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Trivalent dopants in the CeO2 lattice generate oxygen vacancies in the lattice, which is vital to oxygen

diffusion. However, the dopants also have two detrimental effects on the oxygen vacancy migration:

trapping the oxygen vacancies in the dopant and blocking the vacancy migration by increasing the

energy barrier for the vacancy transport. We studied the diffusion of oxygen in Gd doped CeO2 with La

or Y co-dopants by using molecular dynamics (MD) simulation and compared them with the vacancy

trapping and blocking behavior by the dopants. The trapping was characterized by the coordination

number (CN) of cations statistically analyzed on a large scale. The blocking caused by the dopants was

investigated by first principles nudged elastic band analysis. We found that the oxygen diffusion

measured by the mean square displacement of oxygen in doped CeO2 is enhanced when the trapping of

oxygen vacancies is reduced by the co-doping. In contrast, the change in the energy barrier against

oxygen migration in the co-doped lattice is not consistent with the diffusion behavior. This result

evidently shows that the oxygen ion transport is governed by the trapping of oxygen vacancies.
1 Introduction

The ionic conductivity of CeO2 based materials has been
extensively studied for their application in high performance
electrolytes for solid oxide fuel cells (SOFCs).1–3 The doping of
trivalent ions such as Sm, Sc, Gd, Y, or La has been widely
employed to increase the ionic conductivity (typically, 2–3
orders of magnitude higher than that of yttria-stabilized
zirconia below 600 �C).4 Scientic understanding of the
oxygen transport mechanism would be crucial for structure
optimization of electrolyte materials of SOFCs or further design
of novel electrolytes. Since the substitutional doping with
trivalent species generates oxygen vacancies that facilitate
oxygen ion transport, the distribution and mobility of the
vacancies in the doped ceria is crucial to understand the ion
transport behavior. Doping or external strain is broadly
considered to improve the ion transport in thin lm SOFCs.5–8

However, the mechanism governing the ion transport was not
evident and various mechanisms like vacancy trapping, vacancy
migration blocking, conguration entropy or lattice strain due
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to the difference in the ionic radius of dopants were suggested
to explain the experimental observations.8–12

In doped ceria, the ionic conductivity steadily increases with
increasing dopant concentration up to a maximum at about 8–
20 mol% depending on the type of dopant.13,14 Above the
optimum concentration, a signicant increase in the vacancy-
dopant interaction causes a sharp reduction of the ionic
conductivity.15 It was also reported that there exists an optimum
size of the dopant for improved ionic conductivity, which would
be correlated with the dopant oxygen vacancy interactions.
Butler et al. showed that the vacancy-dopant interaction is
largely dependent on the ionic radius of dopants.16 Minervini
et al. reported that the minimum interaction was observed
when the size of the dopant is close to that of the host cation,
Ce.17 Gd was considered as an optimized dopant, since the size
of Gd3+ is close to that of the host cation.18–20 However, the ion
conductivity was not simply correlated with the ion size of
dopants because the dopant–vacancy interactions result in both
vacancy trapping and the blocking of vacancy migration. It was
reported that the optimum dopant size was obtained when
these two effects are balanced.21

External strain also affects the conductivity of doped ceria
electrolyte materials: the conductivity was improved under
tensile strain. The external strain effect has drawn much
attention as an additional method to manipulate the ion
conductivity. This phenomenon is qualitatively discussed in
terms of the complicated interactions between defects, where
activation energy is a sum of migration enthalpy and associate
formation enthalpy between the defects.8 Applied tensile strain
would reduce the migration enthalpy by expanding the cation
J. Mater. Chem. A, 2021, 9, 13883–13889 | 13883
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Table 1 Inter-ionic potential parameters employed in the MD and LD
simulations

i–j Aij (eV) r (Å) Cij (eV Å6) Ref.

