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Cerium oxide (ceria, CeO2) is one of the most promising mixed ionic and electronic conducting materials. Previous atomistic
analysis has covered widely the effects of substitution on oxygen vacancy migration. However, an in-depth analysis of the
role of cation substitution beyond trivalent cations has rarely been explored. Here, we investigate soluble monovalent (Li+,
Na+, K+, Rb+), divalent (Fe2+, Co2+, Mn2+, Mg2+, Ni2+, Zn2+, Cd2+, Ca2+, Sr2+, Ba2+), trivalent (Al3+, Fe3+, Sc3+, In3+, Lu3+, Yb3+, Y3+, Er3+,
Gd3+, Eu3+, Nd3+, Pr3+, La3+) and tetravalent (Si4+, Ge4+, Ti4+, Sn4+, Hf4+, Zr4+) cation substituents. By combining classical
simulations and quantum mechanical calculations, we provide an insight into defect association energies between
substituent cations and oxygen vacancies as well as their effects on the diffusion mechanisms. Our simulations indicate that
oxygen ionic diffusivity of subvalent cation-substituted systems follows the order Gd3+ > Ca2+ > Na+. With the same charge,
a larger size mismatch with Ce4+ cation yields a lower oxygen ionic diffusivity, i.e., Na+ > K+, Ca2+ > Ni2+, Gd3+ > Al3+. Based on
these trends, we identify species that could tune the oxygen ionic diffusivity: we estimate that the optimum oxygen vacancy
concentration (𝑥V••O) for achieving fast oxygen ionic transport is 2.5% for GdxCe1-xO2-x/2, CaxCe1-xO2-x and NaxCe1-xO2-3x/2 at 800
K. Remarkably, such a concentration is not constant and shifts gradually to higher values as the temperature is increased.
We find that co-substitutions can enhance the impact of the single substitutions beyond that expected by their simple
addition. Furthermore, we identify preferential oxygen ion migration pathways, which illustrate the electro-steric effects of
substituent cations in determining the energy barrier of oxygen ion migration. Such fundamental insights into the factors
that govern the oxygen diffusion coefficient and migration energy would enable design criteria to be defined for tuning the
ionic properties of the material, e.g., by co-doping.

