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Atomistic Study of a CaTiO3-Based Mixed Conductor:
Defects, Nanoscale Clusters, and Oxide-Ion Migration™*

By Glenn C. Mather,* M. Saiful Islam, and Filipe M. Figueiredo

Mixed oxide-ion and electronic conductivity can be exploited in dense ceramic membranes for controlled oxygen separation as
a means of producing pure oxygen or integrating with catalytic oxidation. Atomistic simulation has been used to probe the
energetics of defects, dopant-vacancy association, nanoscale cluster formation, and oxide-ion transport in mixed-conducting
CaTiOs. The most favorable energetics for trivalent dopant substitution on the Ti site are found for Mn*" and Sc**. Dopant-va-
cancy association is predicted for pair clusters and neutral trimers. Low binding energies are found for Sc** in accordance with
the high oxide-ion conductivity of Sc-doped CaTiOs. The preferred location for Fe*' is in a hexacoordinated site, which sup-
ports experimental evidence that Fe** promotes the termination of defect chains and increases disorder. A higher oxide-ion
migration energy for a vacancy mechanism is predicted along a pathway adjacent to an Fe*" ion rather than Fe*" and Ti*', con-
sistent with the higher observed activation energies for ionic transport in reduced CaTi(Fe)O;_s.

1. Introduction

Calcium titanate is well known for giving its mineral name,
perovskite, to the vast family of isostructural compounds
(ABO3) with key properties for materials applications. In many
research fields, CaTiOj itself is an important material.'! For
example, upon acceptor doping with a lower-valence cation,
calcium titanate exhibits oxide-ion and electronic mixed con-
duction;[4'6] a relatively common occurrence in perovskite ox-
ides with transition metal B-site cations. The undoped material
is an incipient ferroelectric”! with potential application in mi-
crowave-tunable devices,™! but on doping with Pb it becomes a
true ferroelectric.”’] The versatility of calcium titanate extends
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to its suitability as a material for the immobilization of radioac-
tive waste!'”) and a biocompatible coating for medical Ti im-
plants.'!]

The mixed oxide-ion and electronic conductivity of CaTiO;
can be exploited in dense ceramic membranes for controlled
oxygen separation as a means of producing pure oxygen or for
integrating with catalytic oxidation, as described in recent re-
views.'2l An important potential application is the partial oxi-
dation of methane to syngas (a mixture of CO and H,). Iron-
substituted calcium titanate (CaTi(Fe)Os_s) is one of the most
promising systems under development!">!¥ because of its supe-
rior mechanical and chemical stability under a wide range of
oxygen chemical potentials and low cost in comparison with
competing systems, such as Lal_xerC01_yFeyO3_5.“5‘](’J

Mixed conduction in CaTi;_,Fe,O; s was first studied by
Iwahara and co-workers,[4] who found a maximum ionic con-
ductivity for x=0.20 (ca. 0.1 Scm™ at 1000 °C). Early interpre-
tations of the electrical properties were based on noninteract-
ing point defects where the substitution of Ti*" with Fe®" is
compensated by the formation of oxygen vacancies and elec-
trons (at low oxygen partial pressures, pO,) or holes (at high
pO»). However, these models fail to explain the maximum in
ionic conductivity at a relatively low Fe content.

Detailed structural studies by Grenier et al. 17! published ten
years before the first conductivity work, provide a more satis-
factory interpretation based on extended vacancy-ordered de-
fects. For Fe contents up to approximately 25 at %, the oxygen
vacancies tend to remain disordered, or partially ordered, and
thus participate in ionic transport. Significant ordering takes
place for higher iron contents, which eventually leads to the
formation of fully ordered phases when x>0.5. These phases
can be described by the general formula A,,B,,03,,_;, and con-
sist of a succession of BOg octahedra, primarily occupied by
Ti**, and BO, tetrahedra, occupied by Fe**, ordered in layers
perpendicular to the longest axis of the orthorhombic parent
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structure. Oxide-ion conductivity is highest for iron contents
lower than x=0.4, where the low-temperature structure
(<1000°C) is partially ordered in linear defect clusters of
length less than 10 nm; these clusters are likely to consist of
oxygen vacancies and tetrahedral Fe** P18 The defect chains
form along three perpendicular directions in a complex disor-
dered microdomain texture that develops according to the tem-
perature, the oxygen stoichiometry and, in turn, the Fe coordi-
nation and oxidation states. In addition to tetrahedral Fe*
sites, the partially ordered phases exhibit penta- and hexacoor-
dinated Fe** '*%! and a variable fraction of Fe** that appears
to have an important influence on the microstructure and con-
sequently on the transport properties.[S’ZI]

