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SUMMARY

Solid state ionic conductors (or electrolytes) are a vital component for
electrochemical devices or systems for chemical and energy transformation. The chemical
composition, crystal structure, defects, morphology, and electronic structure of these
materials greatly &&ct their electrochemical properties such as ionic and electronic

conductivity.

Similar to barium zirconate (BaZg]) barium hafnate (BaHf€)is one of the most
promising protorconducting electrolytes for solid oxide fuel cells (SOFCs) because of
their high proton conductivity at 400~700 °C. In this study, | have investigated dopant
solubility, proton concentration, mobility, and chemical stability of Aii& cedoped
BaHfOs using density functional theory calculations coupled with statistical
thermodynanics. Specifically, | have calculated defect formation energy in charged
supercells, finite temperature vibrational enevgyphonon calculations in the harmonic
approximation, proton migration energya transition state theory, and defeidfect
interadions via clusterexpansion method. A wide range of relevant properties are
predicted, including the degree of hydration governed by hydration Gibbs free energy,
proton diffusion coefficient derived from proton migration barrier search, and akftsrtt
interactions using cluster expansion method. These properties are sensitive to the type and
amount of chemical dopants in the lattice, including Li, Na, K, Rb, and Cssite Aand
Sc, Y, La, Gd, Lu, Al, Ga, and In on&te The mismatch in the size of tdepant and the
host ion induces local strain or elastic interactions. However, the electrostatic interactions

between them are much less dependetiieionic radius of dopant ions. Accordingly, the

XVi



dependence of trdopantproton binding energyonionicadi us of dopant ha
shape. In addition, the electronegativity of dopant ions also affect the affinity of aeceptor

type dopants with dondype protons. Hydration is promoted by both thei#e and the B

site dopants, although the effectoéth | att er i s | ess pr-ohbdbonced
relation between proton concentration and mobility is observed in all cases, regardless of

the ionic radius or the lattice site{Ar B-site) of the dopants.

Defects play an important role in ionicatrsport and in enhancing catalytic
activities for chemical and energy transformation processes. Thus, it is crucial to
understand how to effectively enhance ionic transport by rationally design preferred defect
structures, including 0D (point defects sashvacancies), 1D (dislocation), and 2D (grain
boundary) defects. For example, local ion segregation may result in a space charge region,
leading to accumulation of mobile charge carriers or improved mobility near those 1D/2D
defects. The effect of theape charge layer, strain near 1D/2D defects, as well as collective
defectdefect interactions pose an extreme challenge for both experinsmds
computations. In this study, the effect of an edge dislocation in Y:Baain@xygen ion
transport is evaluated. To probe the ion mobility, a reactive molecular dynamics simulation
based on ReaxFF is utilized to simulate the slgrgie Y BaZrCs supercelwith two edge
dislocations. Radial distribution functisand thermal/cheral expansion coefficients are
used to benchmark the local and global structure properties, and-soneze
displacemerstareused to calculate diffusivity and conductivity. Dislocation is found to
lower the activation energy of ionic transport, posshxgause of distinct oxygen cage

structures locally at the dislocation core. However, optimal Y% for oxygen ion

XVii



conductivity is shifted to higher levels with increasing temperature. This could be due to

the weakening of Y&és electrostatic Atrappi

Besides materials chemistry and microstructural features, the mechanical strain is
another factor affecting ionic properties. Ceria (or g@®a prototypical ionic material
for catalyst and electrolyte applications. Chemechanical coupling in ceriaggiificantly
affect the bulk defect properties of ceria. In this study, the effect of chessbanical
coupling is extended from the bulk to the (111) surface of ceria. There have been extensive
theoretical and experimental research on the configuratiomscahcies and polarons on
the (111) surface, the dominantly exposed surface, which is crucial to surface catalytic
activity. It was reported that surface oxygen vacancy on &efid 1) surfaceis not
necessarily the most stable vacancy; however, thsgriace vacancy could be. Similarly,
polarons are not necessarily at thenkaresneighbor (1NN) of the corresponding
vacancy either; they could be at the-2earesineighbor (2NN). All thoseounterintuitive
phenomena were unveiled and validated Iio¢foretically and experimentally. Inspired by
previous research, have identified a unique way oftuning defect configurations by
applying tensile and compressive epitaxial strain on (111) Aledess the magnitude of
the applied strain from5% compresion to +5% tensionstability relationships of the
surfacevs. thesubsurface vacancythe 1NN vs. the2NN polaron,and the vacancy
monomervs. thedimer are surprisingly reverseclastic, electrostatic and electronic
excitation energies are found to dependent odefectconfiguration. This gives usnew
perspective to interpret the various vacancy patterns observed on (111) surfaee of

prepared ceria samples.
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CHAPTER 1 INTRODUCTION

1.1 Motivation

To mitigate the environmental impact of fossil fgehnd enablesustainable and
costeffective energy consumptipelectrochemical devices that can diaonvertthe
chemical energy to electricigrein urgent needAmong all types of energy conversion
devices, elid oxide fuel cells $OFC3 are great prospects foefficient utilization of
hydrogen, hydracarbon fuelsand biomassSOFCs demonstrate greadvantages over
conventional combustion enggebecauseof their well-controlled electrochemical
reactions between fushnd oxygen gas. The theoretical efficiemtygnergy conversioim

SOFCs greatlgurpasses thamit of theCarnot cycle.

Among the components of thecathode,the anode andthe electrolyte, the
electrolyte layercontributesthe majority ofthe Ohmic resistancampedingthe progress
of lowering the working temperature andhaintainng a sufficient power densif].
Protorrconducting oxidesasthe electrolyte of SOFCs area good alternativéo oxygen
ion-conducting oxidege.g, Y -StabilizedZrO2, Gd-DopedCeC, and(La,Sr)(Ga,Mg)Q).
Due to theintrinsically higher mobility of protors compared withoxygenions in the
electrolytes, protorrconducting oxideganpotentially improve SOF@gpower densityat
relatively lowerworking temperaturg(i.e., 500 C)[2]. This helpsthe commercialization
of economically viable and sustainabl8OFCs. SOFCs with protorconducting

electrolytes arealso called protonic ceramic fuel cells (PCHGE)



PCFCshavethe potential to behe cleanest and most efficient syssdor direct
conversion of petroleuror otherfossil fuek to electricityat ~300 C[2]. The intermediate
operationtemperaturgreatly redaes the cost othe system because much less expensive
materiab can be used as system componente pwer density and durability of the
deviceis closelyrelated withthe proton conductivitin the electrolytandthecontaminant
tolerance of thanaterial. Yang et g4] demonstrated thaaZmn.1Ce.7Y 0.2xYbxOs-d (or
BZCYYDb1711) has high proton conductivity and excellent tolerance to sulfur and coking.
Later, Duan et dl2] fabricatedhighly durable PCFCs with excellent coking and sulfur
tolerance by usg BaZr.sY0.203-d (or BZY20), BaCe.eZro3Y0.103-d (or BCZY63), and
BaCe.7Zro.1Y01Ybo.10s-d (or BCZYYb7111) as electrolytes. Very recently, Duan ¢8Hhl.
fabricatedotherPCFCs with BZY20 and BCZYYb7111 as electrof/éad demonstrated
excellent hydrocarbon fuel flexibility ammbntaminantolerance. Choi et §b] adopted a
slightly different compositiorBaCe.4ZroaY01Ybo.103d (BZCYYb4411) andpresented

exceptional power density and stability at 50

To date, howeverhe development of electrolyte materials for PCFCs has been
largely based on trial and errosuch asadjusing the type or amount of dopanin the
synthesized samplene at a timeand thenmeasuing the electrochemicalpropery
repetitivdy until the optimal composition is foundrhis approach is not only tedious but
also inaccurate because sample fabrication and testing pateldtiallylead tosignificant
uncertainties due to experimental limitations, including composdefitiencyfrom Ba
evapordéon during sinterinfp], variation in density or porosityamong different

dopant§7], occurrene of secondaryphasef], andinconsistencyn microstructures (e.g.,



grain size, pore size, antheir distributions)9]. Therefore the experimental succes$

materials optimizatiomas beetimited.

BaHfGs is aprotonconducting oxide it hasnotbeen studiednuch, but has been
recentlyrecommended as a good alternatteeBaZrQs[10]. Similar material systesn
including BaZrGs[11-42], BaSnQ[43-49], and BaCeQ[50-52], have been intensively
studied both experimentally and computationally. Specificadlyhe area of computation,
a variety of relevant properties were computsthgatomi-levd simulationtechniques
such asab-initio density function theory (DFT), molecular dynamics (May)d kinetic
Monte-Carlo (KMC) etc.The propertiesrcludehydrationdegreeproton conductivityand
stability. A variety of dopantandidateshave beerrecerly testedin this family of
materials, including trivalent rarearth and metalloi@lementson the B-site, and very
recently, alkali elementson the A-site. Preliminary effortthhave beemmadeto select
A opt i rmpahsofor groton conductivity. Furthermore, complex defedefect
interactionswere alsotaken intoaccountby iqu-aamndomo supercell s.
dynamics simulatiomalsoprovided a much more convenient way to sample a statistical

average of proton diffusity in the supercells witta complex chemistry.

Besidesmaterials chemistry isinglecrystalline perovskite,rgin boundaes also
have dramaticeffects onionic transport in this type of material. Yamazaki €iSlfound
that largegrain sample of BaZmn.sY0.203d (BZY20) demonstrate lowegrain boundary
resistance bywo to threeorders of magnitude. This evidence shows that grain boesdar
have a detrimental effect on proton conductioGorresponding theoretical wdgs]

suggestednatoxygen vacancies segregate near grain bolextand form the positively



charged space charge laymight be the reasonsSincethe proton is also positively
charged, grain boundaries act as chduigeking layes for inter-granular proton transport.
Recent theoretical workf the dislocation effect®n the oxygen ion transport near edge
dislocations in SrTi®@and dopedCeQ[54, 55] demonstrate a similar physical picture
Unl i ke fdda dtf ué p o p és inonietald) dislocatia i rsolid-state ionic
materialshave negative effegton oxygen ion transport. This is mairgcausehe coe
segregated dopants and oxygen vacarttie® electrostai anchdr n g 0 senfefch c t

other

Inspired bythe previous workwe designed a similar supercell-setin Y-doped
BaZrCs to that in[54], by havingtwo edge dislocationsiith opposite Burgers vecter
embedled init. We zoomed into the slbcation core area and studied the oxygen vacanc
transport neathedislocation lineComparison witithefi b ullikk e 6 r e g [56.n wa s
Because of the largsize of thesupercell, only classid/semiclassical forcedield
molecular dynamics are feasible. Among those, ReaxFF developed by Adri VgbMuin
Is the best choicfor this type ofsystem. Further studyn analysisof proton transport and

dopant swapping/segregatiarerecommended

Besides perovskitbased proton conduc®r fluorite-based Ce® is another
prototypicalmaterialusedin SOFCs. When it is doped with trivalent dogaetg, therare
earth elements Y, GéndSm, extrinsic oxygen vacancies awgomatically gnerated in
the fluorite lattice. It can then serve as an oxygercmmductng electrolytein SOFCs with
ionic conductivity superioto that of the previous generatiodrOz-based ones, e,g.

Yttrium-doped (YSZ)or Scandiumdoped (ScSZxonductors When it is exposed ta



reducing atmosphere, it also eagjgneratesntrinsic oxygen vacancies, with electrons
from oxygen iosd2p orbitals donatedbackin the lattice. In this scenarithefunction of

ceria is very snilar to that ofa typical Mixed lonic Electronic Conductor (MIEC), €.g.
(La,Sn(Co,FeXs and (La,Sr)Mn@. One intrinsic oxygen vacancy typically creates two
electronp ol ar ons r esi di n4df§orbdaks. Howewer thoge tMdepolaroosn s 6
d o n 0 ¢to be athe 1s-nearesneighbor (1NN) of the corresponding vacancyan be
sensitive topressure acted on the bulk lat{i68], or epitaxial strainapplied on the
surfac¢s9]. Following previous DFT calculatiop@0] and STMimage$61] on ceri® s

(111) surfacethe effect ofstrain onthe surface vacancy and polaron configuratioss

studied.

1.2 Research objectives

The research objectives are divided into two categories: engineering and scientific.
Since ionic defects in soligstate ionicmaterialsplay a key role indeterminingthe
performanceof energy conversion devices, it is technologically attractive to design new
materialswith higher bulk ionic conductivitiesand surface exchangates From the
engineering perspectiviherefore, rational desigrof materials chemistry, microstructyre
and external straiareproposedor the next generation of SOF@adfuel cell catalysts.
To achieve the engineering objeets,newscientific knowledge isequired Therefore, we
needto use computations to build up thederstandingfi oni ¢ def ectsoé el ec
thermodynamic and kinetic propertiegshrough computations.The new knowledge

regarding ionic defects arits correlation with macroscopic materials properties and device



performance pushes forward the scientific understanding in this field and serves as a basis

for future endeavors by other researchers.

1.2.1 Engineering objectives

1. Deliver a realistic doparselect o n A by evaluatig dopant solubility, proton
concentration and mobility, and chemical stability in AfiBe dopedBaHfOs. The
Arecipeo shoul d consider t of enateriadssThe a n d
computationally designed materials chemistan be directifesedexperimentally.

2. Suggest rationatlesign ofthe 1D defect, i.e. edge dislocation, to promote ionic
conductivity in Y:BaZrG. Combire microstructuredesignwith materials chemistry
optimizationto further enhance thenic conductivity.

3. Recommendppropriateanagnitude and direction ¢fie mechanical straito achieve
expectedracancypolaron patterns othe surface (111pf ceriaso that corresponding
catalytic activity iscontrolled. Interface engineering and/or nascale morphology

could introduce the strain to cedbisurface.

1.2.2 Scientific objectives

1. Use pnic radius and electronegativity as descriptaysunderstand elastic and
electrostatic interactions€Evaluate enthay and entrop§y sontributions to defect
thermodynamicsQuantify ionic defect thermodynamic stability, kinetic mobijléynd

chemical stability.



2. Elucidate the advantages oedge dislocationfor ionic defecd £oncentration and
mobility. Correlate dcal structure of edge dislocatiorwith the enhanced ionic
transport.

3. Explore the role of strain in ionic defect configurationsDistinguish dastic,

electrostaticand electronic contributiorte vacancy formation energy

1.3 Dissertation structure

CHAPTER 2lays out an overview of SOFCs and relevant material systems,
emphasizing &y fundamental quantities and scientific issues to be calculated and solved

computationally includingdefect thermodynamics, kineti@nd electronic structures.

CHAPTER 3introduces atomitevel computational methodssed to perform the
work described inthis dissertation, fromthe electronic structure method to statistical

dynamics.

CHAPTER 4 discusses the computationatlgsigned dopastin the BaHfOs
system for highemperature protenonducting electrolyte From OK electronic enthalpy
to vibrational free energgvaluation dopant dissolution energy, matehgdration energy,
dopantproton binding energy, and chemical reaction enevgye computedso thata

rationalselecion of the optimaldopants among 13 dopant candidates was realized

CHAPTER 5discussegshe properties of ion transponear edgeadislocation in
Y:BaZrQOs. A reactive molecular dynamics methadsintroduced to studiattice oxygen
transport propertiesthe rapping effect with the existence of dislocation was discussed.

The bcal structure ofhedislocation core was analyzed duriiing oxygen ion migration.



CHAPTER 6discusses straimodulated neasurface defect stabilities on ceria
(111). The gability of various vacancy and polaron spatial configurations wenérolled

by elastic, electrostati@nd electronic factorthatare all straindependent

CHAPTER 7summarizes the significance and impact ofdbmputationatesult,
points out futuredirections and lists major assumptions and approximations of the

methodology.



