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Abstract
The macroscopic oxygen ion conductivity in doped ceria is determined by the mi-
croscopic activation energy barriers and jump attempt frequencies of oxygen ion jumps.
While the influence of the local jump environment on the migration energy is widely
investigated, its influence on the attempt frequency is rarely investigated. In this work,
attempt frequencies in Sm, Yb and Gd doped ceria are calculated using density func-
tional theory. Moreover, ionic conductivities for varying local jump attempt frequencies

in different jump environments are investigated using Kinetic Monte Carlo simulations.



For doping along the migration pathway, where the migrating oxygen ion passes
between two adjacent cations, large dopants lead to an increase and small dopants to
a decrease in the attempt frequency. Sm doping in nearest neighborhood to the start
position of the migrating oxygen vacancy also leads to an increase in attempt frequency.
Kinetic Monte Carlo simulations show that at intermediate Sm dopant fractions oxygen
vacancies frequently jump towards and away from dopants explaining why Sm doped
ceria has one of the highest conductivities reported for a ternary cerium oxide due to its

low dopant-oxygen vacancy association in both nearest and next-nearest neighborhood.

Introduction

The ionic conductivity is a key property for applications including Solid Oxide Fuel Cells and
Solid Oxide Electrolyzer Cells for energy storage,'? oxygen sensors similar to the lambda
sensor in cars, which controls the combustion of fuel,? as well as oxygen membranes.* " For
a better understanding, oxygen ion conductivities have been calculated in the commonly
used material rare-earth doped ceria using analytical models,®'? Molecular Dynamics (MD)
simulations,'*!® and Kinetic Monte Carlo (KMC) simulations.*2

Ab initio based ionic conductivities were especially calculated using KMC simulations
with parameters that were obtained from density functional theory (DFT).?*29 Instead
of propagating the classical equations of motions forward in time and simulating atomic
vibrations in time steps of about 107 s, which is done in MD, KMC simulations use the
knowledge that systems typically evolve with time through diffusive jumps from state to

state. %3031 These occasional jumps shall be limited by an energy barrier Ep, ,, which has

to be surmounted by the system for each pathway of an oxygen ion p. As the transition rate

AEmig p

I, =wype T with the attempt frequency 1, depends only on the initial and transition
state according to the transition state theory,??3* the KMC method is a Markov process.
The attempt frequency vy, depends on the temperature 7', the vibrational energy differ-

ence AEL;, ,, and, in particular, the vibrational entropy difference AS,;, , between initial and



transition state.?* In literature, only few studies calculated the attempt frequency in doped
ceria. Dholabhai et al. calculated the attempt frequency for praseodymium doped ceria by
means of density functional theory with a Hubbard U parameter (DFT+U) resulting in
5-10'% s7! for one of many possible ionic configurations.?* However, only the Gamma point
phonons were considered. Attempt frequencies for different ionic configurations are rarely
calculated. Tarancon et al. used classical MD to indirectly calculate attempt frequencies for
Ceg.90Gd.0801.96 resulting in (5.4 & 0.3)-10'2 s~ for jumps through an edge formed both by
two host cations (Ce-Ce edge, see Fig. 1) or one dopant and one host cation (Ce-Gd edge). '

For Kinetic Monte Carlo simulations, the migration energies and the attempt frequencies
must be known for all occurring jump configurations containing multiple dopants and oxygen
vacancies at various positions. The attempt frequency is often assumed to be a constant
estimated value for all occurring jumps in the doped system.?? However, attempt frequencies
can easily differ between jump configurations by a factor of three as shown in our earlier
publication for Sm doped ceria.?® In this work, we will extend our work to further jump
configurations as well as to Yb and Gd doped ceria. Moreover, we will show the effect of the
jump attempt frequencies on the ionic conductivity in doped ceria. Understanding the effect
of the jump attempt frequency on the ionic conductivity provides an important contribution
to the future development of sustainable and efficient materials.

The paper is organized as follows: In section 2, we discuss the oxygen diffusion in ceria,
the transition state theory according to Eyring and Vineyard and the attempt frequency in
pure and Sm doped ceria for doping at the migration edge. In section 3, computational details
according to the general computational setup and the phonon calculations are described. In
section 4, we present our results for the attempt frequencies in Sm, Yb and Gd ceria. Finally,
we show the influence of varying local jump attempt frequencies on the ionic conductivity.

In section 5, we give a short summary.



Theory

Ceria (CeOy) has the fluorite structure (Fm3m) for temperatures between room tempera-
ture and the melting point.?>37 The cations are positioned in a face-centered cubic lattice
while the anions fill the tetrahedral holes leading to a primitive cubic anion lattice. Oxygen
vacancies lead to ionic conductivity as oxygen ions can jump to a vacant lattice site (hop-
ping mechanism). For the oxygen ion conductivity, jumps of oxygen ions or vacancies occur
mainly between adjacent tetrahedral oxygen sites in (100) direction®® with the experimental
jump distance [ given by half of the unit cell length at room temperature.?® Along the mi-
gration pathway, the migrating oxygen ion passes between two adjacent cations, which form
a “migration edge” as shown in Fig. 1.%27%

In doped ceria, defects are predominantly created by doping.*® In this work, cerium
oxide CeO, is doped with lower valent rare-earth oxides RE;O3. This leads to the creation

of oxygen vacancies as shown in Eq. 1 in Kroger-Vink notation.3¢

RE,03 — 2RE, + 308 + V& (1)

As a result, oxygen vacancies are the majority defects with a concentration controlled by the
dopant fraction according to [RE/CE] =2 [VE)']. Doping is limited by solubility. For Sm, Yb
and Gd doped ceria, large solubilities above x = 0.3 have been reported,*' ™ It is known that

under oxygen-poor conditions ceria can be reduced leading to the formation of polarons?6:47

Figure 1: Possible migration edge configurations in samarium doped ceria. Ce-Ce edge (left),
Ce-Sm edge (middle) and Sm-Sm edge (right). Cerium ions (green), samarium ions (blue),
oxygen ions (red spheres) and oxygen vacancies (red boxes).?” - Reproduced by permission
of the PCCP Owner Societies



and a number of theoretical studies have been dedicated to this subject.*®5* However, we
restrict our simulations to conditions were the electronic conductivity is significantly smaller
than the ionic conductivity and thus can be neglected.