A greater fundamental knowledge of defect clustering and
vacancy migration on the atomic level in CaTiO3-based systems
is required to understand the rather complex structure—prop-
erty relationships. Atomistic simulation techniques are well-
suited to studying defect properties on this scale, as demon-
strated in previous simulations of oxide-ion and proton conduc-
tors such as LaGaO3[22‘23] and BaCeO3.[24’25] Herein, we have
employed a wide-ranging sequence of atomistic simulations to
address a number of important topics concerning pure and sub-
stituted CaTiOs3, with particular attention paid to its application
as a mixed-conducting membrane. These include the energetic
and mechanistic features of intrinsic defects, dopant incorpora-
tion, defect-cluster formation and oxide-ion migration.

2. Results and Discussion

2.1. Intrinsic Atomic Defects

Calculations were performed to determine the energies of
isolated intrinsic defects (vacancies and interstitials) in
CaTiOj3, from which Frenkel- and Schottky-type defect ener-
gies could be derived. The lattice energies used in the calcula-
tion of Schottky-type defects were taken from atomistic simu-
lations of CaO, TiO,*! and CaTiOj; (this work).

Examination of Table 1 reveals that the formation of oxygen
vacancies in CaTiO; requires a similar amount of energy for
both O1 and O2 sites. Schottky defects are highly unfavorable,
supporting the hypothesis that the electrical conduction in un-
doped CaTiOs; is greatly influenced by the presence of small
amounts of acceptor impurities.”’”?’! Although the lowest-ener-
gy defect type is the formation of a pair of Ca and O vacancies,
the magnitude of the energy suggests such defects are present
in negligible concentration; we may note that this V."-V,*
defect is significantly more favorable in the related SrTiO;P%
and CaZrO;"! systems. In addition, anion and cation Frenkel
defects were investigated and found to be highly unfavorable
(>3.6eV), as expected for the close-packed perovskite
structure.

In the Fe-substituted phase, oxygen vacancies placed adja-
cent to the defect cluster are of lower energy than those iso-
lated from the cluster (Table 1). The isolated vacancies have
similar energy for both oxygen sites, whereas the O2 position is
of lower energy for vacancies adjacent to the cluster. The pre-
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Table 1. Calculated defect energies for CaTiO3 and CaTig gFep 203_s.
(a) point defects

Defect Energy [eV] [a]
CaTiOs CaTip.gFe.2035

isolated from cluster  adjacent to cluster

Ca vacancy 22.15 2217 19.52
Ti vacancy 82.27 81.78 79.51
O1 vacancy 19.64 19.68 18.62
O2 vacancy 19.63 19.48 17.63

(b) Schottky disorder

Type Defect equilibrium Energy [eV/defect]
CaTiO;  CaTigsFe203_5 [b]
Schottky Cacy“ + Tity + 30, = Ve + V" + 2.49 2.30
3V,** + CaTiO,
Ca Schottky Cacy + 0. =V + V,** + CaO 2.92 2.85
Ti Schottky Tir + 20, = V1" + 2V, + TiO, 3.03 2.76

[a] Reference at infinity. [b] Schottky disorder isolated from cluster.

ference of the vacancy for the O2 position accords with the for-
mation of brownmillerite-type defects in the (0k0) planes of
the orthorhombic parent phase (space group, Pnma) with in-
creasing dopant and oxygen-vacancy concentration.!!”

2.2. Dopant-Ion Substitution and Dopant-Vacancy Association

Significant oxide-ion conductivity is observed in calcium tita-
nate on replacing Ti with a lower valence cation to form mobile
oxygen vacancies. The relative energies of “solution” of a series
of trivalent and divalent cations were evaluated by combining
the appropriate defect and lattice-energy terms?®**>=4 and are
shown in Table 2. The most favorable solution energies are
found for Sc** and Mn**, with the largest energies being those
of divalent species Fe*" and Ni**.