CHAPTER 2 BACKGROUND

2.1 Solid oxide fuel cells

Solid oxide fuel cells (SOFCsre made ofthree componentghe cathode the
anodeandtheelectrolyte Instead of homogeneous combustions, reactions of fuels and air
areindirectly taken place on the anode and cathodi&aces.Gas molecules are ionized
under electrocatalytic processes, with oxygen ions or protons going through a selective
membrane (a solid state electrolytend deprived electrons flowing throutite external
circuit. A schematioof electrochemical reaons occurring in SOFCis shownin Figure
1. There are two types of SOFGke one with the oxygen ieconducting electrolyte is
calledOxygen ionconducting SOFCs, (@d-SOFC$; the one withthe protonrconducting
electrolyte is called Proteconducting SOFCs, (or 30FCs).H-SOFCs is also called
Protonic Ceramic Fuel Cells (PCFC3. Using H as the fuelthe reaction equationare

shown below:

7 m Or hydrogen oxidation reaction (HOR)on the anode surface
- |= m ° |= or oxygen reduction reaction (dRR), on the catlode surface

5 F © 35 Fonthecathode side forSOFCsonthe anode side forPCFCs

To ensure higltenough power density, facildOR and GRR reactions on electrode
surfacesas well as fast oxygen ion or protwansportwithin the bulk of electrolyteare
required Among those components, the solid electrolyte iscthdral part governing the

ionic transport characteristics of SOFCBy replacing the oxygen ionconducting



electrolyte (OCE) witlthe protonrconducting electrolyte (PCE3luggish oxygen ionare
replacedby fast protos. Thereforethe Chmic resistance foelectrolyte can be greatly
diminished Additionally, the fuel dilution problem is avoided in PCFQsy havingthe

combustion exhaust dhe cathode side
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Figure 1 Two types of SOFCs working schematics attributed to two types of ionic
conducting electrolytes: (a) oxygen ioaconducting electrolyte, (b) proton-
conducting electrolyte.

The materials used in SOFCs are mainly ceramiasiaberials irsolid state ionics
(SSIs) lonic defect in SSiIsplay a key role in surface catalytic activity and bulk
conductivity.To make this deviceommerciallyviable, a fewtechnicalchallengesieedto
beovercome: the working temperature needs to be brought,dbe/nost of raw materials
(e.g. rareearth elements) and fabrication processes need tedeced In terms of

materials innovation novel SSIs with higher surface exchange rateand bulk

conductvitiesareneededBelow | will cover thebasic propertieand phenomena relevant
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to protontconducting electrolgs and ceria catalyst. The effects of composition,

microstructure and strain are assessed as complementary tools for de&itura SSIs.

2.2 Proton-conducting perovskite

Common potonconducting perovskiteanclude Sr or Babased zirconium
(BaZrs), cerium (BaCe®), tin (BaSnQ@) and hafnium (BaHf@) oxide. Tantalum oxide
(KTa0g)[62-64], howeverjs less frequently used aselectrolyte due to its relatively low
proton conductivity Perovskites mentioned aboavecubic or pseudaubic structures
at working temperatures. A typical cubic perovskite structure is shofigume2. OneB-
site ion is coordinated by 6 oxygen iopf@arming a sacalled oxygen octahedron or cage
OneA-site ion on the other hanfills in the intersticesurrounded by BOs cages making
longer and weaker chemical bonds with nearest oxygen Tovis.types ofthe unit cells

are presented: -Aite centeredneand Bsite centeredne

Figure 2 Cubic perovskite prototype: (a) Asite centered unit cell, (b) Bsite
centered unit cell. Large green balls are-Aite ions,i.e. Ba; small bronze balls are B
site ions,i.e. Hf; small red balls are oxygen ions.-B bonds are connected to show
the coordination relations.
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Protorrconducting perovskite needo first incorporate proton species into its
latticethrough asaec al | ed i hy d rbafdreitacondigs protane. € £ammon
proton source ithe watermolecule To incorporate water moleculgserovskitesneed to
be oxygen vacanfThis is achieved Y doping aliovalent dopants, specifically acceptor
dopants Oxygen vacancies amutomaticallycreatedupondoping, byfollowing the rule
of charge neutralityvithin the whole latticeThe crystal structures of A anddte doped
perovskiteare shown inFigure 3. Per twoacceptor dopants are neededproduce one
oxygen vacancyEquations of dopingrocessesvi t h  K/inkK ngtations areshown

below (using K on Asite and Y on Bsite as examples):

LE I Hs Fro L1 4 | F for Asite doping
1 |= il '. |=|=O Lﬂ. -"-f 2l I= for B-site doping

12



Figure 3 Defectchemistry of A-site and Bsite doping in perovskite. A 2*2*2
supercellwith oxygen octahedronsis shown onthe left side before doping;defective
supercells with 2 K ions on Asite or 2 Y ions on Bsite and an oxygen vacancy are
shown on the right side afer doping. The mlor code is the same as ifigure 2.
Purple ions: K; Cyan ions: Y. 12 K ions asown on the plotbecause of theperiodic
boundary condition.

By absorbing water moleculeshe perovskit® s oXYygenarevfiiledanci es
Simultaneously, protons am@so incorporated into the lattice and bonded with lattice
oxygen ions, forming a sealledfhydroxyl groum, i.e.0 0. In thecubic perovskite, each
oxygen ion has 4 symmetrically equivalent proton binding sites, showigume4. The
proton can either rotate around the ceiat oxygen ion or hop to nearby oxygen ions. A
long-range protorconductioncan berealizedthrough a cooperativerotonrotation and

hopping process

Figure 4 Potential proton binding sites ina cubic perovskite, together wih the
proton rotation and the hopping mechanisns. Each oxygen ion has 4 potential
proton binding sites. The wlor code is the same as ifigure 2. Pale pink balls are
protons.
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Obviously, dopants in perovskitesuld affect theihydrationpropertyand proton
mobility, including thekind of chemical dopant, dopant concentration, tentpegaand
partial pressure of watér the environmentand everthemechanical strain. Here we
show a diagram of ionic radius and electronegativity ita (Li, Na, K, Rb, Cs) and-B
site (Al, Ga, In, Sc, Y, La, Gd, Lu) dopanwith their substituted hosonsservingas the
referencesFromFigure5, it is seen that, w.r.t host ion&;site alkali ions have widely
distributedionic radi, B-site metalbids (Al, Ga, In) have higér electronegativies, and

B-site rareearth iongSc, Y, La, Gd, Luhave larger ionic radi
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dopants with the substituted host ions (Ba for A-site and Hf for Bsite) as the
reference.

Thermodynamic quantitgf the protonconducting perovskitis a combination of
OK electronic energy arfthite temperature vibrationand configurationanerges Based
on thethermodynamic quantit the kinetic propery can also be calculatedwith the
information of thetransition statewhich can becaptured from the static transition state
theory or molecular dynamics simulations Those quantities could characterize the
hydration, proton binding, proton activation, proton vibration, chemical reactions, defect

clustering diffusionand conductionHere is a list of each relevant quantity to be computed.
2.2.1 Defect formation energy

The defect formation energpf a defect with nominal chargiat OK is defined

ag67):

YO 0 0 0 Ye T A %

whereO andO are the electronic total eneéeg at OK for defeave and perfect
supercellsY¢ and‘ [arethe change of atomic amount and chemical potefeiadluding
zeropoint energy pure at OK of species(n elementhreference statdor defect with
nominal chargel, energy correction terr®®  accounts forthe electrostatic energy
correction betweedefectand its periodigmagesrom periodic boundary conditioh,

is the energy of ValeneBandMaximum,* is the electron chemical potential wir.t ,

Y+ is the electrostatipotential shift upon charged defect formation.

1t



There are threeersions of energy correctisfor acharged defect:

1. Pointcharge correctiditg]

: p : AR
@) - W § pQp —,
c RN P
2. Markow-Payne correctidi®9]
1] 4 6 [T
0 0 ¢ n ﬂ v G
o-0 o-0

3. FNV correctiofi70]

0 O Nww {7

wheren is the nominal charge of the defectis the Madelung constant of the defect
lattice, - is the dielectric constantdm both electronic and ionic contributionsis the
lattice parameter assuming an equilateral latficis, thesecond radial moment of the
defect charge distributioiYcis the electrostatic potential shift caused by the charged

defect.

At finite tenperaturs, the equation becomes:
Yo O © "0 Ye© QT © Yt

where’O andO are Gibbs free energy of defected and perfect supercelss the

chemicalpotential at finite temperatures and pressarekis defined as:

\

Camr -y vy vl
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where- 88is zerepoint vibrational energyat OK of speciesQQ "Y andi® "Y are
temperaturalependent enthalpy and entropy at standard partial pregsanel are usually
tabulated in NIST JANAF tableThe kst term accounts fahe concentration/partial

pressure dependence.
TheGibbs free energyof asolid is computed as:
0Y 0O O Y Y Y

where’O “"Y and'Y "Y arethe vibrational enthalpyand entropyand areevaluated

throught h e spbohan ttegeenciesmplementedn the vibrationabartitionfunctior

20 |
o Y EOO s h
F G (0 p
. 20 [ TQY . . 5
Y Y Q ———— A lp Q° &
; T
f 2T P

2.2.2 Dopant solubility
Dopant solubility is determined by the reaction equation shown below:
A-site doping:
¢c6w 0 O0OU0i C¢OQ i ©¢b @2 ¢b OT@QI
Y O ¢0O O 0O ¢O ¢O "0

B-site doping:
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¢oQ U 0 U i ¢o Wi © ¢qb @2 ¢b O@QI

Y O ¢O 0= 00 ¢'0 ¢O0 O
whereY  "Ois the dissolution energiQis theGibbs free energy includin@K electronic
energyand vibrational contributiofrom DFT calculations.

Based on the law of mass actiothrough computed dissolution energy,

concentration o dopant can be determined:

AQDy o) 0 o2 @
Y'Y 0w 0 ® W

A@Dy @) 0 o2 ®
Y'Y 0Q 0 w

with mass conservations:

0 0w por O 0oQ p
w2 0 o
0 ¢ @@or c w?

2.2.3 Hydrationenthalpyentropyand expansiocoefficient

Hydration enthalpyentropy and expansioncoefficients aredefined asthe

difference of the systemnthalpyentropyandthelattice parameteor volumebefore and

18



afterhydration, i.eabsorbing a water molecule and forming two hydroxyl groups) i’6.

The reaction equation is shown below:
00 w® O °¢v'O

The hydration emialpyentropyand volume/latticexpansiorcoefficientsare then

defined as:

Yy O ¢O o 02 O "0
Y Y Y o Yo Y %
- ¢- 2 -2 M1 -Q — pSIdT p

where'O and"Y arethe enthalpfentropyof species or material®- is thevolumelattice

expansion coefficiestof systemQwith w and® the correspondingolume andlattice

parameter.

The degree of hydration, .60 "8 , can be easily calculated frotine Arrhenius

relation:

w0 '8 o0 y "Y,Q .y 0
w20l n0v Y LV

whereU is the equilibrium constanfyandr) arethe defectonentration andhe external

partialpressureThe oncentration of species have constraints as:

HP Ho H6E
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Coe® w8 QLN OE O
so that mass and charge balaaesatisfied
2.2.4 Dopantproton/dopartoxygen vacancy binding gnalpy

Binding enthalpy is calculated as tkathalpydifference between a cell with a
neighboringdefect pair and two cells each with andividual defect(assumingio defect
defect interactions As pairs of dopantproton and doparixygen vacancy have
electrostatic attractian the binding eneigs usually shownegative values. Binding
enthalpy is also calleftrapping enthalpgin our casewhich makes dopants traguotors

and vacanes nearbyUse Asite doping as an examptbgbindingenthalpy is defined as:

§O) 0 2 O Oo

2.2.5 Proton/oxygen vacancy migration enthadiaytropy

The mgration enthalpyand entropy constitute the migration energy, which
determineshe migration rag of a charge carrier by the Arrheniegquation shown below.

In classical frameworkwe have

Agb YO
g d QY

with the prefactora or socalled attempt frequenajefinedas:
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p 0

5
H. —
¢“B 0¢

wherel is the number of vibrational modes, ando ¢ are the frequenes of vibrational
modeGor a system in initial and transition statekstands foithetransition state. As we
know, thetransition statén our casei.e. 1storder saddle pointjasthe vibrational degree
of freedomof 0 p. In the directionof the reactioncoordinate the vibratioml mode is
imaginary and does not contribute to the vibrational enéf@\s a classical vibrational

energyw .

Underthequantumlevel framework,however, theercpoint vibratioral energy is
nonnegligible in the caseof protons. ThereforeYOis calculatedby considering the
difference insummation of zer@oint energybetweenthe initial state (IS) andthe
transition state (TS)

Py

YO 20 20

alhe

At the sametime, a moreapplicabledescriptionof the pre-factor from the vibrational

partition function is:

The quantum framework isniversaland convergeto the classicaldescriptionat

high temperatui® In our case, we do not considlee quantunmtunneling andhepolaronic
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feature of proton transport, as trilyminateonly at extremely low temperatwbelow the

room temperature

2.2.6 Diffusivity and conductivity

Diffusivity, or diffusion coefficienunderthedilute defect assumptiors calculated

using the generic formula shown be[a\dj:

where Qs the correlatioffactor, summatioris performed over each jump directi@with

non-zero projection over thespecifieddiffusion directionin onedimension— is the
multiplicity of a directionQ _ is the projection lengthg is thejump rate or jump
frequency of defec®in crystallographic directiof2 Qdetermineshe number of jump

directions as well as jump frequencies.

However,the above modek only applicablefor dilute defect speciePefect
defect interactiomand configuratiosare unfortunately not included in the above mpdel
making it insuffcient to predict the diffusivity of nedilute defect speciesStatistical
methods, e.g.kinetic MonteCarlo, molecular dynamicsand cluster expansia) are
needed to account for nalilute defect diffusion.Detailed methods are shown in

CHAPTER 3

Conductivity, in the dilutedefect case can only be estimated analytically.
Conduction of ion flux is driven bihe potential gradient of charge carriers;luding the

chemical potential andhe electrical potential. Inthe dilute-defectcase the chemical
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potential of charge carrier is solely governed by its concentration. Baskdln ¢ k 0 s

law, anion flux Ois ddined as:

~.

6 O won 7Y

in whichOis the overall chemical diffusion coefficient driven byjthe spatial gradient
of carrier concentratior is the single ion mobility scaling the velocity tbfe ion drift

undertheelectric force otheelectric potential energy gradient, j.e.

When ion velocity is timed with concentratiod ion drift driven bythe electric
field is obtained. At equilibrium® 1, which is the condition of experimental
electiochemicalimpedance spectroscopyfor conductivity measurement. Under this

condition, the Einstein relation between mobility and diffusitityds

0 wéh Y 'O,Q(BTYéﬁ) Y
n Q7Y

wherethedistribution of concentratiotvis governed by electric poteatienergy’Yasc

0Q . Thus— — & The nain equation becomes:

Namely,06 —.

23

f

r

S



Conductivity is defined athe scalingparameter between ion current density and

applied electric potential bid& & Q Mus

' OQ Y 6 G “{OQwv Y0 GO %
) 'QTY O w o oo O O w 00

where z is the nominal charge number of charge caftisrthe elemental charge.
O aQu QQ:& % Q0 W %o
00

Since the righthand side of the equation has two terms batgneach other
chemical potential gradientiriven and electricalpotential gradientriven ionic drift
equally contributeheionic conductivity. Thusonductivity is defined as:

dnﬁ&dDO&
” Y '?‘Q uY

In electrochemical measurements, e.g. electrochemical impedance spectroscopy,
the measured quantity tiseionic conductivity.Mobility/conductivity can also be defined
as the quotient betweeonic drift velocityturrent densityverthe applied electric field.

This is exacyf howthe ionicconductivityis measured experimentally

2.2.7 Chemicalstability against CQ/H20: Carbonate/Hydroxidéormation

Typical chemical degradation mechanignfor proton conductorsare the
carbonate/hydroxide phaséormation under working conditions with CO2/H20

contaminantsThe reaction equatias shown belowFor A-site doping:
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06 00  p ooOUOEou P W6 WO 00
Similarly, for B-site doping:

0®0QU OUOEOU 0®0 p OO
0® 0QU _ OUOEOU 0w O p WO

The dssolution free energis calculatedin the same way athe hydration free
energy.The ®lubility curveis obtainedin the same way abe proton concentration.