Ce4+–O2� 1809.68 0.3547 20.40 37
Gd3+–O2� 1885.75 0.3399 20.34 17
Y3+–O2� 1766.40 0.33849 19.43 38
La3+–O2� 2088.79 0.3460 23.25 17
O2�–O2� 9547.96 0.2192 32.0 38
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lattice network through which the oxygen ion migrates to the
next vacancy site. Rushton et al. reported that the tensile strain
decreases the preferential association of vacancies with
dopants, whereas the compressive strain increases the associ-
ation.22 The enhanced diffusion of oxygen under tensile strain
was explained by the reduced binding energy between the
vacancy and the dopant.23 On the other hand, Ahn et al. theo-
retically investigated the strain effect on themigration barrier in
Gd doped CeO2 thin lms.24 They reported that the barrier
energy corresponds to the tetrahedron volume, which can be
manipulated by the dopant conguration and the number of
dopants. Many MD simulations showed the consistent result of
the strain effect.22,23,25,26 However, theoretical analysis beyond
the phenomenological description of the diffusion behavior is
yet to be reported.

The vacancy-dopant interaction was extensively discussed in
terms of the trapping and the blocking due to the dopants.21

The strong interaction between the vacancy and dopant cations
may trap the oxygen vacancies into the dopant, forming
a vacancy-dopant cluster.16 In addition, dopants of different
sizes can induce lattice distortion that modies the energy
barrier against the oxygen ion transport.27 Both trapping and
blocking of oxygen vacancies by dopants may result from the
coulombic interaction due to the effective charge of two defects
and elastic strain eld caused by the size mismatch between the
host and the dopant cations.28,29 Therefore, these two effects are
hardly separated to reveal the dominating mechanism to
control the ion transport.

In the present work, theoretical investigations of a co-doped
ceria system enabled us to reveal that the trapping of oxygen
vacancies dominates the ion transport. It can be suggested that
the engineering of vacancy trapping is the most effective to
optimize the ion transport in ceria electrolytes. We studied the
oxygen diffusion in a multi-doped ceria electrolyte by employing
both statistical molecular dynamics simulation and rst prin-
ciples microscopic calculations. Statistical analysis of the
diffusion and the coordination number of cations on a large
scale shows an intimate relationship between the ion transport
and the vacancy trapping behavior in single- and co-doped
ceria. In contrast, the energy barrier of oxygen vacancy migra-
tion was inconsistent with the simulated oxygen diffusion
behavior under various doping conditions.

2 Computational methods
2.1 Density of functional calculations

First-principles calculations based on density functional theory
(DFT) are performed using the Vienna Ab initio Simulation
Package (VASP).30,31 The projector augmented wave (PAW)
method is employed.32 The electron exchange and correlation
potentials are treated in the generalized gradient approxima-
tion (GGA) using the parameterization of Perdew, Burke and
Ernzerhof.33 The DFT + Ueffmethod is applied to the 4f electrons
of ceria, introduced by Dudarev et al.,34 where an effective
Hubbard term (Ueff ¼ U � J) is described by the difference
between the on-site Coulomb (U) and on-site exchange (J) terms.
In the current investigation, the Ueff value is only considered for
13884 | J. Mater. Chem. A, 2021, 9, 13883–13889
the Ce 4f states. A kinetic energy cut-off of 500 eV is used for all
DFT calculations to expand the wave functions in the plane-
basis set. The Brillouin-zone (BZ) integrations are performed
using a Monkhorst–Pack scheme.35 We utilized a 24 � 24 � 24
k-point mesh for the 1 � 1 � 1 CeO2 conventional unit cell,
which is accurate enough based on our test calculations. The
convergence criteria for the total energies and forces are set
within 10�5 eV and 0.01 eV Å�1, respectively. To examine the
oxygen migration barrier in doped ceria, the climbing-image
NEB36 method was used to nd minimum energy paths
(MEPs) and transition states (TSs) from given the initial state
(IS) and nal state (FS). The IS and FS have taken the same cell
shape and volume. An interpolated chain of congurations
(images) between IS and FS positions were connected by springs
and relaxed simultaneously. Five linearly interpolated images
between the IS and FS for single oxygen ion diffusion were
taken. All the images were relaxed until the maximum force
acting on atom was less than 0.01 eV Å�1. The saddle point was
then veried to be the true TS.
2.2 Molecular dynamics and lattice dynamics calculations