1. Introduction
Materials based on cerium oxide, (ceria, CeO2), have attracted an
upsurge of interest due to their versatile nature for applications, as
they display fast oxygen ion conductivity, efficient catalysis, and giant
electro-chemo-mechanical response.1-5
Such fascinating effects originate from extrinsic doping, i.e.,
unique defect chemistry, where point defects, such as oxygen
vacancies, are generated to balance the substitutional cations.
Understanding the underlying mechanism that controls ionic
transport and diffusion is of particular importance. Maximizing the
oxygen ion conductivity of ceria is highly desirable for applications
such as solid oxide electrolytes and oxide permeable membranes and
has been intensively investigated over the last decades.6-10 However,
low conductivity is also relevant, since a substantial leakage current
can lead to the easy breakdown of electromechanical devices,
especially in the high electrical field range, e.g., > 50 kV cm-1).11-12
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The oxygen exchange and diffusion properties of CeO2 are
typically tuned by substituting Ce4+ cations with trivalent, rare-earth
13
cations to generate a high concentration of oxygen vacancies (V••
O ).
Differences in the ionic radii, valence state, and electronic
configuration of the substituent cations with Ce4+, can induce
repulsive elastic energy and attractive electronic energy between the
oxygen vacancy and substituent cations. Such interactions give rise
to oxygen vacancy–substituent cation associations, resulting in an
ionic conductivity maximum with increasing doping concentration
(‘volcano-type’ behavior).14, 15 Extensive experimental and
theoretical works have revealed that the ionic conductivity in CeO2
increases with increasing substituent cation radius up to Gd3+, Eu3+,
Sm3+, and Nd3+ but decreases afterwards.16-17 Based on Density
Functional Theories (DFT) simulations, Andersson et al.18 proposed
an improvement in the oxygen ion conductivity of CeO2 by
introducing a mixture of Nd3+/Sm3+ or Pr3+/Gd3+ to balance the
attractive and repulsive interactions, thereby reducing the
association energies. An alternative approach is to fabricate CeO2
codoped with rare-earth ions (Y3+, Sm3+, La3+) and alkaline earth ions
(Ca2+, Sr2+) to tune the ‘effective’ ionic radius further and to improve
the oxygen ion diffusivity. Pearce and Thangadurai found that CeO2
ceramics co-doped with rare-earth (La3+, Sm3+) and alkaline earth
ions (Ca2+, Sr2+) exhibit higher ionic conductivities than those seen in
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singly-doped systems.19 According to Xu et al.,20 the ionic
conductivity of Ce0.8+xY0.2-2xCaxO1.9 (x=0-0.1) at 700 °C initially
increased and then decreased as the Ca2+ concentration was
increased further (34.2, 47.2 and 19.2 mS cm−1 for x=0, 0.05, and 0.1,
respectively).
To date, a systematic and comparative investigation on
monovalent (M+), divalent (M2+), trivalent (M3+) and tetravalent (M4+)
cation-substituted systems is still missing, as investigations on tuning
the ionic conductivity beyond trivalent, rare-earth ions-substituted
CeO2 are still rare.21-23 In particular, the solution energy, the
×
••
interaction between M′′′
Ce, M′′
Ce, MCe and VO compared with that of
24
′
MCe (Kröger-Vink notation for defect centers M+, M2+, M4+ and M3+,
respectively) and their effects on the oxygen ion diffusion dynamics
and mechanisms are not well understood. Interpreting the nature of
improved oxygen ion conductivity is further complicated by the fact
that CeO2 is often contaminated by Si, Al, Fe and Mn,25, 26 which often
segregate at surfaces and/or grain boundaries.27, 28 Therefore,
clarifying the influence of such ‘unwanted’ cations on the ionic
conductivity of CeO2-based materials is crucial. Furthermore,
although an atomic-scale study on the defect chemistry of M+, M2+
and M4+ substituted CeO2 is still rare, promising phenomena have
been observed in such systems, such as the improved redox
properties of CeO2-ZrO2 by sodium (Na+) inclusion,29 the anomalously
large dielectric properties in Ca:CeO2 ceramics,30 the improved O2
uptake in Cu2+-doped Pr:CeO2, 31 and the enhanced oxygen storage
capacity of Ce1-xTixO2.32
Herein, we directly investigate the effects of M+, M2+, M3+, and
M4+ cations on oxygen ion migration in CeO2 through atomistic
simulations, at the classical and quantum mechanical levels. We first
investigated the solution energy of M+, M2+, M3+, and M4+ cations in
CeO2 and the association energy between the substituent cation and
V••
O by molecular statics (MS) lattice simulations. Using molecular
dynamics (MD) simulations, we calculated the oxygen tracer
diffusion coefficient (𝐷O∗ ) and the migration energy (Emig). Finally, we
calculated oxygen migration with various diffusion pathways by a
detailed Nudged-Elastic-Band (NEB) method,33 in the framework of
DFT.
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Classical simulations. Here, the interatomic forces are described
using long-range Coulombic forces and Buckingham pair-potentials:
𝑍𝑖𝑍𝑗

( )
𝑟𝑖𝑗

𝐶𝑖𝑗

𝑉𝑖𝑗 = 4𝜋𝜀0𝑟𝑖𝑗 + 𝐴 exp ― 𝜌𝑖𝑗 ― 𝑟6
𝑖𝑗

𝑖𝑗

(1)

