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Carbon dioxide and water incorporation
mechanisms in SrFeO3�d phases:
a computational study

L. J. Ford,a P. R. Slater, b J. K. Christie *a and P. Goddard *c

With a higher propensity for low temperature synthesis routes along with a move toward lower solid

oxide fuel cell operating temperatures, water and carbon dioxide incorporation in strontium ferrite is of

importance. Despite this, the mechanisms are not well understood. In this work, classical-potential-

based computational techniques are used to determine the favourability of water and CO2 incorporation

mechanisms in both SrFeO3�d and SrFeO2.5. Our studies suggest that intrinsic Frenkel and Schottky type

defects are unlikely to form, but that water and carbon dioxide incorporation are favourable in both

phases. Water incorporation is likely for both the cubic and brownmillerite phases, with hydroxyl ions

preferring to sit on octahedral oxygen sites in both structures, causing slight tilting of the shared

octahedra. Interstitial hydroxyl ions are only likely for the brownmillerite phase, where the hydroxyl ions

are most stable between adjacent FeO4 tetrahedral chains. Carbon dioxide incorporation via carbonate

defects is most favourable when a carbonate molecule exists on an iron site, preferring the iron site with

lower oxygen coordination. This involves formation of multiple oxygen vacancies surrounding the iron

site, and thus we conclude that carbonate can trap oxygen vacancies.

1 Introduction

Solid oxide fuel cells (SOFCs) are likely to play an important
role in the future of the world’s sustainable energy system.
Perovskite-based materials are among the most popular choice
for SOFC electrode and electrolyte components as they often
exhibit good conductive properties, stability and versatility.
There are a large number of perovskite candidates,1,2 one of
which is SrFeO3�d, which in its cubic phase exhibits high
electronic and ionic conductivity and therefore has been iden-
tified as a promising cathode material.3,4 At SOFC operating
temperatures and with low oxygen content, strontium ferrite
exists as brownmillerite-type SrFeO2.5, which has lower con-
ductivity than the cubic system due to oxygen vacancy ordering
and therefore is currently less suitable for SOFC application.
However, under doping, oxygen vacancy ordering can be lowered;
other brownmillerite structures such as Ba2In2O5

5 and HSrCoO2.5
6

have shown promise regarding conductivity with oxyanion
doping strategies for low- to intermediate-temperature SOFC
applications.

At room temperature, strontium ferrite can exist in a
number of different structures dependent on the oxygen content.
The phases are cubic (SrFeO3), tetragonal (SrFeO2.875), ortho-
rhombic (SrFeO2.75) and brownmillerite-type (SrFeO2.5). Cubic
SrFeO3 contains Fe4+ ions on the B site, each with an oxygen
coordination of six, forming corner-sharing FeO6 octahedra.
In reality, pure SrFeO3 is difficult to synthesise requiring high
oxygen pressure. The brownmillerite-type SrFeO2.5 structure
contains only Fe3+ ions, and oxygen vacancy ordering results
in alternate layers of Fe–O6 octahedra and Fe–O4 tetrahedra.7

At temperatures above 850 1C, SrFeO2.5 becomes cubic, but with
a larger unit cell than the room temperature SrFeO3 cubic
perovskite.8 The orthorhombic SrFeO2.75 and tetragonal
SrFeO2.875 phases contain variable iron charges between 3+
and 4+. A recent DFT study on SrFeO3�d by Das et al. has
elucidated the charge states of iron in these oxygen-vacancy-
ordered phases, finding that the charge on Fe in square-
pyramidal FeO5 coordination remains 4+ and the charge on
Fe in the FeO6 octahedra varies between 4+ to 3+ due to the
different d-orbital splitting of square-pyramidal and octahedral
iron.9

To ensure high ionic conductivity in SrFeO3�d, disordered
oxygen vacancies must be present, avoiding the phase transi-
tion to a phase with ordered oxygen vacancies. Doping is a
common strategy for inducing oxygen vacancies and modifying
structure. Recent experimental work3,4,10 has shown that oxyanion
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doping in perovskites can lead to favourable conductivity and
structural effects. A study of Si incorporation into SrFeO3�d
showed that Si4+ incorporation on the B site suppresses the
formation of brownmillerite-type structures by forming SiO4

tetrahedra which trap oxygen vacancies.11 Interatomic-potential-
based computational calculations allowed the structural and
energetic details of the mechanisms in this work to be better
understood.

