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Rare earth (or yttrium) doped BaCeO3 has been widely investigated as a proton conducting material.
Usually, the trivalent dopants are assumed to occupy the Ce4+-site, which introduces oxygen vacancies
into the perovskite structure and furthers the protonic conductivity. Recent studies indicate the possibility
of dopant incorporation on the Ba2+-site, which is unfavorable for protonic conductivity. In this work
atomistic simulation techniques, especially the supercell approach, have been developed to investigate
the questions of dopant site-selectivity and cation nonstoichiometry in doped BaCeO3. Our calculations
predict that, on energetic grounds, Ba2+-site deficiency shifts trivalent dopant incorporation onto the
Ba2+-site. These results confirm that the dopant partitioning or site-occupancy of trivalent dopants will
be sensitive to the precise Ba/Ce ratio, and hence to the experimental processing conditions. The relative
energies explain the experimentally observed “amphoteric” behavior of Nd with significant dopant
partitioning over both Ba and Ce sites. Such partitioning reduces the concentration of oxygen vacancies,
which, in turn, lowers proton uptake and decreases proton conductivity relative to dopant incorporation
solely on the Ce4+ site.

Introduction

Doped barium cerate exhibits high proton conductivity
upon exposure to humid atmospheres. In particular, Gd-doped
BaCeO3 exhibits a proton conductivity of 0.05 S/cm and a
proton transference number of close to 1 at 600°C.1 These
properties render doped barium cerate an attractive candidate
for application in reduced-temperature solid oxide fuel cells
and hydrogen sensors.2-8

To incorporate protons into the perovskite structure of
barium cerate, doping by trivalent (M) species on the
tetravalent (Ce) site is essential. Such doping generates
oxygen vacancies (VO

••), eq 1, which, upon exposure to
humid atmospheres, become filled with hydroxyl groups
(OHO

• ), eq 2,

where the reactions have been written in Kroger-Vink
notation.9 Water incorporation represented by eq 2, as shown,

results in the uptake of two protons in the structure per
oxygen vacancy. Thus, under ideal conditions, the oxygen
vacancy concentration prior to humidification is [VO

••] ) 1/2
[M′Ce], and the proton content after humidification is [H•] )
[M′Ce]. The concentration of Ce3+ is negligible under typical
conditions.

To promote reaction 1 and attain the desired defect
chemistry, materials are prepared with general stoichiometry
BaCe1-xMxO3-δ (whereδ ) x/2). That is, the Ce content is
lowered relative to the Ba content by an amount that
corresponds to the dopant concentration. If some portion of
the trivalent ions is incorporated onto the Ba2+-site instead
of the Ce4+-site, dopant incorporation is described by eq 3

In this case, oxygen vacancies are consumed instead of
created, which prohibits the incorporation of hydroxyl groups
in the subsequent hydration step. In a series of earlier
studies,10-12 extensive experimental evidence was presented
that reaction 3 does take place in the case of large dopant
cations. Dopant partitioning can occur such that a nonneg-
ligible concentration of trivalent species resides on the Ba2+

site, lowering the concentration of oxygen vacancies to a
value less than [VO

••] ) 1/2 [M′Ce]. Recent computational
studies support a defect chemical model for M3+-doped
A2+B4+O3 perovskites in which dopant partitioning over the
two cation sites occurs on energetic grounds, and that the
effect, perhaps predictably, is greatest for large dopant ions,
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2CeCe
x + OO

x + M2O3 f 2M ′Ce + VO
•• + 2CeO2 (1)

H2O(gas) + VO
•• + OO

x f 2OHO
• (2)

2BaBa
x + M2O3 + VO

•• f 2MBa
• + OO

x + 2BaO (3)
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because of the larger size of Ba2+ relative to Ce4+.13-15 This
includes a combined EXAFS and simulation study of dopants
in the CaZrO3 proton conductor.16

The experimental studies further indicate that the extent
to which dopant incorporation onto the Ba2+-site occurs is
tied to BaO loss at high temperature.12 In the absence of
dopants that can reside on the A site, the barium-deficient
perovskite structure would either contain an excessively high
concentration of vacancies on the Ba site, an energetically
unfavorable situation, or precipitate out the CeO2 fluorite
phase; these two processes are illustrated, respectively, in
eqs 4 and 5.