where rij is the distance between ions i and j, 𝑍𝑖(𝑗) are the ion’s
valences, 𝜀0 is the permittivity of free space, and the parameters 𝐴𝑖𝑗,
𝜌𝑖𝑗 and 𝐶𝑖𝑗 are the empirical Buckingham pair-potentials (the list of
parameters is reported in the Supplementary Information, Table S1).
The ionic polarizability of the ions is described using the shell model,
and a harmonic spring is used to attach the massless shell with the
ionic core.34
The defect energies are calculated by static lattice simulations
using the Mott–Littleton approach,35 as implemented within the GULP
code.36 We can thus summarize the defect energy (Edef) with the
following equation:36
𝐸𝑑𝑒𝑓 = 𝐸𝐼(𝑥) + 𝐸𝐼𝐼𝐴(𝑥, 𝑦) + 𝐸𝐼𝐼𝐵(𝑦)
(2)
where ionic coordinates and dipole moments determine EI; EIIA is the
interaction between region I and region II (interfacial region); and EIIB
is determined by the displacements (y) in region IIA. Here we set the
radii for regions I and II at 11 and 22 Å, respectively.
We calculated the binding energies (Ebind) of defect clusters,
comprised of aliovalent/isovalent cations and oxygen vacancies,
using the general relation:
𝐸𝑏𝑖𝑛𝑑 = 𝐸𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒 ―(𝐸𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑐𝑎𝑡𝑖𝑜𝑛 + 𝐸𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑣𝑎𝑐𝑎𝑛𝑐𝑦)
(3)
where 𝐸𝑎𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑒, 𝐸𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑐𝑎𝑡𝑖𝑜𝑛 and 𝐸𝑖𝑠𝑜𝑙𝑎𝑡𝑒𝑑 𝑣𝑎𝑐𝑎𝑛𝑐𝑦 are the defect
energy values of the defect cluster, the isolated aliovalent/isovalent
cations and the isolated oxygen vacancy, respectively. A negative
Ebind indicates an attractive interaction between the substituent
cations and the oxygen vacancy. We report the details for the defect
reaction and the calculation of the solution energy (Esol) in
Supplementary Information (section 3).
All ions were treated as rigid ions (omitting the shell model) for
the MD simulations. We controlled the temperature by a NoséHoover thermostat with a significant time scale on which P/T is
relaxed (0.5 and 0.2 for Pdamp and Tdamp, respectively), as
implemented in the LAMMPS package.37–39 We introduced the oxygen
vacancies by randomly removing oxygen ions and compensated for
them by lowering the charge of all Ce4+ to 3.96 for the ‘pure’ system
+ 2―
3.96 + 4 +
4+
(Ce3.96
4000 O7920) and for the M -substituted systems (Ce3840 M160
―
+
+ 2―
O27920
), or by acceptor cations, i.e., M+ (Ce44000
― xMx O8000 ― 3x/2),
4
+
2
+
2
―
4
+
3
+
―
M2+ (Ce4000 ― xMx O8000 ― x), and M3+ (Ce4000 ― xMx O28000
― x/2). At

Fig. 1 (a) Cubic fluorite-structured lattice of CeO2; (b) local coordination of
Ce4+ cation; (c) local structure of one Ca2+ cation with an oxygen vacancy at
the nearest-neighboring site. Colors: Ce4+, yellow; dopant cation, purple;
oxygen, red; oxygen vacancy, green.
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each temperature, the MD simulations were first equilibrated for at
least 600 ps at constant pressure (NPT ensemble), followed by a
production run for 600 ps in a NVT ensemble.
Quantum mechanical calculations. DFT calculations were
performed using the Quantum Espresso code.40 The general gradient
approximation (GGA) was used according to the Perdew–Burke–
Ernzerhof (PBE) functional to describe the exchange-correlation
interaction (the Standard Solid State Pseudopotential, SSSP precision
libraries).41 We applied a Hubbard U parameter of 5.0 eV on cerium,
as recommended by Castleton et al.42 We achieved convergence of
the geometry and lattice energy with the cut-off energy of the planewave basis set and electronic density being 100 and 800 Ry,
respectively. A comparison of the lattice parameters calculated with
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various methods is reported in Table S2. A 2×2×2 supercell of the
fluorite structure (96 atoms) was used, with structure optimization
using a 2 × 2 × 2 Monkhorst–Pack k-point grid. For the defect
calculations, relaxation of the ion positions was conducted until the

ARTICLE
Hellmann–Feynman forces were lower than 1 meV View
Å–1.Article
TheOnline
NEB
DOI: 10.1039/D0CP03298K
method33 with at least three images per calculation
was used to
obtain energy barriers and reaction paths (gamma point only).