For better clarity, we consider at first only one out of all possible jump processes shown
e.g. in Fig. 1. The transition rate and the attempt frequency for this process are given by the
transition state theory according to Eyring®? and Vineyard.?* The Eyring formula for the
jump rate at constant volume (Eq. 2) is obtained by assuming a quasi-equilibrium between

the initial state (IS) and transition state (TS):3%:34

kpT ASuin(ViT) _ AByy(ViT) _AEQ(V)
r'v,T) = ¢ e T e ReT (2)
vo(V,T)

where AEY is the electronic energy difference, AE,;, is the vibrational energy difference and
ASyi, the entropy difference of initial and transition state, T' is the absolute temperature, V'
is the cell volume, kg is the Boltzmann constant and A is the Planck constant. The transi-
tion rate in Eq. 2 is a product of an attempt frequency, here vy (V,T), and an exponential
term containing the electronic energy difference, AES (V). The definition of the attempt
frequency according to Eyring in Eq. 2 is commonly used in literature. In general, vo (V,T')
is independent of temperature at high temperatures.35%5 The electronic energy difference
AEY is obtained from ab initio DFT calculations at 7' = 0 K and is, thus, independent of
temperature.

Vineyard adapted Eyring’s concept in the approximation of high temperatures and for
vibrational frequencies of atoms that are, however, calculated only at the Gamma point. As

shown in our earlier work, Vineyard’s formula can be adapted to include lattice vibrations



that are calculated for any phonon mesh:?*

Yo = N1 : (3)

where v,; and v, ; are the normal frequencies of lattice vibrations in the initial state (nom-
inator in Eq. 3) and transition state (denominator in Eq. 3) for M discrete wave vectors
with the indexes ¢ and m. Here, the N or N — 1 phonon bands, equivalent to the degrees
of freedom, have the indexes 7 and j for the initial and transition state, respectively. If only
the Gamma point is considered (M = 1), the classical Vineyard formula is obtained.

All phonon calculations in this work are performed for a constant volume that was derived
for bulk ceria at the absolute zero. The isobaric behavior can be investigated at a pressure
of p = 0 by determining the minimum of the free energy for different volumes at given

temperatures. Due to the high computational demand of phonon calculations, it is commonly
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assumed that the change in vibrational entropy with volume, ( ) r» is identical for the
defect-free bulk, the defective cell in the initial state, and the defective cell in the transition

state as well.>”®® Then, the entropy of migration is given according to:>?

ASuin (0, T) = ASyi, (V (p,T),T)

Vis(p,T)+AV 9S.. bulk
= ASuip (%,T)—i—/ ( a{;b>
Vis(p,T) T

= ASvib (Vb, T) + OévBT'AV, (4)

av

with the equilibrium volume V4, the volumetric thermal expansion coefficient «y , the bulk
modulus Br, the change in volume between the transition state and initial state at con-
stant pressure AV = Vg (p =0,T) — Vis (p = 0,T), which is assumed to be independent of
temperature.

Therewith, the Eyring formula (Eq. 2) can be easily modified to investigate isobaric be-



havior. Subsequently, the Eyring formula can again be approximated for high temperatures.

This results into a modified form of the generalized Vineyard result (Eq. 3):%

v (p) = T eXD (avi?v> : (5)

In our earlier work, the attempt frequency for an oxygen ion jump in pure ceria and
Sm doping at the migration edge was calculated.®* Convergence checks of the phonon mesh
revealed that the common reduction to the Gamma point is not sufficient to calculate the
attempt frequency. Calculations of Sm doped ceria revealed an unchanged attempt frequency
for jumps through a Ce-Sm edge due to a curved oxygen migration path (Table 1). However,
for jumps through a Sm-Sm edge, an increase of the attempt frequency was found. Also, a
linear correlation between the migration energies AEY and the difference of the distances
of the edge cations between the transition and initial state, drs — drs, was found. For larger
widening of the edge cations, larger migration energies are found. Similarly, the attempt
frequency correlates with the edge cation distance in the transition state drs. For the Ce-
Ce and Ce-Sm edge vy and drs are similar, respectively. However, both values increase

significantly for the Sm-Sm edge.

Table 1: Electronic migration energies for different migration configurations (Eq. 2), distances
of the edge cations in the initial and the transition state and attempt frequencies v, (V, T') for
an oxygen-vacancy exchange process (Vineyard, Eq. 3) at constant volume (V = const.).3!
- Reproduced by permission of the PCCP Owner Societies

migration  dig  drs  drs —dis AEY(V.T) 1 (V,T)

edge A) A (A) (eV) (s
Ce-Ce  4.148 4.267  0.119 0.587 1.47 - 1012
Ce-Sm  4.142 4.268  0.126 0.759 1.49 - 1012
Sm-Sm 4.141 4.280  0.139 1.166 4.30 - 1012

For the constant pressure case (p = 0), the hydrostatic pressure in the constant volume
case, which is caused by the defect creation compared to the defect-free cell, results in a

volume compression for the Ce-Ce, Ce-Sm edge and an expansion for the Sm-Sm edge for



Table 2: Electronic migration energies for different migration configurations, changes in vol-
ume between transition state and initial state AV and oxygen vacancy attempt frequencies
vo (p, T) (Vineyard) at constant pressure (p = 0) and 900 K.3* - Reproduced by permission
of the PCCP Owner Societies

migration AES (p,T) AV vy (p,T)

edge (eV) (A% (s7h)
Ce-Ce 0.602 3.06 7.67-10"
Ce-Sm 0.769 3.01 7.52-10"2
Sm-Sm 1.162 2.64 1.79-10%

initial and transition state. As a result, the volume change between the transition state and
initial state AV is similar for the Ce-Ce and Ce-Sm edge and slightly smaller for the Sm-Sm
edge (see Table 2). The attempt frequency increases compared to the constant volume case.

The calculated attempt frequencies are in the range of the usually assumed values (10 —
10" s7!) and similar to experimental Debye frequencies in pure, Sm and Yb doped ceria,
which are between 8 - 10'2 and 10 - 10'2 s7! according to ultrasonic pulse, specific heat and
thermal expansion coefficient measurements. %063

The ionic conductivity o; of oxygen ions (i = O*7) or vacancies (i = V{) is proportional
to their squared charge z?e?, concentration n; and mechanical mobility b; (Eq. 6). For non-
interacting defects, the mobility is related to the diffusion coefficient D; by the classical
Einstein relation with the Boltzmann constant kg and the absolute temperature 7". Though
this approximation fails for most doped materials, it is often used to analyze experimental
results. Both diffusion coefficients (Dg2- and Dyes) depend on the weighted mean jump rate
of all oxygen ions (gz2-) or vacancies (Iyss) to one nearest neighbor site. In this work, jumps
to other lattice sites are neglected according to Nakayama and Martin.?® In Eq. 6, [ is the
jump distance and +y is the geometrical factor, which includes the number of jump sites n,
and the dimension of diffusion d and is v = Z—Z = 1 in a primitive cubic lattice, e.g. the oxygen
sublattice in ceria.®®! The jump rate can be described by an Arrhenius equation (Eq. 7)
with the apparent activation enthalpy AH,. The apparent activation enthalpy describes the

experimentally determined dependence of the diffusion coefficient on temperature and can



be calculated from the slope of a plot InT; versus 1/7T.