2.2.8 Oxidation/reduction energy

Proton-conducting perovskiten SOFCsare sandwiched between tb@hode and
the anode which are exposed to th&rong oxidizing and reducing electrechemical
environment. Therefordt, has technical significanda investigaing the electrachemical
stability of the perovskite undexxidation and reductiooonditions The reaction equation

is shown below:

-0 Q w0 ¢ U fortheoxidation reaction

0 © -0 Q w2 ¢Q forthereduction reaction
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From the above equations, we can see that the energy is closely teléted
hole/electron state within the bandgap. Therefore, an acquedection of thebandgap
and the defect state within the bandgag crucial. Therefore advanced exchange
correlation functiona beyondconventionaDFT are requirede.g, DFT+HartreeFock,
DFT+GoWo. Band alignment of ValeneBandMaximum (VBM) and Conductioiand

Minimum (CBM) usingthesurface vacuum level is necessary

Use oxidation as aexample the oxidation energy isalculatedas:

where' is electon chemical potential.r.t VBM and directly relatedb the band
position.YO is the formation ofo® For charged defect, ii a function of eletron

chemical potentialTo obtainYO ,‘ needs to be solvday satisfying charge neutrality:

nw £ 3

where¢ and¢ are the electron and hole concentration. Charge neutrality is achieved
whenthe concentration of all ionic and electronic charge caraeeshargebalancedé

and¢ are defined as:

26



where'(Q)} is theelectron density of states-EOS) from DFT calculation$¢) H

Aodp j “ jQY p isthe FermiDirac distribution function.

Toobtain* underthegiven temperature and partial pressuré oand 00, a

selft-consistent way of minimizen the charge balan@gjuationtowards zero is needed.

2.2.9 Clustering energy

To accurately characterize defefgfect interactionsevaluating clustering or
association of defects #he microscopic levelusing statistical methodss necessary
Clustering energy is defined as the energy differémteeerafully random structure and
agroundstate structuréat OK, this energy is solely determined the electronic structure
andthe configurational entropy. Whethe temperature goes to finiteibvational entropy
comes into play, tailoring th@efectorderdisordertransition A statistical method called

clusterexpansiormethodis proposed taapture this physical picture

2.2.10 MeanSquareDisplacement

Diffusivity and conductivity involving time andpatial correlationsf defectscan
be captured through molecular dynamics simulations or kinetic Moatl® methods.
Hereby meassquaredisplacemers( MSD) can be generated by t|
moving trajectories Diffusivity is the slopeof the plot betweeMSD and sampled time

interval YO

Yo 1 0sO

2

c0 Q0
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whered is the dimensionality of diffusion channel, in our case, isl & the number of
diffusing ionsi 6 Yo andi 0 are thedisplacemerstof i-th ion at timed Yoando,

with the bracket averaging over time.
Similarly, conductivity can be calculated the NernstEinsteinequation

ana&qDO&
” Y '?‘Q uY

The only difference between the conductivity calculdtectandbefore byDFT is
that the former method accounts for deféetect interactions. Therefore, diffusion time

correlation can be incorporated into gimulation

2.2.11 TimeCorrelation and correlation factor

Concerted diffusion or correlated diffusion is coonmin nondilute defect
diffusion phenomenon. Therefore, to quantitatively examine and characterize this feature,

the VanrHove correlation function can be evalug#g:

'OY0 —/———0 11 16 Yo 10 O

wherd is the Dirac delta function.

Another concepis the Haven rati@3], or correlation factor that characterizes the

correlation effect in diffusion, defined as:
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whereD is the average diffusion ovéfions, andO is the diffusivity of the center dfl

ions:
, ~ v U P . p
O —0+ 1 0 YO 5 i o O

2.3 Spacecharge modelin proton-conducting perovskite

Space chargéayeris commory seenin the protonconducting perovskitevith
vacancies, protongnd aliovalent dopantegregationTypically, it is formed due tthe
inhomogeneity of favorable oapancies across space. Examples include but is not limited
to the surface segregatiph3] and the grain boundarysegregation[39] [74-76].
Segregation near dislocatiorceives much less attention in this type of materialsitbut

was studied in oxygen ion conductergch asSrTiOs[54] and Ced55)].

In general, there are two ways of modeling spat@rge formationa continuum
phasefield model andadiscrete atomidevel model A typical spacecharge model starts
with the definition ofthe electrochemidapotential by combiningelectrostatigpotential

with chemical potential

w ‘0w OYMiE—— n° w
P WW

where’ is the electrochemical potential of defect spediewith contributions fronthe
chemical potential of pure defect speciéspositiondependentoncentratiort ¢ , and
electrostatic potential * w . ] is the nominal charge of defect species w is the

positiondependent electric potential.

28



By solving the Poissoaquation:

QY w W
with charge density given by:
"0 N o w

under the equilibrium condition that electrochemical potential of defect speatesss

interface and bulk region are all the same:

) 7.,"\(:)(1-) r ‘ 7""\(;-)HD ’
o OMtEY———+ N w ‘' b QM i+t——— ne b
W w p wh

with Hb denoting the bultike region.

The driving force for the defect segregation is simply the thermodynamic defect
formation energy difference under electrostatic potential betweenearinterface and

thebulk-like positiors, which is typicallycalculatedrom DFT:
YO @ Ow Ok

where he equilibrium spaceharge profileh @ and electric potential profile ¢ can be

obtained- is thestatic dielectric constant.

Another way of simulating spaaargdayeris by preforming theliscrete atomic

level simulations To acount for the segregatiotendencyfrom b ot h Ai mmobi

alioval ent dopant & oxgandvacénoiasbaisbael ol epdr ofit+bynbsr i d

3C



MDO6 al gorithm i s dGnroimstleods usel @ svap dopantdthinn t e
the lattice,while a molecular dgamics run allow the moving ofprotons or oxygen
vacancies By having interlaced M@®/D simulations, equilibriumpositions of both
immobile and mobile defects can be securkfier numerousMC-MD loops, theii ¢ 0

s e g r e gplehomenacan be captureds demamstrated before, dopants and vacancies

tendto cosegregate tthetensile region, andice vers§4, 55|.

2.4 lonic defects inceria

The most common ionic defeah ceriaare oxygen vacanes and polaronsAn
intrinsic oxygen vacancyn ceriais createdupon reduction followed by oxygen gas
releasingandbackdonations otwo electrons fronthe 2p orbital of an oxygenion to the
lattice. These two el ectrons prefer to |l dfcalize
orbita[77]. The mlaron position w.r.t vacancy in bulk cergasensitive to the bulk lattice
parameter or pressyiEs]. In other wordsdifferent defect configuratiahave different
mass densites Imagne a macroscopicbulk ceria containing a variety of defect
configurationslocally, with each local zone distinct mass density. This is also called
Adensity f 1l uct ua tnmatenals Besides of defedt thernwodymamies, ii oni ¢
was alsofound in the bulk ceriathat an oxygen ion migratiorcan becoordinated with
polarorshopping,asa& al | ed A cgratonmacdsF 8. in temmb of ceria surface,
it was discovered from both theoretical calculations and STM images that vacartbties on
ceria (111) surface reside preferablytbasubsurface oxygen laygsl, 79]. Surprisingly
polarons were observed resice at the 2n¢-nearesineighbor, rather thathe 1s-nearest

neighborof the corresponding oxygen vacandyis counterintuitive discoverywas later
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found to be from the elastic origbg]. Since polarons and vacancies are bather than

original Ce+ions and oxygen ions, bond shortengigetween therareenergetically costly.

Sincethe conventional DFT is not able to accurately capture the electron
localizationo f  @ferbiwl, DFT+U withaU parametep n  Gleoibital is required.
Spinpolarized DFT with Hubbard esite Coulomb interaction correction (rotationally
invariant introduced by Dudarev et B80]) should beappliedto account for the self

interaction error of unpairetf electrons. The DFT+U correction scheme is shown below:

wheret is the occupation matrix with angular momentarm or & ¢ as its element

indices ,, is the spin index, denotirthe spin-up or spindownchanne] "Yis the Coulomb
repulsion between electrons aindescribeshe electron exchange interactioas;

thus denote the diagonal elements of the occupation matrix representing the electron
wavefunction interactiagwithin the same angulanomentum orbital, whilé

corresponds to theff-diagonalones
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CHAPTER 3 METHODOLOGY

In this chapter, we provide a detailed description of éachnicalmethodsbeing
used in thelissertationlt include density functional tleey, phonon theory, nudgeelastic
band method, cluster expansion methggkcial quasiandom structuredattice Monte-

Carlo and molecular dynamics.

3.1 Densityfunctional theory

The basic idea of densityrfictional theorys contained in the two originalgpers
of Hohenberg, Kohrand Sharf81, 82], referringasthe Hohenbergkohn-Sham theorem.
Instead of dealing with the maiipody Schrédinger equation, which involves the many
body electronicwavefunctiongs 1 , one deals with a formulation of the problem that
involves thetotal density ofsingleelectron” i , which is a function of the electron
positioni . This huge simplificationor alteration of problemsieglectsthe details of the
manybody wavefunctioa Instead, it describes the behavior of the system with the

appropriate singlgparticle equation as a functional of the charge density.

The energy of the system is considered as the sum of several components:

O 0O7i YA w " w " o i
where”Y” i s the kinetic energy of the electrons summediup,” i is the potential
energy of the electrons with respect to the external potential induced by ions or lattice,
w " i is the electrorelecton Coulombic interactions, wit® " i accouning
for the manybody effect of electrons and stamglfor the exchangeorrelation energy of

electrons.
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When the three terms " | @ " O " 1 arealltreated as an
effective external potentiahe KohrSham equatiors then the Schrédinger equation of a
fictitious system of nofinteracting electrons that generate the same density as any given

system of interacting partideThe equation is shown below:

Y w " W " o i T i Or i

whereOis the total energy of the system.

Since the exchangeorrelationternO " i depends ol i , whichneeds to be
solved inthe Kohn-Sham equatiotogether with[ i . Therefore; i depends oitself.

The procedure ddolvingtheKohn-Sham eqgation has to be done in a setinsistent way.

‘O " 1 is approximatedhitially via a localdensity approximation (LDAB1]:

=4

O " QiT i - i

with - theexchangecorrdation energyper particle of a homogeneous electron\gdk
charge density . To account forthe inhomogeneity of the true electron densihg
gradient ofcharge density is includedhis allows for correction from electron density
away from the coordinate. It is referred dlse generalized gradient approximation

(GGA)[83:

There are many versions of GGA, developed or parameterized by different groups

of peopleatvarious tims, e.g.,PW9184], PBH85], RPBH86], PBEs0[87], AM05[8§].
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Hybrid functional incorporatea portion ofthe exact exchange frortine Hartree
Fock theory with the rest of DFT exchangarelation functional. The improvement can
be damatic in landgap prediction anthe polaronic behavior of electrons in insulating

materials HartreeFock exact exchange functional is defined as:

where O is the Hartred-ock exact exchange functiond) is the PBE exchange

functional,©O is the PBE correlation functional.

DFT calculationscan beperformed using Viema ab-initio Simulation Package

(VASP)[90, 91].
3.2 Phonontheory

In theharmonic approximatioof low-temperature crystalthe potential energy of

a crystal w.r.t the vibration of nuclei can be writtefo@k

where’Y is the internal energy of a cryst&, is the energy of a crystal frothe

electronic structure within a static lattice, and the second term on the right denotes the
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potential energy change due to nuclei displacemeéntsis the displacement of atoimn
unit cell dalong Cartesian direction, same foo .B s the forceconstant matrix

or Hessiammatrix, given by the doublderivative of internal energy against two

displacements, i.e——, while keeping all other atoms at their equilibrium positions.

From here, the relatiometween force andisplacement can also be derived:

If the volume change from thermal expansion is also taken into consideration,
then the forceonstant matrix also depends on the equilibriuniciagparameters at each

temperature. Therefore, the Helmholtz free energy can be calculated as:

"OoHY O ® O @ oRY

where the harmonic vibration energy can be evaluatedtfieoseEinstein

distribution equation of phonon:

"0 QY 1 IcOEDE|jcQY

with]  the frequency of nth vibrational mode.thre harmonic approximation, the

volume dependencelof hasnotto be counted. Specifically, in a periodic crystal

systemasummation of needs to includéhe wlole range ofvavevectorr]. Thanks to

the point group symmetry and translational invariance of a periodic crystal, the
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summation can only take over the irreducible Brillion zone (IBZ), corresponding to the

primitive cell in real space:

~

. QY L o o,
@] F Qn | IcOEIQE J]¢Q"Y

Alternatively,"O  can also be calculated from integration over phonon density

of statesQ]
"O QY O 1 IcOEE QY

where'Q] is normalized to the number of phonon branakiben integrating the whole

frequency range.

The vibrational frequenciges are the eigenvalues of the dynamical matrix,

O j 1N ,defined as:

5 5 QO®OY T Y f

C:
c:

whereY 1 represents the equilibrium position of atonm primitive cell& the
summation is over all possible combination of primitive delhda. O is the atomic

mass of atonn.

Thecalculationof phononhastwo methods: smaitlisplacement, direct or frozen

phonon method; linearesponse method from density functional perturbation theory. For
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the former method, the supercell needs to be large enough so that elentesftsroé
constant matriXall off to negligible values at the boundary of the suqek This is

easily achievable imetallicsystems, but not for ionic solids. It is due to the nearly zero
wavevectorvibrational mode creates an artificiallyacroscopi@lectric field, which
causeghe sacalled LOTO (LO: LongitudinalOptical; TO: Transverse Optical) splitting
in ionic solids. In this special case, the dynamic matrix has analytical form:

p T"Q N3 NI

0 : : :
" 50 M nd N

whered is the Bon effective charge tensqo o matrix) for atomi,T is the high
frequency static dielectric tensdyis the wave vector) 25  is the| Cartesian
composition inthe projection of Born effective charge along wave vealjdd. )

represents the pjection of dielectric tensdnto wave vector.

Forthelinearresponse method, the useloé HellmanFeynman theorem gives
atomic forces by perturbing the Kolgham Hamiltonian under yperturbedvave

functiong93].

Phonon calculationsan beperformedand analyzedy Phonopydevelopedy

Dr. Atsushi Togfo4].

3.3 Nudgedelastic band

The nudged elastic bar(fNEB) methodis a chairof-states methoéh which a
string of images is constructed to repregba reaction pathways. The pathway converged

from NEB is usually callethe minimum energy pathway (MEP) with at least one saddle
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point. Theconvergence criterion is minimizing the NEB force on each inogjee string

i.e."O , which isdefined as:
0 o)
where O is the true DFT force from potential energy surface perpendicular to the string,
"0 nty  n'yY ot
and"O is theNEB stringforce in parallel to the string.
'O QY  Ys sY Y st

T and'Y is the tangent of the string and position vector at in@g#s the spring constant

of the string.

NEB calculationsan beperformed with the aid ahe VTST package developed

by Prof. Gr@me Henkelmaés group95].
3.4 Cluster expansion

Cluster expansion is a method to describe configurational disorder and its effect on
free energy. It describesibstitutionaldegrees of freedom in thgartition function. The
expansion is over a vaty size of clusters.g.,singlet, doublet, triplet, that each cluster
is a combination of occupation variableharacterizingon-site occupancy status.

Specifically, for clustey, its configurational state is:
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where, is the occupation variable for sit@i.e. p for occupied or not, or for occupied
by species A or B. forms a complete anarthonormabasis for describing any property
of aspecificconfiguration, e.genergy, volume. Therefore, a cluster expamsiescription

of configurational energy takes the form

where the expansion goes over all sizes of clgistéarting from singlet to large clusters
till a satisfactory convergence towai@sw andw arefitted expansiortoefficient from
DFT or semiempirical MD calculations, often called effective cluster interactions

(ECIs).