In an operating fuel cell air electrode, both CO2 and H2O will
likely be present, and it is useful therefore to look at their
behaviour and mechanisms of their incorporation within SOFC
component materials to discover their effect on structure
and conductivity. McSloy et al. have used classical-potential-
based computational methodology to look at carbon dioxide
and water incorporation mechanisms and oxygen trapping in
A2BO4 systems,12,13 and found that carbonate defects are likely
to be common impurities which trap oxygen ion defects.
In some materials, water incorporation can lead to structural
changes which alter the level of proton or oxygen–ion conduction.
This increase in conductivity makes application for SOFCs
more valuable both for use with an oxide ion or proton
conducting electrolyte, and therefore water incorporation is
worth investigating.

There are several reasons why looking at carbon dioxide
incorporation is of interest in SrFeO3. Carbon dioxide is present
in air, and so consequently is present at the cathode of an SOFC
and thus will inevitably interact with the cathode structure.
In low- to intermediate-temperature SOFCs, carbonate may be
thermally stable enough in the structure to consider incorpora-
tion likely, with potentially significant degradation or conduc-
tivity in the cathode material. In this paper, therefore, we
present classical-potential-based computational work model-
ling H2O and CO2 incorporation into cubic SrFeO3�d and
brownmillerite-type SrFeO2.5 to look at the mechanisms of their
inclusion using energy minimisation techniques.

2 Methodology

Interatomic-potential-based energy minimisation calculations
were performed using the General Utility Lattice Program
(GULP)14,15 and structural images rendered using Visualisation
for Electronic and STructural Analysis (VESTA).16 Interatomic
energies were based on the Born model for ionic solids where
long- and short-range pairwise terms are used to describe the
Coulombic, and the Pauli repulsive and van der Waals interactions,
respectively. In this work, short-range ionic interactions were
modelled using the Buckingham potential:17

fijðrÞ ¼ Aij exp
r

rij

 !
� Cij

r6
(1)

where fij describes the potential energy resulting from the
interaction of ions i and j separated by distance r. Aij, rij and
Cij are empirically fitted potential parameters unique to the i–j
ion pair.

Ionic polarisability is something which must also be
accounted for in defective solid structure calculations: to model
this we used the shell model developed by Dick and
Overhauser,18 which splits atoms into a separate charged core
and shell connected by a spring force.

To find reliable potentials, existing Buckingham potential
parameters from the literature19–21 were used and tested on
various strontium ferrite systems, and parameters were then
fitted to the experimental structures of cubic SrFeO3, tetragonal
SrFeO2.875, orthorhombic SrFeO2.75 and brownmillerite like
SrFeO2.5, such that the potentials fitted were transferable to
all structures. The Buckingham potential parameters used for
the entirety of this work can be found in Table 1. The optimised
structural geometries compared to experimental structures are
shown in Table 2. The respective binary oxides SrO and Fe2O3

Table 1 Fitted interatomic potential parameters for all phases of strontium
ferrite, listed in Table 2, and for CO3

2� and OH�molecules and interactions
of these with strontium ferrite, based on values in the literature.13,19–21,23–25

A short-range potential cutoff of 12 Å was enforced in all static lattice
calculations

Interaction A/eV r/Å C/eV Å6

(a) Buckingham potentials
Sr2+–O2� 1323.895825 0.34 0
Fe4+–O2� 1540 0.3249 0
Fe3+–O2� 1156.36 0.3249 0
O2�–O2� 22764.3 0.149 43
O2�–H 311.97 0.25 0
O2�–C 435.0 0.34 0
OC–OC 4030.3 0.2455 0

Interaction D/eV b/Å�1 r0/Å

(b) Morse potentials
Oh–H 7.0525 2.1986 0.94850
OC–C 5.0000 2.5155 1.20246

Interaction k2/eV rad�2 y0/1

(c) Three body potential
OC–OC–C 1.7887 120

Interaction k/eV y0/1

(d) Torsional term
OC–OC–C–OC 1.10 0.0

Species k2/eV Å2 k4/eV Å4

(e) Spring interactions
OC 20.67 1000
O2� 42 —
Sr2+ 21.53 —
Fe3+ and Fe4+ 304.7 —

Species Shell/e Core/e

(f) Shell model charges
O2� �2.389 0.389
Sr 1.33 0.67
Fe3+ �1.97 4.97
Fe4+ �1.97 5.97
H — 0.426
Oh — �1.426
C — 1.45
OC 0.23 �1.38
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were also fitted to, in order to validate the potentials and ensure
a good degree of transferability.

For intramolecular interactions between O–H and C–O
in the water and carbon dioxide incorporation calculations
respectively, interactions were described with a Morse potential22

as it better describes the covalent character of the bond:

fij(r) = De[(1 � exp(�a(1 � r0)))2 � 1] (2)

where De and a are the depth and width of the potential well
respectively and r0 is the equilibrium bond distance.