It is well-known that the charge-compensating oxygen vacan-
cies, which form on acceptor doping, tend to interact favorably
with the dopant, leading to defect clustering. Formation of such
clusters adds an additional binding (or association) term to the
activation energy for oxide-ion conductivity. A previous study
of fluorite-structured ZrO,**! has shown that the configuration
of the defect cluster depends on the size of the dopant cation,

Table 2. Calculated incorporation (solution) energies for dopant species.

Dopant Energy [eV]
AP 1.71
Mn** 1.33
Fe** 2.34
Co™ 1.50
Ga** 1.51
S 1.24
Fe?* 4.07
NiZ* 4.51

Adv. Funct. Mater. 2007, 17, 905-912
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with smaller dopants preferring an adjacent (nearest neighbor,
NN) site to the vacancy, whereas larger dopant cations favor
the second coordination shell (next-nearest neighbor, NNN).
In a similar approach, we have considered the energetics of
simple defect configurations in our perovskite lattice involving
pair clusters (M-V,*) at NN or NNN sites (Fig. 1a), and tri-
mers with one dopant adjacent to the vacancy (NN site) and
the other at NN and NNN sites. (Fig. 1b). The cluster binding
energies, which are reported in Table 3a and b for pair and tri-
mer configurations, respectively, were calculated according to:

Ebind = Eclustcr - 2 Eisolatcd defect (1)

In addition to the series of trivalent dopants, Table 3 also
lists the corresponding cluster binding energies for Fe**, which
is determined by Mossbauer spectroscopy to be present in sig-
nificant amounts in even mildly reduced CaTi(Fe)O5_s.5?"

Inspection of Table 3 reveals that simple pair defects and tri-
mers are favorable for the series of trivalent cations, with the
exception of Ga™. There is a general preference for the NN
site in both pair and trimer clusters, apart from the cations with
the strongest (Ti**) and weakest binding energies (Sc** and
Ga™). The weak binding energies observed for Sc** are re-
flected in the high oxide-ion conductivity of Sc-substituted
CaTiO3,[36] the highest observed in the CaTiO; system and
comparable to that of yttria-stabilized zirconia. The calculated
binding energies for Ga®* are also low, but the reported values
for oxide-ion conductivity in Ga-doped CaTiOj; are similar to
those of the Al-doped phase;*® this suggests that further opti-

Q0
D Vo"

2 TiY

o o O

Figure 1. Fe dopant-vacancy cluster configurations in CaTiOs. a) Simple
pair defect cluster (Fer;/ —V,"*) with Fe** located as nearest neighbor (i) or
next-nearest neighbour (ii). b) Trimer defect cluster (Fer/ -V, —Fer/)
with second Fe®* as nearest neighbour (i) or next-nearest neighbour (ii).
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Table 3. Binding energies for dopant-vacancy clusters in CaTiO;.
(a) pair clusters

Dopant Species Defects Binding energy [eV/defect]
NN pair [a] V + NNN [a]
APt Voo™, Al -0.33 +0.06
Ti** Voo™, Tiri —0.40 —0.46
Mn** Voo™, Mny; -0.10 -0.06
Fe** Voo™, Feri -0.12 -0.08
Co** Vo,™, Cor -0.20 -0.04
Ga** Voo™, Ga +0.05 -0.05
s Vor™, Seri -0.02 -0.10
Fe** Voo, Fer* +0.36 +0.00
(b) trimer clusters
Dopant Species Defects Binding energy [eV/defect]
NN trimer [b] pair + NNN [b]

AR Voo, Al ~0.45 -0.20
Ti** Voo™, Tiri -0.52 -0.44
Mn®* Vor™, Mny; -0.12 -0.07
Fe* Voo™, Feri -0.15 -0.08
Co* Vor*, Cori -0.26 -0.13
Ga** Voo™, Gari 0.08 0.03
(Yo Vor™, Seri -0.01 -
Fe** Voo™, Fer +0.49 +0.25

[a] See Figure 1a. [b] See Figure 1b.

mization of the ion-transport properties of the Ga-containing
material is possible. The binding energies observed for the Ti**
cation may, in contrast, result in higher activation energies for
oxide-ion transport in reduced CaTiO;. The unfavorable bind-
ing energies calculated for the Fe*" cation are expected to en-
hance the ionic conductivity, in agreement with experimental
data.”!! This will be further discussed in Section 2.4.