Fig. 2 Solution energy and binding energy of (a) M+; (b) M2+; (c) M3+ and (d) M4+ cations in CeO2 calculated by MS simulations. Since the ionic radii for eightcoordination values are not available for all of the ions considered, the values for six-coordination from Shannon43 are used. For cations with a magnetic
moment, the values for high-spin ionic radius are used.43 The lines are used to guide the eyes only.

3. Results and discussion
To have a clear picture of the oxygen ion migration in various
substituted CeO2 instances, we investigate the key factors
governing the association energy of oxygen vacancies with the
cation defects incorporated. Firstly, we examined the trend of ion
size for solution energy and association energy between the
substituent cations and oxygen vacancies. Secondly, we
examined the oxygen diffusion dynamic behavior of systems
substituted with typical cations, which reveals the energetics for
un-bounding the substituent cation–oxygen vacancy defect
clusters. Thirdly, we examined the oxygen ion diffusion
mechanisms to clarify the effects of size and charge of the
substituent cations upon oxygen vacancy migration.
3.1 Defect energy
Fig. 1a represents the CeO2 lattice with its centrosymmetric
fluorite structure, where eight oxygen anions (Ce4+-8O
configuration) surround each cerium. Fig. 1b shows the local
environment of Ce4+ cations, whereas Fig. 1c presents the local
structure of a substituent cation together with an oxygen vacancy
at its nearest-neighboring site (7O–Ca′′Ce–V••
O configuration).

