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Understanding Chemical Expansion in Non-Stoichiometric
Oxides: Ceria and Zirconia Case Studies
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referred to as chemical expansion.[5–7]
For example, an increase in the effecAtomic scale computer simulations, validated with experimental data, are
tive thermal expansion coefficient due to
used to uncover the factors responsible for defect-induced chemical expanoxygen loss upon heating in air has been
sion observed in non-stoichiometric oxides, exemplified by CeO2 and ZrO2.
observed for both Pr0.1Ce0.9O2-δ (>200%)
It is found that chemical expansion is the result of two competing processes:
and La0.6Sr0.4Co0.2Fe0.8O3-δ (>50%) SOFC
the formation of a vacancy (leading to a lattice contraction primarily due to
cathode materials.[6,8] Under the large
electrostatic interactions) and the cation radius change (leading to a lattice
oxygen partial pressure (pO2) gradient
typical of SOFC operation, chemical
expansion primarily due to steric effects). The chemical expansion coefficient
expansion has been shown to lead to
is modeled as the summation of two terms that are proportional to the cation
cracking of cerium oxide membranes,
and oxygen radius change. This model introduces an empirical parameter, the
and as a consequence, models have been
vacancy radius, which can be reliably predicted from computer simulations,
developed to predict safe operating condias well as from experimental data. This model is used to predict material
tions.[9–14] Secondarily, the increase in lattice parameter is reported to decrease the
compositions that minimize chemical expansion in fluorite structured solid
elastic modulus, requiring additional conoxide fuel cell electrolyte materials under typical operating conditions.
sideration in device design.[15–17] Chemical expansion is also suspected of playing
a role in the recently observed orders of
magnitude increase in conductivity of highly strained heter1. Introduction
ostructure thin films (via longer and hence weaker bonds, with
Non-stoichiometric oxides are widely used in high temconsequent decrease in oxide ion migration enthalpy)[11,18–21]
perature energy applications, such as solid oxide fuel cells
as well as in the large changes of strain in ceria thin films at
(SOFCs), oxygen permeation membranes, and gas conlow temperatures (<300 °C) (believed to result from oxygen
[
1–4
]
version/reformation catalysis.
Indeed, many high pervacancy rearrangements).[22–24] Recent considerations of space
formance SOFC electrodes, and even electrolytes, exhibit
charge have also predicted that chemical expansion results in
significant oxygen stoichiometry fluctuations with changes in
significant stresses near surfaces, with consequent changes
atmosphere (oxidizing to reducing), temperature, and power
in thermodynamic equilibrium and lattice parameter anomademand, resulting not only in changes in electrical properlies in nanoscale materials.[25] The above-mentioned examples
ties and phase stability, but also in significant mechanical
represent a coupling of electro-chemomechanical properties,
stresses from defect induced lattice parameter changes, also
recently reviewed.[26,27]
While many experimental measurements have confirmed
the existence of chemical expansion, its atomic-level origin
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1

2CexCe + OxO ↔ V••
O + O2 + 2CeCe
2

(1)