2.3. Defect Clusters
2.3.1. Configuration of Complex Defect Clusters

As mentioned earlier, the formation of large dopant-vacancy
clusters in doped CaTiOj; has been observed experimentally in
the case of CaTi(Fe)Os_s, and the crystallization of fully or-
dered phases (e.g., CayFe,Os, CasTiFe,0g) occurs at high Fe
contents. These clusters form as mutually perpendicular do-
mains of linear defects, which increase in size with increasing
Fe content and annealing time."®! We note, however, that the
microstructure of the undoped phase is similarly characterized
by twinned microdomains,*”! which is an additional considera-
tion in the interpretation of the microstructure. Previous simu-
lation work employing a Monte Carlo methodology indicates
that oxygen vacancies are preferentially located in the domain
walls in the undoped phase.®! Although the domains in Fe-
substituted CaTiO3 may also result, in part, from twinning phe-
nomena, the formation of large dopant-vacancy clusters has a
much greater impact on domain evolution, eventually leading
to the formation of fully ordered phases for high Fe contents.

www.afm-journal.de
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The important influence of the microstructure on transport
properties has recently been illustrated in CaTi(Fe)O;_s ceram-
ics with core/shell microstructures, which show enhanced ox-
ide-ion conductivity at the Fe-rich domain walls.”! Further un-
derstanding of the formation of defect clusters in the doped
phase and the microstructure at the atomic level may, there-
fore, be helpful in unraveling the complex structure—property
relationships of the CaTiO; system.

We first considered the formation of clusters consisting of
two oxygen vacancies and four Fe** cations, limiting possible
defect configurations to the ac plane containing O2 sites in ac-
cordance with the observed ordered structure.'”! Figure 2 pro-
vides schematic diagrams of a number of possible defect con-
figurations for the six defects. Three such arrangements are
illustrated in Figure 2a, in which adjacent oxygen vacancies are
aligned in the [001] direction of the orthorhombic cell (equiva-
lent to the [101] of the parent cubic cell) with three NN Fe**
cations. The fourth Fe** ion was placed in either position A, B,
or C. Two more configurations consisted of 3 Fe** and 2 V,**
defects aligned in the [101] direction (Fig. 2b) of the ortho-
rhombic cell, and the fourth Fe** either in line with the other
defects (position D) or isolated from the other defects (posi-
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Figure 2. Configurations for complex defect clusters of four Fe’* and two
0% vacancies positioned with respect to the orthorhombic unit cell (out-
lined, orthorhombic distortion not represented for clarity). Alternative
configurations for Fe** cations within a cluster are shown as hatched
spheres.
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tion E). The sixth cluster configuration was for two isolated de-
fect trimers (Fig. 2c). Table 4 lists the binding energies for each
of these configurations along with the corresponding Fe coordi-
nation states. The lowest-energy configuration is observed for
the arrangement with Fe** in position A, with only a slightly
higher energy observed when the fourth Fe** cation is in posi-
tion B. In both cases the oxygen vacancies lie parallel to [001]
such that one of the Fe** cations is in a tetrahedral coordina-
tion environment. The least favorable configurations are those
with the vacancy defects aligned in the [101] direction
(Fig. 2b), in which there is a 4-fold Fe** in a square-planar co-
ordination environment.

Table 4. Binding energies of clusters with two oxygen vacancies and four
Fe** cations in the ac plane of CaTiO;.

Configuration [a] Fe coordination Binding energy

per defect [eV]

4-fold 5-fold 6-fold
A 1 2 1 -0.23
B 1 2 1 -0.20
C 1 2 1 -0.14
D 1 2 1 -0.01
E 1 2 1 0.06
F 0 4 0 -0.13

[a] See Figure 2.