The latter reaction (that involving fluorite precipitation) has
been observed experimentally for undoped barium cerate.10

In the presence of dopant ions, it has been hypothesized that
reaction 3 can occur, thereby stabilizing the perovskite phase
against ceria precipitation.

In the present work we apply static lattice computational
methods to directly investigate the defect chemistry of barium
cerate on the atomic scale, and, in particular, the possible
influence of cation nonstoichiometry on dopant site occu-
pancy. Static lattice simulation methods have been success-
fully employed to investigate the defect properties of a range
of perovskite-type proton and oxide-ion conductors.13,14,17,18

Here, the particular trivalent dopant ions, Yb, Y, Gd, Nd
and La, are examined.

2. Methodology and Problem Statement

Static lattice simulations are based on the specification of
a potential model which describes the potential energy of
the system as a function of the atomic coordinates and allows
the modeling of both perfect and defective lattices. Only a
brief account of these widely used techniques (embodied
within the GULP code17) will be presented, as comprehensive
reviews are given elsewhere.18

The Born model representation, commonly used for ternary
oxides, is employed here, with the energy partitioned into
long-range Coulombic and short-range pair (and three-body)
potentials. A simple analytical function of the Buckingham
form

is used to describe the two-body, short-range interactions
within the crystal, whereVij is the potential energy between

any two atomsi and j, Aij, Fij, and Cij are the parameters
describing the potential between those atoms, andrij is the
distance between them.

As charged defects will polarize other ions in the lattice,
ionic polarizability must be incorporated into the potential
model. This is achieved using the shell model, which
describes such effects by treating each ion in terms of a core
(representing the nucleus and core electrons) connected via
a harmonic spring to a shell (representing the valence
electrons). The shell model has been shown to simulate
effectively both dielectric and elastic properties of ceramic
oxides, by including the vital coupling between the short-
range repulsive forces and ionic polarization.19,20 Values of
the potential and shell model parameters for the species
relevant to this work are listed in Table 1. The potentials
for the trivalent dopant ions have been used successfully in
previous work on perovskite oxides in which the Nd, Gd,
Y, and Yb are effectively treated as rigid-ion species. An
additional effect that must be treated is the lattice relaxation
around a charged defect which causes extensive perturbation
of the surrounding lattice. The phenomenon is modeled here
using the two-region Mott-Littleton approach, which parti-
tions the crystal lattice into two spherical regions. Ions in
the central inner region (typically containing more than 250
ions) surrounding the defect are relaxed explicitly. In contrast,
the remainder of the crystal (>2000 ions), where the defect
forces are relatively weak, is treated by more approximate
quasi-continuum methods. In this way, local relaxation is
effectively modeled, and the crystal is not treated simply as
a rigid lattice.

Although mean field theory, in which point defects are
treated via a correction to the potential energy terms of
particular atoms to generate an “average” or “hybrid” species,
has been successful for treating defects in related systems15

and even for the examination of other aspects of BaCeO3,14

this approach was found to be unsuitable here for a variety
of reasons. Instead, a supercell approach has been imple-
mented, with specific atom sites within the expanded cell
(of overall symmetry P1) serving as the locations of
particular point defects. As with other lattice simulations,
the supercell is extended by periodic repetition in three
dimensions to generate the full crystalline system.
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84, 376.

(14) Glockner, R.; Islam, M. S.; Norby, T.Solid State Ionics1999, 122,
145.

(15) Davies, R. A.; Islam, M. S.; Gale, J. D.Solid State Ionics1999, 126,
323.

(16) Davies, R. A.; Islam, M. S.; Chadwick, A. V.; Rush, G. E.Solid State
Ionics 2000, 130, 115.