This journal is © The Royal Society of Chemistry 20xx

We first investigated the solution energy (Esol) and binding
energy (Ebind) values of various cations. Fig. 2a shows that the radii
of the M+ cations have little effect on the solution energies and
binding energies. The considerable solution energies of the
monovalent cations suggest a low solution limit of such cations in
CeO2, due to the significant charge difference between them and
Ce4+ cation. The similar size of Na+ (1.02 Å) to Ce4+ (0.98 Å)43
results in the most favorable solution energy and the weakest
••
interaction between Na′′′
Ce and VO for the alkali metal cations.
Likewise, there is a high correlation between the solution energy,
the binding energy, and the size of the M2+ cations (Fig. 2b). The
reduced solution energies (ranging from 6.17 to 4.41 eV) suggest
a higher solution limit than that for the monovalent cations. We
expect that transition metals Fe2+, Co2+, Mn2+, Mg2+, Ni2+, and Zn2+
will act as significant trapping centers for oxygen vacancies due
to their considerable binding energies (the magnitude of Ebind > 2
eV). The relatively low solution energies and the weak binding
energies for Ca2+ and Sr2+ suggest that such cations are promising
for the development of oxygen ion conductors as they will not
exert a strong trapping effect on the oxygen vacancies.
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For trivalent cations, size plays an essential role in determining
the defect energy: the solution energy as well as the magnitude
of the binding energy show a monotonic decrease with an
increase of the ionic radius (Fig. 2c). The relatively large binding
energies for Al3+ and Fe3+ indicate a strong interaction of Al′Ce and
Fe′Ce with V••
O , which is attributed to the significant size mismatch
with Ce4+ in addition to the charge difference. Although there are
limited experimental data about Al′Ce and Fe′Ce for direct
comparison, Nuclear Magnetic Resonance spectroscopic studies
on 45Sc and 89Y have revealed that all oxygen vacancies in the
lattice are associated with 45Sc or 89Y atoms at the nearest
neighboring site.44, 45 The weak attractive interaction between
large rare-earth cations (i.e., Gd3+, Eu3+, Pr3+, and Nd3+) and
oxygen vacancies confirms that such cations are promising for the
improvement of oxygen ion diffusivity, which is in line with
previous experimental and theoretical studies.9, 17 Unlike M+, M2+,
and M3+ cations, the incorporation of M4+ cations will not
introduce extrinsic oxygen vacancies. Therefore, such cations
have rather low solution energies and are predicted to have a
high solubility (Fig. 2d). This is consistent with the fact that CeO2
can form solutions with SiO2, TiO2, and ZrO2 over a wide
composition range.46, 47 The magnitude of the binding energy
increases with an increase in the size mismatch, and the
maximum value observed is for Si4+. Such results demonstrate the
importance of elastic strain effects, indicating that M4+ cations
prefer 7-fold coordination by oxygen ions, in contrast to the usual
8-fold coordination of Ce4+ cations in CeO2.
3.2 Oxygen ion diffusion
The macroscopic oxygen ionic conductivity involves complex
oxygen ionic-jump processes: the oxygen ion jumps around the
defect center(s), the oxygen ion jumps away and towards the
defect center(s), etc. We thus investigate the oxygen ion diffusion
further by MD simulations with large supercells, which can take
account of various possible jumps of the oxygen vacancies. We
focus on typical cations, i.e., cations which show the weakest
interactions (e.g. Na+, Ca2+, Gd3+, and Zr4+, ‘weak set’) and the
strongest interactions (e.g., K+, Ni2+, Al3+, and Si4+, ‘strong set’)
with oxygen vacancies within M+, M2+, M3+, and M4+ predicted by
MS simulations. We do not consider Li+ and Rb+ due to their high
mobility and low solution limit, respectively. Moreover, we select
Ca2+ rather than Sr2+ for the following reasons: (1) Ca2+ has a
higher solution limit; (2) Ca2+ (1.0 Å) has a similar size to Na+ (1.02
Å) and Gd3+ (0.94 Å);43 and (3) because of the easy formation of
the SrCeO3 secondary phase within Sr2+ cation-substituted
CeO2.48
Fig. 3a and b show the oxygen tracer diffusion coefficients (𝐷O∗ )
as a function of inverse temperature as well as the migration
energies (Emig) for oxygen vacancies obtained by MD simulations.
We obtained the highest diffusion coefficient at any given
temperature for the ‘pure’ system. This confirms the clustering of
substituent cations with oxygen vacancies, which is consistent
with the negative binding energies obtained by MS simulations
(Fig. 2). Our results reveal that the migration energies of
subvalent cation-substituted systems within the ‘weak set’ follow
the order Gd3+ > Ca2+ > Na+ (e.g., 0.88, 1.02 and 1.18 eV), whereas
within the ‘strong set’ the migration energies are very close to
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each other (e.g., ≈1.30 eV). The migration energy
increases
View Article Online
DOI: 10.1039/D0CP03298K
significantly, from 0.68 eV for the ‘pure’ system
to 1.07 eV for the
Zr4+-substituted system. We can also note that the Si4+substituted system exhibits the highest migration energy (1.57
eV) among all the systems investigated, as is consistent with the
×
largest association energy between SiCe
and the oxygen vacancy
obtained by MS calculations (Fig. 2d).

∗

Fig. 3. Oxygen tracer diffusion coefficients (𝐷O ) as a function of inverse
temperature for systems substituted with (a) Na+, Ca2+, Gd3+, and Zr4+
and (b) K+, Ni2+, Al3+, and Si4+. The oxygen vacancy concentration is 1%.

Fig. 4a shows the oxygen tracer diffusion coefficient (𝐷O∗ ) as a
function of the Ca2+ concentration. With the increase of Ca2+
concentration (x), the migration energy decreases slightly from
1.02 to 1.01 eV and then increases almost linearly to 1.27 eV for
x = 7.5%. Oxygen tracer diffusion coefficients as a function of
oxygen vacancy concentration (𝑥V••O) for GdxCe1-xO2-x/2, CaxCe1-xO2x and NaxCe1-xO2-3x/2 are extrapolated to experimentally relevant
temperatures and are summarized in Fig. 4b, c and d,
respectively. For all the systems the values of 𝐷O∗ show a typical
increase and then a decrease with increasing 𝑥V••O. The decrease is
attributed to the trapping of oxygen vacancies by defect centers.
At 800 K, we can observe a 𝐷O∗ maximum at 𝑥V••O ≈ 2.5% for all
systems investigated, corresponding to a concentration of Gd3+,
Ca2+ and Na+ being 10, 5 and 3.3%, respectively. The magnitude
of 𝐷O∗ varies by two orders of magnitude and follows the order
Gd0.1Ce0.9O1.95 > Ca0.05Ce0.95O1.95 > Na0.03Ce0.97O1.95. With

This journal is © The Royal Society of Chemistry 20xx

Physical Chemistry Chemical Physics Accepted Manuscript

Published on 01 September 2020. Downloaded by DTU Library on 9/3/2020 8:26:34 AM.