For the carbon dioxide incorporation calculations, a three-
body potential was used to energetically penalise deviation
from the desired 1201 of the carbonate group. This potential
was of the form:

fijkðyijkÞ ¼
1

2
k2ðyijk � y0Þ2 (3)

where yijk is the bond angle between atoms i, j and k, and
y0 = 1201.

A torsional term was also included for the carbonate anion,
to penalise it from deviating from the preferred flat configu-
ration, this is of the form:

fijkl(yijkl) = k4(1 � cos(nyijkl � y0)) (4)

where i, j, k, l, y, n, k2 and k4 represent the O–C–O–O particles in
the CO3

2� molecule, the torsional angle between labelled
particles, number of stable minima, and the strength of the
spring constants responsible for the magnitude of the energy
penalty for deviation respectively.

The charges and potential parameter values for oxygen and
hydrogen in molecular OH� were taken from literature.23

For the carbonate, potential parameters and charge values
were also taken from literature.13,24,25 These O–H and C–O
potential parameters have also been successfully tested
on Sr4Fe2O6CO3

26 and Sr3Fe2(OH)12
27 structures to ensure

transferability.
Point defects and single OH� molecular defects were

modelled using the Mott–Littleton method.28 This method
partitions the area encompassing the defect into two regions.
Ions in the inner spherical region are relaxed explicitly, while
those in the outer shell are handled by more approximate
quasi-continuum methods.

Mott–Littleton region sizes were chosen to be 12 Å for the
inner region and 24 Å for the outer region. Convergence tests
showed no significant change (o0.1%) in defect energy for
larger Mott–Littleton regions on OH� defects.

For other, more complex, defects and defect cluster calcula-
tions the supercell method with a 6 � 6 � 6 cell for the cubic,
1 � 3 � 3 for the Brownmillerite and 4 � 4 � 4 for the SrFeO2.7

phases was employed. The supercell sizes have been tested and
are big enough so that the defects do not interact with their
own equivalents in neighbouring cells of the bulk structure.

Classical potentials were chosen in favour of DFT methods
for this work for several reasons. Firstly, there is sufficient
existing experimental data and surrounding computational
literature to fit and validate potentials which are transferable
to the different phases of strontium ferrite. Secondly, the
number of defect calculations required (particularly molecular
defects) with the system size required would be computation-
ally demanding using DFT methods. Finally, once a set of
classical potentials are found, they can be used in future work
to investigate molecular dynamics, which again would be
computationally demanding via DFT methods.

Despite DFT calculations not being performed in this work,
results from DFT calculations in the literature,9 specifically, the
computation of the oxygen vacancy formation energy, are
considered due to the limitations of interatomic-potential
methods to establish that energy accurately.

3 Results & discussion
3.1 Structural modelling

SrFeO3�d can adopt four different phases at room temperature
dependent on the level of oxygen deficiency, with the ideal level

Table 2 Optimised structures generated using potentials compared with
experimental data for cubic SrFeO3, tetragonal SrFeO2.875, orthorhombic
SrFeO2.75, brownmillerite-type SrFeO2.5, layered iron oxycarbonate
Sr4Fe2O6CO3 and strontium hydrogarnet Sr3Fe2(OH)12

Parameter Exptl29 Calc. % Diff.

(a) SrFeO3, space group Pm%3m (221)
a/Å 3.851 3.828 �0.60
a = b = g (1) 90 90

Parameter Exptl29 Calc. % Diff.

(b) SrFeO2.875, space group I4/mmm (139)
a/Å 10.929 10.797 �1.21
c/Å 7.698 7.671 �0.34
a = b = g (1) 90 90

Parameter Exptl29 Calc. % Diff.

(c) SrFeO2.75, space group Cmmm (65)
a/Å 10.974 10.895 �0.72
b/Å 7.702 7.688 �0.17
c/Å 5.473 5.446 �0.49
a = b = g (1) 90 90

Parameter Exptl30 Calc. % Diff.

(d) SrFeO2.5, space group Ima2 (46)
a/Å 15.598 14.851 �4.79
b/Å 5.661 5.628 �0.58
c/Å 5.531 5.491 �0.72
a = b = g (1) 90 90

Parameter Exptl26 Calc. % Diff.

(e) Sr4Fe2O6(CO3), space group I4/mmm (139)
a/Å 3.878 3.831 �1.2
c/Å 27.982 27.846 �0.50
a = b = g (1) 90 90

Parameter Exptl27 Calc. % Diff.