The chemical expansion is believed to result from a superposition of two effects upon formation of defects during this
reduction reaction: i) increase in ionic radius upon decrease in
valence state of the cations from 4+ to 3+ and ii) the formation
of positively charged oxygen vacancies with subsequent electrostatic repulsion of the cations surrounding it. Previously, Hong
and Virkar analyzed the lattice parameter change of ceria, at
room temperature in air, by partial substitution of tetravalent
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cerium with trivalent cations, resulting in
(A)
the formation of oxygen vacancies to main0.03
[
31
]
tain charge neutrality.
They developed
MD
0.015
an empirical model explaining that dopingEXP Bishop et al.
induced expansion results from an ionic
EXP Chiang et al.
0
radius change (from the difference in Ce and
EXP Hull et al.
MD "equal radius"
substitutional cation radii), plus an effective
-0.015
anion radius change (from the difference
in the oxygen and vacancy radius). In the
-0.03
0
0.1
0.2
0.3
0.4
0.6
0.5
present work, the authors use, for the first
3+
4+
time, atomic level computational methods,
x in Ce xCe 1-xO2-2/x
validated by more recent experimental data at
elevated temperatures and controlled atmos(B)
0.03
pheres, to rigorously examine the origin of
chemical expansion in CeO2 and, to a lesser
0.015
extent, in ZrO2. To the best of the authors’
knowledge, there has been no computaMD
0
MD "equal-radius"
tional study performed to support Hong and
-0.015
Virkar’s conclusion, and, as previously stated,
recent research has shown that chemical
-0.03
expansion is also a function of temperature
0
0.1
0.2
0.3
0.4
0.6
0.5
and pO2 in many advanced SOFC materials,
x in Y xZr1-xO2-2/x
which are considered here. Finally, the power
of the atomic- and electronic-level models Figure 1. Chemical expansion of ceria (A) and yttria-stabilized zirconia (B), showing experiused in this paper is the predictive capability mental values (previously published data points[39–41]) and values predicted using MD simula[35]
to identify material compositions that mini- tions (ceria from, zirconia from this work) at 1273 K with realistic contributions to expansion
from both cation radii change and vacancy formation (solid line), and for the hypothetical
mize chemical expansion in fluorite-based
equal-radius cation substitution, resulting only in a contribution from vacancy formation
SOFC materials under typical operating (dashed line). It is clear from the figures that oxygen vacancy formation results in a contracconditions.
tion of the lattice.
Computational simulations were performed using molecular dynamics (MD)
of two effects, cation radii change upon reduction and electroto isolate the contributions of the anion and cation defects to
static repulsion of cations around a positive oxygen vacancy.
chemical expansion, followed by density functional theory (DFT)
In this section, MD simulations are used to isolate these conto predict chemical expansion for a variety of defect concentratributions, using a novel technique: an experiment performed
tions. Using a simple analytical model to predict and explain
computationally, in which the parameters of the interatomic
chemical expansion in fluorite oxides, good agreement is found
potential have been altered in order to illustrate the physical
between experimental data and the atomistic simulations.
factors responsible for a particular aspect of the observed
Before describing the results, it is worth noting that this paper
behavior (see Computational Methods), providing a means to
is limited to the study of fluorite oxides known to have highly
decouple factors ordinarily difficult or impossible to separate
localized electrons (as indicated by their relatively large electron
experimentally.[33–35]
migration energies) and, hence, ionic character. Electron deloChemical expansion[36] is defined as
calization was described by Shannon to result in a significant
decrease of metal to oxygen bond distance[32] and, consequently,
a − a0
(2)
electron delocalization results in different (usually lower) chemεC =
a0
ical expansion coefficients, as evident in recent observations in
where, in the example of reduced ceria, a is the lattice paramperovskite oxides with transition metal cations.[8,32] This means
eter for Ce4+1-xCe3+x O2-x/2, and a0 is the lattice parameter when
that care must be taken when using Shannon ionic radii in
x = 0. The predicted chemical expansion using MD simulations
those less ionic systems. A computational example of the effect
for Ce4+1-xCe3+x O 2-x/2 as a function of x, is plotted in Figure 1A,
of electron delocalization in chemical expansion in CeO2-δ will
with reliable reproduction of the interatomic potential conbe published by the authors in a future communication.
firmed by comparison to experimental values from several
authors. To separate the effects of cerium cation radii change
2. Results
and oxygen vacancy formation on chemical expansion, an MD
simulation on a hypothetical system in which the ionic radius
2.1. The Origin of Chemical Expansion
of Ce3+ is set equal to that for Ce4+ (see Computational Methods
and Supporting Information), referred to as “equal-radius”
Ce4+1-xCe3+xO2-x/2, was performed and also shown in Figure 1A.
As described in the introduction for the example of ceria,
It is readily appreciated that oxygen vacancy formation by itself,
chemical expansion is believed to result from a superposition
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without a cation radius change, results in a contraction of the
lattice parameter, and therefore, that the contribution resulting
from cation radii change is larger than the overall expansion.
This result is contradictory to prior beliefs that a positive oxygen
vacancy should repel surrounding cations and thus result in an
expansion of the lattice.[37,38] To understand the origin of this
phenomenon, we turn to an additional advantage of MD simulation, the precise identification and visualization of ion positions surrounding the defect, as shown in Figure 2.
Figure 2A, shows the relaxation patterns for the cations
and anions surrounding an oxygen vacancy in reduced ceria.
As expected on the basis of simple electrostatic considerations (the removal of an oxide ion means that the cation
repulsion is not screened), the cations relax away from the
vacancy (by approximately 0.10 Å), however, the anions get
closer to it (by approximately 0.16 Å), also observed by others,