It is possible that multiple sublattices contaubstitutionabisorder, in which
case a composite basis made from each sublattice basis fuacteeded. For example,
for sublattice; andf, each with a basis functien and—, contribute to the new basis

function¢

ECls are largely defined hiyre atomic orbital overlap ithe metallic system, but
have multiple factors in iorg solids. Besides orbital overlap, or covalent interaction
between ions, which is rare in localiz€hnd Qorbitals or closeghell ions, there are
steric effects, partially due to ionic size, and electrostatic effects. Especially for-strong
lonic cryshls with coherent dopant ionic radius to the host, electrostatic energy, or

Madelung energy, can be dominant.
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The goal of utilizing cluster expansion is to predict configurational entropy of
crystal without exhausting all possible configurations but ragedict arbitrary
configurationds ener gy t hThereleydntcaculatiorad | s et

performedvia the Alloy Theoretic Automated Toolkit (ATAT96, 97].
3.5 Specialquasirandom structures

In the scenario ofhe high-temperature limjtdefects of various kinds tend to be
fully randomized. In order to describe the correlation function of rahdarxed ions in
a periodic supercell, a spa | | e d-r afinqduoansoi [98]tcanuletadopted. By
approximating the correlation function of real random structure with that of local random
structure up till a few Angstrom of atomic distance, accurate enough properties such as
phanon spectruf®9], elastic constafit0( andelectronicstructur¢101] can be predicted.
For ingance, the ensemble average of a physical propedyer configurations can be

described as an expansion over clusters:

wherer) j is local property of cluster with size k aneéhiistanceO j is the multiplicity

of this k,mtype ofthecluster,@  Care the correlation functions.

Instead of approachin@ Oith statistical sampling, people can construct a special
supercellS with distinct correlation functions 3 best match the ensefebaverages

A

a O of random alloys, so that the difference of property is minimized:
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3.6 Lattice Monte-Carlo
Metropolis MonteCarlofor lattice point swappings listed briefly as below:

Start at an initial lattice configuration, calculate its energy; loop through all lattice
points: for each point, swap it with a random point and calculate the energy difference
Y5.1f¥5 m, it indicates a thermodynamically more stable configuration acepés

this swap; otherwise, the probability from Boltzmann distributhrs calculated as

7 A@ Dﬂ
QY

and compared with a random number R from 0 to 1. If W>R, accept this swap; otherwise,
reject this swap. Go to the next point. After loapthrough dl points, it is called aMC
step. Numerous MC steps are needed to ensure the system readhasusgue.g,

lattice energy fluctuation convergj® a certain threshold

Thermodynamic quaniéssuch as free energy can be calculated through

ensemble asraging
3.7 Molecular dynamics

Molecular dynamics is a computer simulation techniquestaflying physical
vibrations or trajectories aitoms and molecules, by solving the méng dy Ne wt on 0
equation of motionGive atoms initial positions and velocities, and choose timeXsiep

Update atoms positions and velocities by applying last step velocity and acceleration.
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Calculate atomidorces from potentials or force fieddwhich are usually functions of
atomic positions. Apply boundary conditions, temperature and pressure sdmteaded.
Update simulation time by time step and iteration count. Loop over as many times as
needed. Classical molecular dynamics can be performed vie Largescale
Atomic/Molecular Massively Parallel Simulator (LAMMPAZPZ, and ab-initio
molecular dynamics can be performead Viennaab-initio Simulation Package (VASP).

For classical MD, forcdield is either a static function or functional of atomic positions,
bond order, etcSpecifically, ReaxFF developed by Adri Van Duin, ef5al] with force

field fitted for Y:BaZrG is available, with a comprehensive descriptionnéraction

energy:

0O 0O o © O 0O 0O 0O o © 0O

where the contribution of each energy term is fr@m, bond orderO lone pair,O
over-coordination,O undercoordination,O valance angle termg) penalty
term, O threebody conjugate tern® correction for G-molecule,O triple bond
energy correction®  torsion angle termdD  four-body conjgate term,O

hydrogen bond interaction®) van der Waals interaction§®) Coulomb
interactions. The use of ReaxFlan accurately capture the protonic features (e.g.

polarizability) by having electronic structure animation cast in bondrder formalism,

without expensive quantum mechanics computations.
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For ab-initio MD, the atomicforces are calculated othefly from ground state

electronic wavefunction:

DY O n o SOy &

whered is the mass of ion 1Y 0 is the acceleration of ion | at time t, is the ground

state electronic wavefunctioi® is the electronitiamiltonian
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CHAPTER 4 RATIONAL DESIGN OF A/B-SITE DOPED

BAHFO3

4.1 Abstract

BaHfOs (BHO) is anovelyet rarely studied protenonducting perovskitdn this
work, 13 dopant candidateincluding 5 Asite alkali(Li, Na, K, Rb, Cs) 3 B-site metalloid
(Al, Ga, In), and 5 Bsite rare eartl{Sc, Y, La, Gd, Luklementsare screenedsia the
evaluation ofdopant solubility, proton concentration, proton diffusivignd materias
stability against C&H20. A-site and Bsite dopantssuch as K and Sarerecommended
because of their overall outstanding properties in dddi¢@. A-site dopantsignificantly
pronmote hydration capability while B-site ones demonstrate consisterttydration
suppressionsSpecfically, A-site dopants with smaller ionic radii givegherhydration
capability, while B-site dopants with medium ionic radjive the lowest hydration
capabiity (e.g. In) A-~si te dopants demonst r astoe pratoa
mobility, probably due tdhe long distance betweethe A-site andthe protonsite A
v ol-s h a pdation betweebinding energesand ionic radii of dopantsvith energy
crossingsof the 1stnearesineighbor {NN) and the 2n¢-nearesneighbor 2NN) proton
binding sites, indicates a delicate elastielectrostatic balana@mong defectdnterestingly,
hi gh el ectronegativity ofanlon ,podicetiagtaepsor
proton mobility near InBHO with A-site dopantssuch as Kdemonstrateexcellent
chemical stability against COwhich is cruciafor the materialslurability under working

conditions.
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4.2 Introduction

Protorrconducting perovskites are promising materials used as electrolytes in
solid oxide fuel cellsProtorrconducting mechanism and materials composition design
received extensive experimental and computational investigations. Hypébeoretical
calculations based on density functional thgd§3 were demonstrated as a powerful
tool in predicting charge carrier concentratiow anobility within solid-state ionic
conductos. Thermodynamic, kinetic, and electronic properties of protons in BZ2O
15, 18, 20, 21, 24, 28, 30, 32-34, 36, 37, 39, 41, 42, 67, 104 (or BZO), BaCe@G50-52,

105 (or BCO) aml BaSn@[44-46, 48, 106, 107] (or BSO) systems have been intensively
studied by DFIbased calcut#ons, together with kinetic Mort€arlo and molecular
dynamics simulations. However, investigasaf thedopant selection arithedoping

level optimization for BaHf@based materialareyet to be performed, either

computationally or experimentali0g.

N. Bork et al[109 carried outDFT calculations and found megativelinear
correlation betweerd "G group formation energy from hydrogen gas and proton
hopping/rotation energy barrierslowever, he "G group formation energy is slightly
differentfrom the hydration energy defined and computethecurrent work, as they use
H:2 as thereference primn sourceand treat H as neutral species in the lattice. A series of
pure perovskitg e.g, (Ca/Sr/Ba/Pb)(Ti/Zr/INb/Mn)®@were tested. However, the materials
they computed are not necessarily qualified for solid electoint&OFCdut rather for
materals in hydrogen permeation membranes the electronic conductivity can be

expected in Nb/Mtbased perovskite Nevertheless, the concept of competition between
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proton concentration and mobility could be universal and waiting tedtedn thedoped

BaHfOs.

Per G. Sundell et §10] did a comprehensive study on geetors and energy
barries of the proton diffusionn BaZrGs via DFT calculations irthe classical, semi
classical and quantum scenarios. Zpoint vibrational frequeries play distinctrolesin
the classical andhe semiclassical scenaripgnaking theprediction ofprefactors and
energy barriegdifferent. Quantumtunnellingof protons at extremely low temperature was

alsodiscussedA similar investigationwas also reportefbr BaSnQj[47].

Beyondinvestigations opure perovskitg dopants in dopeg@erovskitedhavealso
been widelystudied Yamazaki et 110 reportedexperimentally the dopant trapping
energy andhe proton migration energy to be 29/knol and 13~16 kJ/mol, proving that
dopant trappingffect isdetrimentalto proton transport. It iactuallywidely accepted in
the community o§olid state ionienaterialghat acceptor dopants (wiéimegative effective
charge) can electrostaticallyapr positively charged charge carriesach asoxygen
vacancies and protons, preferably ig-riearesheighbor (1NN).However acceptor
dopants with larger ionic radihan host cationsanhaveelastic repulsiogwith oxygen
vacanges and/or protos at tle 1s-nearesheighbor pushing those charge carriers further
away tothe 2nd or 3d-nearesheighboursThis elastieelectrostatiénteractionbalance was
widely observed in doped Ce(@11], BaZrGy15, BaCeQ[109 and BaSn@45].
Hydration enthalpy, anoth@najor quantity governing proton concentration in the lattice,
was also foundtobef f ect ed by dopantds ionicgsitadi us

was found that larger the ionic dopant, lEssurablethe hydration proceg445]. Besides
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dopants with higher electronegativity tend to increbséydration enthalpy andisfavour
the hydration process, probably due to its estbilization of dopants binding with

vacanciesExperimental investigation on BaZz@lso found a strong correlation between

dopant ionic radius and proton conductijlityY2. Ther ef or e, an fAopti mal

suitable ionic radiuand electronegativity exists in the host material.

Using computational method&im et al[113 recently discovered that proton
trappingeffectsfrom acceptor dopants can be effectivetyreened anduppressed byhe
clustering of oxygen vacancies ndhose dopantsThis wasdemonstratedn In-doped
BaZrGs and BaCe® where oxygen vacancies nedn can effectively screen the
electrostatic attraction betweén and protons. This isundamentdy due toa weak
hybridization between B8 low lying 4do states and @ 2p states s u ¢ h vdlefca t
electron density does not get affected mioglthevacancynearby.This points outa novel
strategyof alleviating proton trapping, simply byn adequateannealingprocedureand
vacang equilibrationnear In.By doing that, oxygen vacanciese allowed to egregag
close to thosacceptor dopantgia therma diffusion. On the contraryvacanciewill be
randomly distributed within the lattida the absence of annealinghich isa kinetically

stable but thermodynamically metastafii@efrozen from the higltemperaturetate

In addition to thed o p ant s 6, dopardsoonfgurationsalso affect the
properties in the proteoonducting perovskitesTakahashi etal[42] demonstrated
computationallythat isolatedand associated dopantsithin BaZrCs result in distinct
hydration capabilitiesFrom their calculations, it was realized thagrovskites with

associated dopants tend to get more easily hydrated thaocasieeof isolated ones
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Therefore, it isa potentially effective way of enhancing the hydration capability by

promotingdopant assaationsvia extensivehermalannealing

BaHfOs-based materials hawgroton conductivity similar to that of BaZs©
based materials; however, the chemical stability of the former is inherently better than
that of the latter. A recembmputational study of perovskibmsed proton conduct¢ig)]
suggested BaHf@asa novel protorconducing perovskiteegarding to the conventional
BaZrCs. Although theyshare thesimilarity, subtle differences between them need to be

understoodhrough accurate quantum mechanlmadedcalculations.

4.3 Computational methods and models

DFT calculations are pefformed via Viennaab-initio Simulation Package
(VASP)[9Q]. Periodic lattice model with a 2x2x2-4@om supercelk used for most of the
energy calculationsd 4x4x4 MonkhorstPack KPOINTS 114 with anenergy cutoff of
520 eVis used to ensure an energy accuracy of 1 meV per structure. Planewave basis set
of exchangecorrelation functional with generalizegtadient approximation parameterized
by Perdew, Brke and Eernzerholf (GGRBE)85] is used, with pseugmtentias of
Ba_sv, Hf pv, O, H and dopar{ts_sv, Na_sv, K _sv,Rb_sv, Cs_sv, Sc_sv, Y_sv, La, Gd,
Lu, Al, Ga_d, In_d) To extrapolate fronthe OK energy tathe finite temperature Gibbs
free energy, vibrational contributiasevaluatedria calculationof the phonon density of
statesin relevant structures. By utilizing linear response (perturbation theory) ar
supercellmethod (finitedifference), vibratioal frequenges of supercellsare obtained.
Thermodynamic quantitieare thenevaluatedin the vibrational partition function. By

replacing one Asite or Bsite host ion with an acceptor dopant, a 12.5%csitecentration
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of doping is created. Similarly, supersaNith one oxygen vacan@ndone extra proton
bonded with the lattice oxygeare also created to simulate th&tatusbefore and after
hydration. Witha dopant inside the latticstability and mobility of thezacancy andhe

protonare expected tde positiondependentTherefore the protonandthe vacancyare
putatthe 1s-nearesheighbor (LNN) andhe 2n+-nearesineighbor (2NNnear he dopant.

As we inevitably create supercalith an extra electronicharge, the energy correction of

a charged supercell is taken into comsation {ide infrd. The mobility of protos is
evaluated by calculating the transition state endéngyughsearching for the minimum
migration energy pathway usirige standard Nudged Elastic Band (NEB) method. The
binding energy between dopant and proton due to electrostatic attraction is expected to play
an important role in proton mobility, which is supposed to be largely reiatie ionic

radius and electronegaitiy of dopants. It is believed thatféradeoffo exiss between

proton mobility and concentration, where it is eventuattyibutedd o t he dopant 6s
energy with proton and effect on hydration energy. To evaluate dopant solubility and
dopedB H O 6hemiacal stability, the reaction energycalculated byevaluatingenergies

of reacants and produd involved Detailed reaction formulas are showide infra
Estimation of proton conductivitis carried ouwia a dilute defectdiffusion theory andhe

NernstEinstein equation, witbalculatedhermodynamic quantities #seinput.

Represetative supercellsn the calculationsare shown inFigure 6, including
perfect BHO, dope®HO, avacancy in BHOa proton in BHO,a dopant +a proton in

BHO (1INN&2NN), adopant +avacancy in BHO (1NN&2NN).
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Khe + Vi (INN) Kby + V5 (2NN)  Kpg + OHy(INN)  Kp, + OH,(2NN)

Figure 6 Representative supercells in thecalculations, with defect configurationsin
OEA +-X0nk@dkaton: BaHiQ,0 ,020 6,0 @2p0 0,0 @2c0 0,

0 08 pd 0,0 0 "8 ¢0 0 . Color coding: Emerald, Béronze, Hf; red, O;
pale pink, H; Purple, KDotted red circle marks the positions of vacancy and proton.

4.4 Results and discussion
4.4.1 Dopantsolubility

Dopant solubility i-letermined by the dissolution free energyr either Asite and
B-site the dissolution process starts from bindopantoxides, wth either HfQ or BaO
dissolved into pure BHO matrix. By doing that, it creates 2 dopant ions in the lattice,
together with an oxygen vacancy to maintain charge neutrality. The reaction equations and

dissolution energies are shown below:

OEd | Mgdbw O oOULVi OB i ©¢o @2 ¢b &OTQI
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It is assumed that the finitze correction for chargedefectbefore and after
dissolutionis canceledThe obtained dissolution enerdfy "Ois shown inFigure7. At
OK, Rb and K have negativenergyvalues.The slope of the Gibbs energy curve is
essentially Y  "Yi.e. the minus dissolution entrogyrom Figure7 it is observed that
Rb and Li have negativé “Yabove~500K, while all the rest dopants have positive
Y Y At 1000K,Y "Ohas the ordeof0 00 & YO 6i Ot Yd "0Q
"0 0@ 0a 0 & 0. @isfound that too large or too small dopant ions are difficult

to get dissoledin the BHO lattice
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Figure 7 Dissolution Gibbs free energy in kJ/mol for thelissolution reaction w.r.t a
temperature rangeof 0 to 2000 K. Asite and Bsite dopants are represented by solid
and dashed lines.