These results are consistent with the formation of chains of
oxygen vacancies aligned along the [001] direction ([101]cupic),
resulting in brownmillerite-like defects. McCammon et al.l'"]
have proposed a model for the short-range ordering of vacan-
cies within the clusters in accordance with Fe coordination
states determined from Mossbauer data. A high proportion of
Fe is observed to reside in a hexacoordinated environment
and an equivalent proportion of pentacoordinated Ti*" must
therefore be present at vacancy-chain terminations; the relative
proportion of pentacoordinated Ti** will depend on the aver-
age length of the vacancy chains, which is in turn dependent on
the Fe content and the temperature. To test this hypothesis, we
calculated the energy of the most favorable defect configura-
tion with one Ti** cation placed on a pentacoordinated site and
one Fe* cation on a hexacoordinated site, isolated from the de-
fect cluster. The energy of this latter configuration was
-0.22 eV/defect, which is essentially equivalent to that of con-
figuration A (-0.23 eV/defect). We may expect, therefore, a
high proportion of Ti*" in pentacoordinated sites, in accordance
with the proposed model of short-range clustering.

2.3.2. Location of Fe** Species

As mentioned previously, the presence of Fe*" appears to
have an important influence on the ionic conductivity in nonre-
ducing atmospheres and may be closely associated with the for-
mation of defect aggregates. In order to determine the pre-
ferred location for Fe** within a cluster, a series of cluster
calculations were carried out, again adopting the most favored

Adv. Funct. Mater. 2007, 17, 905-912
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configuration A, placing Fe** in each of the four positions i-iv
shown in Figure 3. A fifth configuration was also considered,
with Fe*" isolated from the cluster in position v, and with posi-
tion iv in the cluster occupied by Ti** rather than Fe** in order
to maintain a consistent cation ratio. The results listed in
Table 5 indicate that the preferred location for the Fe** species
is a hexacoordinated site rather than a pentacoordinated site
with the vacancy in the first coordination shell (i.e., an NN pair
cluster); this agrees with the simple defect-cluster calculations
(Table 3), which also indicate that an arrangement with adja-
cent V,** and Fe*" species is energetically unfavorable. The re-
sult is in accord with recent reports that suggest that Fe* tends
to occupy sites at the domain boundaries, promoting the termi-
nation of chains of defects and increasing disorder.>**

Qo
D Vo..

J TiY

.
@ -

Figure 3. Possible locations for an Fe** cation in a favorable complex clus-
ter arrangement of four Fe and two O vacancies (orthorhombic distortion
not represented for clarity). The cluster consists of either three Fe’* and
two O vacancies with the fourth position (i, i, ii, iv) occupied by Fe** and
the isolated position (v) occupied by Ti*'; or of three Fe** positions (i, ii,
iii) and two O vacancies with (v) occupied by Fe*"and (iv) occupied by
Ti*".

Table 5. Binding energies for different Fe** positions in the cluster.

Fe** position [a] Fe*" coordination Binding energy per defect [eV]

i 5-fold 0.00
ii 4-fold 0.18
iii 5-fold -0.01
iv 6-fold -0.15
v 6-fold -0.14

[a] See Figure 3.

2.3.3. Mutually Perpendicular Clusters

The formation of mutually perpendicular domains is com-
monly observed in CaTi(Fe)O;_s, but the manner in which the
linear defects may intersect and the proposed importance of
domain walls with regards to the ionic transport is not fully un-
derstood. We have carried out a series of calculations of two
short linear clusters (each consisting of two V,** and four Fery")
placed perpendicular to one another, parallel to ¢ and a, but at
various distances from each other. The two most favorable ar-
rangements are shown in Figure 4 with energies of
ca. -0.3 eV/defect for each. In both configurations there are
two tetra-, four penta- and two hexacoordinated cation sites. In
accordance with the preference of Fe*" for 6-fold coordination

Adv. Funct. Mater. 2007, 17, 905-912
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Figure 4. Favorable arrangements for two complex defect clusters, each
consisting of four Fe** and two O vacancies, oriented perpendicular to
one another. The asterisk marks the most likely position for Fe* in the
configuration with the two clusters further apart.

and the observed influence of Fe* on shortening defect clus-
ters, it is likely that the presence of Fe*' results in the defect
configuration illustrated in Figure 4b; the most probable loca-
tion for Fe** is marked with an asterisk.

2.4. Oxide-Ion Migration

Optimization of oxide-ion conductivity is one of the principal
objectives in the investigation of mixed conductors for ceram-
ic-membrane reactors. A number of studies have illustrated the
value of atomistic simulations in probing the energetics of oxy-
gen migration to gain an understanding of the mechanistic fea-
tures of oxygen transport in polar solids.*>4?!

