8 OMO slab, more segmyati found, as two central OMO
layers were void of Sm atoms and vacancies. Thex@fe dopant concentration ranges
from 0 to 1.6% in the middle of the slabs, andppraximately 18.5% at the surface. Yet,
at the surface, and throughout the slab, vacamaceestill separated from each other by at
least 6 Angstroms. Thus it seems like the defextd to segregate to the surface, but not
so much as to create paired vacancies, which arerkmo be energetically unfavourable
(see Chapter 3). Experiments on GDC showed the smyeegatiofi, which further

illustrates the similarity of these two materiaduded to earlier in Sections 3.2 and 3.3.
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We find that SDC differs from YSZ in that the NN m#mt-vacancy interaction is
disfavoured in SDC and favoured in Y$Zalthough dopant segregation is found in both
materials.

Interestingly, the vacancies do not appear righthat surface of the material.
While there are several close to the surface, #heqys exist in the bottom part of the
top-most OMO layer. Similar sub-surface vacancy reggtion was found by a
computational study of the (111) surface of YSZ,ickhis another common fuel cell
electrolyte®*

To prove that the GA result from classical simwaatis also favoured in DFT+U,
we optimized two 4 OMO surface slabs with the DFT@Md, only) method, one which
was found by the GA, and the other which was aunfthe optimal bulk positions. The
slab from the surface GA had no Sm NN to any vagabat 28 NNN interactions,
compared to the other which had 4 NN and 22 NNNv&oancy interactions. DFT+U
calculations found the slab cut from the optimaktsiructure to be higher in energy by
0.3 eV per cell, which indicates that the slab friwa surface GA is heavily favoured.

A few 6 OMO slabs, each consisting of 279 atomsewalso optimized with the
DFT+U method. The slab recovered from the GA (whsomtained a central undoped
OMO layer) had the lowest energy in DFT+U once agAi slab cut from the optimal
bulk positions was 0.67 eV higher in energy. Bddbs contained predominantly NNN
Sm-vacancy interactions, and the main structuféréince between the two was that the
higher-energy structure did not have any doparmegggion. A third slab was constructed

"by hand" from the same vacancy positions foundheyGA, that is where the vacancies

" At the time these calculations were done, no Wemtion existed for samarium; refer to Chapterr2tie
full computational details. All DFT+U calculatiois this chapter include only thecbJcorrection.
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are separated by at least 6 Angstroms. This slabmeale to exhibit much more NN and
much fewer NNN Sm-vacancy interactions than theiptes two. It was not found by the
GA, and proved to be 1.77 eV higher in energy tin@best slab recovered from the GA,
which illustrates the good correlation between ¢hassical and DFT+U optimizations
once again. (Refer to Chapter 3 for a detailedusision of this correlation.)

This high-energy 6 OMO slab contained two undoP®&O layers, which means
it has more segregation than the structures foyritido GA, which had just one undoped
layer. We conclude that structures with more segjreqg than found by the GA are also
energetically unfavourable. In light of the remdoleacorrelation of classical and DFT+U
potentials at this concentration, we are confidéat the classical GAs found the true
limit to the segregation and the low-energy detéstributions which are present at the
(111) surface.

Recall in the bulk 10.3% SDC investigation (seefithr 3), we tested different
vacancy distributions in structures with DFT+U taka sure that the one recovered from
the classical GA was indeed the lowest-energyiligion. Since this distribution is the
same at the surface, there is no need to perfagrtetit again for the (111) slabs.