both computationally and experimentally.[42–44] It is clear that
the magnitude of the significant distortions results in a net
local contraction of the lattice around the vacancy. In the case
of electrostatic relaxation around trivalent cations (Figure
2B), the electrostatic distortions are negligible with a much
larger contribution by physical distortion from the increase in
ionic radius. Electrostatic interactions may dominate around
oxygen vacancies due to the relatively large change in charge
upon their formation (2+) as compared to reduced Ce ions
(1–) as well as a reduced “shielding” of charge by the vacant
space.
With the origin of chemical expansion in ceria defined, it
is useful to extend this model to investigate another fluorite
system widely used in SOFC technology, zirconium oxide,
shown in Figure 1B. The solid curve shows the chemical expansion calculated for Y2O3-stabilized ZrO2 (YSZ), the cubic symmetry being imposed by the isotropic barostat (see Computational Methods), whereas the dashed curve refers to “equal-radius” ZrO2. For ceria, the equal radius “dopant” cation was Ce3+;
however, in zirconia, Zr3+ does not occur experimentally, so
one can consider the dopant to be an imaginary trivalent ion[45]
with radius equal to that of Zr4+. As also observed in the ceria
case, the overall effect of oxygen vacancy formation is a contraction of the lattice parameter, and the vacancy induced chemical
contraction in ZrO2 is greater than in CeO2. Empirically, this
effect was also observed by Hong and Virkar.[31] This finding,
and its implications, will be discussed further in the following
sections.

2.2. A Model for Chemical Expansion
In the previous section, computational modeling was used to
demonstrate that chemical expansion results from a competition between two distinct chemical reactions, cation radii
change and oxygen vacancy formation. In this section, an
empirical model is used to quantify these two contributions
from experimental data and, independently, from the previous
MD simulations.
The lattice parameter (a) of a fluorite structured oxide is
given by
4
a = √ (r cation + r anion )
3

(3)

where Hong and Virkar previously defined the effective cation
and anion radii as[31]
r cation = xr s + (1 − x)r h

r anion =

Figure 2. Local (less than one unit cell) lattice relaxations observed
around a vacancy (cube in A) and a Ce3+ cation (central ion in B). Small
(big) spheres indicate oxygen (cerium) ions and lighter shading indicates
ions in planes below the page (further from the viewer; depth cuing). The
snapshots are parallel to (001) planes.
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2 − 0.5x
0.5x
ro +
rV
2
2

(5)

with rs, rh, ro, and rV the radius of substitutional impurity cation
(e.g., Ce3+ or Gd3+), host cation (e.g., Ce4+), oxygen anion, and
oxygen vacancy, respectively. The values for these radii are all
available, with the exception of those for an oxygen vacancy,
from the work of Shannon.[32] The parameter x represents the
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fraction of trivalent cation substituted for tetravalent cerium as
in MxCe1-xO2-x/2. Using Equations (4) and (5), Equation (2) is
expanded as

ε =

a − a0
(r cation + r anion ) − (r h + r o )
=
a0
rh + ro


r s − r h 1 (r V − r o )
x = (αM + αV )x = αC x
+
r h + r o 4 (r h + r o )

(6)
where the initial cation and anion radii are used for x = 0, i.e.,
a0 = √43 (r h + r o ) . The term preceding x on the right hand side
is the chemical expansion coefficient (αC), which is separated
into a component due to cation radius change (αM)
rs − rh
(7)
αM =
rh + ro
followed by a component due to the effective anion radius
change (αV).
1 rV − ro
αV =
4 rh + ro

(8)