The classical MD and lattice dynamics (LD) simulations are
performed using the LAMMPS39 and the GULP code,40 respec-
tively. The effective potential of inter-atomic interactions
between i and j ions is considered as a Buckingham-type
potential with a long-range coulombic term:

V
�
rij
� ¼ qiqi

rij
þ Aij exp

�
rij

rij

�
� Cij

rij6
(1)

where qi represents the charge of ion i, rij is the inter-ionic
distance, and other Aij, rij, and Cij parameters are used to
represent the short-range terms for each element. A cut-off
range of 12 Å was applied for the short-range terms. The
potential parameters for Ce4+–O2�, Gd3+–O2�, Y3+–O2�, La3+–
O2�, and O2�–O2�, given in Table 1, have already been
successfully employed to describe the dynamic properties of
doped ceria.23,41 In the case of cation–cation interactions, the
forces are assumed to be purely coulombic since cations are
generally smaller than the oxygen ion.17,37,38,42 The Coulomb
interactions are summed up using Ewald's method with the
formal charges of the ions.43 The analysis of the electronic
structure of ceria shows that it is largely ionic in nature.44 The
time step used for the integration of Newton's equations of
motion is set to 0.5 fs. The temperature T and the pressure P are
controlled via a Nosé–Hoover thermostat and barostat, respec-
tively.45–47 The Buckingham-type potential model has already
This journal is © The Royal Society of Chemistry 2021
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been successfully employed to describe the dynamic properties
of ceria-based materials in previous literature.48–50 The details of
the structural relaxation process and computational details are
explained in the ESI.†
3 Results and discussion

The oxygen vacancies in the electrolyte of SOFCs play a crucial
role in anion transport. Their interaction with cations or other
oxygen vacancies would radically affect the ionic conductivity.
We rst examined the equilibrium conguration of oxygen ion
vacancies in 12.5 mol% Gd doped ceria systems by energetics
calculation at 0 K. Fig. 1 shows the procedure to nd the equi-
librium conguration. For a ceria solid solution that contains
12.5 mol% Gd, we replaced 4 Ce4+ ions in the 2 � 2 � 2 CeO2

supercell with Gd3+ ions. Two oxygen vacancies were then
introduced to maintain the electrical neutrality of the system.
There are about 43 million possible congurations. Consid-
ering the equivalent lattice sites, we selected 145 152 irreducible
congurations using the Site-Occupation Disorder (SOD) algo-
rithm.51 The irreducible conguration is composed of 72
distinguishable Gd ion congurations with 2016 oxygen
vacancy congurations for each Gd ion conguration. To have
a statistical glimpse of the energetics of the 145 152 congu-
rations, we rst used empirical-potential lattice dynamics (LD)
calculations to nd the minimum energy conguration of
vacancies for a given Gd conguration. From the LD calculation
results, we chose 72 lowest energy congurations for each Gd
conguration. The energies of the 72 congurations were
marked in blue in Fig. 1(a). More accurate values of the energy
Fig. 1 Energetic screening of 12.5 mol% GDC, where 4 Gd3+

substituted with 4 Ce4+ and generated 2 oxygen vacancies (VO) in the
c-C32O64 system. For this stoichiometry, there are 43 309 600
configurations, which reduced to 145 152 configurations by excluding
the equivalent sites using the SOD. (a) The total energy distribution of
the 145 152 configurations calculated by using LD simulations. Here,
there are 72 columns. Each column, containing 2016 configurations,
corresponds to the same substituted position of gadolinium ions, and
the data in the same columns correspond to the different positions of
oxygen vacancies. (b) Total energy of the lowest energy configurations
of the 72 columns (marked in blue in (a)), obtained by the DFT
calculation. (c) The most favorable atomic configuration of the lowest
total energy among all the configurations (marked by the circle in (b)).
(d) An example of the unfavorable atomic configurations of the highest
energy (marked by the square in (a)).

