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Oxygen transport in rare-earth oxide (RE2O3) doped CeO2 with ﬂuorite structure has attracted
considerable attention owing to both the range of practical usage (e.g., fuel cells, sensors, etc.)
and the fundamental fascination of fast oxide ion transport in crystalline solids. Using
density-functional theory, we have calculated the formation energies of point defects and their
migration properties in RE2O3 doped CeO2 (RE ¼ Sc, Y, La, Nd, Sm, Gd, Dy, and Lu). The
calculated results show that oxygen vacancies are the dominant defect species obtained by
RE31 doping. They form associates with the RE31 ions, and the corresponding defect association
energy is a strong function of the ionic radii of the RE31 dopants. The migration of an oxygen
vacancy was investigated using the nudged elastic band method. The lowest activation energy for
oxygen vacancy hopping is obtained for a straightforward migration path between two adjacent
oxygen sites. The migration energy of an oxygen vacancy also strongly depends on the ionic radii
of the neighbouring dopant cations. Accordingly, we have identiﬁed two factors that aﬀect the
oxygen vacancy migration; (1) trapping (or repelling) of an oxygen vacancy at the NN site of the
RE31 dopant, and (2) reduction (or enlargement) of the migration barrier by RE31 doping. These
ﬁndings provide insight for atomistic level understanding of ionic conductivity in doped ceria and
would be beneﬁcial for optimizing ionic conductivity.

1. Introduction
Oxide ion transport in ceria (CeO2) based materials with a
ﬂuorite structure is of great interest in the development of
electrolytes for solid oxide fuel cells due to its high ionic
conductivity.1,2 Pure CeO2 itself is not a good ionic conductor,
but a signiﬁcant increase in conductivity can be achieved by
rare-earth oxide (RE2O3: RE denotes a rare-earth element)
doping due to creation of oxygen vacancies. Therefore, RE2O3
doped CeO2 materials have been studied extensively for many
years by measuring the oxide ion conductivities and their
activation energies as functions of the dopant concentration
and/or the temperature.3,4 The results showed a strong dependence of the conductivity on the ionic radius of the dopants.
The maximum conductivity was observed in CeO2 doped with
Sm2O3 while replacement of Ce41 by larger or smaller RE31
ions than Sm31 caused a decrease in ionic conduction.4 The
eﬀect is believed to be due to the local structure driven
properties, such as local distortion or lattice strain owing to
the size mismatch between host Ce41 ions and dopant RE31
ions, and the trapping eﬀect of the oxygen vacancies by the
dopant ions. For example, Gerhardt-Anderson et al.
suggested that trapping eﬀects stem from the formation of a
(RECe/ VO ) cluster on nearest neighbour (NN) or on next
nearest-neighbor (NNN) positions.3 Based on this idea, they
estimated the defect association enthalpies from conductivity
a
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measurements. Smaller size ions (e.g. Sc31) among the series of
RE dopants resulted in strong association, and vice versa.
These results are qualitatively reproduced by computations
using a Born-like empirical potential model.5 Similarly, Zacate
et al. reported for doped ZrO2 (ﬂuorite structure) that the
defect association enthalpy (or binding energy) between a
dopant RE31 ion and a nearest neighbour (NN) oxygen
vacancy decreases with decrease of the ionic radius of the
RE31 ions.6 Very recently, Wei et al. calculated the defect
association energy in CeO2 doped with 9 types of rare-earth
oxides using also an empirical potential model.7 A clear
tendency was found that small dopants attract an oxygen
vacancy, while strong association occurs between Ce41 and
an oxygen vacancy for large dopants. An EXAFS study of
RE2O3 doped CeO2 reported by Yoshida et al. conﬁrmed that
oxygen vacancies tend to be associated with RE31 dopants.8
On the other hand, molecular-dynamics (MD) simulations
using empirical potentials in yttria-stabilized ZrO2 revealed
that the diﬀerence in conductivity at diﬀerent dopant concentrations is not caused by defect association between oxygen
vacancies and the Y31 dopant but rather due to the strongly
reduced hopping probabilities of oxygen ions around Y31
dopant ions.9 However, the computational approaches using
Born-like potential model in the above studies5–7,9 may suﬀer
from the precise assignments of potential parameters due to
the increase of the number of parameters with increasing
number of dopant species. In this respect, the ﬁrst-principles
DFT approach is advantageous due to the absence of
adjustable (empirical) parameters in its formalism. Yoshida
et al. studied the migration energy of Y, La and Sm doped
ceria10 and suggested a relationship between the ionic
Phys. Chem. Chem. Phys., 2009, 11, 3241–3249 | 3241
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conductivity and the lattice deformation. Andersson et al.
reported recently a ﬁrst-principles DFT study on dopant-oxygen
vacancy interaction, or the defect association energy and the
migration barrier, in CeO2 doped with various rare earth oxides.11
They showed a clear relationship between the defect interactions
and the atomic number (or ionic radius) of the RE dopant, and
they predicted an eﬀective activation energy for ionic conduction.
However, the computational results in10,11 were derived from a
few speciﬁc RE/Ce/O/vacancy conﬁgurations.
Therefore, a comprehensive understanding of the energetics
concerning (1) the defect chemistry and (2) the migration of
oxygen vacancies is required to clarify the eﬀect of diﬀerent
RE31 dopants and diﬀerent local conﬁgurations on oxygen
transport in RE2O3 doped CeO2. In this paper, ﬁrst-principles
density functional theory (DFT) is adopted to reveal the
inﬂuence of the above two factors in CeO2 doped with eight
diﬀerent RE2O3. As rare earth element Sc, Y, La, Nd, Sm, Gd,
Dy, and Lu were chosen to cover a wide range of ionic radii
from B1.0 to B1.3 Å. In addition, several atomic conﬁgurations were considered to understand comprehensively the
eﬀects of local atomic arrangements for defect association
and migration barriers.
The ﬁrst-principles DFT approach will give us an atomistic
level understanding of the macroscopic oxide ion transport
phenomena, and this insight could be used for the design of
materials with improved properties. For example, Murray et al.
simulated the oxide ion conductivity in Y2O3 doped CeO2 by
combining atomistic simulation methods and Monte Carlo
simulations.12 Krishnamurthy et al.13,14 and Pomprasertsuk
et al.15 reported combined ﬁrst-principles DFT and Monte
Carlo techniques for Y2O3 doped ZrO2. Thus, the aim of this
paper is to gain knowledge of the energies related to defect
chemistry and migration barriers which is the ﬁrst step on the
way to predict the ionic conductivity. In the following steps
these energies must be expanded and linked to the macroscopic
behaviour and properties. For example, these energies could be
used directly in the above models12–15 to predict the macroscopic ionic conductivity. In this respect, we will use the present
computational results along with a simpliﬁed conductivity
model proposed in ref. 16 to demonstrate qualitatively the
dependence of the ionic conduction behaviour on the dopant
fraction in Y2O3 doped Ceria.
This paper is arranged as follows. Section 1 contains the
introduction. Section 2 describes the details of the ﬁrstprinciples DFT procedure. Section 3 consists of two subsections that discuss the physical properties of pure CeO2
(Sec. 3.1), and the defect chemistry of RE2O3 doped CeO2
(Sec. 3.2). Section 4 contains the results of oxide ion migration
(or oxide ion jumps between lattice sites) in pure ceria and in
RE2O3 doped CeO2. Finally, section 5 gives a summary and
conclusions.