Concentratios of dopants are determined by the law of mass aatith,Y O
as thermodynamic inpuShown inFigure 8, solubilities of most dopantincrease w.r.t
increasing temperature, excéipe case oRb. Li hasarather low solubility below 1%&and
is unable to be captured in this plot. &7 the othehand,demonstrates a steady 100%
solubility, due to its negativ¥  "Oover the whole temperature randetypical value of

dopant concentration in experiments~80% Therefore, by lookingat 1000K,dopants

with solubiliiesabove 20%ncludeK, Lu, Y, Sc, Cs, In, Rb and Gdnd are recommended
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assolubledopantsn the BHO matrix Solubility of Gd drops to 10% as temperature drops

to 800K, solubility of Cs, In andyY drops to 10% as temperature drops to 600K.

=<

La
Al
Ga
In ----
Gd - ---
Lu
Li
Ng —

Rb

0.1 Cs

Dopant Molar fraction

0.01

600 800 1000 1200 1400 1600 1800 2000
Temperature (K)

Figure 8 Dopant molar fraction for the dissolution reaction w.r.t temperature range
500~2000K. A-site and Bsite dopants are represented by solid and dashed lines. K
is always 1 and coincides with the topaxis, Li is way below 0.01 and not captured in
this plot.

4.4.2 Protonconcentration

Firstly, the hydrationexpansion and enthalpgt OK are evaluatedChemical
expansionCE) upon hydration is plotted against Shan@sdonic radius (Rn) shown in
Figure9. There is an obvious linear correlation between CE andiRdicating anntuitive

relation between dopastsizeand its effect on host lattiGesoftnessl|t is believedthat

Y



larger doparg makethe host lattice softerThe linear relation holds perfeciymongA-
site dopants, i.eLi, Na, K, Rb, Cs, but has a feaxceptionsn B-site ones, e.gln, Y, Gd.

Theexceptionsould be due to the covalent feature of dopaxygen bond.

0.016 I T I I T I

0.015 | Cs .

0.014 | G Rb 1
K
0013 |
x
0012 - ./ a ]
N

0.011 | f; s M 1

0.01 / .

OK Chemical Expansion

0.009 / .

0.008 | ] .

AI | 1 | | 1 1
0.6 0.8 1 1.2 1.4 1.6 1.8 2

Shannon’s lonic Radius (Angstrom)

0.007

Figure 9 Chemical expansion at OK upon hydration for Asite and Bsite doped BHO
w.r.t Shannor® lonic Radius f) of the dopants.A-site dopants: Li, Na, K, Rb, Cs: B
site dopants: Al, Ga, In, Sc, Y, La, Gd, Lu.

Hydration enthalpy at OK provides the first order @dtimation on proton
concentrationAn obvious linear trend is again obtained fosife dopants. It indicates that
asmall dopant on Asite contributes to a large negative hydration enthalpy, wirmmotes
the proton concentratiodimilar to the trendin CE, Bsite dopants show scattered data
points. Although the smallestopantAl gives the most negative hydration enthalpy,

consistent with the conclusion we drawongA-site dopats, thelargest dopant Lalso

demonstrate high value among Bite dopats. Interestinglyputliersin the CE plot, e.g.

58



In, Y, turn out togive exceedingly highenthalpy valug It is worth mentioning that
comparing with the benchmark line thfe pure BHQ hydration enthaligs of all A-site
dopantsare lower (or more nega#y, andvice versaor most ofthe B-site dopants. It is

thusrecommendedo utilize A-site dopantto promotehydrationprocesses, comparing

with B-site ones.

'06 T T T T
Pure BHO

2t
14| | \la -

-1.6 | .

OK Hydration Enthalpy (eV)

22 |

2.4 | |

28 1 1 1 L
0.6 08 Li 1 1.2 1.4 1.6 1.8 2

Shannon's lonic Radius (Angstrom)

Figure 10 Hydration enthalpy (eV) at OK for Asite and Bsite doped BHO w.r.t
dopants Shannor® lonic Radius f). A-site dopants: Li, Na, K, Rb, Cs:ste dopants:
Al, Ga, In, Sc, Y, La, Gd, Thie horizontal green dotted line denotes the valuen pure

BHO.

Staring from the baseline of OK hydration enthalpe finite-temperature
vibrational energys calculatedo obtain thenydration free energy for each dopdfitonon
spectrums fothe pure BHO,avacancyin BHO, andaproton in BHO are shown below

Figurell Three acoustic modes starting freaapoint disperse fldy. Whenavacancy and
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a proton are introduced, imaginary phono modsgart to emergeat R and M poits,
indicating a dynamic instabily or a lower-symmetry structureinducedby defects.A
proton has three featuraedbrational modes,with one O-H stretching mode giving the
highest frequency above 100 THmndtwo sofier O-H swaging modegiving frequencies

~20 THz.
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Figure 11 Phonon spectrum(in THz) along2 3 - 8 with the density of states
(DOS)for the pristine BHO,a Va in BHO, ané proton in BHO.Blue and orange lines
in DOSrepresent modes ofthe BHOlattice and the proton.
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Hydration entropys represented bthe slope othe Gibbs free energy curve w.r.t
temperatureand is crucial for finite temperature hydration propertiHserefore, it is
necessaryo accurately evaluatihe entropycomponentFrom Figure12, it is found that
pure BHO has a slight decreasingntropy approaching td20 J/mol/K.Among the A
site dopants, Li, Rb and Cs have higher hydration eies6p50 J/mol/Kthan pure BHO,
possibly due to higher proton vibration frequiesccomparing witlthe ones in pure BHO.

Na and K, on the other hand, have lower entropy values. Especially for Na, the entropy
value is extremely low, i.e--240 J/mol/K.At 1000K, hydration entropy for Asite dopants

has the order bf

0 0 606 0 QYw 6i
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Figure 12 Hydration entropy of A-site doped BHO w.r.t temperature ranging from 0
to 2000 K. Pure BHO curve is plottedh red for the benchmark.

For B-site dopants, hydration entropy is plottedFigure 13. Interestingly, the
entropy values for all Bite dopants are lower than the BlW@&nchmarHKine. Especially
for Y and La, the entropy valuaseas low as =300 J/mol/K. At 1000 K, hydration entropy

for B-site dopants has tloeder of:

® 0 08 D6 "0OQ YO "O® 6 00
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Figure 13 Hydration entropy of B-site doped BHO w.r.t temperature ranging from 0
to 2000 K. Pure BHO curve is plottedh red for the benchmark.

Based orthe hydration entropy, the slope lofjdrationGibbs free energgan be

determined. Combiningibrational free eargywith OK DFT electronic hydration energy,

the Gibbs freeenergyof hydrationat finite temperature isalculated In Figure 14, it is

observed thaenergy ofNa has aarger slope going beyond that opure BHOwhen

temperature increases. This is due to the extremely low hydration entropy of Na. K has a

slightly larger slope thathe pure BHQ The restof A-site dopants always have lower

energes than that of the pure BHO, due teeither alower electronicor a vibrational

hydrationenergy.At 1000 K, hydration Gibbs free enggof A-site dopants followthe

sequence of:

DQYw

0i

L 600 0w
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Figure 14 Hydration Gibbs free energy of Asite doped BHO w.r.t temperature
ranging from O to 2000 K. Pure BHO curve is plotted as well ftine benchmark.

Similarly, for B-site dopantgFigure15), the largerslopes of all dopantsw.r.t that
of BHOs due to lowehydrationentropesw.r.t pure BHO. The crosgy pointsatO energy
blackline take place at low temperaturfes La and Y, due to theiextremelylow hydration
entropy. Other than thathe restof B-site dopants show very consistatbpes in free
energy curve At 1000 K, hydration Gibbs free energy oftsBe dopants follow the

sequence of:

600 6da "'0H Yo 'OQ 06 0t O &

It is necessary tanention thatiydration energy is calculated fraime most stable
configurationbefore and after hydratioror examplethe proton in Y-doped BHO cell is

most stable at 2NN sithan 1NN sitew.r.t Y; thevacancy, however, is most stable at
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1NN site than 2NN site w.r.t YThereforethe proton at2NN andthevacancy at 1NN

site energesaretaken for hydration energy calculation.
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Figure 15 Hydration Gibbs free energyof B-site doped BHO w.r.t temperature
ranging from O to 2000 K. Pure BHO curve is plotted as well ftine benchmark.

As we have the comprehensive Gibbs free energjyafinite temperaturghe
concentratiorof charge carriersan bereadily calculated from thequationshown
below:

y
vy

wi 8
BOH0 06

Y
Qw HT Qwn
with the constraint of mass and charge balance:

w08 p
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CH® OO HQER GE O

whereY  "OandY  "Yareenthalpy and entropy part of hydration Gilitee enery.
Hereanexternalparameteri.e.f) 'O 0 , thepartial pressure of watés introducedHence

concentration islependent ohothtemperature and partial pressurdétaf gas phaseater.

Usingf) 00 18t was an examplep "G vs. temperature from 300 to 2000 K
are plotted fothe A-site dopedKigure16) and Bsite doped BHOKigure17). Based on
the thermodynamic argumenfproton concentration profilesre obtainedpbeyng the

same sequence as hydration Gibbs free enedgies
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Figure 16 Proton concentration w.r.t temperature at 005 water partial pressure, for
A-site doped BHO (A=LI, Na, K, Rb, C3he doping level is 0.125 based on DFT
supercell size.
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Figure 17 Proton concentration w.r.t temperature at 005 water partial pressure, for

B-site doped BHO (B=Sc, Y, La, Al, Ga, In, Gd, Th§ doping level is 0.125 based on
DFT supercell size.

4.4.3 Protonmobility

First of all, binding energy betweadopant anc proton, adopant andnoxygen

vacancy are discussddinding or trapping can occur at 1NN or 2NN around the dopant,

due to a balance betwe#me elastic andhe electrostatianteractiors, depending orthe

dopants ionic radius and electronegativity.

Binding energy is calculated gsise Asite dopant and proton as an example)

O O O O 0O »
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whereO is the energy of dopaiproton associaten the host materialith the
proton at 1NN or 2NAsite near dopant) is the energy of pristine host material,
‘O andO o are energies of isolated dopant and protothe host materiaWhenthe

zerapoint vibrational energy is taken into account, eacktedaic energy term is then

replaced byO O ,i.e.addingO on top oftheoriginal electronic energy term.

The obtained binding energy for dopamtoton and dopantacancy in 1NN and
2NN are plotted against dopé@rntonic radiuswith and without consideration tfiezero
point vibrational energy correctipshown inFigure 18 andFigure 19 for A-site dopants
andshown inFigure20 andFigure21for B-site dopantdt is found thain A-site dopants,
smaller ionic radius Li and Na bind proton strongtyhe 1s-nearesneighbor (1NN) site
l.e.-0.8 and-0.2 eV respectively, while larger dopants like K, &idl Cs haveaearzero
binding energes Li even binds proton dhe2n¢-nearesineighbor (2NN) for abouD.2 eV,
whil e the resttrdaopminngo sefofwe ditammtat 2 NN.
A-site dopants show negligibler even positivevalues, albeit in the presence of
electrostatic attractions between the two. Na,akdd Rb evershow large repulsive
behaviors against the vacancyhieh is probably due telastic repulsios Intuitively,
elastic repulsiosfrom A-site dopantarestrongeronalNN vacancy thaa2NN vacancy.

For B-site dopants, binding energy with proton shows a gpossi nt a tradiysrs |
between Y and Gd dccountingor thezeropoint energy. This indicates a balance between
eledrostatic and elastic interactions occurring at INN and ZixiMons Y or Gd is the

Ari ght 0 dop aadius eguilidrating the thernalsstiability of trapped protons at

INN w.r.t 2NN.Either bo large Laor too small Al binds proton strongly, due large
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elastic trapping effects. However, this elastic trapping seems to be more effective for 1NN
protons near small dopants and 2NN protons near large dopaoksng back at Asite

dopants trapping on protons, itagpectedhatwith virtually largerdopants than Cs, 2NN

could become thpreferredtrapping site, showing similarityith B-site dopantsn terms

of proton binding. However, this is not the case for vacancisiteBlopants consistently

bind vacancy more strongly at 1Nsite,comparingwith A-site dopantsvould doat 2NN

site. The energy difference between 1MiNe and 2NNsite can be as large as 1 eV for B

site dopants aneD.15 eV for Asite dopantsThis indicates vacancy and-gite dopants

have stronger elastic repulsgthan electrastic attractios, andvice versdor B-site cases.
Interestingly, In shows a smdilalleydoi n t h e -Ifivkoeloc abnion d iionig ener
radiusplot. This is due to I nds | arge laHamidt r on e ¢
neighbors Sc and Lu, whicmakes itan electron scavenger and binds with detgre

proton and vacandyghtly.
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Figure 18 Binding energy(in eV) between various Asite dopants andthe proton, at

the 1stand 2nd nearestneighbor (INN, 2NN)OAOBDAAOE OAI Uh

x8080 OEA

radius (Angstrom). Both OK electronic energy with(-zpe) and without (-OK) zero-

point vibrational effects are taken into consideration for comparison.
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Figure 19 Binding energy(in eV) between various A-site dopants andthe vacancy,

atthe 1stand 2nd nearestneighbor (INN, 2NN)OAOPAAOE OAT Uh x8080 OE
radius (Angstrom). Both OK electronic energy with(-zpe) and without (-0K) zero-

point vibrational effects are taken intoconsideration for comparison.
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Figure 20 Binding energy(in eV) between various Bsite dopants andthe proton, at

the 1stand 2nd nearestneighbor (INN, 2NN)OAODBDAAOEOAI Uh x8080 OEA
radius (Angstrom). Both OK electronic energy with(-zpe) and without (-OK) zero-

point vibrational effects are taken into consideration for comparison.
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Figure 21 Binding energy(in eV) between various Bsite dopants andthe vacancy,

at the 1st and 2nd nearestneighbor (INN, 2NN)OAODAAOE OAlI Uh x8080
radius (Angstrom). Both OK electronic energy with(-zpe) and without (-0K) zero-

point vibrational effects are taken into consideration for comparison.

Local structure information of protonated BHO shed some light on the trend of
binding energy between dopant and prodaximum bond length change between dopant
and surrounding oxygen o) G B , as the variable of binding ener¢y the
dopant si¢), is plotted inFigure22. It is foundthat the best descriptor fprotonbinding
energy among other structure featufesg, O-H bond length, MO bond length, MO-H

bordangldisY0 ®w B .
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Figure 22 Binding energy(eV) of 1NN proton as a function of local structure
descriptor, i.e, maximum bond length change between dopant and surrounding
oxygen ions¥0 ®w B.

4.4.4 Protonconductivity(Analytical estimatior)

Let us first consider pristine BaH#Qwith a single proton. As mentioned in
CHAPTER 2 rotation and hopping are two jumg modesof theproton inthecubic BHO.