This journal is © The Royal Society of Chemistry 2021
were calculated in the DFT framework as shown in Fig. 1(b). We
found the most favorable conguration as shown in Fig. 1(c),
the energy of which was marked by the circle in Fig. 1(b). It is
evident that the oxygen vacancies tend to exist near doped Gd3+

(black sphere) rather than Ce4+ (blue sphere). The preferred
interaction would be due to the smaller charge of Gd3+ than that
of Ce4+, where the effective charge of Gd3+ is �1 yielding an
attractive force on the oxygen vacancy with an effective charge of
+2. On the other hand, divacancy formation is the most unfa-
vorable in the Gd doped ceria system. High energy congura-
tions marked by the square in Fig. 1(a) is associated with the
divacancy formation as shown in Fig. 1(d).

The coordination number (CN) of the doped and host
cations was analyzed via molecular dynamics simulation to
illustrate the interaction behavior of oxygen vacancies on
a much larger scale. For the MD simulation, we employed the
same inter-ionic potential parameters as in the LD calculation
(Table 1) and constructed a doped ceria model using CeO2

crystals of total 12 000 ions (4000 Ce4+ and 8000 O2�). 10 mol%
Gd doped CeO2, referred to as 10GDC, was modeled by
randomly substituting 400 Ce4+ with Gd3+ and removing 200
O2� to maintain electrical charge neutrality. For the co-doped
CeO2 system, we studied two different models: yttrium (Y3+) or
lanthanum (La3+) co-doped GDC, where 3 mol% Gd3+ is
replaced by Y3+ (referred to as 3Y7GDC) or La3+ (referred to as
3La7GDC). The role of the ionic radius could be systematically
studied in the present work, since La3+ (130.0 pm) is larger than
Gd3+ (119.3 pm), while Y3+ (115.9 pm) is smaller.52 These models
were annealed at 2000 K to relax the articial atomic structure
before analyzing the CN of cations at 1273 K, which is the typical
operating temperature of SOFCs. The details of the relaxation
process are reported in the ESI.† The CN of a cation was esti-
mated from the number of ions within the cut-off radius (0.35
nm) of the cation. The cut-off radius was chosen according to
the rst minima aer the rst nearest peak of the radial
distribution function at 1273 K (see Fig. S1†). The radial
distribution function also showed that the crystallinity of the
co-doped ceria is well maintained at 1273 K. The CN of the
cations was monitored for 1 ns. For better statistics, ve
different congurations of a given doped composition were
used to analyze the CN.

Fig. 2 shows the CN of cations with oxygen ions at 1273 K for
1 ns. The CN of cations is found to be lower than that of perfect
uorite oxide, 8, because of the anion vacancies around them. It
must be noted in Fig. 2(a) that the CN of Gd3+ is obviously lower
than that of Ce4+ in 10GDC. This result indicates that the
average number of oxygen vacancies bound to Gd3+ is larger
than that to Ce4+, consistent with the equilibrium conguration
of GDC depicted in Fig. 1(c). The preferred interaction between
the oxygen vacancy and the Gd dopant may have a deleterious
effect on the oxygen diffusion since the anion migration needs
to overcome the trapping of the oxygen vacancy in the Gd ion. It
was found that the co-doping of GDC with Y3+ or La3+ signi-
cantly changes the preferred interaction of the vacancy with the
cations. Fig. 2(b) and (c) show the CN data for 3Y7GDC and
3La7GDC, respectively. When Y3+ is co-doped, the CN of Y3+

appears to be smaller than that of Gd3+, while the CN of Ce4+
J. Mater. Chem. A, 2021, 9, 13883–13889 | 13885



Fig. 2 The coordination number (CN) of cations (Ce4+, Gd3+, Y3+, and La3+ ions) at T ¼ 1273 K as a function of time for 1 ns (a) in 10GDC, (b) in
3Y7GDC, and (c) in 3La7GDC. The CN of Ce4+ in ideal cubic ceria is 8.
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increases to slightly larger than 7.8 (see Fig. 2(b)). This result
shows the strong preference of the oxygen vacancy to Y3+

compared to both Ce4+ and Gd3+. In contrast, Fig. 2(c) shows
that the CN of La3+ is even higher than that of Ce4+ with a slight
decrease in the CN of Gd3+. The higher CN of La3+ ions indicates
the less preference of oxygen vacancies to the La3+ dopant, while
the CN of Gd3+ slightly decreased. This behavior is consistent
with the previous nuclear magnetic resonance analysis of La
doped ceria.53