was pointed out, such as by using the so called DFT þ U
method.21–27 However, this method was not used in this study,
because the major ions of Ce41 and O2 in RE2O3 doped CeO2
do not possess 4f electrons, and several adjustable U parameters for the diﬀerent RE31 ions would be needed which
causes similar problems as the Born-like potential model
mentioned before.) Spin polarization calculation was adopted.
At ﬁrst, we calculated ‘perfect CeO2’ without any defects in the
lattice, under the condition of full structural relaxation
(i.e. allowing for the change of the cubic lattice parameter
and the internal atomic positions). Then, the ﬁnal energies of
the optimized geometries were recalculated so as to correct for
changes in the plane-wave basis during relaxation.
After determining the lattice parameter of pure CeO2, we
expanded the simulation cell to a size of 2  2  2 conventional ﬂuorite unit cells (Ce32O64) to model point defects, such
as an oxygen vacancy, a substitutional cation, and their
associates, but also the migration of oxygen ions. In all the
computations, we controlled the total number of electrons in
the lattice to compensate for excess charges of impurities or
defects. For instance, when we assume the situation that an
impurity RE atom replaces a Ce atom (i.e, [RECe31O64]), one
excess electron is added into the lattice. A jellium background
was used to neutralize the lattice with charged point defects
(oxygen vacancy and/or trivalent cations). It was also assumed
that structural relaxation only aﬀects the local surrounding of
the defects in the 2  2  2 superstructure. Thus, only internal
atomic positions in the cell were allowed to relax and the cubic
lattice parameter was ﬁxed for the calculations. The validity of
this approach was conﬁrmed by the fact that the energy
diﬀerence of oxygen vacancy formation was less than
0.01 eV for the two simulation cells Ce32O63 and Ce48O95.
The nudged elastic band (NEB) method was used to
investigate the minimum energy pathways of the oxygen
vacancy hopping from one lattice position to adjacent sites.
First, the two point conﬁgurations (initial and end point) and
the corresponding total energies were calculated by specifying
the location of a vacancy at the two potential minima. In this
computation, the internal atomic positions in the cell were
relaxed without changing the lattice parameter, as mentioned
above. Then intermediate conﬁgurations were generated by
linear interpolation between the initial and end points. Finally,
the intermediate conﬁgurations were relaxed under the
constraint that the ions were connected by springs to keep
the ions equidistant from neighbouring conﬁgurations during
the relaxation. Details of the NEB method are described in
ref. 28.