(17) Gale, J. D.J. Chem. Soc., Faraday Trans.1997, 93, 629.
(18) Catlow, C. R. A. InSolid State Chemistry: Techniques; Cheetham,

A. K., Day, P., Eds.; Clarendon Press: Oxford, 1987; Ch. 7.

(19) Dick, B.; Overhauser, A.Phys. ReV. 1958, 112, 90.
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Table 1. Interatomic Potential Parametersa

M‚‚‚O
A

(eV)
F

(Å)
C

(eV Å6)
Y
(e)

k
(eV Å-2)

UL

(eV) ref

O2- 22764.30 0.1490 27.89*-2.077* 27.29* 27
Ba2+ 931.7 0.3949 0.0 1.46 14.78 -31.33* 28
Ce4+ 1986.83 0.3511 20.40* 7.7 291.75-105.31* 29
La3+ 1545.21 0.3590 0.0 -0.25 145.00 -129.06 27
Nd3+ 1379.9 0.3601 0.0 3.0 99999 -129.22 30
Gd3+ 1336.8 0.3551 0.0 3.0 99999 -132.16 30
Y3+ 1345.1 0.3491 0.0 3.0 99999 -134.74 30
Yb3+ 1309.6 0.3462 0.0 3.0 99999 -136.76 30

a A, F, andC are parameters assigned to the cation-oxide anion interaction,
eq 6,Y is the shell charge, andk is the harmonic force constant, whereY
andk are used in the shell model of ionic polarizability.UL refers to the
lattice energy of the oxide. Entries marked with an * are updated relative
to ref 14.

BaBa
x + OO

x f V′′Ba + VO
•• + 2BaOv (4)

BaBa
x + CeCe

x + 3OO
x f BaOv + CeO2(ppt) (5)

Vij(rij) ) Aij exp(-rij/Fij) - Cij/rij
6 (6)
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The supercell method presents its own set of challenges
in that multiple defect configurations must be examined in
order to identify that with the lowest energy. For example,
for BaO deficiency with one cation vacancy on the barium
site and one anion vacancy, the proximities of these two
defects must be considered: as nearest neighbors, as next
nearest neighbors, etc. To achieve a meaningful result within
a finite time period, the strategy pursued here involved
identification of the lowest energy configurations using
relatively small supercells (2× 2 × 2) and transferring these
most probable configurations to progressively larger super-
cells. Final calculations were performed on 3× 4 × 4 and
3 × 3 × 5 supercells. Introduction of two dopant ions within
these supercells leads to dopant concentrations of∼4%,
which are typical of experimental values.

The specific question that this work aims to answer is as
follows: Given a nominal stoichiometry for a doped barium
cerate perovskite, can the actual stoichiometry differ as a
result of barium oxide evaporation (or accumulation in grain
boundary regions) and dopant redistribution? The question
can be formulated quantitatively in terms of the reaction

(where r + s ) x). Is this reaction energetically favored,
and to what extent do the thermodynamics depend on the
particular dopant species?

In considering the stoichiometry of the barium-deficient
composition, it is apparent that the degree of dopant
incorporation onto the A-site determines the sign of the
charge compensating defect. Forr < s, negatively charged
M′Ce defects outnumber positively chargedMBa

• defects, and
oxygen vacancies are thus expected to be the primary type
of compensating defect. Forr > s, A-site vacancies (with
negative charge) can be anticipated as the primary charge
compensating defect. In either case, B-site vacancies are not
anticipated. Calculation of the energetics of the complex
perovskite, (Ba1-tMr)(Ce1-xMs)O3-δ′, presents computational
challenges because of the multiple local configurations that
must be considered in order to identify that which corre-
sponds to the lowest energy. A simpler but equally valuable
approach is to, instead, consider the energetics of the two
extreme cases with the dopant entirely on one site or the
other, and then calculate the energy of the reaction

where V is a Ba vacancy, from the lattice energies of the
three compounds, Ba(Ce1-xMx)O3-δ, (Ba1-yM2y/3Vy/3)CeO3,
and BaO. Note that conservation of the dopant content
requires (1- x) × 2y/3 ) x, whereas conservation of the
mass of barium requires 1) (1 - x)(1 - y) + z.