D _
o; = ng-zle’b;, where b; = and D; = ~I*.T;. (6)
kgT
_ _ AH,
Fi = ﬁexp,i'e BT (7)

Therefore, the pre-exponential factor for diffusion Do; = I Vexp; depends on the mean
experimental attempt frequency Veyp;, which was already discussed in detail in our earlier
publication.?* Naturally, deviations in the activation enthalpy, which appears in the expo-
nential term, possess a stronger influence on the jump rate than deviations in the attempt
frequency.

As a result, the activation enthalpy can be extracted from the conductivity according to

0; = —e kBT (8)

with the parameter A. In doped ceria, a variety of ionic configurations occurs, which leads to a
variety of jump environments and possibly different local attempt frequencies. The extracted

activation enthalpy AH, is therefore a macroscopic property influenced by all jumps.

Computational details

All calculations were performed by means of density functional theory within the generalized
gradient approximation (GGA) according to Perdew, Burke and Ernzerhof® (PBE) and the
projector augmented-wave method® (PAW) using the Vienna Ab initio Simulation Package
(VASP).%758 Plane waves with an energy cutoff of 500 €V and a 2 x 2 x 2 Monkhorst-Pack
k-point mesh for the simulation cell constructed from 16 unit cells were applied according
to earlier publications.?83%%3 The convergence parameters for electronic and ionic relaxation
were set to 1078 eV and 10~* eV/A, respectively, to guarantee a sufficient accuracy of the

calculated forces. The 5s25p%6s25d'4f! electrons of the cerium atoms, the 5s25p®6s25d! elec-



trons of the samarium atoms, the 5p®6s25d! electrons of the gadolinium atoms, the 5p%6s®
electrons of the ytterbium atoms and the 2s?2p* electrons of the oxygen atoms were treated
as valence electrons. A Hubbard U parameter was introduced to account for the localization
of strongly correlated electrons by the rotational invariant approach.% A value of 5 eV for
the 4f-orbitals of cerium was chosen according to earlier studies.?>7%"" For all defective cells,
the total number of electrons in the cell was adapted to reproduce the actual charge state of
the different defects, e.g. (CeG40127)2+ for a simulation cell containing one oxygen vacancy.
Though charge-neutral cells containing defects according to Eq. 1 without adjustment of
the number of electrons would be preferable, in this work, interactions between defects shall
be limited. Therefore, charge-neutral cells with large distances between defects are virtually
divided into oppositely charged cells. Charged cells are calculated by VASP assuming a neu-
tralizing background charge, which is a valid approach as shown in literature.”® A lattice
constant of 5.49 A was calculated for defect-free ceria using the Birch-Murnaghan equation
of state, which is larger than the experimental lattice parameter due to the chosen set of

7981 and applied for all calculations as performed in literature.?*282 For all cal-

parameters,
culations, the internal atomic positions in the cell were relaxed (changed to minimize the
energy of the cell) without changing the lattice parameter.

The nudged elastic band method®*®* (NEB) was applied to investigate the transition
states and the minimum energy pathways. One ionic configuration for the saddle point con-
figuration (‘image’) was interpolated from the initial and final state of the migration process.
Tests with more than one intermediate image between the initial and final configuration of
the migration showed no differences in the migration energies. The same is true for tests
using the climbing image nudged elastic band method® (CI-NEB). The internal atomic po-
sitions in the cell were relaxed without changing the lattice parameter. An exception is the
calculation of the migration barrier AEY (p,T) and volume AV at p = 0, where the cell

volume was relaxed.

The phonon frequencies at constant volume were calculated using the finite difference
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[.8% with the commercial software MedeA. All investi-

method discussed by Parlinski et a
gated structures were relaxed according to the parameters given above. Starting from these
structures, cells with atomic displacements of £0.005 A were created automatically. For all
created cells the electronic ground state was calculated and the Hellmann-Feynman forces
acting on the ions were used to build the force constant matrix. After Fourier transforma-
tion, the diagonalization of the dynamical matrix yielded the phonon frequencies at different
g-points. No longitudinal /transverse optical splitting (LO/TO) was applied according to
earlier studies.?**3 Phonon dispersions for the initial and the transition state of the migra-
tion showed minor contributions of imaginary frequencies at some g-points in the vicinity
of the Gamma point that were disregarded symmetrically in initial and transition state in
agreement with our earlier publication.3*

Kinetic Monte Carlo (KMC) simulations were performed according to an earlier work in
a 16 x 16 x 16 supercell with 49152 ions or vacancies and periodic boundary conditions. 287
Random lattice configurations were used. Anion sublattices were equilibrated by 100 Monte
Carlo Steps per particle. Simulations of the ionic conductivity were repeated at least ten
times each with 100 Monte Carlo Steps per particle. The standard error on the conductivity
results primarily from the use of different starting lattices. The migration energy model for

an interaction radius of 5.49 A and the applied energies from density functional theory are

given in our earlier publication.?®

Results and discussion

Gd and Yb Doping at the Migration Edge

In this work, the attempt frequency for Gd and Yb doped ceria was calculated in the con-
stant volume case as a function of the three possible migration edge configurations shown in
Fig. 1. While for Sm doped ceria the attempt frequency increases linearly with the distance

of the edge cations in the transition state, this simple relationship between geometry and

11



attempt frequency fails for other dopants. Table 3 and Fig. 2 show that smaller dopant radii
(compared to Ce'™) lead to lower attempt frequencies. The oxygen-vacancy exchange process
through the Ce-Gd migration edge possesses a smaller attempt frequency than through the
Ce-Ce edge. For Yb doped ceria, even a decrease in attempt frequency for increasing number
of Yb dopants at the migration edge can be found. Surprisingly, for all three configura-
tions (Ce-Gd, Ce-Yb and Yb-YDh), the migration barrier is larger than in pure ceria. Simple
models considering only the potential energy landscape around the initial state predict that
higher barriers lead to steep potential energies landscapes in the initial state and, therefore,
to higher attempt frequencies. The decrease in attempt frequency for configurations with
higher migration energies contradicts this assumption and emphasizes the importance of the
transition state and the calculation of the phonon dispersion. Independent of this result, for
either the Ce-RE or the RE-RE edge, both the migration energy and the attempt frequency
increase with increasing dopant radius. This increase is steeper for the double-doped migra-
tion edge. We conclude, large dopants lead to an increase and small dopants to a decrease

in attempt frequency with doping from one to two dopants at the migration edge.