(f) Sr3Fe2(OH)12, space group Ia3d (230)
a/Å 13.202 13.443 3.16
a = b = g (1) 90 90
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being for each d = 0, 0.125, 0.25 and 0.5 giving iron oxidation
states between Fe3+ and Fe4+. These phases are shown in Fig. 3,
and their space groups specified in Table 2. In the cubic phase,
all iron atoms are octahedral and have a charge of 4+. In the
tetragonal and orthorhombic phases, octahedral iron atoms are
modelled with a charge of 4+, but the square planar iron atoms
are modelled with a charge of 3+. Finally in the brownmillerite
phase, all octahedra and tetrahedra were modelled with Fe3+

ions. It is important to acknowledge these as the Buckingham
potentials in the model are different for Fe3+ and Fe4+, as
displayed in Table 1.

The DFT work on SrFeO3�d
9 uses electronic relaxation and

both pure structures and oxygen vacant structures do not show
presence of Fe(3+) ions or O(1�) ions in the structure, so for the
purposes of our work, these were not deemed necessary to look
into explicitly. However, where necessary, iron charge compen-
sation has been included in defect calculations using charge
smearing, rather than a whole charge model. The smearing
approach is supported by the DFT conclusion9 that a whole
charge model isn’t likely to be accurate.

This work studies incorporation of OH� and CO3
2� in only

the cubic and brownmillerite phases due to their relevance to
fuel cells, however to ensure transferability in the interatomic
potential model, the tetragonal and orthorhombic structures
which both contain Fe3+ and Fe4+ ions were optimised using the
potentials listed in Table 1 and compared to their experimental
structures as well as for the cubic and brownmillerite-type
structures, and the Ruddlesden–Popper phase Sr4Fe2O6CO3

and the hydrogarnet Sr3Fe2(OH)12, as shown in Fig. 2. The
calculated lattice parameters of all structures shows reasonable

agreement with experimental data, as can be seen in Table 2,
implying the potential is valid and transferable across all
structures and phases, which is not trivial.

3.2 Intrinsic defects

3.2.1 Cubic SrFeO3. For cubic SrFeO3, all of the oxygen atoms
are equivalent due to the cubic symmetry of the structure and the
single Fe4+ oxidation state. All of the oxygen atoms are situated at
the corners of symmetric Fe–O6 octahedra, as shown in Fig. 1(a).

Our results, given in Table 3, show that all possible Frenkel
and Schottky defects are unlikely to form spontaneously due to
the high formation energies. However, it is important to note
that in reality it is well known that oxygen vacancies do form in
cubic SrFeO3, with existing literature using DFT methods9

finding the oxygen vacancy formation energy in pure SrFeO3

to be very low, at 0.71 eV. In the work of this paper, the oxygen
Frenkel energy is calculated to be 11.1 eV (5.55 eV per defect),
which is considerably higher. This is because the real mecha-
nism through which oxygen vacancies form is not of Frenkel-
type as shown in Table 3. The real mechanism of oxygen

vacancy formation instead involves a neutral
1

2
O2 molecule

being formed by the reaction: O�O Ð V��O þ
1

2
O2ðgÞ þ 2e� and

the two remaining electrons reduce surrounding Fe4+.
3.2.2 Brownmillerite SrFeO2.5. For brownmillerite SrFeO2.5,

the same computational process was followed as for the cubic
system, but there are three unique oxygen sites. The possible
oxygen sites are corner-sharing between (1) a Fe–O4 tetrahedron
and a Fe–O6 octahedron, (2) two octahedra, and (3) two

Fig. 1 Optimised structures of (a) cubic SrFeO3, (b) tetragonal SrFeO2.875, (c) orthorhombic SrFeO2.75 and (d) brownmillerite SrFeO2.5, with Sr, Fe and O
ions represented as green, brown and red spheres respectively.
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tetrahedra. There are therefore also two unique iron sites, one
in the centre of an Fe–O4 tetrahedron and the other in the
centre of an Fe–O6 octahedron; both are Fe3+.

Table 4 shows that the most likely Frenkel defect is oxygen,
with a formation energy of 3.57 eV. This Frenkel involves a
vacancy of the oxygen site, corner-sharing between two octahedra.
The other intrinsic Frenkel- and Schottky-type defects shown in
Table 4 seem unlikely to form spontaneously. These findings are
consistent with previous computational classical-potential work31

on SrFeO2.5, which found intrinsic defect energies for the brown-
millerite system which are within 1 eV of our findings, despite
using different potential parameters.