In the ideal case, arbitrary values forx, y, andz can be
examined. In a supercell of finite size, however, the
stoichiometric variables are not continuous but rather have
discrete values. Use of two different sized supercells ad-
dresses this limitation. Specifically, full Ce-site occupancy
by the dopant is evaluated here using a 3× 4 × 4 supercell
of composition Ba48(Ce46M2)O143 [) Ba(Ce0.958M0.042)O2.993],

whereas full Ba-site occupancy is evaluated using a 3× 3
× 5 supercell of composition (Ba42M2V1)Ce45O135 [) (Ba0.933

M0.044)CeO3]. The specific reaction in this case then becomes

and the total energy is calculated according to

Note that due to compositional round-off errors, reaction
9 is not precisely mass balanced with respect to M2O3.
However, this is a small error in light of other uncertainties
in the calculation.

To facilitate comparisons with previous studies14 we have
also performed calculations in which the energetics of dopant
substitution is calculated. The dopant cations are incorporated
in the lattice at either the Ce4+ or Ba2+ sites represented by
the defect reactions 1 and 3, or written more explicitly as

and

respectively, (where reaction 12 is not entirely analogous to
reaction 3, but is more appropriate for a direct comparison
of site incorporation energies). The energies of these “solu-
tion” reactions are evaluated from the calculated lattice
energies of the undoped and doped perovskite (using 3× 4
× 4 supercells and one formula unit M2O3 per 48 formula
units BaCeO3), and from the literature lattice energies of the
binary oxides,UL of Table 1. Analysis of the difference
between the solution energies of these reactions,∆E ) E(Ba-
site) - E(Ce-site), provides a measure of the relative
preference of the dopant for the Ce site over the Ba site and
eliminates the influence of the lattice energies of the dopant
metal oxides, which can overwhelm all other terms in the
reaction.

In an earlier, related work,14 studies of the defect chemistry
of barium cerate were carried out using the mean field
approach in conjunction with static lattice simulations. Three
key results of that work are relevant to the present study:
(1) the energetics of the cubic and orthorhombic forms of
BaCeO3 are almost identical; (2) for all dopants examined
from Yb3+ to La3+, incorporation onto the Ce site was found
to be more favorable than onto the Ba site, but with the
energy difference decreasing with increasing ionic radius;
and (3) in undoped BaCeO3, barium and oxygen vacancy

Ba(Ce1-xMx)O3-δ f (Ba1-tMr)(Ce1-xMs)O3-δ′ + tBaO (7)

Ba(Ce1-xMx)O3-δ f [1 - x](Ba1-yM2y/3Vy/3)CeO3 + zBaO
(8)

Table 2. Calculated Structural Parameters of Cubic BaCeO3 as
Determined from a Conventional 1× 1 × 1 Cell Calculation and

Compared to Experimental Values

property calculated experimentala

lattice parametera (Å) 4.427(2) 4.44467(2)
bond distances (Å)

Ba-O 3.130(5) 3.143
Ce-O 2.213(6) 2.223

lattice energy (eV) -136.68

a Ref 31.

Ba48(M2Ce46)O143 f 46/45(Ba42M2V)Ce45O135 + 51/15BaO
(9)

∆E ) 1.022E[(Ba42M2)CeO3] + 5.067E[(BaO)] -
E[Ba48(M2Ce46)O143] (10)

BaCeO3 + xM2O3 f Ba(Ce1-2xM2x)O3-x + 2xCeO2 (11)

BaCeO3 + xM2O3 f (Ba1-2xM2xVx)CeO3 + 3xBaO (12)
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pairs created according to reaction 13 are the most energeti-
cally favorable intrinsic defects,

although the total energy for even this reaction (6.4 eV) was
found to be relatively high. This last result is consistent with
the observation of A-site vacancies in perovskites such as
BaTiO3

21,22and the loss of barium oxide from barium cerate
based materials at elevated temperatures.12 In the case of
undoped barium cerate, however, compositions with just 1%
deficiency (i.e., Ba0.99CeO3) result in two phase mixtures of
the perovskite and ceria.11,23 This suggests that any slight
barium deficiency that is sustained in the undoped structure
occurs at levels that cannot be easily detected experimentally,
in accord with the computational result of rather high defect
reaction energy. Here, in addition to evaluation of reaction
8 by the supercell approach, extensive computations on BaO
deficient stoichiometries have been performed in order to
assess the likelihood of barium loss via the reaction

particularly in the presence of dopant ions. In the physical
reality, BaO is likely to be removed in vapor form. However,
calculations here were carried out assuming crystalline BaO,
for which the lattice energy could be evaluated.