Table 3: Electronic migration energies for different migration configurations, distances of the
edge cations in the initial and the transition state and oxygen vacancy attempt frequencies
vy (V,T) (Vineyard) at constant volume (V' = const.)

migration  dis drs drs —dis AEg(V,T) w(V,T)

edge ENICN) (A) (eV) G
Ce-Ce  4.148 4267  0.119 0.587 1.47 - 102
Ce-Gd  4.145 4.253  0.108 0.694 1.28 - 1012
Gd-Gd  4.148 4.244  0.096 1.015 2.31-10'2
Ce-Yb  4.125 4.256  0.131 0.694 1.14 - 1012
Yb-Yb  4.235 4.473  0.238 0.705 0.97 - 10'2

In the constant pressure case, the change in volume between the transition state and
initial state AV is smaller in Gd and Yb doped ceria (Table 4) than in Sm doped ceria
(Table 2). In fact, a decrease in AV with decreasing ionic radius is found. Smaller dopants
lead to smaller volume expansions during the migration. As a result, the attempt frequency

at constant pressure increases compared to the constant volume case by a factor of about
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Figure 2: Oxygen vacancy attempt frequency according to phonon calculations for pure
and Sm, Gd and Yb doped ceria in harmonic approximation calculated using the Vineyard
method.
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four/two for the Ce-Gd/Ce-Yb edge and three for the Gd-Gd and Yb-Yb edge at 900 K.

Similar to Sm doped ceria, the change in the electronic migration energies is small.

Table 4: Electronic migration energies for different migration configurations, changes in vol-
ume between transition state and initial state AV and oxygen vacancy attempt frequencies
v (p, T') (Vineyard) at constant pressure (p = 0) and 900 K

migration AES (p,T) AV vy (p,T)

edge (eV) (A%) (s7h)
Ce-Ce 0.602 3.06 7.67-10"
Ce-Gd 0.724 2.67 5.40-10'
Gd-Gd 1.026 2.20 7.55-10'2
Ce-Yb 0.732 1.59 2.70 - 102
Yb-Yb 0.723 1.75 2.48-10"?

Sm Doping in Nearest Neighborhood

center
start destination

Figure 3: Jump environment with a dopant in nearest neighborhood to the start position
of the migrating oxygen vacancy (left). Cerium ions are green spheres, dopants are blue
spheres, the oxygen ion is a red sphere and the oxygen vacancy is a red cube. On the
right, the positions of the migrating oxygen vacancies are labeled start (s), center (¢) and
destination (d).

For Kinetic Monte Carlo simulations, the migration energies and the attempt frequencies
must be known for all occurring configurations containing multiple Sm dopants and oxygen
vacancies at various positions. The migration energies of all possible configurations can be

calculated by combining the three explicit migration edge energies (Fig. 1) with association
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energies between the migrating oxygen vacancy and the other adjacent defects according to
a pair interaction model proposed earlier.?” In our earlier work, the attempt frequencies of
the three edge configurations were assumed to be representative for all possible migration
configurations.?* In this study, we extend our study of the attempt frequencies to dopants
near the initial position of the oxygen vacancy, which can trap the oxygen vacancy leading
to an increase in migration energy. Figure 4 shows dopants in nearest neighborhood to the
start position of the migrating oxygen vacancy. For the constant volume case, similar to
doping at the migration edge, doping in nearest neighborhood to the start position of the
migrating oxygen vacancy with one ot two Sm dopants also leads to an increase in the
attempt frequency (Fig. 4 and Table 5). However, a maximum in attempt frequency is found

for a single Sm dopant in nearest neighborhood to the start position.

Table 5: Electronic migration energies for different migration configurations, distances of the
edge cations in the initial and the transition state and oxygen vacancy attempt frequencies
1o (V,T) (Vineyard) at constant volume (V' = const.)

cations at  dig drs  drs —dis AEQ(V.T) vy (V,T)

start A (A (A) (eV) (s7h)
Ce, Ce  4.148 4.267  0.119 0.587 1.47-10"2
Ce, Sm  4.153 4.270  0.118 0.562 2.01-10"2
Sm, Sm  4.156 4.272  0.116 0.531 1.75- 10"

For the constant pressure case, the attempt frequency increases monotonously with an
increasing amount of Sm dopants in nearest neighborhood to the start position of the mi-
grating oxygen vacancy (Table 6). This is surprising, as for Sm doping at the migration edge
the trend for the constant volume and constant pressure case was related. For an increas-
ing number of Sm dopants at the edge, the migration volume decreases. For an increasing
number of Sm dopants in nearest neighborhood to the start position, the migration volume
increases. While the volume of the supercell in the initial state is similar for dopants at
the edge and the start position, the volume expansion to the transition state is stronger for
dopants at the start position especially perpendicular to the direction of migration. This is

surprising, as the widening of the edge cation distance increases with doping at the edge
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Figure 4: Attempt frequencies for Sm doped ceria with dopants at migration edge and in
nearest neighborhood to the start position of the migrating oxygen vacancy.
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while it decreases with doping at the start position. The volume expansion is therefore, as

shown by the relaxed structures, caused by long-range distortion.

Table 6: Electronic migration energies for different migration configurations, changes in vol-
ume between transition state and initial state AV and oxygen vacancy attempt frequencies
v (p, T) (Vineyard) at constant pressure (p = 0)

cations at  AEY (p,T) AV 1y (p,T)
start (eV) (A?) (s7h)
Ce, Ce 0.602 3.06 7.67-10"
Ce, Sm 0.593 3.26 1.16-10%
Sm, Sm 0.525 3.82 1.37-101

KMC Simulations with Varying Attempt Frequencies

Kinetic Monte Carlo simulations were performed with four different sets of attempt frequen-
cies to investigate the influence of varying attempt frequencies on the ionic conductivity
in Sm doped ceria. At first, fixed identical attempt frequencies for all configurations with
vy (V,T) from the pure ceria case were employed. Alternatively, for the three edge configura-
tions (Fig. 1) different attempt frequencies according to the constant volume case were used
(see Table 3). The last two sets of attempt frequencies consider further varying attempt fre-
quencies: Additionally, varying attempt frequencies were introduced for dopants at the start
position (Fig. 3) based on the case for a single dopant. Scaling factors, given by the quo-
tient of attempt frequencies in doped relative to pure ceria, were multiplied to determine the
change of the attempt frequency of each local environment compared to pure ceria. Finally,
also varying attempt frequencies were introduced for dopants at the destination position
(Fig. 2), for which the same change compared to the start position was naively assumed as
a model simulation.

Figure 5 shows the very small influence on the ionic conductivity due to variations in the
frequency, which are caused by doping at the migration edge positions. The reason for the
small influence is the high migration energy for doped edges. Only at high dopant fractions

and high temperatures, a significant influence can be found as, in this case, many doped
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Figure 5: KMC simulations of the ionic conductivity of Sm doped ceria at 500 °C (left) and
1100 °C (right) with fixed and varying attempt frequencies. Experimental values according
to Zhan et al.*® and Sanghavi et al.%® Lines are a guide to the eye only.

edges exist and sufficient thermal energy is available for jumps through these edges.