2. Computational methods

Table 1 lists the obtained cubic lattice parameter and the bulk
modulus for perfect CeO2 as obtained by DFT computations
and by experiments. The conventional ﬂuorite structure was
calculated with a Ce4O8 superstructure using 5  5  5 k-point
meshes, and the bulk modulus was obtained along with
Murnaghan’s formula.29 The present results show good
agreement with previous studies within the typical

All ﬁrst-principles DFT calculations were performed using
the Vienna ab initio simulation package (VASP)17,18 with
the generalized gradient approximation (PBE-GGA)19
and the projector-augmented wave (PAW) method.20
(Recently, the importance for describing localized 4f states
3242 | Phys. Chem. Chem. Phys., 2009, 11, 3241–3249

3. Results: defect chemistry
3.1 Perfect CeO2
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Table 1 Cubic lattice parameter and bulk modulus of CeO2 obtained
by density functional theory (DFT) computations and experiments

Table 2 Defect formation energies of intrinsic defects and fractions at
1000 K in pure ceria

Property

Defect
formation
reaction

Law of mass action
and calculated defect
formation energy

Fraction of defects
in CeO2 at 1000 K

Schottky
(eqn (2.1))
Anti-Frenkel
(eqn (2.2))
Frenkel
(eqn (2.5))

KS ¼ [VCe////][VO ]2,
3.59 eV
KAF ¼ [Oi//][VO ],
4.04 eV
KF ¼ [Cei ][VCe////],
7.36 eV


[VO ] ¼ 2[VCe
]
¼ 1.2  106
//
[Oi ] = [VO ]
¼ 6.7  1011
[Cei ] = [VCe////]
¼ 2.8  1019

Computation (DFT)
a

30

Experiments
31

Cubic lattice parameter/Å 5.463, 5.45, 5.37,
5.48, 32 5.45 33
Bulk modulus/GPa
181.03,a 193.5, 31 187.7
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a

32

5.41

34

236,

35

204

36

Present work.

DFT-GGA error. For later calculations of the defect
structure and the migration of an oxygen vacancy, we used a
Ce32O64-based superstructure as mentioned in the previous
section. Thus, we compared the computational results for
perfect CeO2 using two diﬀerent cell sizes, Ce4O8 and
Ce32O64. For Ce32O64, numerical integration over the
Brillouin zone was carried out only by sampling the G point
due to limitations of our computational resources. The obtained total energy diﬀerence between Ce4O8 and Ce32O64 is
small enough (1.1 meV per CeO2) to ensure that our superstructure computations capture the physical and chemical
properties with the quality presented in Table 1.
3.2

RE2O3 doped CeO2

As pointed out in many reports, oxygen vacancy formation is
mandatory for oxygen ion migration in ceria (or in ﬂuorite
structured oxides in general). One important intrinsic defect
formation reaction is the Schottky reaction (eqn (2.1),
Kröger–Vink notation)
nul 2 VCe//// þ 2VO

(2.1)

Another candidate for oxygen vacancy creation is the
Anti-Frenkel reaction (eqn (2.2))
Oox 2 Oi// þ VO

(2.2)

Here, we assume the interstitial sites for oxygen (Oi//) to be the
4b Wyckoﬀ positions of the space group Fm3m, or the large
cavities at the centre of the ﬂuorite structure. To calculate the
defect formation energy for both reactions, we consider dilute
conditions where the created point defects do not interact
with each other. Thus, we can calculate the total energy
Etot(NCe,NO) of a system that contains a single point defect
in the supercell Ce32O64 separately, and then we can sum up
the terms to obtain the reactions in the above eqns (2.1) and
(2.2). The corresponding defect formation energies EdefS
(Schottky defect) and EdefAF (Anti-Frenkel defect) are:
EdefS ¼ Etot([Ce31VCe O64]4)
þ 2 Etot([Ce32O63VO]21)95 Etot([CeO2])
Edef

AF

2

¼ Etot([Ce32O64Oi] ) þ Etot([Ce32O63VO]
64 Etot([CeO2])

21

(2.3)
)
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K ¼ exp(Edef/kBT)

(2.6)

where kB and T are the Boltzmann constant and the absolute
temperature, respectively. (Note that the Gibbs energy should
be used instead of the defect formation energy to calculate the
equilibrium constant.37 However, we assumed the diﬀerence
arising from the entropy (mainly due to vibrational one) and
the volume change to be small enough for defect formation in
solid state phases.) The results for the corresponding defect
fractions are also listed in Table 2 and indicate quite small
fractions of intrinsic defects in pure ceria.
Therefore, the main origin of oxygen vacancy creation can
be ascribed to an extrinsic mechanism of doping CeO2 with
RE2O3 resulting in Ce1xRExO2x/2. The formation of oxygen
vacancies can be described as
RE2O2 2 2RECe/ þ VO þ 3OOX

(2.7)

On the other hand, another defect formation mechanism is
also conceivable where an interstitial site is occupied by RE31.
2RE2O3 2 3RECe/ þ REi þ 6OOX

(2.8)