We have focused on oxide-ion migration within the ortho-
rhombic polymorph of calcium titanate, which is adopted over
a wide range of temperatures relevant to the operation of a ce-
ramic membrane reactor (<800 °C). In this symmetry, the eight
equivalent pathways found in the cubic perovskite between
nearest-neighbor oxygens degenerate such that an oxygen on
an O2 site (Fig. 5) may migrate to another O2 site, approxi-
mately parallel to the a or ¢ directions (indicated by black and
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Qo

o TiY

Figure 5. The orthorhombic CaTiO; structure represented as corner-shar-
ing TiOg octahedra. Arrows indicate oxide-ion migration pathways: 02-02
hops in the ac plane result in migration parallel to the [100] and [001] di-
rections, indicated by black and white arrows, respectively; 02-O1 hops,
represented by gray arrows, result in migration parallel to [010].

white arrows in Fig. 5, respectively), or to one of four O1 sites
at nonequivalent distances (indicated by grey arrows). Two of
the O1-02 distances are slightly shorter (ca. 2.75 A) than the
other two (ca. 2.83 A); these shorter O1-O2 distances form a
continuous zigzagging pathway parallel to b.

The energy profiles for direct linear migration in each of the
three directions were calculated by placing the oxide ion at in-
termediate positions between adjacent oxygen vacancies along
the edges of a TiOg octahedron (Fig. 5). The effective charge
of a migrating oxide ion differs only slightly from that in a lat-
tice site, as found by quantum-mechanical methods for an “in-
terstitial” oxygen in KNbOs.** This validates the adoption of
the lattice oxygen potentials for the migrating anion. The ener-
gy for linear migration, listed in Table 6, is lower along b
(E,=0.57 eV) than along a or ¢ (E,=0.62 and 0.73 eV, respec-
tively). Correspondingly, we note that the shortest and longest
hopping distances are along the b and ¢ directions, respectively,
despite the fact that c is the shortest “pseudo-cubic” cell-edge
parameter, because of the octahedral tilting in orthorhombic
CaTiOs.

Previous simulations of perovskite oxides found that the mi-
grating oxide ion does not follow a direct linear pathway along
the octahedral edge but instead curves away slightly from the
central cation.?*442l Recently, experimental work has con-
firmed a curved oxide-ion migration pathway in a LaGaOs;-
based electrolyte.*) The minimum in the energy surface be-

Table 6. Calculated energies for oxygen-vacancy migration.

Migration direction ~ Mean hopping E;[eV]
[a] distance [A] .
Linear Curved
a 2.76 0.62 0.51
b 2.75 0.57 0.43
c 2.81 0.73 0.55

[a] See Figure 5.
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tween two oxygen sites was located in a manner similar to a
previous study[42] and found to be at ca. 0.17 A from the mid-
point of the octahedral edge for migration along a, and slightly
further, ca. 0.21 A, in the b and c¢ directions. Again, the lowest
energy pathway is along b with an activation energy of 0.43 eV
(Table 6); values of 0.51 and 0.55 eV are found for migration
along a and c, respectively. The migration profiles were slightly
asymmetric, most likely because of the variation in distance to
neighboring Ca cations along the migration pathway in the dis-
torted, orthorhombic structure.

Our results are in good agreement with the literature value
of 0.56 eV for oxide-ion migration obtained from the tempera-
ture dependence of the oxygen chemical diffusion coefficient
of CaTiOj single crystals.”” Data were collected in a reducing
H,/H,O atmosphere, corresponding to pO,= 107° Pa in the
range 1100-1300°C. Higher values were obtained with the
same technique for ceramic samples: 0.68 eV in air and
1.39 eV at pO,=~10 Pa,™! which may indicate that impurities
or grain boundaries lead to higher resistances in the polycrys-
talline materials.