3.3 Water Incorporation

3.3.1 Cubic SrFeO3. The mechanisms of water incorpora-
tion can include different reaction types, some involving the
formation of interstitial OH� ions and some involving the
formation of hydroxide ions on an oxygen site. A number of
simulations were carried out for hydroxide ions, both inter-
stitial and on an oxygen site, in the cubic SrFeO3 structure, to
find out which geometrical arrangements are most energeti-
cally favourable. Plausible water incorporation mechanisms are
written below in K–V notation as:

1: H2Oþ 2O�O ! 2OH�O þO
0 0
i

Table 3 Intrinsic defect formation energies for cubic SrFeO3, including Schottky and Frenkel defects. Schottky defect energies were calculated using
simulated lattice energies of the binary oxides using the same potentials as in Table 1

Defect KV equation Energy (eV)/defect

O Frenkel O�O ! V��O þO
0 0
i

5.6

Sr Frenkel Sr�Sr ! V
0 0
Sr þ Sr��i 7.3

Fe Frenkel Fe�Fe ! V
0 0 0 0
Fe þ Fe����i

13.7

SrFeO3 full Schottky Sr�Sr þ Fe�Fe þ 3O�O ! V
0 0
Sr þ V

0 0 0 0
Fe þ 3V��O þ SrFeO3

4.8

SrO partial Schottky O�O þ Sr�Sr ! V��O þ V
0 0
Sr þ SrO 4.2

Table 4 Intrinsic defect formation energies for brownmillerite-type SrFeO2.5, including Schottky and Frenkel defects. Schottky defect energies were
calculated using simulated lattice energies of the binary oxides using the same potentials as in Table 1

Defect KV equation Energy (eV)/defect

O Frenkel O�O ! V��O þO
0 0
i

1.8

Sr Frenkel Sr�Sr ! V
0 0
Sr þ Sr��i 4.8

SrFeO2.5 full Schottky
Sr�Sr þ Fe�Fe þ

5

2
O�O ! V

0 0 0
Fe þ V

0 0
Sr þ

5

2
V��O þ

1

2
Sr2Fe2O5

3.3

SrO partial Schottky O�O þ Sr�Sr ! V��O þ V
0 0
Sr þ SrO 3.2

Fe2O3 partial Schottky
Fe�Fe þ

3

2
O�O !

3

2
V��O þ V

0 0 0
Fe þ

1

2
Fe2O3

4.2

Fig. 2 Optimised structures of (e) the Ruddlesden–Popper-type iron oxycarbonate Sr4Fe3O6CO3 and (f) the strontium hydrogarnet Sr3Fe2(OH)12, with H
and C ions represented by white and purple spheres respectively.
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2: H2OþO�O ! OH�O þOH
0
i

3: H2Oþ V��O þO�O ! 2OH�O

4: H2OþO
0 0
i ! 2OH

0
i

A series of calculations were performed using the Mott–
Littleton method to find the most energetically favourable

positions for OH�O and OH
0
i defects.

Water incorporation energies (EH2O) and their energy equa-
tions are listed in Table 5. The EPT term describes the proton
transfer energy32 of �9.74 eV in the reaction H2O + O2� -

2OH�. There is also a term, EMorse, which accounts for the
Morse potential energy released when a water molecule is
broken, which is equal to twice the D parameter in the Morse
potential between Oh and H.

These calculations suggest that mechanisms 1, 2 and 4 are

unfavourable, which includes both mechanisms with an OH
0
i

defect as shown in Fig. 3. The most likely mechanism to occur
is mechanism 3, with an energy of 1.7 eV, involving a hydroxide
ion on an oxygen site OH�O

� �
causing slight octahedral tilting,

as shown in Fig. 4. This mechanism however requires a pre-
existing oxygen vacancy: hence the oxygen-deficient cubic
SrFeO2.7 was also simulated. Experimentally it is well known
that pure stoichiometric SrFeO3 is difficult to synthesise due to
the natural formation of oxygen vacancies.33 Also, as discussed
in Section 3.2.1, results from DFT simulations calculate the

oxygen vacancy formation energy to be 0.71 eV. Therefore, it is
reasonable to expect that oxygen vacancies will already be
present in cubic SrFeO3 and thus the conditions for water
incorporation mechanism 3 to occur are likely.

A number of clustering calculations were also performed
using the supercell method with a 6 � 6 � 6 cell for two nearby
hydroxide molecules on oxygen sites. Results from this suggest
that it is slightly more favourable for two OH�O defects to
cluster. The most favourable configuration for two hydroxide
ions is on two nearest-neighbour oxygen sites where the two
hydroxide ions are parallel to one another. The energy of
incorporation per water molecule in this case is 1.53 eV, which
is 0.17 eV lower than for two infinitely separated hydroxide
ions. However, note that this is via mechanism 3 which
requires the presence of an oxygen vacancy, thus for clustered
hydroxide ions to be on neighbouring sites via water incorpora-
tion mechanism 3, two adjacent oxygen vacancies must be
present. Clustering calculations for oxygen vacancies suggest
that nearby oxygen vacancies repel one another; the difference
in energy between two infinitely separated oxygen vacancies
and two closest neighbouring ones is 1.32 eV (in favour of being
infinitely separated). After considering this, we conclude that
despite hydroxide molecules slight preference to cluster, the
requirement of closest-neighbour oxygen vacancies makes this
unlikely.