The change of the preference would be understood in terms
of the ionic radii of Gd3+, Y3+, and La3+.52 We noticed an increase
in the equilibrium lattice volume by oxygen vacancy incorpo-
ration (Fig. S2†), which reveals that the effective size of oxygen
vacancies is larger than that of oxygen anions. Because the ionic
radius of Y3+ is smaller than that of Gd3+, Y co-doping can
induce a larger free space that can attract the oxygen vacancy.
Opposite behavior would occur in the case of La3+ co-doping,
since the ionic radius of La3+ is much larger than that of
Gd3+. In the recent study of defect association energy by
Koettgen et al.,21 the oxygen vacancy prefers the second nearest
neighbor site of the La3+ dopant, although the vacancy is
strongly trapped by the Y3+ dopant.

Fig. 3(a) shows the mean square displacement (MSD) of ions
of 10GDC in major crystalline directions, <001>. In order to
Fig. 3 (a) Mean square displacements <R2> for cations and oxygen
ions (resolved in the orthogonal [001], [010], and [001] directions) for
10GDC (in sky blue, blue, and pink lines) at T ¼ 1800 K for 1 ns. (b) The
<R2> at various temperatures (T) for 10GDC. Temperature was mono-
chromatically scaled in orange. Note that the slope of the graph
reflects the ion diffusion coefficient D. (c) The Arrhenius plots of the
diffusion coefficient (log D) as a function of 1000/T for the 10GDC
system, and five randomized structures have been used for better
statistics.

13886 | J. Mater. Chem. A, 2021, 9, 13883–13889
enhance the jumping event of oxygen vacancies, the diffusion
simulation was performed at higher temperature (1800 K) than
the typical operating temperature (1273 K). The MSD, <DR2>
data were obtained from the MD simulations for 1 ns using eqn
(1).

�
DR2

� ¼ 1

N

XN
i¼1

fRiðtþ DtÞ � RiðtÞg2 (2)

where R(t) is the position of ions at time t, Dt is the time step
and N is the total number of ions. The MSD data were statisti-
cally averaged for independent simulations of 5 different
congurations. Fig. 3(a) shows that the MSD of cations is close
to zero and does not vary with time even at 1800 K. The cations
exhibit only vibrational features on their lattice site. It would be
worth noting that the oscillation amplitude of the doped cation
Gd3+ (see the inset of Fig. 3(a)) is larger than that of the host
cation Ce4+. This would be due to the lower CN of doped Gd3+.
On the other hand, the MSD of oxygen anions linearly increases
with time, reecting notable diffusion of oxygen anions in the
present MD simulation time. From the linear relationship, the
diffusivity of the anion can be calculated using the Einstein
relationship,54 <DR2> ¼ 6 D � t, where D is the diffusivity of
ions. From the slope of MSD vs. time for various temperatures T
(see Fig. 3(b)), diffusivity can be obtained as a function of
temperature in the range from 1000 to 2000 K. The activation
energy Ea of ion diffusion is then determined by using the
Arrhenius equation of diffusivity55 as shown in Fig. 3(c),

D ¼ D0 exp

�
� Ea

kBT

�
(3)

Here kB is the Boltzmann constant and D0 is the pre-exponential
term of diffusion. Table 2 summarizes the activation energies
for oxygen diffusion in the doped ceria electrolytes. The
Table 2 Calculated activation energy barriers of oxygen ion migration
for doped and co-doped ceria systems

Specimen Ea � DEa

10GDC 0.72 � 0.001
3Y7GDC 0.76 � 0.002
3La7GDC 0.70 � 0.001

This journal is © The Royal Society of Chemistry 2021
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activation energy for 10GDC was 0.72 � 0.01 eV. The order of
magnitude of this value agrees with the previous experimental
results shown in Table 1 of ref. 56. We compared the simulated
diffusion behavior of Gd, La, or Y doped ceria as shown in
Fig. S3.† This simulation is consistent with previous experi-
mental studies.21 It can thus be said that the characterization of
the diffusion by the MSD analysis is acceptable in the present
work. Y3+ and La3+ co-doping exhibited a contrasting behavior.
La3+ co-doping into 10GDC slightly reduced the activation
energy for oxygen diffusion (0.70� 0.01 eV), while Y3+ co-doping
increases the activation energy to 0.76 � 0.02 eV.