ARTICLE

Page 5 of 10

Physical Chemistry Chemical Physics
ARTICLE
diffusion and yield slightly higher tracer diffusion
coefficients
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than the values obtained by a weighted average.
By contrast, Lu3+
and Ca2+ co-substitution give rise to a significantly reduced 𝐷O∗ ,
indicating an enhanced association interactions between the
defect clusters and the oxygen vacancies. Whereas such an
association is detrimental for ionic conductivity it is desirable for
electromechanical applications. Several experimental evidences
indicate that oxygen ion blocking barriers can improve the
electrostriction effect in ceria solutions.12, 49

Published on 01 September 2020. Downloaded by DTU Library on 9/3/2020 8:26:34 AM.

increasing temperature, the optimum 𝑥V••O slightly shifts to a
higher value as overcoming the associating interactions becomes
easier at higher temperatures.
Co-substituting two cation species is a promising approach for
combining the positive effects of the substitution of single
cations, that is beyond a mere additive effect.18–20 Fig. S3 shows
the oxygen ion diffusion behavior of the Gd3+/Ca2+, Nd3+/Ca2+ and
Lu3+/Ca2+ co-substituted systems. We here fix the oxygen vacancy
concentration (𝑥V••O) at 2.5% for ease of comparison. The
Gd3+/Ca2+ and Nd3+/Ca2+ co-substitutions facilitate the oxygen ion

∗

Fig. 4. (a) Oxygen tracer diffusion coefficients (𝐷O ) as a function of inverse temperature for CeO2 substituted by different Ca2+ concentrations. Oxygen
∗
vacancy concentration (𝑥V••O ) dependence of 𝐷O for (b) GdxCe1-xO2-x/2; (c) CaxCe1-xO2-x; (d) NaxCe1-xO2-3x/2. x in (a) corresponds to the Ca2+ cation concentration.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Traced trajectories for oxygen ion diffusion of ‘pure’ system (a)–(d); Ca2+ substituted system (e)–(h); Si4+ substituted system (i)–(l) as a function of time
at 2400 K projected onto the ab plane. The Ce4+ and O2− ions are omitted for clarity. Note that the radii of the cations do not correspond to their real size.
Colors: Ca2+, purple; Si4+, green.

Table 1. Energy barrier for blocking (Eblock, eV) and trapping (Etrap, eV) mechanisms for oxide-ion migration with various diffusion pathways. The values for Etrap
correspond to an oxygen ion jumping from the nearest-neighboring site to the next nearest-neighboring site, whereas the values in the brackets correspond
to the reverse process. Energy difference (Ediff, eV) of Etrap compared to the oxygen ion migration within pure CeO2. The effects of charge were examined by
fixing the lattice configurations (oxygen ion migration with the presence of a Ca′′Ce defect center), but replacing the Ca′′Ce with Na′′′
Ce (Na+/Ca2+*), Gd′Ce (Gd3+/Ca2+*)
×

or CeCe (Ce4+/Ca2+*). In this approach, only the relaxation of the migrating oxygen ion is allowed to reduce the steric hindrance.
Cd2+

Ca2+

Sr2+

Na+

Gd3+

Na+/Ca2+*

Gd3+/Ca2+*

Ce4+/Ca2+*

Eblock

0.67

0.75

1.09

0.88

0.65

0.60

1.02

0.78

Etrap

0.16(0.78)

0.27(0.58)

0.35(0.54)

0.18(0.72)

0.53(0.66)

0.13(0.68)

0.37(0.44)

0.75(0.76)