It is interesting that although the vacancies sgagte to the surface along with the
dopants in 10.3% SDC, the vacancies remain 6 Aogsirapart. This suggests that the
segregation in SDC (at the optimal doping leveltowes until the point where paired
vacancies would form. At higher doping levels, thenber of defects must become so
high that it forces vacancies to pair at the swfas seen in the bulk at 18.5% (recall
Section 3.6). To analyze if this assumption holgs performed GA searches on 14.3 and

18.5% SDC (111) surfaces. We ran the GA on the 8Gdl4b only, because it was large
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enough to observe segregation and still small emoogprovide quick calculation times.
Classical GAs were run on 14.3 and 18.5% (111) SD@aces, to find the low-energy
defect distributions. These trials took longer thiae 10.3% SDC GA with the same size
slab, due to the increased number of defects emgerin the cell; for instance, at 18.5%
SDC, there are 30 Sm and 15 vacancies in the 6 GMK) and so the GA took over
1000 generations to converge with 500 structuré®e best structures from the high

concentration SDC surface GAs are shown in Figuf®e 5

- B o @
:o © e o o

RC QL QR @«

RN
CRC R S
1%\%\ T
O

Figure 5-3. Lowest-energy 14.3l¢ft) and 18.5% ¢ight) SDC (111) slabs recovered from classical
GAs. Unoptimized coordinates are shown for clarity.The vacuum layer is not shown. The colour
scheme is the same as in Figure 5-2.

At 14.3%, dopant segregation is visible in the M@slab, although it is not as
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striking as at 10.3%. For instance, there are rdopad OMO layers in 14.3% SDC, yet
the number of Sm atoms is greatest in the layarsest to the surface. Perhaps with a

larger slab, undoped OMO layers could be observdd.8% SDC. The effective dopant
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concentration is 6.7% in the middle of the slab 20d8% at the surface, which indicates
segregation nevertheless. Importantly, at 14.3%yrethexists a vacancy pair 3.8
Angstroms apart, which is consistent with experitrién

At 18.5%, defect segregation is not as obviousatdower concentrations,
although still present. The middle of the slab haseffective dopant concentration of
16.4%, while the surface is 20.8%. The size ofdlaé could be limiting the observation
of defect segregation here as well. However, thppgee of these 14.3 and 18.5% SDC
calculations was simply to examine if vacancy pé&argned, not to assess the number.
Thus, larger slabs were not evaluated. In 18.5% ,S@Cancy pairs were found in the
<110> sites (i.e. the 3.8 Angstrom separation) tviscconsistent with the findings of Ou
et al., who claimed that vacancy pairs prefer <110> stesr <111> sites in doped
ceria’? We find no vacancy pairs existing in the <111esin our slab calculations.

The distribution of defects at the surface is Eimio the bulk, in that the NNN
Sm-vacancy interaction is dominant. However, themof vacancies at the surface of
14.3% SDC was not seen in the bulk, due to a honmgedistribution of dopants in the
bulk cell, which is not perfectly representativetioé real materidf ** At 18.5%, more
vacancy pairs are observed at the surface thdareibulk, due to the same phenomenon.

While in the process of writing these results,lveeame aware of a Raman study
of the SDC surface, which is the first experimeimaestigation of the SDC surface to
date’® This study confirmed the vacancy and dopant sedjeythat our GA predicted.
The fact that our results are in perfect agreemetht experiment are indicative of the
predictive power of the GA with the chosen cladsmatentials, even for large search

spaces.
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In summary, the GA found that all vacancies arpassed by at least 6
Angstroms at the (111) surface of 10.3% SDC, wieadahigher concentrations there
exist paired vacancies at the surface. In additibripund the segregation that was
observed experimentally. The fact that 10.3% SDC, which is closest to tipénaal
concentration of 11.1%, has no paired vacanciesiodstrates the nature of its higher
conductivity. Furthermore, our GA results suggest a 6 Angstrom separation between
vacancies allows for fast ion conduction in SDC.CSiaterials of doping levels above
11.1% have paired vacancies at the surface, wimaits|vacancy mobility. Thus, the
results from our GA reproduce the experimentallgaslied trend in SDC conductivity as
a function of dopant concentratibh,and shed light on the fundamental nature of

increased conductivity in the optimal material.