3.3.2 Brownmillerite SrFeO2.5. Brownmillerite-type SrFeO2.5

has ordered oxygen vacancies which reduce its ionic conductivity,
but it is possible that water incorporation could increase the
disorder of the oxygen vacancies and improve ionic conductivity
and potentially protonic conductivity, making it more suitable for
SOFC applications, particularly in conjunction with proton-
conducting electrolytes.

The water incorporation mechanisms for the brownmillerite-
type system are the same as those enumerated for the cubic
system. Water incorporation energies and equations are listed in
Table 6.

Similar to the cubic system, a series of calculations were
performed using the Mott-Littleton method to find the most

favourable positions for OH�O and OH
0
i . These simulations

Table 5 SrFeO3 water incorporation energies for mechanisms enumerated
above. The table shows the constituent parts of the sum for each
mechanism

Energy equation Total formation energy (eV)

1: EH2O ¼ 2OH�O þO
0 0
i þ EPT þ EMorse

12.80

2: EH2O ¼ OH�O þOH
0
i þ EPT þ EMorse

8.49

3: EH2O ¼ 2OH�O � V��O þ EPT þ EMorse 1.70

4: EH2O ¼ 2OH
0
i �O

0 0
i þ EPT þ EMorse

4.19

Fig. 3 The lowest energy hydroxide ionic defect on an oxygen site in
cubic SrFeO3. The hydrogen and hydroxide oxygen are shown by white
and dark red spheres respectively.

Fig. 4 The lowest energy hydroxide ionic defect on an oxygen site in
cubic SrFeO2.7, with oxygen vacancies present.
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suggest that mechanism 1 is most unlikely, followed by mecha-
nism 2. Mechanism 3 and 4 have energies of under 1 eV and
thus would be most likely to occur naturally in SrFeO2.5 exposed
to water. Fig. 5 shows the geometry of the most favourable OH�O

and OH
0
i defects respectively. For mechanism 3 which involves

OH�O defects, the structural effect is slight deformation of the
regular polyhedral geometry. For mechanism 4 which involves

OH
0
i defects, the structural impact is more significant as the

hydroxide molecule bridges the gap between disconnected

tetrahedral chains. This type of defect could have significant
implications for oxide ion conductivity and could be a subject
of future study.

Both of the more favourable incorporation mechanisms
3 and 4 involve an assumed impurity in the structure:
mechanism 3 assumes an oxygen vacancy within the struc-
ture before water incorporation and mechanism 4 requires
an oxygen interstitial. Given that the oxygen Frenkel energy is
1.8 eV per defect, it seems plausible to expect that the system
would already contain a small amount of oxygen vacancies
and interstitials. This, coupled with the energy in mecha-
nism 2 of 2.65 eV suggests that water incorporation is viable
in brownmillerite-type SrFeO2.5, through mechanisms 2,
3 and 4.

Clustering simulations of brownmillerite-type strontium
ferrite yielded similar results as the cubic case. OH� defect
pairs on neighbouring oxygen sites in all unique configurations
do not differ significantly in energy from OH� defects which are
far apart from each other.

Table 6 Brownmillerite-type SrFeO2.5 water incorporation energies for
mechanisms enumerated above

Energy equation Total formation energy (eV)

1: EH2O ¼ 2OH�O þO
0 0
i þEPT þ EMorse

4.32

2: EH2O ¼ OH�O þOH
0
i þ EPT þ EMorse

2.65

3: EH2O ¼ 2OH�O � V��O þ EPT þ EMorse 0.75

4: EH2O ¼ 2OH
0
i �O

0 0
i þ EPT þ EMorse

0.98

Fig. 5 The lowest energy OH�O (a) and OHi
0 (b) in brownmillerite-type SrFeO2.5. Sr, Fe, O and H ions are represented by green, brown, red and white

spheres respectively. Both the Fe–O6 octahedra and Fe–O4 tetrahedra are represented in brown.