Ediff

−0.37(0.25)

−0.26(0.05)

−0.18(0.10)

−0.35(0.19)

0(0.13)

−0.40(0.15)

−0.16(-0.09)

0.22(0.23)

*Oxygen ion diffusion with a fixed initial-, final- and saddle-point configuration of Ca′′Ce

3.3 Traced trajectories
To better visualize the diffusion pathways and all positions in the
lattice traversed as a function of time, we produce the traced
trajectories for oxygen ion diffusion as a function of time at T = 2400
K (Fig. 5). As expected, the ‘pure’ system exhibits significant longrange, three-dimensional oxygen ion diffusion. The isotropic and
homogeneous traced trajectories demonstrate that the oxygen ion
follows a three-dimensional random walk behavior. From the traced
migration paths shown in Fig. 5e–l, it is evident that the substituting

6 | PCCP., 2020, 00, 1-8

defects will act as trapping centers for oxygen vacancies, making the
oxygen vacancies ‘rattle around’ such defect centers. This effect
certainly reduces the number of ‘free’ oxygen vacancies available for
migration. Therefore, the long-range diffusion of oxygen ions is
significantly restricted and the 𝐷O∗ value decreases in
aliovalent/isovalent cation-substituted CeO2 systems. It is worth
mentioning here that the oxygen vacancies in our systems are
generated by randomly removing the oxygen ions from the lattice
sites. The traced trajectories for Ca2+ cation substituted materials
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show evident enrichment around such cation defects as a function of
time. Therefore, the substituting defect centers will not only affect
the energy barriers for oxygen ion diffusion but will also affect the
distribution of oxygen vacancies within the crystal lattice. This
configuration is also the case for Si4+ cations, but with a much more
profound effect (Fig. 5c). A comparison of the traced trajectories for
Na+ cation-substituted systems and K+-substituted ones reveals that
(see Fig. S4) the K+ cations would reduce the channels for the smooth
movement of oxygen ions around the K′′′
Ce defect centers, which is

Published on 01 September 2020. Downloaded by DTU Library on 9/3/2020 8:26:34 AM.

related to their larger ionic size.

Fig. 6 Defect site energy as a function of the reaction coordinate for
oxygen ion migration with various migration edges: (a) within pure
CeO2; (b) from one nearest-neighboring site to another nearestneighboring site of Ca′′Ce; (c) from the nearest-neighboring site to the
next nearest-neighboring site of Ca′′Ce and vice versa. The insets are the
traced trajectories, which show that the oxygen ion follows a linear
pathway in (a), but a slightly curved pathway in (b) and (c). The energy
profile for (c) corresponds to an oxygen ion migrating from the left side
to the right side (with the oxygen vacancy direction from the right side
to the left side). Colors: Ce4+, yellow; Ca2+ cation, purple; oxygen, red.
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oxygen
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ion migrates from one nearest-neighboring DOI:
site to
another nearestneighboring site (blocking); and from the nearest-neighboring site to
the next nearest-neighboring site and vice versa (trapping). For the
former migration mechanism (Fig. 6b), the presence of Ca′′Ce yields a
slightly curved pathway with the saddle-point deviating away from
Ca′′Ce, and an increase of the energy barrier to 0.75 eV. For the latter
migration mechanism (Fig. 6c), the trapping of oxygen vacancy by
Ca′′Ce results in an asymmetric energy profile, with the migration
energy for the vacancy jump away from the associating Ca′′Ce (0.58
eV) being much higher than for the reverse process (0.27 eV). This is
consistent with the high binding energy obtained by MS lattice
simulations and confirms that the oxygen vacancy prefers to reside
in the nearest-neighboring site of the Ca′′Ce.
The effects of the substituent cation’s size are analyzed in detail
by inspecting the oxygen ion migration along various migration
edges, as listed in Table 1. Compared with Ca′′Ce, the Cd′′Ce defect
center increases the local free volume, which facilitates the oxygen
ion migration and thereby reduces the Eblock to 0.67 eV. By contrast,
the Sr′′Ce defect center reduces the free volume for the oxygen ion to
jump through the migration aperture. Therefore, the constituent
ions should relax substantially to reduce the steric hindrance to allow
the jump to take place, thus increasing the energy barrier to 1.09 eV.
On the other hand, Etrap decreases with an increase of the subvalent
cation radius, as in agreement with the results obtained by MS
simulations. To identify the effects of charge, we fix the lattice
configurations (oxygen ion migration with the presence of a Ca′′Ce
×
defect center), but replace Ca′′Ce by Na′′′
Ce, Gd′Ce or CeCe (abbreviated
as Na+/Ca2+*, Gd3+/Ca2+*, and Ce4+/Ca2+*, respectively). In this way,
only the relaxation of the migrating oxygen ion is allowed to reduce
the steric hindrance. The increased Etrap indicates that the
interactions between the migrating oxygen ion and the defect center
are becoming more and more difficult to overcome as the subvalent
cation charge increases. Moreover, the values of Eblock follow the
trend Gd3+/Ca2+* > Gd3+ > Na+ > Na+/Ca2+*. Therefore, extensive
lattice relaxations are involved in the realization of oxygen ion
migration, the magnitude of which follows the order Gd3+ > Ca2+ >
Na+.
Owning to the significant lattice distortion, the Ce4+/Ca2+* system
results in a lower nearest-neighboring site energy than the next
nearest-neighboring site for oxygen ions, indicating that the oxygen
vacancy prefers to locate nearby the Ce4+/Ca2+* defect center.
Furthermore, the relatively high blocking energy values for the K+
(1.26 eV) and Ba2+ (1.50 eV) cations (Table S3) further demonstrate
that this migration is highly unfavorable, which is consistent with
traced trajectories observed by MD simulations.