Varying the attempt frequency for doping of the start position has a significant influence,
which starts at low temperature and intermediate dopant fractions. Vacancy jumps away
from dopants in nearest neighborhood position, which free trapped vacancies and feature a
large attempt frequency, appear often. Therefore, the ionic conductivity is increased.

If the same change in attempt frequency is assumed for jumps with dopants in the destina-
tion position, the ionic conductivity increases at intermediate dopants fractions and decreases
at high dopant fractions for 500 °C. For 1100 °C, the ionic conductivity decreases at high
dopant fractions. As an increase in attempt frequency for the destination position leads to an
increase in trapping of oxygen vacancies by dopant ions, a decrease in ionic conductivity can
be expected. The trapping increases at low temperature, as less thermal energy is available.
Therefore, the above-described increase in conductivity is surprising. This implicates that at
intermediate dopants fractions for 500 °C oxygen vacancies jump towards dopants but also
easily jump away from dopants. Increasing the frequency of the trapping processes, therefore,
increases the conductivity. For increasing dopant fractions, more Sm-Sm edges appear and

block the migrating oxygen vacancies. In our earlier publication, we already highlighted that
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Sm doped ceria has one of the highest conductivities reported for a ternary cerium oxide
due to its low two-step trapping properties (catch-and-hold principle).?® The finding that
at intermediate dopants fractions oxygen vacancies frequently jump towards and away from
dopants completes the catch-and-hold principle explaining the high ionic conductivity in Sm
doped ceria. At 1100 °C, considerably more thermal energy is available to cross trapping
barriers so that the change in ionic conductivity is negligible. The conductivity is obviously
strongly influenced by trapping, especially at low and intermediate dopant fractions, and
blocking, especially at high dopant fractions. This result is in agreement with our earlier
publication where we pointed out that that trapping limits the maximum value of the ionic
conductivity and that blocking defines the dopant fraction of the ionic conductivity maxi-
mum.2® If the presence of a dopant changes the migration energy identically for forward and
backward jumps, the resulting energy contribution is referred to as blocking. If the change
in migration energy due to doping is different for a forward and backward jump of a spe-
cific ionic configuration, the resulting energy contributions are referred to as trapping. In
conclusion, the optimal dopant concentration is determined by an interplay of trapping and
blocking.

A comparison between experimental ionic conductivities of the bulk domain and the
result of the KMC simulations is shown in Fig. 5 (left). The experimental conductivities
scatter significantly as discussed in our earlier publications.?*%° The trends of experimental
and theoretical results are in agreement. However, the scattering in experimental values is
significantly larger than changes in the simulated conductivity between the different vari-
ations in attempt frequency. Therefore, the use of varying attempt frequencies cannot be
experimentally verified using conductivity measurements.

While ab initio calculations generally investigate microscopic properties, at the same time
the macroscopic conductivity can be fitted to an Arrhenius equation (Eqgs. 6 and 7) to extract
the experimental apparent attempt frequency (or prefactor of diffusion) and the experimen-

tal activation enthalpy. The temperature dependence of the ionic conductivity (Fig. 5) can
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be naively estimated by applying the Arrhenius equation between 500 °C and 1100 °C. For
an increase in microscopic attempt frequency between the models, an increase in the ex-
perimental macroscopic attempt frequency Vey, ver can be found. In contrast, the activation
enthalpy AH, is similar for all models. The microscopic increase in local attempt frequency
does not influence the activation enthalpy. In our previous work, we showed that doping with
very small amounts of Sc, which has strong trapping properties, leads to an increase in both
experimental attempt frequency and activation enthalpy at low and intermediate tempera-
tures.? A simple model with two alternating migration barriers throughout a cubic lattice
showed that the activation enthalpy is strongly influenced by the higher migration energy
and the attempt frequency is strongly influenced by the distribution of migration energies.
We conclude, the distribution of microscopic migration energies influences both macroscopic
attempt frequency and activation enthalpy. The distribution of microscopic attempt fre-
quencies influences the macroscopic attempt frequency but has only a small influence on the
activation enthalpy. Correlations between the macroscopic Ve, ves and AH, as discussed in

90-94

literature are, therefore, in the case of differently doped materials, caused by a change

in the microscopic distribution of migration energies.

Conclusions

In this work, the influence of the local jump environment on the attempt frequency was
investigated using density functional theory calculations. For doping at the migration edge,
large dopants lead to an increase and small dopants to a decrease in the attempt frequency.
In this way, doping can cause an increase in migration energy and a decrease in attempt
frequency. For individual edge configurations, migration energies and attempt frequencies
increase with increasing dopant radius. This increase is steeper for the double-doped migra-
tion edge. Sm doping in nearest neighborhood to the start position of the migrating oxygen

vacancy also leads to an increase in attempt frequency for more dopants.
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Kinetic Monte Carlo simulations predict a very small influence on the ionic conductivity if
varying attempt frequencies for different jump environments are considered. At intermediate
dopants fractions, common diffusion paths cross dopant sites explaining why Sm doped ceria
has one of the highest conductivities reported for a ternary cerium oxide due to its low
two-step trapping properties. Trapping determines the conductivity at low and intermediate
dopant fractions. Blocking determines the conductivity at high dopant fractions. While a
distribution of microscopic migration energies influences both macroscopic attempt frequency
and activation enthalpy, a distribution of microscopic attempt frequencies influences the

macroscopic attempt frequency but has only a small influence on the activation enthalpy.

Acknowledgement

The authors gratefully acknowledge the computing time granted by the JARA-HPC Ver-
gabegremium and provided on the JARA-HPC Partition part of the supercomputer JU-
RECA at Forschungszentrum Jiilich. % Simulations were performed with computing resources
granted by RWTH Aachen University under project rwth0336. The authors gratefully ac-
knowledge the computing time granted by the JARA-HPC Vergabegremium and provided
on the JARA-HPC Partition part of the supercomputer CLAIX at RWTH Aachen Univer-
sity. Research supported by the U.S. Department of Energy, Office of Science, Basic Energy
Sciences, Materials Sciences and Engineering Division under Contract No. DE-AC02-05-
CH11231. The authors would like to thank Peter C. Schmidt and Tomas Bucko for discus-

sions.

References

(1) Zhou, X.-D.; Singhal, S. C. In Fuel Cells and Hydrogen Storage; Bocarsly, A., Mingos, D.
M. P., Eds.; Structure and Bonding; Springer Berlin Heidelberg: Berlin, Heidelberg,
2011; Vol. 141; pp 1-32.

21



(2)

(7)

Metz, B., Ed. IPCC special report on carbon dioxide capture and storage; Cambridge

University Press: Cambridge, 2005.

Okada, A. Ceramic technologies for automotive industry: Current status and perspec-

tives. Materials Science and Engineering: B 2009, 161, 182-187.