It is important to note here that αC values used in this paper
are based on x fraction of trivalent cation, as opposed to basing
it on oxygen non-stoichiometry (δ) as often done in the literature for redox-induced expansion (for example, see Bishop
et al.[40]). Since from charge neutrality, x = 2δ, α based on x
is half that based on δ. From Equation (6) it is apparent that
αM + αV = αC, which, with Equation (8), is rearranged to solve
for the effective oxygen vacancy radius,
r V = 4(r h + r o ) [αC − αM ] + r o

(9)

Therefore, knowing the measured chemical expansion coefficient and using values of Shannon radii, rV can be determined as shown in Figure 3 along with an average value of
rV including standard deviation (Table I in the Supporting
Information reports the values of αC from the literature). The
calculated rv = 1.169 Å is less than ro (1.38 Å), confirming the
computationally determined contraction resulting from oxygen
vacancy formation (see Section 2.1) and agrees very well with
the value determined by Hong and Virkar (1.164 Å), in which
a smaller dataset, without the more recent experimental data
at elevated temperatures and controlled atmospheres, was
used. αV can now be calculated using Equation (8), resulting
in αV = –0.023 for ceria. Using the Pr4+/Pr3+ redox couple as
an example, where αM = 0.071, the superposition of cation
radii change and oxygen vacancy formation leads to a predicted
expansion aM + aV = aC = 0.048, close to the experimentally
derived value of 0.044.
Returning to the MD simulation case, an estimate for the
values of αM and αV are extracted by a linear fit of the chemical
expansion shown in Figure 1A, resulting in αC = 0.031 (solid
line) and αV = –0.033 (dashed line), matching well with αV
determined above experimentally. αM is thus 0.064 (using the
above-mentioned relation), similar to the value predicted by
Shannon ionic radii (αM = 0.074).
It is important to note here that though thermal expansion
can, in principle, change αC, the change in radii would be on
the order of 1–2% in the temperature range studied (based on
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Figure 3. Oxygen vacancy radius (rV) calculated from experimental data
using Equation (9) (filled circles) and plotted against measured αC for
ceria based oxides, and rV calculated using DFT (open triangles) plotted
against predicted αC. The average values of rV are reported with their
standard deviation. ∗ indicates a redox induced expansion (e.g., Pr4+/
Pr3+). Data from: Hong and Virkar[31] La, Ndb, Gdc, Yb, Sm, Er, Dy, Ho;
Ray and Muccillo[46] Y; Omar et al.[47] Nd/Sm; Stephens and Kilner[48]
Nda; Kudo and Obayashi[49] Gdd; Chiang et al.[41] Ce∗,f; Hull et al.[39] Ce∗,f;
Bishop et al.[40] Ce∗,e (undoped), Ce∗,g (Gd-doped)Pr∗; and, Chatzichristodoulou et al.[50] Tb∗.

measured thermal expansion) and experimentally measured
αC values have been shown to be invariant (ceria)[6,40,51] or display only a small variation with temperature.[5,8] In addition,
the effect of defect interactions, that occur for high levels of
dopant (or reduced cation) has not been considered here. It is
highly probable that defect interactions are playing a role in
chemical expansion (see Atkinson et al. and Bishop et al.[37,51]),
however, in order to maximize the number of consistent data
points (and minimize noise), chemical expansion data has
been taken from materials doped with up to 25 mol% cation.
Furthermore, due to the small volumes of DFT calculations
(see next section), the dopant density is also approximately
25 mol%, so that the comparison of experimental and computational work is possible.
In addition, values of rV for ZrO2 are reported in Figure 4
(chemical expansion coefficients are reported in the Supporting
Information). Unfortunately, only expansion due to fixed valent
doping has been reported in the literature, though there is evidence of mixed valency for certain dopants and experimental
conditions.[52] As in the previous case, here we use a larger
data set than that used by Hong and Virkar; the calculated
rV = 0.988 Å agrees well with the value determined by Hong and
Virkar (0.994 Å), the small difference being a consequence of the
different data sets used. Our analysis of the experimental data
from the literature therefore confirms what was found in the
previous section with MD simulations, namely that the lattice
contraction observed around a vacancy in ZrO2 is greater than
that in CeO2. The implications of this finding will be discussed
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Table 1. Vacancy (rV) and matching cation radii (r∗) as extracted from
the experimental data (EXP) and predicted from MD simulations and
DFT calculations.