In order to understand the defect chemistry on an atomistic
level, we calculated the solution energy for Y2O3 doped CeO2
as a typical representative. The computation was carried out
assuming dilute conditions as mentioned before. Table 3
presents the calculated solution energies per Y2O3. The results
indicate that the majority point defects compensating Y 0 Ce are
oxygen vacancies and not yttrium interstitials due to the much
smaller solution energy of eqn (2.7) compared to eqn (2.8).
Both obtained energies are positive, indicating that Y2O3 is

(2.4)

Here VCe, VO and Oi indicate a cerium vacancy, an oxygen
vacancy and an oxygen interstitial ion, respectively. The
results are shown in the Table 2. For comparison, the Frenkel
reaction
CeCex 2 Cei þ VCe////

was also considered. As can be seen in Table 2, the formation
of Frenkel defects requires a relatively high formation energy
in comparison to the Schottky and Anti-Frenkel reactions.
The equilibrium constants K of the corresponding defect
formation reactions (2.1), (2.2) and (2.5) were also calculated
for comparison purposes. Since statistical mechanics
postulates that the fraction of defects follows the Boltzmann
factor at equilibrium, then the equilibrium constant K was
obtained as follows,

(2.5)

Table 3 Solution energies for the solution of Y2O3 in CeO2 according
to diﬀerent solution reactions
Defect type (eqn. #)

Solution energy/
eV per Y2O3

Oxygen vacancy mechanism (eqn (2.7))
RE31 interstitial mechanism (eqn (2.8))

0.98
2.61

Phys. Chem. Chem. Phys., 2009, 11, 3241–3249 | 3243
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not soluble in CeO2 at low temperatures, while experimental
studies clearly showed that RE2O3 and CeO2 form a solidsolution up to a certain RE31 concentration (see e.g. ref. 2).
Similar results of positive solution energies were obtained for
RE2O3 doped ZrO2 using the classical potential model.6
Probably, the solution Gibbs energy becomes negative by
increasing the temperature due to the entropy eﬀect and, in
addition, the enthalpy may change with temperature (the
synthesis is usually performed at temperatures above
1273 K). In addition, defect association, such as formation
of Y31-oxygen vacancy pairs, decreases the solution energy as
mentioned later. Thus, we regard oxygen vacancies (formed
via eqn (2.1) for undoped ceria and via eqn (2.7) for RE2O3
doped ceria) as dominant conduction species.
Up to now, we discussed the defect formation mechanism
from the viewpoint of inﬁnitely diluted defects, i.e. we assumed
that defects do not interact with each other. Now, we consider
in addition two types of defect associates: (1) an associate of
two oxygen vacancies, (VO –VO ), and (2) an associate of an
oxygen vacancy and a RE31 dopant, (RECe/–VO ). For the
associate (VO –VO ) we expect repulsive Coulombic interaction between the doubly charged oxygen vacancies, while
we expect an atttractive Coulombic interaction for the associate (RECe/–VO ) due to the opposite charges of the rare earth
dopant and the oxygen vacancy. Both associates would cause a
decrease of the oxygen ion conductivity due to a correlated
motion of oxygen vacancies repelling each other and due to
trapping of oxygen vacancies by RE31. In fact, defect
association between an oxygen vacancy and a RE31-dopant
was already found in ﬂuorite-structured materials by means of
atomistic simulations5 and/or in experiments.3 Thus, we
evaluated the two defect association eﬀects quantitatively by
calculating the corresponding defect association energies
DEV–V and DERE–V as follows,
DEV–V ¼ [Etot(VO –VO )][2Etot(VO )]
¼ [Etot([Ce31O62]1) þ 32Etot([CeO2])]
[2Etot([Ce32O63]21)]

(2.9)

DERE–V ¼ [Etot (RECe/–VO )]  [Etot (RECe/)] þ Etot (VO )]
¼ [Etot ([RECe31O63]1) þ 32Etot([CeO2])]
 [Etot([RECe31O64]) þ [Etot([Ce32O63]21)]
(2.10)
where Etot(X) indicates the total energy of X. In both
equations, the ﬁrst and the second square-bracketed terms
correspond to the total energies of associated defects and
isolated defects, respectively. Note that a negative defect
association energy DERE–V is often referred to as binding
energy.
The calculated result for the defect association energy of two
oxygen vacancies (eqn (2.9)) is DEV–V B þ0.77 eV, i.e. the
formation of two isolated oxygen vacancies is energetically
more stable than the formation of the oxygen vacancy pair,
(VO –VO ). Despite the large energy penalty for formation of
(VO –VO ), this defect association will become important when
the conductivity is considered, because in the conductivity one
needs to consider at least the oxygen vacancy distribution in
3244 | Phys. Chem. Chem. Phys., 2009, 11, 3241–3249

NNN
Fig. 1 Calculated defect association energies DENN
RE–V and DERE–V
31
between a RE dopant and an oxygen vacancy located on NN and
NNN sites.