The energy profiles for curved migration in the slightly pre-
ferred b direction for octahedra with central Fe** and Fe*" cat-
ions were also calculated and are shown in Figure 6, along with
the corresponding profile for the octahedron centered on Ti*".
The minimum energy in the curved pathway was found to be
only a little further from the Fe®" cation, as one may expect
when considering the ionic radii (0.605 A, 0585 A, and
0.645 A for Ti**, Fe*" and Fe**, respectively).[*! However, oxy-
gen migration is much less favorable between sites adjacent to
an Fe** cation compared with migration adjacent to Ti**, indi-
cating the importance of electrostatic effects. This accords with
the favorable binding energies of Fery -V, clusters (Table 3)
and higher activation energies for oxide-ion transport observed
for Fe-doped calcium titanate relative to the undoped phase. A
value for ionic conduction as high as 2.9 eV has been reported
for CaTipgFe(,05_s in reducing conditions, where all the Fe is
expected to be in the +3 valence state.[’! However, the energy
for vacancy migration along a curved pathway adjacent to the
Fe** species is only slightly higher than the corresponding value

075
S 05 f .
L
= ©
= :,"
§ 025 F g
2
0 ——

0 0.2 0.4 0.6 0.8 1
migration coordinate
Figure 6. Energy profiles of oxygen-vacancy migration along a curved path-

way adjacent to the edge of an octahedron centered on Fe**, Fe**, and Ti*"
cations.
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adjacent to Ti**. This indicates that ionic transport in materials
with a high Fe**/Fe(total) ratio may be enhanced through
lowering of the activation energy, in addition to the enhanced
disorder we may expect because of the preference of Fe*' for
hexacoordinated sites. The simulations are consistent with the
much lower activation enthalpies for oxide-ion transport mea-
sured for the Fe-substituted materials under oxidizing condi-
tions, namely 0.78 and 0.94 eV,5?! than for reducing atmo-
spheres. This large difference in activation energy between
completely-reduced and Fe*'-containing materials provides
support for the argument that the domain walls provide a
favored pathway for ionic transport,[S] as also proposed for
pure calcium titanatel®® and other related perovskites.!**!

3. Conclusions

New atomic-scale insight into doped CaTiOj; materials has
been derived by advanced simulation techniques relevant to
their electrochemical applications, particularly as a mixed-con-
ducting membrane for oxygen separation and partial oxidation.
First, dopant-vacancy association is predicted to be favorable
for simple pair clusters (Mt—V,™) and neutral trimers
(M1 -V,**—Mry), where M is, for example, Sc, Mn or Fe. The
large binding energies found for the Ti** electronic species
should result in higher activation energies for ionic conduction
in the reduced material. Second, the binding energies of larger
clusters (4 Myy -2 V,,**) were calculated, and the lowest-energy
configurations found for oxygen vacancies aligned in the
[101]cypic direction in accordance with the development of
short-range or nanoscale clusters of brownmillerite-like do-
mains. Third, the role of Fe** in domain formation in the
Fe-doped material was analyzed, and the preferred location for
Fe** was found to be a hexacoordinated site. This supports the
hypothesis that Fe** promotes the termination of defect chains
and increases disorder. Finally, oxide-ion migration in the or-
thorhombic unit cell of CaTiOs is calculated to occur preferen-
tially in the [010] direction (space group, Pnma) with a lower
activation energy calculated for a curved rather than linear tra-
jectory. The results are consistent with the observation that
CaTi(Fe)O;_s under oxidizing conditions, with a higher propor-
tion of Fe*", has lower activation energies for oxide-ion trans-
port than under reducing conditions.

4. Experimental

Comprehensive reviews of the atomistic simulation techniques em-
ployed in the General Utility Lattice Program (GULP) code [49] have
been given elsewhere [40]. A short synopsis is provided as Supplemen-
tary Information. The potentials describing interatomic interactions
are represented by ionic pairwise potentials, which include the long-
range Coulomb term and an analytical function to model overlap re-
pulsions and van der Waals forces. The potential parameters Ajj, pj;,
and Cj; describing the short-range ion—ion interactions were taken di-
rectly from previous simulations of perovskites for the Ti**-O%,
Fe**-0%, and O*-O” interactions (Table 7) [30,32,50]; minor refine-
ment of the A and p parameters for the Ca-O interaction was carried
out by fitting to the experimental orthorhombic crystal structure. The
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potential parameters for Fe** (Table 7) were determined by fitting to
the experimental structure of perovskite SrFeOj; [51].