5.1.2 - (001) Surface

As with the (111) surface, defect segregation besn observed at the (100)
surfaces of YSZ and GDC with classical potentialBue to the similarity of GDC and
SDC, we hypothesize that the same segregation alslb be present in SDC. To
investigate the (001) surface, we begin with a GRrad2x2x4 slab of 10.3% SDC using
classical potentials from Balduoei al.” and Senyshyet al.®> The initial (undoped) slab,
shown in Figure 5—-4, was made by adding 10 Angstrofrvacuum to a 2x2x4 bulk cell
of ceria. The (001) surface consists of alternatagers of metal and oxygen atoms,
which means that the slab is Ce-terminated on meedf the vacuum, and O-terminated
on the other. Due to this construction, the surfageolar, as cerium atoms are positively

charged and oxygen atoms are negatively charged.
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Figure 5-4. Simulation cell of a (001) surface ofndoped ceria. The colour scheme is the same as in
Figure 5-1.

The 10.3% SDC (001) slabs recovered from the GIA dadplayed defect
segregation. They are shown in Figure 5-5. Tworkagé pure Ce atoms are found in the
middle of the slab, so there is a clear prefer@ic@m to be close to the surface. Also, in
all configurations, half of the oxygen atoms fromecsurface migrated to the other side
of the slab, such that both sides are half O-teateioh Thus, the non-polar (001) surface
is clearly a lower energy conformer. The same biel@was observed experimentally
for pure ceria, as the polar (001) surface is kntovhe unstabl& To find out how this
occurred in our simulation, we examined a movi¢hef classical geometry optimization
of one of the structures. The oxygen ions move deavd in the z direction by means of
the vacancies; as vacancies move towards the surdaggen atoms fill in the holes in

the center of the slab. Thus, by the end of themgixy optimization, vacancies are
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clustered at the surface, near the dopant atoms$e Nwat this entire process is

energetically downhill, as the starting polar stalnfiguration is relatively unstable.
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Figure 5-5. Lowest-energy (001) 10.3% SDC slab regered from classical GA. The vacuum layer is
not shown. The colour scheme is the same as in Figlb—2.

It is difficult to assign positions to the vacaxiat the (001) surface after
optimization, because the atomic rearrangemengisficant. Thus, we cannot conclude
whether vacancy separations remain at 6 Angstrdrtiseea001) surface of 10.3% SDC.
Due to the large ionic rearrangement in the op#mhistructures, the program that
automatically assigns vacancy positions did noagbyplace the vacancies in the correct
sites. This means that for the (001) surface G nhating and mutation routines which
altered the vacancy positions were probably noeféective as they were in the bulk
GAs. However, this does not compromise the sammin(01) surface configurations,

as the program correctly assigned vacancy positthngg initial structure creation.

120



Further, the program contains other mutation ragstjirsuch as the dopant swap, that can
effectively sample the structure space of the (Gdihace.

Consider the middle five oxygen layers of the slabich are void of vacancies,
versus the surface and sub-surface oxygen layégarlZ with increasing distance from
the surface, the atomic displacement decreasedaiidee number of vacancies present in
the half-terminated oxygen surface could be theseaf lack of order of oxygen atoms
near the surface. This major atomic relaxationxgeeted though, because of similar
findings for pure ceri&.*'

The effective surface concentration in the (004p ss estimated to be 18.5%,
based on the number of dopants in the top-mostdayidne (111) surface had the same
effective surface concentration. In addition, itingeresting to observe that Sm atoms
penetrate three layers deep into the surface irff0&) slab, and also in the (111) slabs
(see Figure 5-2 and Figure 5-5). To assess theh defptdopant segregation, we
investigated 10.3% SDC in larger slabs, such as2a&cell for the (001) surface and a
10 OMO cell for the (111) surface. The resultingistures will provide information on
how deep the Sm atoms prefer to lie in the surfBo¢h of these GAs take a substantial
amount of computational resources and time, aratesgurrently in progress.

Also, since it is known that the nonpolar (OOLiface is more stable than its polar
counterpart, the initial undoped ceria slab for@#e could be constructed to be nonpolar,
with half O-terminated sides. This structure seasdduld sample all possible half O-

terminations and find the most stable surface goméition, as well as the relative

" The references provided for pure ceria are narapdete list; for the full list, consult the refeces
within ref. 4. M. Nolan, S. Grigoleit, D. C. Say®, C. Parker and G. W. Wats@uwf. Sci., 2005,576,
217-229..
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positions of Sm atoms and vacancies in the nonstddx. We plan to run this GA in the

near future.