The contrasting effect of co-doping on the diffusion behavior
is in agreement with the site preference of the oxygen vacancy
with the co-doped elements. As can be seen in the CN analysis of
Fig. 2, oxygen vacancies interacted more preferentially with Y3+

than Gd3+, while no preference of vacancies to the co-doped La3+

was observed. The reduced preference of oxygen vacancies to
the La3+ dopant would increase the mobility of the oxygen
vacancies. In contrast, Y3+ co-doping deteriorates the oxygen
diffusion by trapping the oxygen vacancies. This observation
would strongly support the fact that the mobility of the oxygen
vacancy is signicantly deteriorated by the preferential trapping
into dopants.
Fig. 4 Oxygen migration barrier between two adjacent tetrahedral
oxygen sites in fluorite structured ceria with the migration edge of (a)
Ce4+–Ce4+, (b) Ce4+–Gd3+, (c) Ce4+–Y3+, (d) Ce4+–La3+, (e) Gd3+–
La3+, (f) Gd3+–Y3+, (g) Gd3+–Gd3+, (h) Y3+–Y3+, and (i) La3+–La3+,
calculated from the first-principles NEBmethod. The structure given in
(c), (d), (e), and (f) consists of one Gd and one co-doped (Y or La) ion
with one oxygen vacancy, except for in (a) and (b) where the structure
is respectively composed of pure ceria and two Gd-doped ions with
one oxygen vacancy in a 2 � 2 � 2 supercell. The oxygen ion migra-
tion between two tetrahedrons with the given edges is shown
systematically in the inset of each graph.

This journal is © The Royal Society of Chemistry 2021
However, the dopant can also affect the migration barrier of
oxygen ions, as previously referred to as “blocking energy”.21 In
order to study the effect of doping on the blocking energy, we
investigated the energy barrier of the oxygen vacancy migration
in the symmetric conguration as shown in Fig. 4. We per-
formed the rst-principles NEB calculations for the oxygen
vacancy to migrate across the edge of all possible combinations
of doped cations: Ce4+–Ce4+, Ce4+–Gd3+, Ce4+–Y3+, Ce4+–La3+,
Gd3+–La3+, Gd3+–Y3+, Gd3+–Gd3+, Y3+–Y3+, and La3+–La3+. In this
symmetric conguration, the potential energy of oxygen
vacancies is invariant with the migration.

Therefore, the energy barrier of the migration will represent
the blocking energy only. Fig. 4 represents the computed energy
barriers for various combinations of the doped cations. When
we calculated the energy barrier with only one dopant at the
tetrahedron edge (as in Fig. 4(b)–(d)), an additional Gd3+ dopant
was placed in the supercell to consider the co-doped
environment.

The results in Fig. 4(a), (b), and (g) show that the blocking
energy was slightly increased by the Gd3+ doping. If La3+ was co-
doped in GDC, there would exist ve kinds of atomic congu-
rations in the edge, Fig. 4(a), (b), (d), (e), (g), and (i). All the
energy barriers of the co-doped cases were higher than in the
Gd3+ doped case. Therefore, the effective blocking energy of the
oxygen migration would considerably increase with the La3+

doping. The blocking energy also increased when Y3+ was co-
doped into the GDC as can be seen in Fig. 4(a)–(c) and (f)–(h).
The present NEB calculations showed that both La3+ and Y3+ co-
doping increased blocking energy for oxygen diffusion across
the tetrahedron edge. It must be noted that these results are not
consistent with the diffusion behavior in co-doped GDC: oxygen
diffusion was enhanced by co-doping of La3+, whereas Y3+ co-
doping degrades the oxygen diffusion (see Table 2). These
ndings support that the trapping of oxygen vacancies is more
signicant to understand the oxygen diffusion behavior in
doped ceria electrolytes.