3. Results and Discussion

3.1 Structural Modeling and Intrinsic Defects of Ba-
CeO3. Before carrying out defect calculations, the unit cell
dimensions and ion positions of the cubic phase (Pm3hm, a
) 4.445 Å) were equilibrated under constant pressure at 0
K conditions using a 1× 1 × 1 cell. The unit cell parameters
change only slightly on relaxation of the structure. The
differences in the observed and calculated lattice parameters
and bond distances, Table 2, are within 0.4% for cubic
BaCeO3, indicating that the potentials reproduce the perovs-
kite structure, although selected parameters are slightly
updated from ref 14. Essentially identical structural results
were obtained from the supercell calculations (in which, by
definition, the structure was not constrained to be cubic).
The energetics of intrinsic defect formation in (undoped)
BaCeO3 obtained from the 1× 1 × 1 cell were, furthermore,
within 5% of the earlier results14 and are not reproduced here.

3.2 Dopant Incorporation. Before analyzing the defect
chemistry of doped barium cerate, the consistency between
the conventional 1× 1 × 1 cell calculations and those of
the supercells was checked by comparing lattice energies
and Ba-O vacancy pair formation energies. The results,
Table 3, show quantitative agreement in terms of lattice
energies of stoichiometric compositions. In contrast, the
supercell calculations (which are in good agreement with
each other at a reaction energy of∼5.4 eV) indicate defect
creation energies which are somewhat lower than the
conventional calculation using isolated point defects (∼6.4
eV). The difference reflects the likely influence of defect
interactions. Such interactions are present in the supercell
calculations but not the conventional calculations, which
represent the dilute limit of isolated defects in an infinite
crystal. If such an interpretation is correct, it further implies
that barium cerate exhibits slightly nonideal solution behav-
ior, with the chemical potential of defects being a function
of defect concentration. Because of the uncertainties gener-
ally associated with lattice energy calculations, we focus on
relative trends with respect to dopant type rather than the
absolute energy values.

The energetics of Ba-O vacancy pair formation in the
presence of dopant elements (on the B-site) for a 3× 4 ×
4 cell is presented in Table 4. Although there is no particular
trend with ionic radius, it is apparent that the presence of
B-site dopants raises the energetic penalty for the formation
of these defects (from∼5.3 eV to 6.0-6.7 eV). This result
may be related to the nonideal solution behavior noted above,
in which defect energy increases as the concentration of
defects (in this case oxygen vacancies) increases.

The results of the dopant incorporation calculations are
provided in Tables 5 and 6 and Figures 1 and 2. Specifically,
the data in Table 5 and Figure 1 represent the results of the
calculations based on reaction 9, whereas Table 6 and Figure
2 display the results in terms of reactions 11 and 12. The
sign convention of Figure 2 is such that a positive value
indicates preference for the Ce-site.

Examination of Figure 1 reveals that reaction 9, barium
loss accompanied by simultaneous transfer of the dopant
from the Ce to the Ba-site, is energetically unfavorable for
small dopants, Yb, Y, and Gd, and becomes favorable as

(21) Yamada, A.; Chiang, Y. M.J. Am. Ceram. Soc.1995, 78, 909.
(22) Brzozowski, E.; Castro, M. S.J. Mater. Sci.: Mater. Electron.2003,

14, 471.
(23) Kreuer, K. D.; SchO¨ nherr, E.; Maier, J.Solid State Ionics1994, 70-

71, 278.