Section 5.2 - Chapter Summary

In conclusion, we have presented the first eveflasa structure search of a doped
metal oxide. The GA found defect segregation atstiméace of 10.3% SDC, which is in
parallel with the results of a recent experimerhese findings show that SDC surfaces
are similar to other electrolyte surfaces such 8% ¥nd GDC** At the (001), the GA
results revealed the preference of a nonpolar #lathe (111), most Sm lie NNN to the
vacancies and all vacancies remain 6 Angstromd,ag@spite their segregation to the
surface. The GA result was confirmed with DFT+Ucoédtions. The favoured defect
distribution of bulk SDC contains slightly more Nbin-vacancy interactions and fewer
NNN interactions than the surface distributionhaltgh the dominant interaction is still
the NNN. At higher concentrations of SDC, we obedrvacancy pairing at the (111)
surface, which is consistent with experim&nand provides insight on the fundamental

nature for increased ionic conductivity at the i dopant concentration of 11.1%.
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CHAPTER 6 - CONCLUSION

Section 6.1 - Summary

The main goal of this thesis was to identify thendamental properties of
samarium-doped ceria, a widely used solid oxidé ¢ed electrolyte, in order to better
understand its high ionic conductivity, and aidhe design of better SOFC materials. To
this end, we provided new information on the suitetof SDC, for the first time at the
DFT+U level of theory. A genetic algorithm was dieyed in order to search for the
low-energy configurations of SDC, but can be applie any doped metal oxide. In
addition, the electronic properties of SDC wereestigated for the first time, with both
experiment and theory. Finally, the surface stmeciof SDC was determined with the
GA, which represents the first ever structure deafdts kind. This thesis explains - and
more importantly, predicts - the fundamental natofeseveral important properties of
SDC, including high ionic conductivity, magnetisamd surface segregation.

In Chapter 2, we introduced the genetic algorithmthod as a means of
uncovering the low-energy structures of doped mesadles that are prevalent at IT-
SOFC temperatures. In Chapter 3, we began the @&kls®n 3.2% Lanthanide-doped
ceria, which was also feasible to evaluate systieaibt as there are only 33 unique
configurations. The GA's evolutionary routines nem@d the same low-energy
configurations as the systematic searches for &etyaof materials, including SDC,
LuDC, and GDC. In particular, for 3.2% SDC, ousfiprinciples DFT+U calculations
showed that the NN site is favoured by the dopamich is in contrast to previous
findings at the classical level of thedrihe calculations of 3.2% SDC were performed

for the first time at the DFT+U level of theory apdovide new insight on the defect
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interactions present in SDC. For instance, the DF&fergetics indicate that 3.2% SDC
is similar in structure to 3.2% GDOyhich indicates that the two materials may share a
common origin for their high ionic conductivity.

Similarly, the activation energies for oxygen vaoa migration calculated with
DFT+U from the NN to NNN site in 3.2% SDC are cldsehose for 3.2% GDC, which
reinforces the notion that these materials arelaimm terms of dopant distribution and
diffusion properties. As the NN site is favourede tNNN—-NN migration has lower
energy than the reverse migration in both 3.2% SB& GDC. It was also confirmed that
configurations with two dopant ions in close prowyrexhibit higher migration barriers
than configurations in which the dopant ions liettier apart, which is in qualitative
agreement with prior DFT calculatiofs.

The exhaustive structural evaluation for 3.2% Sta@figurations was done with
a variety of potentials: namely, those from Baldti@gnd Senyshyn,Wei! DFT, and
DFT+U. By comparing the structures' classical ersrgvith the energies derived from
DFT+U calculations, it was possible to assess #ility of the classical potentials used
to simulate SDC. Overall, we found that the potgatof Balducckt al.* and Senyshyat
al.” better reproduced the DFT+U-calculated energi@spemed to the potentials of Wei
et al.,! and that the former were suitable for use in lagmle GAs where DFT(+U)
calculations are impractical.