It was also revealed that the external strain affects the
vacancy trapping behavior and thus the oxygen diffusion. We
applied a series of lateral strain (biaxial strain) in the range of
�2.5% to 2.5% along the a and b lattice directions to 10GDC,
3Y7GDC, and 3La7GDC. These simulation conditions are to
model the GDC electrolyte lms grown (partly epitaxially) on
a substrate of different lattice constants. The stress–strain curve
of the considered systems at various temperatures shows an
Fig. 5 The coordination number (CN) of cations to anions as a func-
tion of biaxial strain in (a) 10GDC, (b) 3Y7GDC, and (c) 3La7GDC
systems at T ¼ 1273 K.

J. Mater. Chem. A, 2021, 9, 13883–13889 | 13887



Fig. 6 The diffusion coefficient (D) as a function of equi-biaxial strain
in the range of �2.5 to 2.5% for 10GDC, 3Y7GDC, and 3La7GDC
systems at T ¼ 1273 K.
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elastic behavior up to 4.5% tensile strain (see Fig. S4†). There-
fore, we can expect that the atomic structure of the lm is
maintained in this strain range. Fig. 5 shows the dependence of
the coordination number (CN) on the applied strain. In 10GDC,
the CN of doped Gd3+ signicantly increased with the applied
tensile strain, while that of Ce4+ slightly decreased (see
Fig. 5(a)). This result reveals that the oxygen vacancy trapping
into the doped cation (Gd3+) is reduced by applying tensile
strain. On the other hand, compressive strain enhanced the
vacancy trapping tendency into the doped cation. An increase in
the CN of dopants commonly occurs in Y3+ or La3+ co-doped
specimens. In both cases, the CN of Ce4+ slightly decreases.
The increased CN or reduced tendency of vacancy trapping has
an effect to increase the diffusion. Fig. 6 shows the substantial
increase of the oxygen diffusion coefficient at 1273 K as the
tensile strain increases. However, one should note that the
change in diffusivity appears almost the same in the three
different co-doped systems, even if the sensitivity of the CN to
the applied strain, as can be evaluated from the slope of Fig. 5,
is larger for the smaller dopant. This would be due to the
duplicating effect of external strain that changes not only the
trapping energy (as shown in Fig. 5)23 but also the blocking
energy by changing the tetrahedron volume.24
4 Conclusions

We theoretically investigated oxygen diffusion in Gd3+ doped
ceria (GDC) co-doped with Y3+ or La3+. Characterizing the
coordination number of cations and the diffusion simulation
on a large scale disclosed the major factor to control the oxygen
diffusion in ceria electrolytes. By combining with NEB calcula-
tion results, we could reveal that the change in oxygen diffusion
is governed by the vacancy trapping behavior into the dopants.
The co-doping of Y3+ that is smaller than Gd3+ enhanced the
oxygen vacancy trapping into Y3+, resulting in suppressed
oxygen diffusion. When larger La3+ ions than Gd3+ were co-
doped, oxygen diffusion was increased as the tendency of
13888 | J. Mater. Chem. A, 2021, 9, 13883–13889
vacancy trapping into La3+ signicantly decreased. In contrast,
the blocking energy against oxygen migration between tetra-
hedron centers is estimated to increase in both Y3+ and La3+ co-
doped cases. It was further shown that the external tensile
strain reduced the difference in the vacancy trapping between
the cations, which can improve the oxygen mobility and thus
ion conductivity in the ceria-based electrolyte. However, the
change in oxygen diffusion by external strain is not sensitive to
the co-doped element since the external strain also changed the
tetrahedron volume and thus the blocking energy against the
oxygen migration. It would be more desirable that the domi-
nating vacancy trapping effect is conrmed in a larger number
of co-doping congurations. Coordination number analysis
would be an effective approach to investigate the vacancy trap-
ping behavior in a wide range of electrolyte systems. In addi-
tion, experimental verication of the co-doping effect with
carefully prepared materials is also required.
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