Figure 4. Oxygen vacancy radius (rV) versus measured chemical expansion coefficient (αC) for stabilized zirconia and calculated using experimental data. The average value for rV in stabilized zirconia (solid line) and
ceria from Figure 3 (dashed line) are reported along with the standard
deviation for zirconia. Data from Lefevre and Strickler[53,54] Ya, Gda, Yba;
Strickler et al.[54] Sc, Smb, Ybb; Yashima et al.[55] Lu, Ybc, Er, Yc, Dy, Gdc,
Smc, Nd; Hartmanova et al.[56] Yd, Smd.

in the next sections. The values of αM and αV are extracted from
our MD calculations by a linear fit to the chemical expansion
shown in Figure 1B, resulting in αC = 0.026 (solid line) and
αV = –0.044 (dashed line). These compare well with the experimental values αC = 0.0269 to 0.036 for Y doping (see Table II
in the Supporting Information) and with αV = –0.044, extracted
from rV = 0.988Å.
2.3. Ab Initio Prediction of Chemical Expansion
In our third and final approach for evaluating the origin of
chemical expansion, we use another computational method,
density functional theory (DFT). The DFT method, taking into
account the electronic behavior of the material explicitly, complements the MD simulations, providing an additional method
to predict chemical expansion in these systems and particularly
useful when there is no experimental data available. In its treatment here, the DFT method acts as a replacement for the often
laborious process of making various compositions of material
and measuring their lattice parameters. Similar dopant cation
compositions as the experimental ones are made (see Computational Methods) and their lattice parameters are evaluated as
a function of dopant or reduced cation concentration, yielding
a measure of chemical expansion and derivation of chemical
expansion coefficient. Thus, the same routine to determine αV
used in Section 2.2 is applied in this section.
Figure 3 (open triangles) shows this DFT calculation result
for ceria with the vacancy radius (rV) also reported in the figure.
Like the experimental case, a constant value for rV is derived.
A summary of values for rV is shown in Table 1 (since ZrO2 is
1962
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CeO2 (EXP)

CeO2 (MD)

CeO2 (DFT)

ZrO2 (EXP)

ZrO2 (MD)

rV (Å)

1.164

1.07

1.07

0.988

1.02

r•S (Å)