NNN sites (12 sites in CeO2) that aﬀects oxygen vacancy jumps
to NN sites (6 sites in CeO2).
The defect association energies of a RE31-dopant and an
NN
oxygen vacancy on nearest neighbour sites, DERe–V
and nextNNN
nearest neighbour sites, DERE–V , are plotted in Fig. 1 as a
function of the ionic radii using eqn (2.10). (The ionic radii of
RE31 ions are referred to in Shannon’s report.38). The NN
association energy increases in a linear manner with the ionic
radius of the dopants from 0.45 eV to þ0.15 eV, whereas the
NNN association energy is always positive and decreases
slightly from B0.05 to B 0.20 eV.39 For NN interaction,
the sign of the defect association energy changes from negative
to positive by introducing RE31-dopants with ionic radii
larger than B1.2 Å (or larger than Gd31).. In other words,
dopants with smaller ionic radii than Gd31 trap an oxygen
vacancy at the NN site, while larger dopants repel it. The
defect association energy is a strong function of the ionic size
of the dopant RE31, showing that structural distortions
around defects contribute to stabilization or destabilization
of defect association. It is noted that the ionic radius corresNN
ponding to DERE–V
¼ 0 diﬀers from the ionic radius of Ce41
(the ionic radius of Ce41 is B 1.11 Å38). This indicates that
local structural modiﬁcations induced by dopants of diﬀerent
size compared to the host Ce41 ions would not be the only
factor to account for the defect association energy. One of the
possible reasons is the diﬀerence of the valence states of RE31
and Ce41.
To further investigate defect association between a RE31
dopant and an oxygen vacancy, the variation of the defect
association energy as a function of the coordination number
(CN) of a vacancy with RE31 (RE ¼ Sc, Y, La) ions was
calculated and is plotted in Fig. 2. In this ﬁgure, an isolated
oxygen vacancy that is surrounded by a single or plural NN
RE31 ions is considered (CN ¼ 0 corresponds to an oxygen
vacancy in pure Ceria). The hatched lines in Fig. 2 indicate the
linear extrapolation of the defect association energies for
CN ¼ 0 and CN ¼ 1. Hence, these hatched lines correspond
This journal is
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Fig. 3 Three possible oxide ion migration pathways (Path 1–3) in the
ﬂuorite structure of ceria. Large light green spheres indicate cerium,
the white square indicates an oxygen vacancy and small red spheres
correspond to oxide ions.

Fig. 2 Variation of the defect association energy DENN
RE–V between an
oxygen vacancy and RE31 dopants as a function of the number of
RE31 dopants coordinating the oxygen vacancy. (RE ¼ Sc, Y, La).

to the simple assumption that the defect association energy
consists only of pair-interactions between an oxygen vacancy
and RE31 dopants. In all cases, the defect association energy
for plural coordination with RE31 is above the extrapolated,
hatched line in Fig. 2, probably due to dopant–dopant
repulsion. The dependence of the defect association energy
on the CN is nonlinear, especially obvious in the case of Sc31
doping. However in all cases the defect association energy
varies monotonously with the CN of RE31 ions, so that the
tendency shown in Fig. 1 remains the same: doping with
smaller ions stabilizes an oxygen vacancy on NN sites, while
doping with larger ions destabilizes it.
To sum up the defect chemistry of RE2O3 doped CeO2, our
calculations have shown the following results:
—RE31 substitution for Ce41 leads preferentially to the
formation of oxygen vacancies,
—RE31 dopants smaller than Gd31 tend to trap the oxygen
vacancy at the NN site strongly, while RE31 dopants larger
than Gd31 repel the oxygen vacancy from NN sites.

distance of B 2.38 Å, so that local electrostatic repulsion by
surrounding anions may prevent the oxide ion from hopping
along Path 3. Path 2 may be a moderate situation with a
smaller CN of oxygen ions and a larger distance from cations
except for one closest Ce41.
Fig. 4 presents the computational results of the energy
proﬁles (a) and the corresponding trajectories (b)–(d) for the
above three types of jumps obtained by the NEB approach.
Note that the horizontal axis in Fig. 4a refers to the jumping
‘oxygen vacancy’, and the projected migration distance
indicates its position projected onto the straight line
connecting the initial (refers to 0) and ﬁnal (refers to 1) oxygen
vacancy positions. All the energy proﬁles show a maximum at
the middle between the initial and ﬁnal positions. Obviously,
the activation energies of Paths 2 and 3 are much larger than
that of Path 1 (B0.5 eV), so that a negligible contribution to
the oxygen ionic conductivity is expected for Paths 2 and 3.
The oxide ion jumps straightforward for Paths 1 and 3, while