Table 3. Normalized Lattice Energy of Stoichiometric and Barium Oxide Deficient Barium Cerate in 3× 4 × 4 and 3 × 3 × 5 Supercells, and
Compared to the Values for the 1× 1 × 1 Cell Calculation

cell composition lattice energy/unit cell (eV) reaction energya (eV)

BaCeO3 1 × 1 × 1 BaCeO3 -136.68 6.38

Ba48Ce48O144 3 × 4 × 4 BaCeO3 -136.68 }5.33
Ba47Ce48O143 3 × 4 × 4 Ba0.979CeO2.979 -135.91
Ba45Ce45O135 3 × 3 × 5 BaCeO3 -136.68 }5.54
Ba44Ce45O134 3 × 3 × 5 Ba0.978CeO2.978 -135.86

a For the formation of Ba and O vacancy pairs (see text, eq 14).

BaBa
x + OO

x f V′′Ba + VO
•• + BaO (13)

BaCeO3 f Ba1-xCeO3-x + xBaO (14)

Table 4. Reaction Energy for the Creation of Ba and O Vacancy
Pairs (eq 14) as Calculated Using 3× 4 × 4 Supercells

dopant reaction energy (eV)

none 5.33
La 5.98
Nd 6.47
Gd 6.69
Y 6.38
Yb 6.44

Atomistic Study of Doped BaCeO3 Chem. Mater., Vol. 17, No. 4, 2005849



the dopant ionic radius increases to La. The ionic radius
dependence of the reaction energy is quite strong, spanning
4 eV for a dopant radius change of∼0.2 Å. Although
quantitative agreement with experimental data is not to be
expected from these calculations, it is noteworthy that the

crossover point from positive to negative energy occurs at
approximately Nd, a dopant for which measurable Ba-site
occupation has been observed by experimental methods.12

In particular, examination of BaxCe0.85M0.15O3-δ (x )
0.85-1.20, M ) Nd, Gd, Yb) materials has revealed the
compositional limits for the maximum A-site incorporation
to be as follows: (Ba0.919Nd0.081)(Ce0.919Nd0.081)O3, (Ba0.974-
Gd0.026)(Ce0.872Gd0.128)O2.875, and Ba(Ce0.85Yb0.15)O2.925.12 Thus,
Nd can be considered an “amphoteric” dopant with signifi-
cant dopant partitioning over both Ba and Ce sites.

These results, along with the data in Table 4, further
confirm that the site occupancy or dopant partitioning of
trivalent dopants will be especially sensitive to the experi-
mental processing conditions. In particular, loss of barium
at high temperatures from (B-site) doped compositions

produces relatively high energy Ba-O vacancy pairs and
renders Ba-site occupancy by large dopants favorable. This
would reduce the concentration of oxygen vacancies [via
reaction 3] which, in turn, would lead to lower proton uptake
[via reaction 2] and to a decrease in proton conductivity.
Indeed, although a different interpretation was proposed,
Kreuer et al.24 reported a dramatic decrease in the conductiv-
ity of 10% Ba-deficient barium cerate doped with La upon
prolonged exposure to high temperature. In more recent
work, Shima and Haile showed proton uptake in Gd-doped
barium cerate to decrease monotonically as the barium
deficiency increased,10 whereas Wu has observed similar
behavior in Nd-doped barium cerate.25

Representation of the results in terms of reactions 11 and
12 in Figure 2 yields a similar ionic radius dependence as
Figure 1, but with an overall apparent preference of all
dopants examined, including even La, for the Ce site. As

(24) Kreuer, K. D.; SchO¨ nherr, E.; Maier, J.Proc. 14th RisØ Intern. Sypm.
on Materials Science; RisØ National Laboratory: Roskilde, Denmark,
1993.

(25) Wu, J. Thesis: Defect Chemistry and Proton Conductivity in Ba-based
Perovskites; California Institute of Technology: Pasadena, CA, 2004.