1.024

1.05

1.05

0.938

0.93

not cubic at low temperature and dopant concentrations, DFT
was not performed, though this restriction can be lifted in the
case of MD). There is good agreement between the different
computational methods used and experiment (with a difference of less than 10%). Lastly, though not explicitly indicated
in Figure 3, the simulated and measured αC for each dopant
(Y, etc.) showed general agreement, usually within 20% of the
experiment values.
In summary of this section, in this work, two computational
approaches were used to predict the rV parameters and they
yield exactly the same values,[57] which are in turn within less
than 10% variance from the experimental ones. Both computational approaches have pros and cons. The MD approach is very
fast, since only a few calculations on one system are required to
extract αV and these can be readily performed in a few hours on
a standard desktop computer. However, this approach requires
the use of very accurate inter-ionic potentials, and the parameterization of these can be very time-demanding.[35,58] On the
other hand, the DFT-based method does not require any parameterization and as such requires little setup, though, the more
intensive simulation requires significantly more time (e.g.,
more than 16 processors for several days, representative of the
simulation of configurations in this work).
2.4 Devising Materials with No Chemical Expansion
As discussed in the introduction, chemical expansion presents
a challenge in designing SOFC systems, and its minimization would improve the operability of advanced electrodes and
electrolytes. By using the above-introduced formula, αC = αM
+ αV in this section, we suggest two different, and separate,
strategies to minimize chemical expansion: i) selecting variable
valence cation dopants that balance the cation radius change
(corresponding to reducing αM) against the vacancy formationinduced contraction, and, ii) increase the vacancy formation
induced contraction by taking advantage of the different rV
values of ceria and zirconia (essentially modifying αV, as discussed at the end of this section). At this point, these are proof
of concept approaches as additional factors, such as, inter alia,
the oxygen activity and temperature range in which variable
valence of dopant and cerium takes place, must be considered.
Currently, our group is investigating these predictions and additional considerations.
If we impose that αC = 0 in Equation 6, we obtain the following expression for a critical dopant radius for zero chemical
expansion (shown in Table 1 for ceria and zirconia):
1
r s• = r h − (r V − r o )
4
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3. Conclusions
We used atomic level modeling and simulations to rigorously
examine the origin of chemical expansion in ceria and zirconia
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as model systems for non-stoichiometric fluorite oxides. It was
found that chemical expansion in both materials is the result of
two competing processes, the formation of a vacancy (leading
to a lattice contraction) and the cation radius change upon
reduction (leading to a lattice expansion). This can be described
by a very simple model, based on the formalism introduced
by Hong and Virkar,[31] in which the chemical expansion coefficient is written as αC = αM + αV where αM and αV can be
expressed in terms of the host and substitutional cation radii
and the oxygen and vacancy radii. While the first three can be
obtained from the work of Shannon,[32] the latter is an empirical parameter describing the extent of the lattice relaxations
around a vacancy.
One of the main results of this work was to show that the
vacancy radius, rV can be obtained, not only by fitting the model
to experimental data, but also, independently, by means of
MD simulations and DFT calculations. Both approaches yield
values for rV that are within less than 10% of the experimentally
determined ones, demonstrating the validity of the approach.
This opens the door for an ab initio prediction of chemical
expansion in these and related fluorite-structured materials. It
is worth noting that while an experimental determination of rV
might take months, the electronic and atomic level computational methods demonstrated on this problem here can provide
a reliable value for rV within days.
Finally our results were used to provide guidelines for
devising materials with negligible chemical expansion. Our
strategy relies on the αC = αM + αV formula, where αV is negative, because vacancies cause a lattice contraction. A smaller
chemical expansion coefficient can therefore be obtained by
either increasing |αV| or decreasing αM. We suggested doping
strategies for ceria that, according to our model, are expected to
result in materials with lower chemical expansion coefficients.
We are currently investigating these predictions and additional
considerations.

FULL PAPER

It is worth noting that, since the (rV – ro) term is negative,
this radius will be greater than the host cation radius. In the
example of ceria, by using rV = 1.169 Å, we find that r•S =
1.027Å for a trivalent dopant, as opposed to rh = 0.97Å. Therefore, doping with an element such as Dy (r = 1.027Å) will result
in nearly zero chemical expansion, as can be readily observed
in Figure 3. Previous efforts have more or less recognized this
approach (also considering coulombic interactions) and used it
to minimize lattice distortion and successfully maximize ionic
conductivity.[47,59] However, in the following discussion, the
minimization of chemical expansion concept is integrated to
also encompass multivalent systems (e.g., the reduction of Ce),
thereby tackling high temperature and oxygen activity variant
mechanical properties. Doping ceria with elements with variable valence elements, such as Pr4+/Pr3+, has been shown to
result in a chemical expansion with changes in oxygen activity
and temperature and it correlates well with our developed
model. However, the αC measured for the Pr redox couple is
similar to the Ce redox couple, both of which are relatively large.
As mentioned in the introduction, these redox couples lead to
mixed ionic electronic conductive behavior, advantageous in
SOFC electrodes, and, therefore, it is useful to find other variable valence elements which have a lower αM and hence αC.
Examination of Shannon radii shows that several transition
elements exhibit much smaller radius changes upon 4+ to 3+
valence change. For example, Fe (αM = 0.031), Ti (αM = 0.033),
and V (αM = 0.031)[60] each exhibit expansion coefficients much
closer to |αV| (= | –0.023|) than Ce (αM = 0.074). The solubility
of these elements in ceria is not well known nor is their valence
state when in solution, though investigations in, for example,
the Ce1-x-yFexMnyO2 solid solution system are underway.[61]
Our second strategy for decreasing reduction induced chemical expansion in ceria is to increase |αV|. We showed in this
manuscript that the vacancy radius in ZrO2 (rV = 0.988 Å) is
significantly smaller than in CeO2 (rV = 1.169 Å), and with
the same ro, zirconia thus has a larger |αV| (further exemplified by the relatively larger cation critical radius in zirconia,
see Table 1). An example of using this to our advantage is a
CeO2–ZrO2 solid solution, where only cerium will reduce under
typical SOFC anode operating conditions. Assuming that rV
obeys Vegard’s law with zirconia to ceria ratio, |αV| can concomitantly be increased above ceria alone, resulting in a net reduction of αC.
In summary, in view of our results, two different approaches
can be used to minimize chemical expansion in ceria, the first
one aiming at decreasing αM, the second one at increasing |αV|.
By way of example, both approaches were shown to potentially
decrease αC. However, it has to be noted that some of the abovesuggested doping strategies might affect other important figures of merit, for instance ionic and electronic conductivity and
stability, highlighting the importance of thorough examinations
of the defect structure and transport properties of materials of
interest.[26]