Gibbins, J.; Chalmers, H. Carbon capture and storage. Energy Policy 2008, 36, 4317
4322,

Trovarelli, A. Catalytic Properties of Ceria and CeOs-Containing Materials. Catalysis
Reviews 1996, 38, 439-520.

Hao, Y.; Yang, C.-K.; Haile, S. M. Ceria—Zirconia Solid Solutions (Ce;_,Zr,Oy s,
x < 0.2) for Solar Thermochemical Water Splitting: A Thermodynamic Study. Chem.

Mater. 2014, 26, 6073-6082.

Yang, N.; Shi, Y.; Schweiger, S.; Strelcov, E.; Belianinov, A.; Foglietti, V.; Orgiani, P.;
Balestrino, G.; Kalinin, S. V.; Rupp, Jennifer L. M,; Aruta, C. Role of Associated Defects
in Oxygen Ion Conduction and Surface Exchange Reaction for Epitaxial Samaria-Doped
Ceria Thin Films as Catalytic Coatings. ACS Applied Materials € Interfaces 2016, 8,
14613-14621.

Catlow, C. R.; Parker, S. C. In Computer Simulation of Solids; Catlow, C., Mack-
rodt, W., Eds.; Lecture Notes in Physics; Springer Berlin Heidelberg, 1982; Vol. 166;

pp 222-242.

Strickler, D. W.; Carlson, W. G. Electrical conductivity in the ZrOs-rich region of

several MyO3-ZrO, systems. J. Am. Ceram. Soc. 1965, /8, 286-289.

Schmalzried, H. On correlation effects of vacancies in ionic crystals. Z. Phys. Chem.

1977, 105, 47-62.

22



(11)

(12)

(15)

(16)

(17)

(18)

(19)

Hohnke, D. K. Ionic conduction in doped oxides with the fluorite structure. Solid State
Tonics 1981, 5, 531-534.

Martin, M. On the ionic conductivity of strongly acceptor doped, fluorite-type oxygen

ion conductors. J. Electroceram. 2006, 17, 765-773.

Hayashi, H. Molecular dynamics calculations on ceria-based solid electrolytes with dif-

ferent radius dopants. Solid State lonics 2000, 151, 281-290.

Inaba, H. Molecular dynamics simulation of gadolinia-doped ceria. Solid State Ionics

1999, 122, 95-103.

Gotte, A.; Spangberg, D.; Hermansson, K.; Baudin, M. Molecular dynamics study of
oxygen self-diffusion in reduced CeO,. Solid State Ionics 2007, 178, 1421-1427.

Tarancén, A.; Morata, A.; Peir6, F.; Dezanneau, G. A Molecular Dynamics Study on
the Oxygen Diffusion in Doped Fluorites: The Effect of the Dopant Distribution. Fuel

Cells 2011, 11, 26-37.

Burbano, M.; Nadin, S.; Marrocchelli, D.; Salanne, M.; Watson, G. W. Ceria co-doping:

synergistic or average effect? Phys. Chem. Chem. Phys. 2014, 16, 8320-8331.

Sun, L.; Marrocchelli, D.; Yildiz, B. Edge dislocation slows down oxide ion diffusion in

doped CeO, by segregation of charged defects. Nat. Commun. 2015, 6, 6294.

Murray, A.; Murch, G.; Catlow, C. A new hybrid scheme of computer simulation based
on Hades and Monte Carlo: Application to ionic conductivity in YT doped CeQOs. Solid
State Ionics 1986, 18-19, 196-202.

Adler, S. B.; Smith, J. W. Effects of long-range forces on oxygen transport in yttria-

doped ceria: simulation and theory. J. Chem. Soc., Faraday Trans. 1993, 89, 3123.

Meyer, M.; Nicoloso, N. MC-study of the anomalous conductivity of fluorite-type solid
oxide solutions. Ber. Bunsen Ges. 1997, 101, 1393-1398.

23



(22)

(23)

(24)

(25)

(26)

(28)

Oaks, A.; Di Yun,; Ye, B.; Chen, W.-Y.; Stubbins, J. F. Kinetic Monte Carlo model of
defect transport and irradiation effects in La-doped CeOs. J. Nucl. Mater. 2011, 414,

145-149.

Dholabhai, P. P.; Anwar, S.; Adams, J. B.; Crozier, P.; Sharma, R. Kinetic lattice Monte
Carlo model for oxygen vacancy diffusion in praseodymium doped ceria: Applications

to materials design. J. Solid State Chem. 2011, 184, 811-817.

Dholabhai, P. P.; Adams, J. B.; Crozier, P. A.; Sharma, R. In search of enhanced
electrolyte materials: a case study of doubly doped ceria. J. Mater. Chem. 2011, 21,
18991.

Dholabhai, P. P.; Adams, J. B. A blend of first-principles and kinetic lattice Monte Carlo

computation to optimize samarium-doped ceria. J. Mater. Sci. 2012, 47, 7530-7541.

Dholabhai, P. P.; Anwar, S.; Adams, J. B.; Crozier, P. A.; Sharma, R. Predicting the
optimal dopant concentration in gadolinium doped ceria: a kinetic lattice Monte Carlo

approach. Modell. Simul. Mater. Sci. Eng. 2012, 20, 015004.

Grieshammer, S.; Grope, B. O. H.; Koettgen, J.; Martin, M. A combined DFT + U
and Monte Carlo study on rare earth doped ceria. Phys. Chem. Chem. Phys. 2014, 16,

9974.

Koettgen, J.; Grieshammer, S.; Hein, P.; Grope, B. O. H.; Nakayama, M.; Martin, M.
Understanding the ionic conductivity maximum in doped ceria: trapping and blocking.

Phys. Chem. Chem. Phys. 2018, 20, 14291-14321.

Grieshammer, S.; Eisele, S.; Koettgen, J. Modeling oxygen ion migration in the CeOy—

Z105-Y 503 solid solution. J. Phys. Chem. C 2018, 122, 18809-18817.

Murch, G. E. Monte Carlo calculation as an aid in teaching solid-state diffusion. Am.

J. Phys 1979, 47, 78.

24



(31)

(32)

(33)

(34)

(35)

(36)

(39)

(40)

(41)

Voter, A. F. In Radiation effects in solids; Sickafus, K. E., Kotomin, E. A., Uberu-
aga, B. P., Eds.; Springer: Dordrecht, 2007; Vol. 235; pp 1-23.

Eyring, H. The Activated Complex in Chemical Reactions. J. Chem. Phys. 1935, 3,
107.
Vineyard, G. H. Frequency factors and isotope effects in solid state rate processes. J.

Phys. Chem. Solids 1957, 3, 121-127.

Koettgen, J.; Zacherle, T.; Grieshammer, S.; Martin, M. Ab initio calculation of the
attempt frequency of oxygen diffusion in pure and samarium doped ceria. Phys. Chem.