Jumpratew of the protoncan beaverageds:
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where eaclump mode has the Arrhenius relation with its activation endéirggd with a
pre-factor determined byibration frequencies at initial and transition states
vy B’ Qo 0O
2V g Q0hgy
The pre-factors for hydroxyl rotation angbroton hopping are 0.89 and 0.43 THz,

and the activation enaes (without ZPE) for hydroxyl rotation and proton hopping are

0.173 and 0.262 eVl.herefore3 “Y can be calculateth average

In dopedBaHfOgs, the binding energy between dopant and charge carrier proton
impedes the proton transpor¢ardopans. This extra energy penalgn proton jumping
further contributeso the activation barrier. To simplify the diffusivity estimation, we add
this binding energyight on top of theregularactivation energy protonovercomesn
pristine BHO, so that the@mp ratenow is:

B’ O ©O

Y —— Qwni -
3 B’d W QY

where the prdactor for doped BHGs assumed as the same as in pure BHO fqplsiity.
As negativeO indicates dopantdos dAtrappingo eff
protonsis indeed increased by the magnitude & . PositiveO thus means

Aaftriappi nvgpeversal f e ct

To initiate the conductivity estimation, we divide the proton species in eBpé€

into two groups trapped ones and free ones. The generic equation to do the estimation is:
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where the only difference between and3 is the activation energy, i,€0
0O for trapped ones ari@ for free onesg andow are the concentration of
protons in trapped and free states. Theotient betweeit and® obeys the

Boltzmann distribution:

() Qisr O
%) YT
with the mass balanad &) @ ,where® is determined by hydration
energy With O T, trapped and free protons are equipartitioned in these two states.
Sincewe hav® -"(B — _ o ,we implement the perovskite geomedryd OH

bond configuratioro obtain

o %‘Qc:)’jiii)s CHOB cHOB cHOB Q80 603

where Qs the correlation factasnd cannot be obtainea prior. Here we simply assume

"Qs1lf or protonds inter.stitial jumping mechan
Finally, conductivity, can be calculated frof®:

aQ00 aQ

"’ QY QY

€
O
€

The proton conductivity of purBHO is shown irFigure23, where the Arrhenius

plot shows a linear activation of conductivity winversetemperature, witta value of
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0.001 to 0.01 S/cm in the temperature window of 127 too82Tnterestingly, tle linear
relationship lastsip to727 oC. The conductivity drops #tisthreshold temperature due to
limiting hydration percentage. Therefore, w.r.t temperature, thertriadeoffo between
proton mobility and concentration. Low mobility and high caomiagion of protos occur

in low-temperature range, antte versan high-temperature range.
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Figure 23 Proton conductivity (S/cm) of pure BHO w.r.t temperature. The
temperature range is 127 to 827°C (400 to 1100 K) The absolute value of
conductivity is around 0.001 to 0.01 S/cm.

With the effects oflopants, botlthe proton mobility and concentratiamanchange
w.r.t the pure BHO benchmark linélhe result isshown inFigure 24 for A-site dopants

and Figure 25 for B-site dopants A-site dopantssuch as Rb, K, Cdave higher
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conductivitesthan pure BHO benchmark line, avide versdor B-site oneslt is observed
thatfor A-site and Bsite dopants at 82C, conductivity has the order of:
YO U 61 600 66 0Q

600 YO OQ 06 O 6a 0t & 0
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Figure 24 Proton conductivity (S/cm) of A-site doped BHO w.r.t temperature. The
temperature range is 127 to 827°C (400 to 1100 K). The absolute values of
conductivity for all samples are around 0.001 to 1 S/cm except Li. Conductivity
ordersin Rb>K>Cs>BHO>Na>Li.

76



Temperature (°C)

827727627 527 427 327 227 127
T T T T T T pureB"'SO
001 b _o--" 7 Y - - -
P S R e B r La - - -
! k"-o..“ AI
R Ga
0.0001 } In - - -
N _ Gd - - -
E el i kol o lu - - -
>  1x10®} _a--mmmm T 1
=
B
=
©
§ o}
[&] E 1
1x1070 | R T ;
1x10-12 | | | | | I |

1 12 14 16 18 2 22 24
1000/T (K™

Figure 25 Proton conductivity (S/cm) of B-site doped BHO w.r.t temperature. The
temperature range is 127 to 827°C (400 to 1100 K). The absolute values of
conductivity for all samples arearound 0.001 to 1 S/cm except Ga, Al, In, Y and.La
Conductivity orders in BHO>Sc>Gd>Lu>Ga>Al>In>Y>La.

4.4.5 Chemicalstability against CQ/H20: Carbonate/Hydroxidéormation

In the calculations afarbonate/hydroxide reaction free energy, initial compostion
of reactants areepresented by thdopedBHO. Due to tis supercell seup, the reaction
equation is slightly dferent from tlat of the pure BHO, with excess oxygen gas

participatingin the reactios:

58 GO® x50 TROG OT@®O 0 X6®0 YO
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Similarly, theequilibrium constant can be written &sg, usng COz as an example

+ ﬁ% Aob ?DY
whereY'O YO YO ,YOis the reaction energy at OK from electronic energy
contribution, andy"O is the vibrational contribution to the reaction energy. §as
molecules, theientropicdata are obtainedirectly fromthe NIST JANAF table, while the
rest ofthethermodynamic data are obtained from DFT phonon calculatissime the

partial pressure of oxygen gas is frttmeambient environment, i.e. 0.24. ¥ for A-site

doping, 8 for Bsite doping Specifically, we havéhe Gibbs free energy ghs molecules:
0°Y 0O § Ofr s Y
R O Y O Y O YUY 5 oh Y
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The plot offf andfy  w.r.t"Yis the secalled Vand Hoff plot where we can

locate the critical secalary-phase formation temperature at any arbitrary partial pressure
of contaminant ga3.he Gibbs free eneigsof reactiors for BHO-based proton conductor

with H20/CQz areshown inFigure 26 and Figure 27. All the Gibbs energy curves w.r.t
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temperature hee positive slopes, indicating the damination reactiomnvolvesentropy
reduction This is intuitive as gaphase HO/CC: is consolidated to corresponding
carbonate and hydroxideith degrees of freedonm translation and rotation quenched
H20 contamin&ion process has less entroggcrease than CQloes which islargely
attributed to the entropy difference of these two gas ghBlssvever reaction energy at
OK is positive for water contamination. Therefore 2®l contamination is eneegjcally
unfavorableacrosghe whole temperatarrange. In terms of dopant selection for stability,
A-site dopants (solid lines) in BH@ive higher Gibbsenergiesof reaction and higher
stability ata lower temperature region. However, a crg@&snt occurs somewhere in the
middle making Bsite doped BIO (dashed lines) more stable ahigher temperature
region.Unlike H20, CQ contamination reactiors thermodynamicallyavorable at low-

temperature rangep till ~800 K.
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Figure 26 Gibbs free energy of reactiortkJ/mol -reaction) for BHO-based proton
conductor and BHO. Pure BHO is shown iared solid line. A-site dopants, i.e.Li, Na,
K, Rb, Cs andBite dopants, i.e.Sc, Y, La, Al, Ga, In, Gd, Lu are shown in solid and
dashed Ines. The Gibbs free energy is per mole reaction.
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Figure 27 Gibbs free energy of reactiortkJ/mol -reaction) for BHO-based proton
conductor and CQ. Pure BHO is shown iared solid line. Asite dopants, i.e.Li, Na,
K, Rb, Cs an@-site dopants, i.e.Sc, Y, La, Al, Ga, In, Gd, Lu are shown in solid and
dashed lines. The Gibbs free energy is per mole reaction.

Vanot Hof f pl ot can be easily derived

above,usingthe law of mass actioft a ¢ h  V a pld with tHeocbrfespondindopant

is essentially

a phase diagramith the uppeirleft and bottorrright regions the

contaminated phases and functional perovskite pteagens The black horizontal line

crosest h e

Vanodét Hof f -poiotstandingvotherhc rtihtei ccarlq stse mp e

above which the perovskite phasdhermodynamicallystable. Therefore, the lower the

critical temperature, the larger the stability window for the perovskite. Ciritical

temperatures for ¥D reaction ar@onexistent, as #0 contamination requires extremely
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high partial pressure of watéihe order of critical temperature for €@action at 1 bar is
O YO 08 0O Yo 6i 0® 66 006 @ "0Q 0'Q0 & 600 It is
observedhat A-site doped BHO are in general more stable thaitdonesagainst CQ

contamination
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Figure286 A1 6 O ( T A/&bdddipréton&dnductdr &nd HO. Pure BHO is
shown in ared solid line. Asite dopants, i.e.Li, Na, K, Rb, Cs anddite dopants, i.e.
Sc, Y, La, Al, Ga, In, Gd, Lu are shown in solid and dashed lines.
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Figure296 AT 6 O ( T A/&bddd proton&dnductdr ént CO Pure BHO is

shown in ared solid line. Asite dopants, i.e.Li, Na, K, Rb, Cs anddite doparts, i.e,

Sc, Y, La, Al, Ga, In, Gd, Lu are shown in solid and dashed [irreskack horizontal
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4.4.6 Thermodyamic stability via cluster expansianDefectOrdering in Ba(Hf,Ce)®

solid solution

Making a solidsolution Ba(Hf,Ce)Q, or BHCO, between BHfO3 (BHO) and
BaCeQ (BCO) is a commorstrategyto balan@ conductivity and stability for proten
conducting electrolyte in PCFC%he reason ishat BHObased perovskite has higher

stability but lower conductivity w.r.t BC@ased perovskiteA compromise isthus
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achieved when BHCQvi t h A o p:.Ceiratimdemorstites both figood enougld

stability and conductivityinder working conditions

To understand the mixing behavior between BHO and BCO, we construct the
cluster expansion model, together watt8*3 135-atomSQS cells across Ce composition.
OK DFT calculatedenergies (including SQS energies) and CE predicted energies w.r.t
BHO and BCO referenceseshown inFigure30. It is found that mixing is favored near
Cerich BHCO, butvice versanear Hfrich BHCO.Mixing energiesrom SQS supercells
also coincide withithe formation energies of predicted/fitted sttures in the middle. A
groundstate structure is predicted ~0.9 Ce compositlbrindicates that clustering is
highly favorable neathe Hf-rich side as mixing enthalps of SQSrandomalloys are

larger than formation enthags of ordered compoursiarnd vice versanear Cerich side.
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Figure 30 OK energies(in eV/unit formula) of BHCO structures withBHO and BCO
energies ageferences w.r.t Cesite-composition in BHCO Formation energies of
intermediate compoundscalculated from DFT ¢alculated,known str) and fitted
from CE model(fitted) are in solid purple squares and blue cros&s. Additionally,
mixing energies of SQ&nown sgs str) are in hollow greensquares connected by
the green line. Convex hull of BHCO solid solution is connecteddlglue line, with
one intermediate ground state(known gs) at ~0.9 Ce composition.

4.4.7 Hydration thermodynamics of dop&HCO

Similar to we calculate hydration thermodynamifos dopedBHO, we expand the
same methodology 3*3*3 135atom dopeeBHCO SQS cells. The SQS cells/ieaopant
composition as 22.22%, and Ce compositio7@87% and5.56% in Asite and Bsite
dopantscenaris. The SQS supercell samples fossite and Bsite dogd BHCOareshown

in Figure31.
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Figure 31 A-site and Bsite doped BHCO SQS cells (3*3*3 of primitive perovskite
cell). Ba: green; Hf: bronze; Cgellow; O: red;H: pink; A-site dopant: purple; B-site
dopant: cyan.

Firstly, O K hydration enthalggntropyis computed following the equation:

y "O "O z :) Y4 "O z :D z O- z "O

Y Y Y. o, Y. 2, oz'Y

where in SQS cells, configurations before and after hydration are all netdgdaét SQS

cells can absorb 3 water moleculeshatfull hydration.

Shown inFigure32, OK hydration enthalpy for 7 dopants (Sc, In, Lu, Y, Gd, K, Cs)
areall negative, indicatinghathydration takes place automatically at OK. Nonetheless, A
site dopants K, Cs are still showing excellent hydration capability. Interestingly, in BHCO,
B-sitedopants Sc and Gd also stand out. Consistent with the prediction in BHO, In, Lu, Y

arenot as googeither.
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Figure 32 OK hydration enthalpy (eV/H20) for 7 dopants (Sc, In, Lu, Y, Gd, K, Cs) in

N A

BHCO solidsolution, w.rt3EAT 1T 180 HjT1 EA OAAEQOO

Extendingfrom OK to finite temperature, hydration entropy needs to be taken into
account, by evaluating phonon frequencies in the vibrational partition funitimm.
Figure33, it is observed that Lu has the most negative hydration entrepgpproaching
~-250 J/mol/K followed by K, Sc, In, Gd, Gand Y (~-150 J/mol/K) All 7 doped

BHCO have more negative hydration entegghan pure BIO benchmark line.
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Figure 33 Hydration entropy (J/mol/K) for 7 dopants (Sc, In, Lu, Y, Gd, K, Cs) in
BHCO solidsolution. Pure BHO is also plotted and serves as the benchmark.

Combiningthe hydration entropy and enthalphe Gibbs free energy of
hydration is obtained. Shown Figure34, Lu has the largest slope, correspondmiys
lowesthydration entropy. Critical temperature at which hydration free energy is zero has

the sequencef0 "0¢ 06 & "OQ YO 61 & 00
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Figure 34 Hydration Gibbs free energy (kJ/mol) for 7 dopants (Sc, In, Lu, Y, Gd, K,
Cs) in BHCO soligolution. Pure BHO is also plotted and serves as the benchmark. 0
kJ line dividesthe thermodynamic driving force (negative/positive) for the

hydration process.

Putting the Gibbs free energy intileelaw of mass action, proton concentration
profile can be obtaine&hown inFigure35, all 7 dopeeBHCO dehydratenorequickly

thanpure BHOdoes
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Figure 35 Proton concentration (lattice compaosition) for 7 dopants (Sc, In, Lu, Y, Gd,
K, Cs) in BHCO solidolution. Pure BHO is also plotted and serves as the benchmark.
0.222 line denotes the hydration saturatiom level and dopant level.

4.4.8 Diffusivity of dopedBHCO

To evaluate thdiffusivity for non-dilute charge carrierglilute diffusion theoryis
not sufficient in describing defeetlefect interactionsA better approach ighe ab-initio
molecular dynamicsimulationover SQS cellsHere we present diffusivitys. inverse
temperaturdrrhenius plot for Gd, Sand Yvia ab-initio MD simulatiorsin Figure36. It
is found that althoughdiffusivities of the three dopeBHCOare all p T G &7, Y has

the lowest activation energy of 96 meV, Gd and Sc both have ré&jalarge activation
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energies of 221 and 395 me@ombining with the hydration capability, it indicates that

o [ # BHCO sdiid splaticheas well.

proton concentrationamdo b i | i ty
. °
T Gd E, =221 meV
’ \\\‘ Y ¢
0 *
~ “
()] .
: .
L .
a T
10~> .
0.8 1.0 1.2 1.4 1.6
1000/T (K1)
104 °
Sc E; = 395 meV
\\.
~ N
()] N
€105
o )
(@)
1076 e
0.8 1.0 1.2 1.4 1.6
1000/T (K~1)

93



T
4%1075 | Tl

o Y E; =96 meV

0.8 1.0 1.2 1.4 1.6
1000/T (K~1)

Figure 36 Arrhenius plot of proton diffusivity (cm 2/s) for 3 dopants (Gd, Sc, Y)n
BHCO solidsolution. Activation energy & (meV) is shown atthe right-top corner.

45 Conclusion

Dopant solubiliies in BHO were calculatedasd 06 & “Y& 61 "O¢
YO '0Q 00 0 &a 0@ 0 At 1000K, the ones with solubilits above 20%
are K, Lu, Y, Sc, Cs ydropatg 10% &s teenpechtur€dropst®&d 6 s
800K, Cs, Inandr6 s s o | drdpitol 10% asetempetae drops to 600KProton
conductivites in dopedBHO were estimatedas’Y® 0 61 600 0 & "Y®
"0Q 0 dt 827sC, wheretheyare all above 0.001 S/cm under #imospheref 0
T8t v Critical temperatureagainst CO werecalculated a® Yoo "O& "O® "Y®

0i 0w o0a 06 w O0Q 0QLw 600
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Based on the above three figures of merit, iedmmendetb testA-site dopants
K, Rb, Cs, together with Sc, Gd, lexperimentally agi o pt i ma | in BHO pAasitet s 0
dopantK demonstratethe bestsolubility, proton conductivityand COz resistance. The
appropriate ionic radius and electronegativatgdweak interaction othe A-site ionwith
the proton make K the promising-8ite dopant for BHO system. Further experimental

validation and optimizatioareneeded

BHCO solid solutionhowever shows different hydration and mobility sequersce
comparing with BHOThe citical temperature at which hydration free energy is zero has
the sequencef 0 0¢ 06 & "OQ Yo 6i 6 OO Proton ativation energy
gives the sequence af "OQ "YOGThi s agr ees -ofiftoh rteheatf toma db
hydration and diffusion of protons. Additionally,HEO showsunsymmetrical mixing
behaviorfavorable mixing/unfavorable ordering near@#h side, andiice versanearthe
Hf-rich side.Further study of microstructural defexinfigurationis needed to address the

challenge of dopant selection in complex BHCO system
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CHAPTER 5 ION TRANSPORT NEAR DISLOCATION IN

Y:BAZRO 3

This chapter is reprodugon of published paper with permission from all parties:
Xuejiao Lis, Lei Zhang, Zhongfeng Tang Meilin Liu+, FastOxygenTransporin
Bottle-like Channels for Ydoped BaZr@ A Reactive Molecular Dynamics
Investigation The Journal of PhysicalChemistry G 2019 For thischapter, | formulated
the original idea and hypothesis, provided computational resources, advised the

generation and analysis of data, and participated manuscript writing and revision.