4. Computational Methods
In this work we used a combination of DFT calculations, within
the DFT+U framework, and potential-based MD simulations.
The interaction potential used for the MD simulations of
CeO2 and ZrO2 is known as the DIPole polarizable ion model
(DIPPIM) and includes a pair potential (a Buckingham-like
term plus Coulombic interactions), together with an account of
the polarization effects that result from the induction of dipoles
on the ions. This reads
V=


i≤ j

qi q j
ri j

+


i≤ j

ij

a ri j
Ai j e
ri j

+ Vdisp + Vpol

where Vdisp and Vpol are the dispersion and polarization terms and
were described previously.[35] The parameterization and testing
of this model were reported in a previous publication.[35,58] The
accuracy of this model was found to be similar to that of DFT
calculations,[33–35,58,62] and the lower computational cost allows
the performance of longer simulations on bigger systems. The
lattice parameters for the studied systems were obtained by performing molecular dynamics simulations with 4 × 4 × 4 supercells in an NPT ensemble, at the required temperatures. We used
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an isotropic barostat and thermostats as described by Martyna
et al.[63,64] and we set the external pressure to zero. The isotropic
barostat enforced a cubic fluorite symmetry. The lattice parameters were usually averaged over long trajectories (less than 0.1 ns).
All these calculations were performed with an in-house code
called PIMAIM. The DIPPIM potential has been recently implemented in the freely available CP2K code.[65]
In addition to these “realistic” potentials, we also constructed ideal systems in which the radius of the dopant
cation was changed. This was done by manually modifying the
short-range interaction parameters of the potentials, Aij and
aij, which are directly related to the cation size. This allowed
us to study systems in which, for instance, the dopant cation
had exactly the same radius as the host cation or in which the
dopant cation’s radius was chosen so that the chemical expansion of this material was equal to zero. This approach has
been successfully used to study the effects of vacancy ordering
on the ionic conductivity of YSZ and YDC.[33–35,66] We refer the
reader to the Supporting Information for further details on
this approach.
The DFT calculations were performed with the Vienna ab
initio simulation package (VASP),[67–68] with the projector
augmented wave (PAW) method. We used the generalized gradient approximation (GGA) with the Perdew-Wang
91 (PW91) exchange-correlation functional and an energy
cut-off of 500 eV. We also added a Hubbard term, U = 5 eV,
to properly describe the localized nature of the f electrons in
cerium. All trivalent lanthanide dopants (Tb, Sm, Gd, Nd, La)
were described by treating localized 4f electrons as a part of
the frozen core. The calculations were carried out using the
Brillouin zone sampled with a (2 × 2 × 2) Monkhorst-Pack
mesh k-points grid. These settings are in line with those
previously used in the literature and convergence tests were
performed to make sure that the results are well converged
with respect to these parameters. Chemical expansion coefficients were extracted from the lattice parameters of 4 compositions, corresponding to 0%, 6.25%, 12.5%, and 25% dopant
cation concentrations.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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