Chem. Phys. 2017, 19, 9957-9973.
Inaba, H.; Tagawa, H. Ceria-based solid electrolytes. Solid State Ionics 1996, 83, 1-16.

Mogensen, M.; Sammes, N. M.; Tompsett, G. A. Physical, chemical and electrochemical

properties of pure and doped ceria. Solid State Ionics 2000, 129, 63-94.

Hahn, T., Ed. International tables for crystallography, 5th ed.; Springer Netherland:
Berlin, 2007.

Nakayama, M.; Martin, M. First-principles study on defect chemistry and migration of
oxide ions in ceria doped with rare-earth cations. Phys. Chem. Chem. Phys. 2009, 11,
3241-3249.

Koettgen, J.; Schmidt, P. C.; Buc¢ko, T.; Martin, M. Ab initio calculation of the migra-
tion free energy of oxygen diffusion in pure and samarium-doped ceria. Phys. Rev. B

2018, 97, 024305.

Martin, M. In Diffusion in Condensed Matter; Heitjans, P., Kérger, J., Eds.; Springer-
Verlag Berlin Heidelberg: Berlin, Heidelberg, 2005; pp 209-247.

Etsell, T. H.; Flengas, S. N. Electrical properties of solid oxide electrolytes. Chem. Rev.
1970, 70, 339-376.

25



(42)

(43)

(44)

(46)

(47)

(48)

(49)

(50)

Zha, S.; Xia, C.; Meng, G. Effect of Gd (Sm) doping on properties of ceria electrolyte

for solid oxide fuel cells. J. Power Sources 2003, 115, 44-48.

Zhan, Z.; Wen, T.-L.; Tu, H.; Lu, Z.-Y. AC impedance investigation of samarium-doped

ceria. J. Electrochem. Soc. 2001, 148, A427.

Matovié, B.; Stojmenovi¢, M.; Pantié¢, J.; Varela, A.; Zunié, M.; Jiraborvornpongsa, N.;
Yano, T. Electrical and microstructural properties of Yb-doped CeOs. J. Asian Ceram.
Soc. 2014, 2, 117-122.

Tianshu, Z.; Hing, P.; Huang, H.; Kilner, J. Ionic conductivity in the CeOy—GdO3 sys-
tem (0.05<Gd/Ce<0.4) prepared by oxalate coprecipitation. Solid State Ionics 2002,

148, 567-573.

Tuller, H.; Nowick, A. Small polaron electron transport in reduced CeQOs single crystals.

J. Phys. Chem. Solids 1977, 38, 859-867.

Farra, R.; Garcia-Melchor, M.; Eichelbaum, M.; Hashagen, M.; Frandsen, W.; Allan, J.;
Girgsdies, F.; Szentmiklosi, L.; Lopez, N.; Teschner, D. Promoted Ceria: A Structural,

Catalytic, and Computational Study. ACS Catal. 2013, 3, 2256-2268.

Ganduglia-Pirovano, M. V.; Da Silva, J. L. F.; Sauer, J. Density-functional calculations
of the structure of near-surface oxygen vacancies and electron localization on CeOy(111).

Phys. Rev. Lett. 2009, 102, 026101.

Holme, T.; Prinz, F. B. First Principles Study of Oxygen Incorporation Reactions in
Oxides. Trans. Mater. Res. Soc. Jpn 2010, 35, 59-68.

Nakayama, M.; Ohshima, H.; Nogami, M.; Martin, M. A concerted migration mech-
anism of mixed oxide ion and electron conduction in reduced ceria studied by first-

principles density functional theory. Phys. Chem. Chem. Phys. 2012, 14, 6079.

26



(51)

(52)

(53)

(57)

(58)

(59)

Keating, P. R. L.; Scanlon, D. O.; Morgan, B. J.; Galea, N. M.; Watson, G. W. Analysis
of Intrinsic Defects in CeO, Using a Koopmans-Like GGA-+U Approach. J. Phys. Chem.
C 2012, 116, 2443-2452.

Zacherle, T.; Schriever, A.; De Souza, R. A.; Martin, M. Ab initio analysis of the defect

structure of ceria. Phys. Rev. B 2013, 87, 134104.

Grieshammer, S.; Zacherle, T.; Martin, M. Entropies of defect formation in ceria from

first principles. Phys. Chem. Chem. Phys. 2013, 15, 15935-15942.

Plata, J. J.; Marquez, A. M.; Sanz, J. F. Transport Properties in the CeOy_,(111)
Surface: From Charge Distribution to Ton-Electron Collaborative Migration. J. Phys.
Chem. C 2013, 117, 25497-25503.

Kong, L. T.; Lewis, L. J. Transition state theory of the preexponential factors for self-

diffusion on Cu, Ag, and Ni surfaces. Phys. Rev. B 2006, 74, 073412.

Toyoura, K.; Koyama, Y.; Kuwabara, A.; Oba, F.; Tanaka, I. First-principles approach
to chemical diffusion of lithium atoms in a graphite intercalation compound. Phys. Reuv.

B 2008, 78, 214303.

Agoston, P.; Albe, K. Formation entropies of intrinsic point defects in cubic In,O3 from
first-principles density functional theory calculations. Phys. Chem. Chem. Phys. 2009,
11, 3226,

Mishin, Y.; Serensen, M. R.; Voter, A. F. Calculation of point-defect entropy in metals.
Philos. Mag. A 2001, 81, 2591-2612.

Suzuki, A.; Mishin, Y. Atomistic Modeling of Point Defects and Diffusion in Copper

Grain Boundaries. Interface Sci. 2003, 11, 131-148.

Riess, I.; Ricken, M.; Nolting, J. On the specific heat of nonstoichiometric ceria. J. Solid
State Chem. 1985, 57, 314-322.

27



(61)

(62)

(66)

(67)

(70)

(71)

Hisashige, T.; Yamamura, Y.; Tsuji, T. Thermal expansion and Debye temperature of

rare earth-doped ceria. J. Alloys Compd. 2006, 408412, 1153-1156.

Hayashi, H.; Kanoh, M.; Quan, C. J.; Inaba, H.; Wang, S.; Dokiya, M.; Tagawa, H.
Thermal expansion of Gd-doped ceria and reduced ceria. Solid State Tonics 2000, 132,
227-233.

Inaba, H.; Tagawa, H. Semi-empirical estimation of thermal expansion coefficients of

perovskite-type oxides. J. Ceram. Soc. Jpn. 1998, 106, 272-278.

Kingery, W. D.; Bowen, H. K.; Uhlmann, D. R. Introduction to ceramics, 2nd ed.;
Wiley: New York, 1976.

Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made
Simple [Phys. Rev. Lett. 77, 3865 (1996)|. Phys. Rev. Lett. 1997, 78, 1396.

Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 1994, 50, 17953-17979.