5.1 Abstract

Yttrium-doped larium zircorate (BZY) has emerged a attractive candidate of
proton {O ) and oxygerion (0 ) conducting solid electrolyte becauseitsfhigh ionic
conductivity and excellent chemical stabilityn this work, he0  transportproperties
and mechanismsf BZY coexiging oxygen vacancieslopans andedge dislocatiomare
simulated § reactive molecular dynamidsr the first time,andtheyttrium concentration
(Y %) and temperatur€l) dependences of thermignamic and kineticproperties are
studied forthe bulkanddislocation(Bulk and Disl) systemsgspectively It is concluded
that theY % under 20 mol%or Bulk BZY canpromotel  conduction, while 30 mol%
Y-dopedDisl BZY has the highesi diffusion coefficient. Besides, dislocationsll
aceleratel  diffusion whenT is less than 1173.15 K due to the formation of double

bottle diffusion channels that enables facile reorientation of oxypelyhedron
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Therefore, it is feasible to introduce line defetisenhance ion conductivitgt low

temperaturen the practical applications dZY electrolytes.

5.2 Introduction

Microstructure of defects perovskitetype oxide are of key importanci ionic
transport fora wide range of technological applicationsolid oxide fuel cells, solatells,
and oxygen generatof$15 116 Yttrium-doped larium zircomate (BZY) is one of the
representativeperovskite oxides where substitution of larger radius & for @i
generates oxygen vacancies and formsxamgen deficient structurel17, 118 Except
for the point defectsesuled from substitutionand vacang, there also exidine defeds
(dislocatior), planar defects @rain undary and stacking fault) and so onin BZY
introducedduring the hightemperature calcinatigrsintering and stresprocessefl19,
12Q Effects of line and planadefecs, dopantconcentrations, sintering process)d
temperature on local structuraad ionmigration properties of BZY have been widely
investigated experimental[\t21-124 Theoretically,atomistic simulations studiedhe
interactiors of chargecarries and doparst, mechanismm of ion migration, diffusion

pathways, and the effects gfain boundarpn overall diffusiorof BZY.[125128

The current gperimentabkndtheoretical discoveries have shotkation migration
mechanisma can be dramatically changedmaterialswith existing line defects, g. edge
dislocations.For example, dislocatiorangreatlyaccelerate ion diffusion in metatsie
to theformationof dislocationpipediffusion, but it fails to accelerat®r evenslows down
ion diffusion inceramics like Ce®and SiTiO3 dueto strongco-segregation of dopants

and chargesarriers modulated by lattice strain near dislocation p26.131] Similarly,
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therewasno observable effect of dislocatioasting as fastadiffusion pathdy assessg
the oxygen transportin yttria-stabilized zirconiawith electrochemical impedance
spectroscopy antotopeexchange diffusion profilingl32 Instead, the evidence of fast
oxygen ion diffusion along dislocations in-&oped LaMnQ@ was detected bgecondary
ion mass spectrometft33 However thedefectstruduresandmigrationmechanismsf
BZY coexising pointdefecs andline defecs is not cleayet, which iscrucial to a greater

understanding ohieir macroscopic transport behavior

Molecular dynamis (MD) modelling techniques amuitableto investigatedefect
transportproperties at thatomisticlevel and have been successfully applied to i
oxygen transpomf perovskitematerialswith line defecs [134-137] In the previous work,
classical MD simulations of BZY were conducted with the combination of Coulomb and
Buckingham potential, but it failed in describing the structural details,cedlyethe
rotation of oxygeroctahedrorj13g However, he reactive molecular dynans¢RMD)
whosereactiveforce field (ReaxFF)asts the empirical interatomic potential within a
bondorder formalisn, canimplicitly descrike the breaking antbrming of chemical bond
by incorporating electrornistructure informatiofil39 In thiswork, the oxygen vacancies
(69, dopans (& ) andedge dislocatios(Disl) are ircorporated intdhe ariumzircorate
(BZO) supercell. The effects of dopant concentratioty §0) and temperaturel) on
structuraland dynamicmigration properties inthe dislocationand dislocationfree BZY
systemsis elucidatedby RMD simulations, respectively. This provides theoretical
suggestiongnd desigrrulesfor the application oflislocation lines irBZY -based solid

electrolyte materials.
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5.3 Computational methods and models

5.3.1 Technological details and ReaxRflidation

The initial configurations are firstpre-equilibrated for 500 psusing RMD
simulations in ansothermalisobaric(NPT) ensembleavith a NoseHoover thermostat and
barostat (drag factor = 0.2 ) to obtain the equilibrium lattice parameters and vfl#es.
1411 And then, the production simulations withsanonical ensemble (NVT) are
conducted for an evolution time of 100 ps to get the final stable configurations. Finally,
all structural and dynamic analysis are lohe® the NVT results. @ing the RMD
simulations the Verlet integration schems used to solve the Newtonian equation of
motion for the ions with an integration steéme of 1 fs and the 3D periodic boundary
conditions are applied to eliminatebounday effects[142] The ReaxFFinteraction
parameters areonsistentwith referenceas implemented in the LAMMPS packagad
the charge equilibration method is perf@ad to minimize the electrostatic energy with a
precision ofp m .[143 To verify the pedictability of ReaxFF, theadial distribution
functiors (RDF9 asone of thefundamental structural information are obtained from the
trajectory recordetb evaluate the nearest distanB® &nd coordination numbe€{), and

compare with gperimental data.
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Figure 37 Radial distribution functions g(r) and itsintegral functions (r) of BaO,
Zr-O and OO for Bulk BZO at room temperature by RMD simulations

FromFigure37, the simulatedR of Zr-O for Bulk 8x8x8 BZO at room temperature
is 2.175 A, slightly greater thartthe experimental valu2099 A[144 It can beseenthat
there are two sharp peaks of-Baand theaveragedistanceof 3.005A agrees well with
XRD result (2.969 AJ145 Furthermore,tie first shellCNs of Ba-O and ZrO are11.99
and 6.004, respectively, significantly consistent with that of idBalk BZO. However,
the OO peakis relativelygentlein alargedistanceangefrom 2.505 to 3.995 Auttributing
to the disortion of oxygen octahedrofsee the insert dfigure37), and the position of
highest peals similar to literature value .09 A:[143 meanwhile the unsmoothRDF
curve of O-O hints the limitation ofsmall simulation system.In addition, the lattice
parametersd) of Bulk 8x8x8 BZOandBZY systemschangng with T andY % are also
simulated to evaluate titbermal and chemicaxpansioncoefficient (TEC and CEQ),
respectively. From Section. S of the supporting information (Sljhe simulateda are
slightly greater than experimental valueewever,the CEC of 0.0413 for Bulk BZY are

similar to the experimental result (0316 and DFT result d3.0301[104, 128 Besides
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the volumetric and linear TEC (o ¢ p T andp8t @ p Tt U ) of Bulk BZO are
almostconsistent with the experimentally measuresults suggesting that theeaxFHs

credibleto study thestructuralcharacteristic§146, 147]

Table 1 Supercellmodelsof Bulk and Disl BZYwith correspondingionic number and
mole ratio concentration

System  Total 6 & i W Y % 0 62  © %

Bulk Y10 39600 8000 7200 800 10.00 23600 400 1.67

Bulk Y15 39400 8000 6800 1200 15.00 23400 600 2.50

Bulk Y20 39200 8000 6400 1600 20.00 23200 800 3.33

Bulk Y25 39000 8000 6000 1600 25.00 23000 1000 4.17

Bulk Y30 38800 8000 5600 2400 30.00 22800 1200 5.00

Bulk Y36 38560 8000 5120 2880 36.00 22560 1440 6.00

Disl Y10 38783 7835 7051 784 10.01 23113 392 1.67

Disl Y15 38587 7835 6659 1176 15.01 22917 588 2.50

Disl Y20 38391 7835 6267 1568 20.00 22721 784 3.34

Disl Y25 38196 7835 5877 1958 2499 22526 979 4.17
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Disl Y30 38000 7835 5485 2350 29.99 22330 1175 5.00

Disl Y36 37765 7835 5015 2820 35.99 22095 1410 6.00

5.3.2 Modelconstructionand optimization

Based ortheabove discussion, the largealedBulk andDisl BZY supercekl with
multiple’ Y % (from 10 mol% to 36 mol%) are modeled by ATOMSK progratmysesteps
are similar to asshownmSecton R.[038 1148 449 sThasystenk
names, ionic numbersand mole ratio concentration®f these BZYsystemsare listedin
Tablel1l. Consideringthe associatiorof point andline defect structure hie Monte Carlo
(MC) simulations are carried ohy the command of atom/swap to randomly exchange the
positionof @ and®i , to search the mimum of potential energyand to obtain the
preliminary stable configuratiofl5( In Figure 38, theionic distributionmays of Disl
Y10 ~ Y36attheyz planeafter MC simulationst 1073.15 Karedepicted respectively
As shown inDisl Y10, the symmetic dislocationstructureensures the periodlwoundary
conditions of thesimulatedsystem and the larger yndz (10.494and 18996 nm) spatial
extentavoids the interaction of two dislocationsyhile the smaller x axis2(968 nm)

reduceomputatioml cost.
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Figure 38 lonic distribution maps of Disl BZYat the yz plane after MC simulations
(color code: Zrbule, Y-yellow, Bagreenand O-red, the sizes of Ba and O spheres are
zoomed out to clearly show theillustration s, and the red Tshaped marks denote the
dislocation cores).

FromFigure39(a), the total energ(E:) and swap succe$SS of Disl BZY systems
are convergentasthe increaseof swap attempt (100 times/100 steps in 100,000 times)
respectively,indicating the MC simulations overcoming the dynamic energy barrier
acceleratehe simulation system reach equilibrium In addition, thed number(Ny)
aroundtwo dislocationcenterg(0.5x%, 0.5y, 0.25z) and (0.5x, 0.5y, 0.76a$ a function of
sphereshellradius(r = 0to 120 A are summarized ifiable Sl to evaluate the association
of dislocationand dopant. It can be seerthat the correspondindNy almost linearly
increases between 30 and B0indicating the even distributiorof & after structure
relaxation. InFigure 39 (b), the averagepercentage ok number Py) for Disl BZY

systemss depicted separately, atlde maximunof Py is about 8% when ther is between

50and55 A suggesting the influence rangedi$location core
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Figure 39 (a) Total energy & and swap successSDf Disl BZY as a function of swap
attempt SA and (b) shellradius r dependence of theY3+ distribution percentage R
for Disl BZYby MC simulations

5.4 Results and discussion
5.4.1 Oxygen transport properties

The mean square displacemémSD) of 0 can beobtained fromthe RMD

simulations an@xpressdas follows

0 "Y3Q 5 - 0 Q0 o7 w0 0 w1
a’Q Q a0

whereN represent the totél number xi (j), yi (j), andz (j) are coordinates af i at
time step recordedduring theM steps simulation.The first summation runs over all the

N ions, andthe seond summation runsver (M j) timesafter timeorigin jo. In addition,
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thed  selfdiffusion coefficienf{O , unit @ &i ) canbeevaluated from the lonime

limit of theMSD on the basis of the Einstein formula,

. A-3

(0] EI E—|..7$Jr
@° At

whereU i s the.elapsed ti me

5.4.2 Diffusion coefficient vsY %

The NVT simulationgor Bulk and Disl BZY systemwith the'Y % from 10 mo%
to 36 mol%arefirst conducted at 1073.15 K to evaluate e dependence dD . In
Figure40, the MSDs of these systems show good linear relationships with simulation time,
andthetotal O (Otota) and theéO in three directions (Q Oy, and Q) are deduced from
the corresponding MSDs after 10 ps, respectivély avoid thesrrorcaused by individual
initial configuration,10 initial configurations with randomly distribution @ and6 2for
each Bulk BZY are modelled separately. h& Owta and its average value of 10
configurations are listed ifable S2 andthe uncertainty o0 introduced by initial
configuration ishusevaluated ap8ob Y& @ p T @ ai . Besidesthe average value
and error bar of @ are pictured irFig. S2 from which the trend of @al variedwith Y %
doesnot changeand thusone kind of initial configuratioms considered in the following

simulation systems.
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Figure 40 Mean square displacerants MSDs of (a) Bulk and (b) Disl BZY, and total
and separateO- diffusion coefficient’O of (c) Bulk and (d) Disl BZYat 1073.15K

As shownin Figure40 c and d the Qota for Bulk BZY increases with th¥ %
increasingrom 10mol% to 20mol%, andthendecreases with the continually increa$
Y %; while the Qotal Of Disl BZY increases witlthe Y % from 10mol% to 30mol% except

for slightly decreamg at Y % of 25mol%. The Bulk Y20 and DisY30 systemhave the
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highestO , respectively, which agree well with the experimental concentration range

of 10mol% ~ 30mol% for fast ion BZY conductofl2l, 146, 151] In addition,the Ototal
arebetweeng® ¢ pTI*X P W PTG | andcBMT pIIX YL p T QGI

for Bulk andDisl BZY, regpectively, similar to the experimental and computational values
ofep p T andpP p M wai .[117 143 And the slight overestimation depends
on the idebhsimulation models without involving other defects such as grain boundary
which maybe exist in higkemperature experiments, produce resistances and hinder the
ilon transpor{9] Furthermore most of theOwta for Disl systems are lower thathme
correspondindBulk systens, indicating that there is no dislocatigipe diffusion for)

whose diffusivity should be higher than lattice diffusivityowever, the @is significantly
larger than corresponding«@nd Q in all Disl BZY, which suggests that the positive effect

of dislocation on the transport 6f at a certain direction.
5.4.3 Diffusion coefficient vsT

In order to evaluate th€ dependence dD , the RMDsimulations of Bulk Y20,
Bulk Y30 and Disl Y30 are conducted at five temperatures varying from 8#81253.15
K, respectively.lIt is noted thattie thermal expansioseffect isignorablebecause€CEC of
BZY is largerthan TEC with severalorders of magnitudeSgction4.3.1), therefore, the
last configuratios from aboveNPT simulations at 1073.15 &eused as the initial inpsit
for thereproduction NVT simulations with multiple temperatures, respectivelyigure
41, theO of the three systems increase about @mer of magnitude with the increased
temperature and theO of Bulk Y30 changes significantly fronq& 11 p T tO

PP UL p 1T wAai . Besides,heO of Disl Y30is higherthan that corresponding value



of Bulk Y20 and Y30 when temperatuieebelow 1173.15 K, while th® of Bulk Y20

are larger at higher temperature (1173.15 K. The resultconforms tothe previous

conclusionthatthe’ O is slowed downn SrTiOz with dislocations ahigh temperature of

1200 K,therefore it can bededucedhat theedgedislocationswill acceleratethe ionic

diffusion at lower temperature, whichasprocess of structwdriven (a thermodynamic

factor).[13]]

T (°C)
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IE_S . L 1 i 1 1 " L - lE_S
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§ S S
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QO ] q\ - a - [
] ~ee ~ -
e
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1000/7 (K"

Figure 41 Temperature 7dependence of>: diffusion coefficient’O

In addition the preexponential factofA) and activation energ{Ea) areevaluated

by fitting therelationship ofO andT to the Arrhenius equation

O

(@)
0Adb—

Y'Y

The calculatedta of Do are0.42 and0.47 eV for Bulk Y20 andBulk Y30, greatly lower

thancorrespondingimulated values 03.95 eV for 12 mol% BZY (10002000 K)[143
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The perfection of the simulation cell decreasesthand the temperature range and large
scaled model are also the possible influence faciokd. Besidesthe Ea of Disl Y30
(0.24 eV)is lower than that oBulk Y 20 and Y30, indicating the edge dishtions decrease
the migration barriers af  at low temperature rangeln addition, theA of the three
systems are positively correlated withcorrespondingEa, which are p® ¢ p 1T

pPCc p1 andx8 ¢ p 1 wAi |, respectively
5.5 Embedded-trapping effect

Compared witHO , the ionic conductivity(s, unit: "Y0 & ) involves the term of
lon concentration which caibe approximatey calculatedfrom the NernstEinstein
equationf 152

QO T1TQL O

s QY Y

wheree is primitive charge(unit: C), Z is thecharge numberc themole concentration of
0  who is the main carrier of chargmdV the volume(unit: @ @ ). Figure42 showsthat
the conductivity of oxygen ion §o) for Bulk BZY systems changewith the T andY %,
respectively.lt is found that theso of each systems increaseslascreasesrom 873.15
to 1273.15 K, and the overadlo increasesrom 0.07"Y2o & (for Bulk Y36) to 0.34
"Yoo & (for Bulk Y20). At 873.15 and 973.15 K, thab decreasefrom 0.11 and 0.16

t0 0.07 and 0.10v20 & as theY % increagsfrom 10mol% to 36mol%.