We then used our GA to investigate dopant conagatrs above 3.2%. This is
the first time DFT+U calculations have been usedxplore the structure of SDC at
dopant concentrations above 3.2%. It was foundftiva6.6% SDC, the dopant ions do

not prefer a specific site around the vacancy; ghisvides insight into the nature of
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SDC's high conductivity. The conductivity of SDC heggher at 6.6% than at lower
concentrations because several configurations watlable within kT at IT-SOFC
temperatures, and so vacancies are not trappe@dap dotential energy wells. Other
materials, which lack a large number of thermallgiable configurations, such as 3.2%
LuDC, have much lower conductivity as a result. Agst all low-energy 6.6% SDC
structures, the vacancies were separated by 6 wmgst The importance of this
separation became evident at higher dopant coratemts. For instance, in 10.3 and
14.3% bulk SDC, the same separation was found tes$pe increased number of
vacancies in the cell. These findings are in gogree@ment with EXAFS measurements,
which showed that vacancies are not paired in 11SD&° This property allows the
vacancies to be mobile, since the presence of egcaairs would inhibit diffusion. In
fact, it appears that the 6 Angstrom separatiadorminant at all concentrations of SDC,
which suggests that it is crucial to the oxygerugibn mechanism in this material.

Furthermore, in 10.3 and 14.3% SDC, most samaiim occupy the NNN
position around the vacancies. This indicates #epeace for a site other than the NN
site, which is supported by EXAFS measurements ha% SDC° With our GA and
with DFT+U calculations, we have accurately assksisfect interactions in SDC at the
most optimal doping level, which was previously eagible due to the enormous search
space. Future studies of the true SDC electrotiia, is at the 11.1% doping level, are
made possible through this work, as the structioesd by the GA are most prevalent in
solid oxide fuel cells.

The structure search in this thesis has provideéxplanation for the observed

changes in conductivity as a function of & dopant concentrationFor 10.3% and
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14.3% SDC, the GA found upwards of forty configioas with the optimal defect
distribution, which are nearly degenerate. At lowencentrations, fewer low-energy
configurations were found, and as a result, thelgotivity of these materials is lower. In
essence, the conductivity rises with increasingadbponcentration, because of the
increase in the number of thermally available agunfations, as well as the favourable
separation between the vacancies in these confignsa which allows the oxygen ions
to be mobile.

Above the optimal doping level, vacancies are kmow pair in nanosized
domains, which decreases the conducti¥ithis finding was also recovered by the GA
at 18.5% SDC. However, at this concentration, theas more than one low-energy
defect distribution found by the GA. As all low-egg configurations exhibited one of
just two favoured defect distributions, a speciestrictive’ GA was designed to find the
third-most favoured defect distribution at the slaal level of theory. Due to this
strategic implementation of the GA, we uncoverattw low-energy defect distribution
of 18.5% SDC, that contained paired vacancies ih0Ox1sites. This finding is in good
agreement with experimehtyet, it should be understood that in experimeme, dopant
concentration of various grains is not the same,ttss doping is not entirely
homogeneous. Because our simulations could noueaphhomogeneity, it was not
possible to observe these effects in a simulatedinot 14.3% SDC.

Overall, the determination of the SDC structure Ghapter 3 identifies the
atomistic interactions which affect ionic condutinvin doped ceria. Furthermore, they

provide the basis for future computational stucdéghis material, as the low-energy
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defect distributions represent the most prevaldnictires in nature, at IT-SOFC
temperatures.

In Chapter 4, the electronic properties of SDCenavestigated computationally,
starting from the low-energy bulk structures recedein the previous chapter. The
electronic structure of SDC was used to help agsigmpeaks in the XPS spectra of SDC,
that were obtained experimentally by the GiorgiugroConversely, the experimental
XPS of SDC allowed us to develop the Hubbard (Ujestion for samarium ions, which
had never been done before. By fitting DFT+U-cated DOS spectra to the XPS, we
found the optimal g, term to be 8 eV with the GGA functional.