Kresse, G.; Furthmiiller, J. Efficient iterative schemes for ab initio total-energy calcu-

lations using a plane-wave basis set. Phys. Rev. B 1996, 5/, 11169-11186.

Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-

wave method. Phys. Rev. B 1999, 59, 1758-1775.

Dudarev, S. L.; Botton, G. A.; Savrasov, S. Y.; Humphreys, C. J.; Sutton, A. P.
Electron-energy-loss spectra and the structural stability of nickel oxide: An LSDA+U
study. Phys. Rev. B 1998, 57, 1505-1509.

Nolan, M.; Fearon, J. E. W. G. W. Oxygen vacancy formation and migration in ceria.

Solid State ITonics 2006, 177, 3069-3074.

Yang, Z.; Luo, G.; Lu, Z.; Hermansson, K. Oxygen vacancy formation energy in Pd-

doped ceria: a DFT+U study. J. Chem. Phys. 2007, 127, 074704.

28



(72)

(73)

(74)

(75)

(76)

(77)

(80)

(81)

Yang, Z.; Luo, G.; Lu, Z.; Woo, T. K.; Hermansson, K. Structural and electronic prop-
erties of NM-doped ceria (NM = Pt, Rh): a first-principles study. J. Phys.: Condens.

Matter 2008, 20, 035210.

Nolan, M.; Verdugo, V. S.; Metiu, H. Vacancy formation and CO adsorption on gold-
doped ceria surfaces. Surf. Sci. 2008, 602, 2734-2742.

Hooper, J.; Ismail, A.; Giorgi, J. B.; Woo, T. K. Computational insights into the na-
ture of increased ionic conductivity in concentrated samarium-doped ceria: a genetic

algorithm study. Phys. Chem. Chem. Phys. 2010, 12, 12969.

Dholabhai, P. P.; Adams, J. B.; Crozier, P.; Sharma, R. A density functional study of

defect migration in gadolinium doped ceria. Phys. Chem. Chem. Phys. 2010, 12, 7904.

Dholabhai, P. P.; Adams, J. B.; Crozier, P.; Sharma, R. Oxygen vacancy migration in
ceria and Pr-doped ceria: A DFT+U study. J. Chem. Phys. 2010, 132, 094104.

Ismail, A.; Hooper, J.; Giorgi, J. B.; Woo, T. K. A DFT+U study of defect association
and oxygen migration in samarium-doped ceria. Phys. Chem. Chem. Phys. 2011, 13,
6116.

Zacherle, T.; Schmidt, P. C.; Martin, M. Ab initio calculations on the defect structure

of -GayO3. Phys. Rev. B 2013, 87, 235206.

Murnaghan, F. D. Finite Deformations of an Elastic Solid. American Journal of Math-

ematics 1937, 59, 235.

Murnaghan, F. D. The Compressibility of Media under Extreme Pressures. Proceedings

of the National Academy of Sciences 1944, 30, 244-247.

Birch, F. Finite Elastic Strain of Cubic Crystals. Phys. Rev. 1947, 71, 809-824.

29



(82)

(83)

(84)

(85)

(89)

(90)

(91)

Da Silva, J. L. F.; Ganduglia-Pirovano, M. V.; Sauer, J.; Bayer, V.; Kresse, G. Hybrid
functionals applied to rare-earth oxides: The example of ceria. Phys. Rev. B 2007, 75,
045121.

Jonsson, H.; Mills, G.; Jacobsen, K. M. In Classical and quantum dynamics in condensed

phase simulations; Berne, B. J., Ed.; World Scientific: Singapore, 1998; pp 385-404.

Lumeij, M.; Koettgen, J.; Gillefien, M.; Itoh, T.; Dronskowski, R. Detailed insights into
the structural properties and oxygen-pathways in orthorhombic Bag 5Srg 5Cog sFep2O3_5

by electronic-structure theory. Solid State lonics 2012, 222-223, 53-58.

Henkelman, G.; Uberuaga, B. P.; Jonsson, H. A climbing image nudged elastic band
method for finding saddle points and minimum energy paths. J. Chem. Phys. 2000,
113, 9901.

Parlinski, K.; Li, Z. Q.; Kawazoe, Y. First-Principles Determination of the Soft Mode

in Cubic ZrO2. Phys. Rev. Lett. 1997, 78, 4063-4066.

Hein, P.; Grope, B. O. H.; Koettgen, J.; Grieshammer, S.; Martin, M. iCon: A general

lattice Kinetic Monte Carlo program. submitted

Sanghavi, R.; Devanathan, R.; Nandasiri, M. I.; Kuchibhatla, S.; Kovarik, L.; The-
vuthasan, S.; Prasad, S. Integrated experimental and modeling study of the ionic con-

ductivity of samaria-doped ceria thin films. Solid State Ionics 2011, 204-205, 13—19.

Kottgen, J. R. The relation between defect interactions, local structure and oxygen ion

conductivity in the bulk of doped ceria. Ph.D. thesis, RWTH Aachen University, 2017.

Nowick, A.; Wang, D.; Park, D.; Griffith, J. In Fast ion transport in solids; Vashishta, P.,
Mundy, J. N., Shenoy, G. K., Eds.; North Holland: New York, 1979; p 673.

Wang, D.; Park, D.; Griffith, J.; Nowick, A. Oxygen-ion conductivity and defect inter-

actions in yttria-doped ceria. Solid State Ionics 1981, 2, 95-105.

30



(92)

(93)

(95)

Faber, J.; Geoffroy, C.; Roux, A.; Sylvestre, A.; Abélard, P. A Systematic investigation
of the dc electrical conductivity of rare-earth doped ceria. Applied Physics A Solids and
Surfaces 1989, /9, 225-232.

Pérez-Coll, D.; Marrero-Lopez, D.; Nunez, P.; Pinol, S.; Frade, J. R. Grain boundary
conductivity of Cegglng20y s ceramics (Ln=Y, La, Gd, Sm) with and without Co-
doping. FElectrochim. Acta 2006, 51, 6463-64609.

Mori, T.; Buchanan, R.; Ou, D.; Ye, F.; Kobayashi, T.; Kim, J.-D.; Zou, J.; Drennan, J.
Design of nanostructured ceria-based solid electrolytes for development of IT-SOFC. J.
Solid State Electrochem. 2008, 12, 841-849.

Jiilich Supercomputing Centre, JURECA: General-purpose supercomputer at Jiilich

Supercomputing Centre. Journal of large-scale research facilities 2016, 2, A62.

31



Figure 6: TOC Graphic

This document is the unedited Author’s version of a Submitted Work that was sub-
sequently accepted for publication in The Journal of Physical Chemistry C, copyright (©
American Chemical Society after peer review. To access the final edited and published work

see https://pubs.acs.org/articlesonrequest / AOR-f8 AtxtJ27Kq9zHsvAzpD.

32