51

4. Conclusions
3.4 Oxygen ion migration energy
As shown in Fig. 6a, the most favourable pathway within pure CeO2
for an oxygen ion to migrate is linearly along the (100) direction, with
an energy barrier of 0.53 eV. This agrees well with the results
obtained by MS simulations (0.59 eV, Fig. S1). Fig. 6b and c exhibit
the ‘blocking mechanism’ (Eblock) and ‘trapping mechanism’ (Etrap),50,

This journal is © The Royal Society of Chemistry 20xx

Based on atomic-scale simulations calculations, we identify useful
trends in the defect chemistry and the oxide ion diffusion mechanism
in CeO2-based material systems:
1. For subvalent cations of similar size, the higher the charge value,
the higher the oxygen diffusivity (i.e. the trend Gd3+ > Ca2+> Na+ is
followed) and the weaker the associating interaction between the
oxygen vacancies and the dopants.

PCCP., 2020, 00, 1-8 | 7

Physical Chemistry Chemical Physics Accepted Manuscript

Page 7 of 10

Physical Chemistry Chemical Physics

2. For isovalent cations, the size mismatch to Ce4+ yields a higher
oxygen ionic diffusivity, e.g., the trend Na+ > K+, Ca2+ > Ni2+, Gd3+ >
Al3+ is followed. More specifically, larger cations block the oxygen ion
migration because they reduce the ‘free volume’ for the movement
of the oxygen ions. On the other hand, smaller cations lower the
energy barrier for the oxygen vacancy to ‘rattle around’, which
reduces the number of ‘free’ oxygen vacancies available for ionic
conduction. In addition, the magnitude of the binding energies
increases with increase in the size mismatch, highlighting the
importance of elastic strain effects.
3. To achieve fast oxygen ionic transport the optimum oxygen
vacancy concentration is 2.5% for GdxCe1−xO2−x/2, CaxCe1−xO2−x and
NaxCe1−xO2−3x/2 at 800 K, which is not constant and shifts gradually to
higher values with increasing temperature.
4. Co-substitutions can enhance the impact of single substitutions
beyond that expected by simple addition.
In addition to identifying the optimal dopants for new materials
with improved properties, these fundamental insights into defect
chemistry, defect–defect interactions, and oxygen ion diffusion
dynamics and mechanisms can be used to accelerate the design of
ceria defect systems.
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