4. Results: oxygen ion migration
4.1

Pure CeO2

Fig. 3 shows three conceivable migration pathways (Paths 1–3)
for oxide ions between adjacent tetrahedral sites in CeO2,
corresponding to an opposite oxygen vacancy hopping along
the h100i, h110i and h111i direction, respectively. If one
considers straightforward hopping, Path 1 requires passing
through a dumbbell of two cerium ions in the middle of two
adjacent tetrahedral oxygen sites. In this case, the minimum
interatomic distance between the hopping oxide ion and the
cerium ions is B1.95 Å. Therefore, strong Coulombic
attraction and large steric repulsion is expected for Path 1.
For Path 3, the oxide ion hops via a large interstitial space
(4b site) which is coordinated by eight oxide ions with a
This journal is
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Fig. 4 (a) Energy proﬁles during oxide ion hopping for Paths 1–3,
and (b)–(d) corresponding trajectories of hopping oxide ions. In
(b)–(d), large light-green spheres indicate cerium and small white
and red (brighter and darker small) spheres correspond to hopping
and non-hopping oxide ions, respectively.
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Path 2 shows a curved trajectory passing through the vicinity
of interstitial sites being close to the transition point of Path 3.
As a result, the activation energies of paths 2 and 3 are both
relatively large.
Referring to a previous report by Wang et al.,40 the
migration enthalpy for pure CeO2 would be around 0.6 eV.
Fabor et al. also reported the migration enthalpy of doped
ceria to be 0.5 eV using NMR techniques.41 Thus, the present
computational results for Path 1 show quantitative accordance
with the experimental results, supporting the validity of the
present results. Moreover, the present computational results
regarding the trajectories of oxide ion migration agree in
essence with the results of previous studies. For example,
Shimojo et al. used molecular dynamics simulations9 and
showed for yttria-doped ZrO2 with ﬂuorite structure that
oxide ions hop dominantly along the h100i direction between
adjacent tetrahedra formed by the cations (Path 1). More
recently, Yashima et al. investigated the oxygen migration
path in Y2O3 doped CeO2 using neutron powder diﬀraction
combined with the maximum entropy method.42 Their results
indicate that the oxide ion migrates mainly along the h100i
direction, in agreement with the results of the present
computation (Path 1). However, the experimentally observed
migration path is not a straight line as depicted in Fig. 4b, but
a curved line. In addition, their results also indicate oxygen ion
migration along the h110i direction (Path 2 in this paper). We
believe, however, that the curved pathway for Path 1 and the
observed oxide ion migration along Path 2 may be related to
the very high temperature of 1434 1C in these experiments. As
we are interested in oxygen ion conduction at much lower
temperatures we will neglect, hereinafter in this paper, the
contribution of conduction pathways 2 and 3 due to their
much larger activation energies for oxygen ion jumps.
4.2

RE2O3-doped CeO2

In this section, the eﬀect of RE31-doping on the oxide ion
jumps is investigated. We assume that only RE31-ions on
nearest neighbour positions (NN-RE31) aﬀect the oxide ion
hopping, since in section 3.2 it was found that defect association between a RE31-dopant and an oxygen vacancy is
especially signiﬁcant if both occupy NN positions. However,
even with this constraint there are numerous conﬁgurational
degrees of freedom, which makes it diﬃcult to perform
computations by ﬁrst-principles DFT for all conceivable
arrangements of oxygen vacancies and dopants. Thus, from
now on we consider dopant–vacancy interactions only within
the two adjacent tetrahedra that are deﬁned by Path 1
(see Fig. 4(b)). In this case, the energy proﬁle during the jump
of an oxide ion from one speciﬁc site to an adjacent speciﬁc site
depends only on the cation conﬁguration in the two adjacent
tetrahedra (see Fig. 5a). Before the jump, the oxide ions resides
in a tetrahedral site, and there are ﬁve possible cation conﬁgurations depending on the coordination number of RE ions;
namely OCe,Ce,Ce,Ce, OCe,Ce,Ce,RE, OCe,Ce,RE,RE, OCe,RE,RE,RE,
and ORE,RE,RE,RE. During the jump from one tetrahedron to
another, the oxygen ion has to cross their common edge that
could be a Ce–Ce, a Ce–RE, or a RE–RE edge. After the
jump, there are again ﬁve possible cation conﬁgurations in the
3246 | Phys. Chem. Chem. Phys., 2009, 11, 3241–3249

Fig. 5 Five types of nearest neighbour (NN) cation conﬁgurations
for oxygen vacancy hopping models examined in this study in RE31
substituted ceria. The smaller red and white (darker and brighter
small) spheres represent an oxide ion and a vacancy, and the larger
light green and light blue (brighter and darker large) spheres indicate
Ce41 and RE31, respectively. Note that the projected migration
distance refers to the oxygen vacancy position.

second tetrahedron. As the two tetrahedra share a common
edge, there are only 30 distinguishable types of oxide ion
jumps.9 Due to the limitations of computational resources,
we chose ﬁve important hopping models (Model A–E shown
in Fig. 5) for the following reasons. (Note that Model A is
exactly the same as considered previously for Path 1 in Fig. 3.)
Models A, B and C diﬀer by the number of dopants in the
shared edge that has to be crossed by the jumping oxygen ion
(Ce–Ce, Ce–RE, RE–RE). However, in all three models the
conﬁguration of the oxygen vacancy and the RE31-dopants
before and after the jump remains unchanged, which means
that in these symmetric cases the corresponding association
energies remain unchanged. On the other hand, models D and
E reﬂect the asymmetric eﬀect of defect association, since the
coordination number of RE-dopants with oxide ions is
diﬀerent before and after the jump. In model D one ‘‘bond’’
between the oxygen vacancy and the RE31-dopant is broken,
in model E two ‘‘bonds’’ are broken.
At ﬁrst, yttrium was chosen as typical trivalent dopant. The
above 5 jump models were evaluated and the results are shown
in Fig. 6. The energy proﬁles corresponding to oxide ion jumps
for models A–C (Fig. 6a) exhibit the maximum at the middle
between the two adjacent tetrahedral sites as in the case of
pure CeO2 in Fig. 3. Obviously, the Y31 occupation at the

Fig. 6 Energy proﬁles for Models A–E (see Fig. 5) in yttria doped
ceria. Note that the projected migration distance refers to the ‘oxygen
vacancy’ position.