Table 5. Lattice Energies of Ba-Site and Ce-Site Doped Barium Cerate and the Energy for the Reactiona

cell 3× 3 × 5 3× 4 × 4
formula (Ba42M2)Ce45O135 Ba48(M2Ce46)O143 reaction energya,b

composition (Ba0.933M0.044)CeO3 Ba(M0.042Ce0.958)O2.993 ∆E (eV)
dopant eV/formula unit eV/formula unit reaction form. unit
La -137.29 -134.85 -1.1973 -0.025
Nd -137.31 -134.91 0.5404 -0.011
Gd -137.36 -134.97 1.6858 0.035
Y -137.39 -135.02 2.4740 0.052
Yb -137.43 -135.06 2.7351 0.057

a For the reaction Ba48(M2Ce46)O143 f 46/45(Ba42M2V)Ce45O135 + (51/15)BaO b Total reaction energy is as calculated directly by∆E )
1.022E[(Ba42M2)CeO3] + 5.067E[(BaO)] - E[Ba48(M2Ce46)O143]. Energy per formula unit is normalized with respect to the starting material, Ba48(M2Ce46)O143,
by division by 48.

Table 6. Dopant Solution Energies in BaCeO3 as Determined from of 3× 4 × 4 Supercells and Compared to Earlier Results Obtained Using
the Mean Field Approximation

Ce site
(eV)/per dopant atom

Ba site
(eV)/per dopant atom

∆E [E(Ba-site)- E(Ce-site)]
(eV)/per dopant atom

dopant ionic radius (Å) supercell, rxn (11) mean field14 supercell, rxn (12) mean field14 supercell mean field14

La 1.061 3.08 4.4 3.32 4.8 0.24 0.4
Nd 0.995 1.78 2.1 2.78 3.2 1.00 1.1
Gd 0.938 1.64 1.9 3.30 3.8 1.66 1.9
Y 0.900 1.81 1.9 3.88 4.3 2.07 2.4
Yb 0.858 1.80 2.0 4.31 4.7 2.51 2.7

Figure 1. Energy of the reaction describing BaO loss and simultaneous
transfer of trivalent dopant from Ce to the Ba site (reaction 9 in the text).

Figure 2. Solution energy of selected dopants into BaCeO3.
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evident from Figure 2, the results obtained here by the
supercell method are similar to those obtained earlier using
the mean field approach,14 but generally show a smaller
energetic difference between incorporation on the two sites.
As stated above, because of the uncertainties in the lattice
energies, the relative trends in the solution energies are more
meaningful than their absolute values and the discrepancies
between the two calculations may not be significant.
However, the difference between the two approaches em-
bodied in Figures 1 and 2 warrants some discussion.
Physically, what is represented in Figure 2 is the relative
likelihood of initially stoichiometric barium cerate exsolving
BaO or CeO2 in order to accommodate isolated dopants on
the Ba or Ce site at high dilution, respectively. Thus, the
much larger lattice energy of CeO2 over that of BaO, Table
1, encourages dopant dissolution on the Ce site accompanied
by BaO exsolution, even for La, which otherwise has a
preference for the Ba site.

4. Conclusions

Static lattice simulation techniques have been used to probe
the defect chemistry of the proton conductor barium cerate.
This study forms part of the continuing effort to improve
our understanding of structure-composition-property re-
lationships in ionic-conducting perovskites at the atomistic
level. The simulations suggest that, on energetic grounds,
the site-occupancy of dopants is linked to barium loss.
Furthermore, while Ba-O vacancy pairs remain the most
favorable intrinsic defect types, the energy of such defects
increases upon introduction of B-site dopants. Thus, dopant
redistribution over the A and B sites is energetically favorable

over vacancy pair formation, and the dopant partitioning or
site-occupancy of trivalent dopants will be sensitive to the
precise Ba/Ce ratio and, hence, to the experimental process-
ing conditions. The reaction energy for barium loss ac-
companied by simultaneous transfer of the dopant from the
Ce to the Ba site is unfavorable for small dopants, Yb, Y,
and Gd, and becomes favorable as the dopant ionic radius
increases to La. The results for Nd point to “amphoteric”
behavior with significant dopant partitioning over both Ba
and Ce sites. Our results are consistent with the experimental
compositional limits for A-site incorporation, which increases
with increasing dopant ion radius.12,26Dopant incorporation
onto the A-site has been shown to reduce the proton uptake
and proton conductivity in doped barium cerate relative to
the ideally B-site doped material, an affect that results from
the reduction of the concentration of oxygen vacancies.
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