Thus, we have established an accurate DFT+U mimdehvestigating SDC's
electronic structure. Future electronic structureestigations involving samarium ions
will benefit from our parameterization of thekterm. With this model, it was found that
SDC is paramagnetic, which agrees with experimemisurements We determined
the nature of this magnetization is primarily tlzensrium f electrons. In reduced SDC,
we expect the magnetic moment to be higher, aslémg cerium ions (which appear
upon reduction) add to the overall magnetization.

In Chapter 5, we presented the first ever sursaicesture search of a doped metal
oxide. Investigations such as this are difficuledo the enormous search space, but our
GA proved its effectiveness even with large slaise calculations predicted that SDC,
like other fuel cell electrolytes such as GDC an8ZY has defects segregating to the
(001) and (111) surfaces. Subsequently, a Ramareriexgnt confirmed these
predictions:’ which demonstrates both the effectiveness of tie aBd the classical

potentials at sampling and evaluating the SDC iateenergy surface.
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It was found that the distribution of samariumdoelative to the vacancies at the
surface is similar to that in the bulk, where thédNN interaction is dominant.
Interestingly, although there is vacancy segregatioe vacancies remain separated by 6
Angstroms at the 10.3% SDC surface. Our analysih@f(111) surface slabs suggests
that defect segregation is limiting in 10.3% SD@,ta the point where paired vacancies
would form. This implies that the 6 Angstrom sepiarg which is also favoured in the
bulk, is a significant structural factor contrigi to the enhanced diffusion of SDC.
Indeed, at concentrations above the optimal dopewgl, the low-energy structures
contain vacancy pairs separated by less than 6tAimgs, which decreases conductivity.
In fact, our GA discovered that vacancy pairs inaamtrated SDC lie predominantly in
the <110> sites, which is perfect agreement witlected area electron diffraction
(SAED) measurements.

Overall, this thesis offers several significanhizdbutions to the fuel cell and
materials science communities. We have identiffezl atomistic interactions present in
the bulk and at the surface of SDC, which contebiat ionic conductivity and defect
segregation. Wherever experiment was availablegpatched our GA's predictions for
bulk and surface structures. For the electroniacsire, we provided the first XPS
measurements of SDC with the help of the Giorgj kid used it to create an accurate
DFT+U model for SDC. Researchers interested inethetronic properties of SDC will
benefit from the parameterization of thes,Jterm provided in this work. Also,
mechanistic and oxygen diffusion studies involvBIQC are made possible through our
structure search of the bulk and surface. Thus,ttiesis provides key structural insight

that can be used to improve SOFC materials.

129



Section 6.2 - Future Work

Currently, we are running the GA on larger (00hYl 111) surface slabs, to
identify the depth of dopant segregation on 10.3& Surfaces. In addition, we plan to
further investigate the structure of the (001) acef to understand more about the atomic
rearrangements, and identify the low-energy halfygex-terminated surface
configurations which are present at the triple-phagundary in SOFCs. For this purpose,
we will develop a GA code that can sample all gasshalf oxygen-terminated (001)
surface configurations. Currently, the code is gpdat sample only the configurations
derived from a fully-terminated surface.

As the GAs become more computationally demandingill be necessary to
have a GA code that can run on multiple platforsisch as Wooki, SHARCnet, and
HPCVL) simultaneously. This will involve making sifjcant changes to the code, but
will greatly increase the magnitude of the simalasi that are possible. For example, we
plan to use the updated code to perform the 18.6 $DC GA search at the DFT+U
level of theory, to confirm our prediction of vacgrpairs.

As we are interested in identifying the fuel oxida mechanism, we plan to
simulate the triple-phase boundary with the DFT+&kmod to identify reaction kinetics.
Such an analysis would involve adsorbing metharse(tjee fuel) and Nickel atoms (the
anode) on the low-energy SDC surfaces identifietthimthesis.

Alternatively, to gain further insight on SDC'sncluctivity, we may investigate
the oxygen ion diffusion mechanism. This study wlomhake use of the energetic
information of different configurations provided this thesis, to establish a Molecular

Dynamics or Monte Carlo simulation that would idgnthe diffusion pathway.
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