This journal is


c

the Owner Societies 2009

Downloaded by NAGOYA KOGYO DAIGAKU on 18 November 2010
Published on 11 March 2009 on http://pubs.rsc.org | doi:10.1039/B900162J

shared-edge sites causes an increase in the activation energy.
This increase is no linear function of the number of Y31 ions: a
single Y-ion in the edge increases the migration energy by
0.05 eV (model B) while two Y-ions cause an increase of 0.30 eV
(model C). As is the case of Models B and C, Models D
and E show a change in the activation energy due to the Y
occupation in the ﬁrst tetrahedron (Fig. 6b). However, the
obtained energy proﬁles are asymmetric, demonstrating that
the oxygen vacancy prefers to be located on a NN-position of
the Y31-dopant (vice versa for the oxide ion). Note that the
energy diﬀerences between the two oxygen sites correspond to
the diﬀerence of the defect association energies between an
oxygen vacancy and one (or two) Y31-ion(s) on NN- and
on NNN-sites (see also Fig. 1). The increase of the activation
energy is almost linear against the number of Y31-ions as can
be seen in Fig. 6. This can be ascribed to the fact that the defect
association energy showed an almost linear behaviour as a
function of the number of NN Y31-ions (see Fig. 2 for CN r 2
and RE ¼ Y). Thus, there seems to be a simple relationship
between the defect association energy and the activation
energy for oxygen ion jumps. Here, we propose a simple
model where the activation energy EA for oxide ion jumps
between two adjacent tetrahedra with diﬀerent cation
conﬁgurations can be decomposed into two contributions,
NN
NNN
EA ¼ DEedge  (NNN
DENNN
RE DERE–V þ NRE
RE–V). Here DEedge
depends only on the cation pair forming the shared-edge of the
two adjacent tetrahedra and corresponds to the activation
energies of models A, B and C (see Fig. 6(a)). NRE is the CN of
the oxygen vacancy with RE (except for RE at shared-edge
sites), and DERE–V indicates the defect association energy as
mentioned above. Using this simple equation, one can obtain
the activation energies for forward and backward oxide ion
jumps for arbitrary conﬁgurations of Ce41- and RE31-cations
only by calculating Models A–C and the defect association
NNN
energies DENN
RE–V and DERE–V. Table 4 compares the activation
energies for forward and backward jumps predicted by the
above method with the exact results from the ﬁrst-principles
study. The predicted activation energies show good
accordance with the ﬁrst-principles results (energy diﬀerence
is less than 40 meV). This prediction method for the jump
activation energy would be beneﬁcial for calculating the
macroscopic ionic conduction behaviour. To demonstrate,
we calculated the conductivity behaviour using a model that
was proposed in a previous report.16 This model considers the
Table 4 Activation energies for oxygen vacancy jumps between
adjacent tetrahedral sites in Y-doped ceria. Forward jump indicates
an oxygen vacancy jump from left to right in Fig. 5, and backward
jump indicates the reverse jump
Jump type

Model
Model
Model
Model
Model

A
B
C
D
E

This journal is

Activation energy/eV

Activation energy/eV

(First-principles DFT and
NEB)

(Prediction according to
main text)

Forward
jump
0.482
0.533
0.800
0.549
0.604

Forward
jump
N/A
N/A
N/A
0.563
0.643
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Backward
jump

0.372
0.264
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Backward
jump
N/A
N/A
N/A
0.386
0.289

Fig. 7 Calculated ionic conductivity of YxCe1xO2x/2 as a function
of composition x. The results were obtained using the conductivity
model reported in ref. 30 and taking the activation energies calculated
in this study.