Calcium titanate exhibits a sequence of structural phase transitions
on heating, shared by many perovskite systems: orthorhombic
(Pnma) — tetragonal (14/mcm) — cubic (Pm3m) [52]. Becerro and co-
workers [18,53,54] have studied phase fields in Fe-doped compositions
and reported that the temperature of these phase boundaries decreases
with Fe content. For a membrane of CaTiygFe(,05_s with a working

Table 7. Interatomic potentials for CaTiO3 and CaTi(Fe)O;_s.
(i) Buckingham potentials (cut-off = 15 A)

Interaction Alev] p[ev] CleVA™
Ca®* -.O% 1340.18 0.3214 0.00
Ti* . .0% [a] 877.2 0.38096 9.00
Fe** --0” [b] 1156.36 0.3299 0.00
Fe* ..0% 1540.0 0.3299 0.00
0 0¥ [q 22764.0 0.1490 43.00
(i) Shell model [d]
Species Y [e] k[eV A7
Ca® [e] 3.135 110.2
Ti* [a] -35.863 65974.0
Fe*" [b] 4.97 304.7
Fe't 5.97 304.7
0¥ [d -2.389 18.41

[a] See Akhtar et al. [30] and Lewis et al. [50]. [b] See Cherry et al. [32].
[c] See Alkhtar et al. [30], Cherry et al. [32], and Lewis et al. [50]. [d] Y and
k refer to the shell charge and harmonic force constant, respectively.
[e] See Lewis and Catlow [33].

temperature of ca. 800°C, orthorhombic symmetry is observed, but
with considerable short-range clustering of the defect species.

Before performing defect calculations, the orthorhombic crystal
structure of CaTiO5; was optimized (minimized with respect to energy)
under constant-pressure conditions. On relaxation of the unit-cell pa-
rameters and atomic positions, the potentials successfully reproduced
the observed structure, as indicated by good agreement with the experi-
mental unit-cell parameters [55] (error <1%) and bond lengths
(Table 8a).

Defect calculations were also carried out for the doped phase Ca-
Tip gFep203.5, which exhibits good mixed conductivity. For this, a super-
cell (1x 1 x5 orthorhombic unit cells) of CaTiygFeq,05_5 [54] was con-
structed, in space group P1, to avoid partial occupancies. The supercell
had an atomic content of Ca,Ti;cFe4Osg, with the four Fe atoms and
two O vacancies placed in the lowest-energy configuration described in
Section 2.3. The structure was also optimized under constant pressure
conditions, again resulting in good agreement with the experimental
unit-cell parameters of the equivalent single orthorhombic cell
(Table 8b) [54].
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Table 8. Calculated
CaTig.sFeo203_5
(a) CaTiO;

Lattice energy: —150.88 eV per formula unit

and experimental properties of CaTiO; and

[
™}
<
a
-l
wd
=
4

Unit-cell parameters [A]

Experimental [a] Calculated Difference [%)]

a 5.4423 5.4446 0.04

b 7.6401 7.6802 0.52

c 5.3796 5.3907 0.21

Bond lengths [A]

Bond Experimental [a] Calculated Difference [%]
Ti-O1 x 2 1.950 1.977 1.36
Ti-O2 x 2 1.955 1.967 0.61
Ti-O2 x 2 1.959 1.972 0.33
Ca-0O1x1 2.359 2.288 -3.10
Ca-0O1x1 2.473 2.499 1.04
Ca-0O1x1 3.035 3.026 0.30
Ca-0O1 x 1 3.051 3.129 2.49
Ca-02x2 2.379 2.304 -3.25
Ca-02x2 2.617 2.660 1.62
Ca-02x2 2.663 2.726 2.31
Ca-02x2 3.236 3.241 0.15

(b) CaTiQ_gFeo_zogﬂ;

Lattice energy: —143.04 eV per formula unit

Unit-cell parameters (1 x 1 x 5) supercell

Experimental [b] Calculated Difference [%)]
a/A 5.4359 5.4573 0.39
b/A  7.6623 7.6117 -0.60
5xc/A 27.0185 27.0709 0.14
a 90.0° 89.96° -0.04
B 90.0° 90.02° 0.02
Y 90.0° 90.06° 0.07

[a] See Sasaki et al. [55]. [b] See Becerro et al. [54].
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