Table 7 Carbon dioxide incorporation energies for a 6 � 6 � 6 cubic SrFeO3 supercell

Mechanism Formation energy/defect (eV)

1(a) – Fe�Fe þO�O þ CO
ðgÞ
2 ! CO3ð Þ

0 0 0 0 0

Fe þV��O
h i

þ 3

2
V��O þ

1

2
Fe2O3ð Þ 2.72

1(b) – Fe�Fe þ 2O�O þ CO
ðgÞ
2 ! CO3ð Þ

0 0 0 0 0

Fe þ2V��O
h i

þ 1

2
V��O þ

1

2
Fe2O3ð Þ �0.6

1(c) – Fe�Fe þ 3O�O þ CO
ðgÞ
2 ! CO3ð Þ

0 0 0 0 0

Fe þ3V��O
h i

þ 1

2
O
0 0
i þ

1

2
Fe2O3ð Þ �1.86

1(d) – Fe�Fe þ 4O�O þ CO
ðgÞ
2 ! CO3ð Þ

0 0 0 0 0

Fe þ4V��O
h i

þ 3

2
O
0 0
i þ

1

2
Fe2O3ð Þ �1.93

1(e) – Fe�Fe þ 5O�O þ CO
ðgÞ
2 ! ðCO3Þ

0 0 0 0 0

Fe þ 5V��O

h i
þ 5

2
O
0 0
i þ

1

2
Fe2O3ð Þ �1.59

1(f) – Fe�Fe þ 6O�O þ CO
ðgÞ
2 ! CO3ð Þ

0 0 0 0 0

Fe þ6V��O
h i

þ 7

2
O
0 0
i þ

1

2
Fe2O3ð Þ �1.84

2(a) – O�O + CO(g)
2 - (CO3)�O 3.81

2(b) – 2O�O þ CO
ðgÞ
2 ! CO3ð Þ�OþV��O

� �
þO

0 0
i

1.02

2(c) – 3O�O þ CO
ðgÞ
2 ! CO3ð Þ�Oþ2V��O

� �
þ 2O

0 0
i

1.10
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3.4 Carbon dioxide incorporation

3.4.1 Cubic SrFeO3�d. Prior work has shown that carbonate
(and other oxyanions) can be incorporated into many perovs-
kite systems at temperatures below 1000 1C.10 This has signi-
ficant implications for the design of SOFC component
materials. It is also predicted that in the synthesis of some
perovskites such as SrFeO3, some amount of carbonate will
inevitably be incorporated. There is also a growing trend in

research to synthesise materials at lower and lower tempera-
tures such as sol–gel methods, where carbonate can be ther-
mally stable within structures and its incorporation should not
be omitted on grounds that it will be lost on heating.

The reaction which is proposed to take place in carbon
dioxide incorporation mechanisms is CO2 + O2� - CO3

2�,-
which has an associated energy (analogous to the proton
transfer term in the water incorporation mechanisms) of

Table 8 Lowest energy carbon dioxide incorporation energies for a 4 � 4 � 4 cubic SrFeO2.7 supercell

Defect site Incorporation mechanism Formation energy/defect (eV)

FeO6 Fe�Fe þ CO
ðgÞ
2 þ 7O�O ! ðCO3Þ

0 0 0 0 0

Fe þ 4V��O

h i
þ 3

2
O
0 0
i þ

1

2
Fe2O3

�1.97

FeO5 Fe�Fe þ CO
ðgÞ
2 þ 4O�O ! CO3ð Þ

0 0 0 0 0

Fe þV��O
h i

þ 3

2
VO þ

1

2
Fe2O3

�2.18

Fe�Fe þ CO
ðgÞ
2 þ 5O�O ! ðCO3Þ

0 0 0 0 0

Fe þ 2V��O

h i
þ 1

2
V��O þ

1

2
Fe2O3

�2.20

FeO4 Fe�Fe þ CO
ðgÞ
2 þ 4O�O ! CO3ð Þ

0 0 0 0 0

Fe þV��O
h i

þ 3

2
V��O þ

1

2
Fe2O3

�3.27

Fe�Fe þ CO
ðgÞ
2 þ 5O�O ! CO3ð Þ

0 0 0 0 0

Fe þ2V��O
h i

þ 1

2
V��O þ

1

2
Fe2O3

�3.31

Oxygen CO2(g) + O�O - (CO3)�O �2.58

Fig. 6 Lowest-energy supercell carbonate defect optimised structures. In (a) and (b), carbonate defects on an iron site and on an oxygen site
respectively are shown for pure cubic SrFeO3. (c) and (d) show the same for the cubic SrFeO2.7 supercell system.
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�14.41 eV.13 Possible identified carbon dioxide incorporation
mechanisms are shown in Table 7 along with their respective
incorporation energies.

Carbonate incorporation simulations were performed using the
super cell method with a 6 � 6 � 6 unit cell size. The mechanisms
and corresponding incorporation energies for carbonate in pure
cubic SrFeO3 are unfavourable as can be seen from results in
Table 7. Our simulations suggest that it is unlikely that any
carbonate incorporation mechanisms will occur naturally in cubic
strontium ferrite unless it contains iron vacancies and surrounding
oxygen vacancies as shown in Table 8. If one assumes existing
vacancies however, the carbonate incorporation becomes favourable
and the carbonate group is positioned on the iron site and parallel to
the plane formed by the oxygen vacancies, as displayed in Fig. 6.