oxygen vacancy distribution using mass action equations and
jump frequencies using activation energies for the considered
conﬁgurations of tetrahedra. However, this model16 considers
only NN interactions and assumes a constant attempt
frequency (related to the vibrational properties) for oxygen
vacancy jumps which is independent of the local cation
conﬁguration and temperature. Therefore, the simulated ionic
conductivities are compared only on a relative scale. Fig. 7
shows the predicted ionic conductivity behaviour at
200 and 600 1C as a function of composition x in YxCe1xO2x/2.
The optimized composition, xopt, for ionic conductivity is
located around x B 0.16 and 0.28 at 200 and 600 1C,
respectively. Both predicted results overestimate the optimized
compositions against experimental results (xopt B 0.08 and
B 0.12 at 455 and 833 K, respectively43). However, the present
predictions capture two important features, (i) the existence of
optimized compositions, and (ii) these optimized compositions
shift to larger values by increasing the temperature. The
deviation between predicted and experimental values may
arise from disregarding both the NNN site contribution and
the repulsive vacancy–vacancy interactions in the conductivity
model.16 Similarly, the present predictions also showed
increase of the averaged activation energies with the
composition x, showing qualitative accordance with
experimental results at x 4 B0.04.41 We will modify the
model and discuss it comprehensively in the near future.44
In addition, the above scheme would apply to various RE31
dopants as well as Y31 doping. However, we note that smaller
RE31 dopants (such as Sc31) show a nonlinear dependence of
the defect association energies on the CN (see Fig. 2), so that
linear extrapolation from Model D to Model E is not
appropriate.
Finally we consider in Fig. 8 the obtained energy barrier
DEedge (or the jump activation energies of Models B and C) for
various RE dopants as a function of their ionic radii.38 The
energy barrier for pure CeO2 (Model A) is also plotted for
comparison purpose. DEedge increases with the ionic radius of
RE31 and is larger for Model C (RE–RE edge) than for Model
B (RE–Ce edge) for all RE–dopants, except for Sc where both
Phys. Chem. Chem. Phys., 2009, 11, 3241–3249 | 3247
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Fig. 8 Calculated migration energies DEedge for oxygen ion jumps in
Models A, B and C for RE2O3 doped CeO2 as a function of the ionic
radii.

values are about the same.39 The slope for Model C is steeper
than that for Model B. The above tendency shows good
accordance with ﬁrst-principles DFT studies by Andersson
et al.,11 especially for Model C (RE–RE edge) due to the
consistence of the structural models in both computations. On
the other hand, it is diﬃcult to compare their results directly
with Model A (Ce–Ce edge) and Model B (Ce–RE edge), since
they calculated the migration barrier energies using one
speciﬁc Ce/RE/O/vacancy conﬁguration, which essentially
contains NN and NNN defect association energies and
asymmetric eﬀects as mentioned before.
We infer that the larger activation energy in Model C may
be ascribed to the Coulombic interactions, since smaller
attractive interactions are expected at the transition state of
Model C (RE31–O2–RE31) than for Model B
(Ce41–O2–RE31). In this respect, the larger migration barrier
for doping with larger RE31 ions could also be explained by
the smaller Coulombic interaction because of the larger
interatomic distance between the dopant and the oxygen
vacancy. Accordingly, the present results show that improvement of the oxide ionic conductivity can be achieved by using
smaller RE31 doping in terms of the migration barrier DEedge.
On the other hand, smaller dopants cause strong binding of
the vacancy. Further investigations are needed to reveal the
original reasons for the tendency shown in Fig. 8.

5. Summary
Atomistic level studies on defect chemistry and oxygen
migration in Re2O3 doped CeO2 have been conducted using
ﬁrst-principles DFT. The results show that the dominant point
defects are oxygen vacancies charge compensating the
aliovalent RE31 dopants. Oxide ion (or oxygen vacancy) hops
occur straightforward along the h001i directions connecting
two NN oxygen sites. Defect association eﬀects are nonnegligible between RE31 ions and oxygen vacancies. The
obtained defect association energies show that smaller RE31
ions strongly trap oxygen vacancies, while larger RE31 ions
repel them. Moreover, the energy barrier for oxide ion
hopping is a strong function of the ionic radius of the RE31
ions which are located at the shared edge of two adjacent
3248 | Phys. Chem. Chem. Phys., 2009, 11, 3241–3249

tetrahedra. Increase of RE31 ions causes a reduction of the
hopping energy barrier, and vice versa. Hence, the following
trade-oﬀ relationship is found; (1) the reduction of the energy
barrier by doping with smaller RE31 would be accompanied
by trapping of an oxygen vacancy at the NN sites of the
dopant, whereas (2) doping with larger RE31 decreases the
trapping eﬀect of oxygen vacancies but increases the energy
barrier. Thus—depending on the relative magnitude of the
eﬀects—both an increase and a decrease of ionic conductivity
are possible. (In the latter situation, larger RE31 ions prevent
defect association, so that the reduction of the conductivity
may be due to the decrease of the eﬀective volume for
conduction space.) Such a relationship may account for the
previous experimental results that the ionic conductivity
showed a maximum for the dopants with intermediate ionic
radii.3,4 Our results were obtained from 5 speciﬁc local models
for oxygen vacancy jumps where only NN cation arrangements were considered (see Fig. 5). We believe, however, that
the DFT energies based on these limited conﬁgurations can be
extended to approximate the energies for more complex
conﬁgurations, following the same strategy that was used to
get the results in Table 4. Then it should be possible to
consider also extreme situations such as (1) a random
distribution of dopants and (2) an ordered distribution of
dopants. Finally, to understand further why the defect
association energy and migration energy strongly depend on
the ionic radii of the dopant ions, we will discuss the local
structural modiﬁcations around defects and in the transition
states of hopping ions in the near future.
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