However, the relationship curve sb andY % is turned at 1073.15 Khesystem

owning the highesso transfers from Bulk Y1@o Bulk Y20 as theT increasingandthe



maximumof so at 1073.15 and 1173.15 &e0.20 and 0.27YQo & , respectively In
other word, thd.0 mol% and 20mol% Y-doped system are conducive to the transport
whentemperaturdelow am above 1073.15 K, respectivelyhese resultareconsistent
well with the experimental resultghereionic conductiviy increases with the Y content
increasing from 10 to 20 méb, but does not further increase when the Y content is higher
than 20 moP6[153 154 Besides, the righshift of so maximumcouldbe explained by

the embededtrapping mechanisrwherethe trapping ability osingle® is weakenas

theT increass,[155 and thust needto dissolve mor& to captrre the vacanciesThat

Is why the DislY30 has theéhighestO but not Disl Y20 whosembedledtrappingeffect

is morefeebledue to a small amount df.
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Figure42 & concentration Y% dependence ofi  conductivity sofor Bulk BZY

5.6 Oxygen transport mechanism

11C



Considering the influence range of dislocation core (50~556Jection4.3.2), the

atomic trajectoriearounddislocation core aretracel in the ranges of [0, Xmax, Y [— Ymax,

— Ymay, Z [~ Zmax, — Zmay] and X [0, Xmax, Y [— Ymax, — Ymay, Z [~ Zmax, — Zmay, respectively.
As shown inFigure43, the two invertedbottle type channels around the dislocation cores
in Disl Y30 are depictedin the local enlarged drawisg It should be noted that the
frameworks of the two bottles connected by the position of Ba atoms asgmotetric
but staggered along y axis, andsthedoublechannediffusion of0  will beachieved.
From the partial enlargementdl, @ the atomicpositiors around the dislocation corase
greatly changed thll original cracls, the internal stregesarerelaxed and lattice strain is
reduced.Besides, the animation oficro-local structures of Disl Y30 surrounding bottom
dislocationcore varied with simulation time (100 configures from 100,000 stepipwn

in the SI. It can be clearly seen that eatthim moves with time to search an eduilim
and stable position, and tleentinuousgeneration and breaking of-&r and Y-O bonds

and the rotation of oxygen polyhedrons result intthe transport.

111



- - — - 09000.0¢ )
; e 0§0°0%0 4 2‘:' fo
3 e It S EL T ) ‘. o 000,90
. SRRl o:0s010. 0:0l0
3 24 204 bt D < ::.eqi.
: s faies 0402030 0,090
: 1513 040 040 00,9
5 o RAn 03040 0t 20, 020
i lale : 040,008 202090
Barht 2 ottee 44
Ssmasi f &t 0,08 5006020
foesietitnctiatet Ssisiens 040,010 401920
et - - 06090991 ]
Ssiaitisisislsistsiot Srersiensy 0,208 G, 08099
Seelotototozeleltse; 8 1 s0s0s0s010b0s Ge00: L)
Steioie; siotereloie Sistoioiatel pioloioterniors 0008080+ )
B R SR Deecs 20
iR e | 38 teTeNe o
BRI ERRERE | 0)0s0d0s . 089
S e 050010 60 44h5.0 304030
2 05340"040" rs 40’040 opal 9 fo
-.‘m; 5:‘? oLf : 3‘3”:&: ey ...g'. 1 O 00
o4 boo ‘:;c b .i.? < 2 9
siss ote} 050%030.¢ 0
b o 50800 o
:;’:5‘0‘ : os0
o :2.7: 44
e e
os080, oy0
0309020900 0
0907040 o

Figure 43 Profile of double-bottle diffusion channelin Disl Y30

Furthermore, the snapshots of the rotations of oxygen polyhedron are pictured in
Figure44, andthe cutoff distances of ZD and Y-O are set athevalues of 2.4 and 2.6A
(refertothe RDFs fronfig. S3andTable S3. In snapshot 1, the oxygem (O1) initially
connects with Zr2 forming a stabletrahedronwhile the polyhedron centered with Y1
hides in the second layer behind the -£Zehteredtetrahedron As the sinulation time
increases the YZXcenteredpolyhedrongradually deviaes from the original position
because of the big enough space introduced by the dislocation, and links with the Zrl1
centeredtetrahedrorby a shared oxygen atom (snapshot B).snapshot 3, the O1 is
successfullytaken away by Y1-centered polyhedron that rotates to the rear of the Zr2
centered polyhedron fulfilling the oxygen migration. In the seledt#dsion path, the
total energy of snapshot 2 is the lowest, which is thought as the ground state energy. The
relative energy of snapshot 1 ané&@ 18.65 and 15.61 eV, respectivend the lower

energy of snapshot 3 indicating a more stable configuration. Regrettably, it is hard to



extract the energy change of local ion movement from the total energy and get the
migration barrier ofa certaind , althoughthis kind of0  diffusion along the slender
bottleneck is very easy to capture. Overall, the rotational movements of oxygen
polyhedrons are significantly promoted with the help of the effective space introduced by
dislocations, and théong distanca) transportis fulfilled by such reorientation of
oxygen acceptors. However, it is hard to track the-l@mge diffusion path ai  for

such a big simulation model due to the limitation of simulation time expgensive

computational costs.

Snapshot1 = Snapshot3
18.65 eV \ 15.61 eV
A

Figure 44 Identification of O diffusion mechanismin Disl Y30 around the
dislocation core

5.7 Conclusion
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The RMD simulations are applied to study the structural characteristjcgon
transportpropertiesand migration mechanisrof Y-doped BaZr® systems with/without
edge disloctions, including theradial distribution function, expansiamefficient ionic
self-diffusion coefficient(O ) andconductivityas a function of dopant concentration and
temperature Studies have shown that ReaxtEciselycapture thestructural details.e,
the nearest neighbor distances and coordination numbers of ionic pairs agree well with
experimental results.Besides,the evaluatedd are alsoconsisteh with the literature
values atanalogougonditiors, andBulk Y20 and DislY 30 systemhave the highestO at
1073.15 Kyespectively Fromthe relationshipof T andY % on conductivitythe10mol%
and 20mol% Y-dopedBulk BZY aremore favorable fotheoxygen conductiobelow and
abovethecritical temperaturef 1073.15 K, which is explained by teenbeddedrapping
mechanism In additiondislocation will acceleraté  diffusion attemperatures less than
1173.15 K viastructuredriven doublebottle diffusion channelof 0 around dislocation
core. Eventualy, the 0  transport mechanism via the reorientation of oxygen
polyhedrons iglaboratd within the local structure near dislocation cofiehe simulation
resultsareheuristic in dislocatioomodifiedion transporbehavior whichsheds insighfior
further development ofefficient 0 conducting electrolyte through microstructure

engineering.

5.8 Supplementaryinformation

S1. Expansion characteristics

The poor chemical and thermal stability as a consequence of mismatch between

material components are detrimental to the overall performance and durability of the
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materia] 156, 157]. In the perovskite materials, the lattice parameter associated with
chemical component and temperature is defined as chemical expansion and thermal

expansion, respectivdli58g. The chemical expansion coefent (CEC) can be evaluated

as

506 21

wherd is the defect concentration usually representea@®goncentration or nen
stoichiometry inrBaZn.a Y2dOs.d,| and| the lattice parameters for perfect and defected
crystal. In this work, the is unified as the ¥ concentrationY %), andFig. S1ashows

the lattice parameteg) of Bulk 8x8x8 BZY as a function of % at room temperature.

Therefore, th&€€ECcan be evaluated from the slope of fitted linear curve.
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Fig. S1(a) lattice parameter a as a function of dopant concentration Y % for Bulk
8x8x8 BZY, and (b) normalized a and cell volume V as a function of temperature T
for Bulk 8x8x8 BZO
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Besides, the RMD simulations of Bulk 8x8x8 BZO under six temperatures (298.15,
473.15, 573.15, 673.15, 773.15 and 873.15 K) are also conducted to obtain the thermal
expansion properties. For cubic BZO system, the linear/volumetric thermal expansion
coefficdents LTEC/VTEC) can be expressed as the partial derivativeasflattice

volume /) versus temperature at constant pressure shown below:

oz POT

U " YOO— —
Ty

ovos L 19
w T Y

wherew represent the equilibrium volume at different tenapgres andv the perfect
cell volume of 77.074 . The normalizeéhandV as a function of temperature are drawn

in Fig. S1b

S2 Modeling of Bulk and Disl BZY
The crystal structure of BZO is extremely similar to that of SgWBose slip

plane<100>{011} can be used as a reference for constructing the BZY with edge

dislocation§159. First, the cubic unit cebf BZO (a=4.256j ) with space groupm3m

is rotated to [@1] [100] [011] crystallographic directions corresponding to the
dislocation line vector, Burgers vector, and slip plane ndd6él. Second, the oriented
BZO is magnified by 5, 25, and®3imes along X, y, and z axis to construct supercell
(Bulk BZO) with 8000 Ba, 8000 Zr and 24000 O. Third, and the middle two columns (a
BaO and a Zr@plane) in the yz plane of Bulk BZO are partially removed along x axis

remaining 39175 atoms (7835 B&3b Zr and 23505 O). Besides, the BZY systems with
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differentY % are formed by randomly substituting*Awith Y3*and deleting ®'to

generaté/° Finally, the cracks of above initial configurations are healed after the

classical MDrelaxationsand the dislocation systems (Disl BZO and BZY) will be built.

S3. MC simulations

Table S1. The number of ¥ around two dislocation cores (denoted as C1 and C2) as
a function of sphere shell radius (r, unitB) of the last MC configurations.

r | Y10c1 | Y10c2 | Y15c1| Y15c2| Y20c1 | Y20c2 | Y25c1 | Y25c2 | Y30c1 | Y30c2 | Y36¢c1 | Y36¢2
5 0 0 0 0 1 0 1 1 1 1 3 1

10 5 2 4 3 6 8 11 13 15 7 18 17

15 14 15 24 22 32 42 42 46 54 51 70 64

20 34 39 50 57 73 81 95 90 116 107 146 140
25 60 65 101 95 137 145 163 160 207 194 245 241
30 92 95 152 144 214 212 249 248 314 298 364 368
35| 138 133 225 210 307 281 367 357 430 415 517 516
40 | 188 183 291 263 399 370 494 460 578 536 681 678
45 | 242 253 374 344 498 470 618 597 751 692 879 856
50 | 296 315 470 440 634 594 773 755 942 872 | 1100 | 1080
55| 362 377 562 532 746 708 923 895 | 1113 | 1057 | 1305 | 1295
60 | 410 437 633 619 852 810 | 1055 | 1032 | 1275 | 1230 | 1488 | 1502
65 | 460 491 710 700 945 914 | 1182 | 1154 | 1418 | 1380 | 1660 | 1683
70 | 499 538 776 770 | 1034 | 1021 | 1305 | 1289 | 1565 | 1533 | 1848 | 1866
75 | 559 586 845 844 | 1136 | 1118 | 1417 | 1400 | 1701 | 1676 | 2013 | 2015
80 | 602 619 917 912 | 1210 | 1203 | 1523 | 1512 | 1836 | 1817 | 2185 | 2158
85 | 658 655 990 978 | 1310 | 1307 | 1639 | 1629 | 1960 | 1948 | 2359 | 2332
90 | 693 703 | 1050 | 1045 | 1395 | 1396 | 1748 | 1740 | 2095 | 2075 | 2505 | 2506
95 | 735 736 | 1116 | 1098 | 1489 | 1474 | 1854 | 1839 | 2226 | 2193 | 2659 | 2658
100| 768 768 | 1153 | 1150 | 1528 | 1534 | 1918 | 1919 | 2300 | 2293 | 2769 | 2766
105| 782 781 | 1172 | 1173 | 1564 | 1565 | 1950 | 1954 | 2345 | 2344 | 2810 | 2811
110 784 784 | 1176 | 1176 | 1568 | 1568 | 1958 | 1958 | 2350 | 2350 | 2820 | 2820

S4.Mean square displacements and diffusion coefficients

Fig. S2as an example of 10 Mean square displacements (MSDs) for Bulk Y30,

that shows good linear relationships with time after 10 ps. In addition, the average O




diffusion coefficients'Qp) simulatel from 10 configurations and their corresponding

error bars are depicted g S2band summarized imable S2
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Fig. S2 (a) Mean square displacements MSDs of Bulk Y30 with 10 initial
configurations, and (b) O diffusion coefficient Ogof Bulk BZY by RMD simulations

Table S2.0,(p T wai ) of Bulk BZY simulated from 10 configurations
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System| Bulk Y4 | Bulk Y10 | Bulk Y15 | Bulk Y20 | Bulk Y30 | Bulk Y36
1 3.06 6.36 7.95 7.94 9.63 6.95
2 2.76 6.43 8.20 8.17 7.44 8.09
3 2.91 6.51 7.70 8.58 8.33 7.85
4 3.21 6.30 7.79 8.56 6.81 7.43
5 3.04 6.06 7.51 8.07 9.17 7.65
6 3.10 6.95 8.24 7.41 7.47 7.58
7 3.18 6.20 8.08 8.97 8.26 7.86
8 3.37 6.57 7.89 9.43 7.63 7.15
9 2.79 6.71 7.92 8.62 8.41 7.34
10 3.20 7.33 8.54 7.35 7.82 6.99
Aver. | 3.06 6.54 7.98 8.31 8.10 7.49
Uc 0.19 0.38 0.29 0.65 0.85 0.39

S5. Radial distribution function®DFg of Bulk and Disl BZY

The RDFgy(r) and their integral curveyr) of Bulk and Disl BZY at 1073.15 K
are drawn irFig. S3to investigate the effect of dopant concentration on local structure.

For convenience, the peak positions of RDFs and coordination nu@iig)y ¢f four ion

pairs for Bulk and Disl BZY systems are suarized inTable S3In addition, the

average potential energy (PE) of single atom for Bulk and Disl BZY are also calculated.
It is shown that the PE of Disl BZY are lower than corresponding Bulk systems, which
means the structure with edge dislocatiomsmaore stable and the oxygen vacancy
formation energies are lower. Furthermore, the PE value decrease¥ & tinereass

from 10 mol% to 3(mol% verifying that the interactions af and other ions are higher

than that ofd i
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