3.4.2 Brownmillerite SrFeO2.5. The reasons for looking at
carbon dioxide incorporation in SrFeO2.5 mirror those for the
cubic system with consideration for fuel cell application. As in
the cubic system, the synthesis of SrFeO2.5 usually involves heat
treatment of SrCO3 and Fe2O3 and so via lower-temperature routes
such as sol–gel carbonate could be incorporated as a defect. Also,
brownmillerite SrFeO2.5 has recently been looked at for application
in high-temperature sensors for O2, CO2 and CO.34

Relative to the cubic system, brownmillerite SrFeO2.5 is less
dense, making it intuitively more reasonable to allow a large
carbonate anion to be accommodated in the structure, espe-
cially considering previous successful oxyanion doping into
brownmillerite-type Ba2In2O5.5 It was expected that, similarly
to the cubic case, carbonate would exist on the iron site and

therefore require iron vacancies and a number of surrounding
oxygen vacancies in the pure SrFeO2.5 structure to accommo-
date it due to the similarity in structure and composition to the
cubic system, and the large size of the carbonate anion.

The mechanisms are displayed in Table 9. Supercells con-
sisting of 36 unit cells of brownmillerite SrFeO2.5 have been
used. Both carbonate incorporation during and after formation
of strontium ferrite show favourable energies.

From Table 9 the coordination of the iron site on which the
carbonate is placed shows a slight difference. The most favour-
able is when the carbonate is on the tetrahedral Fe site, which
is perhaps not unexpected as this site is most likely to accom-
modate a trigonal planar carbonate ion, without too much
disruption to the structure. The lowest energy arrangements
for each are displayed are shown in Fig. 7 and 8.

4 Conclusions

In conclusion, this computational study shows that intrinsic
Frenkel or Schottky defects in both pure cubic and brownmillerite-
type SrFeO3�d systems are unlikely to form spontaneously. For pure
cubic SrFeO3, water incorporation is likely through OH�O defects in
the cubic system with oxygen vacancies present and is also
plausible in the brownmillerite system via mechanisms including

both OH�O and OH
0
i defects, the latter of which could significantly

impact the oxide ion conductivity by increasing disorder.

Table 9 Carbon dioxide incorporation energies for a 1 � 3 � 3 brownmillerite SrFeO2.5 supercell

Defect site Incorporation mechanism Formation energy/defect (eV)

FeO6 Fe�Fe þ CO
ðgÞ
2 þ 5O�O ! CO3ð Þ

0 0 0 0 0

Fe þ2V��O
h i

þ 1

2
V��O þ

1

2
Fe2O3

0.65

Fe�Fe þ CO
ðgÞ
2 þ 6O�O ! CO3ð Þ

0 0 0 0 0

Fe þ3V��O
h i

þ 1

2
O
0 0
i þ

1

2
Fe2O3

0.09

FeO4 Fe�Fe þ CO
ðgÞ
2 þ 6O�O ! CO3ð Þ

0 0 0 0 0

Fe þ3VO

h i
þ 1

2
O
0 0
i þ

1

2
Fe2O3

�0.31

Both
CO

ðgÞ
2 !

1

2
ðCO3Þ

0 0 0 0 0

Fe þ 2V��O

h i
þ 1

2
ðCO3Þ

0 0 0 0 0

Fe þ 3VO

h i
þ 1

2
Fe2O3

�0.12

Fig. 8 Carbonate defect in brownmillerite SrFeO2.5, involving a carbonate
molecule on a tetrahedral iron site. Sr, Fe, O and C atoms are represented
as green, brown, red and purple spheres respectively and Fe–O polyhedra
and CO3

2� units are represented in brown and purple respectively.

Fig. 7 Carbonate defect in brownmillerite SrFeO2.5, involving a carbonate
molecule on a tetrahedral iron site due to a carbon dioxide molecule
reacting with the brownmillerite structure with an iron vacancy and two
oxygen vacancies as described in mechanism 1a. Sr, Fe, O and C atoms are
represented as green, brown, red and purple spheres respectively and
Fe–O polyhedra and CO3

2� units are represented in brown and purple
respectively.
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Calculations in this work also show that carbon dioxide
incorporation is unlikely in pure stoichiometric SrFeO3, but if
there are iron and oxygen vacancies, carbonate will be accom-
modated into the cubic structure on the iron site, despite CO3

2�

itself being an anion. Carbonate is known to behave similarly in
the related Ruddlesden–Popper phase, Sr3Fe3�x(CO3)xO6-
O10�4x�y

35 and the layered iron oxycarbonate Sr4Fe2O6(CO3).26

Sulphate and borate ions have also recently been doped into
SrFeO3�d.

3 The implications for SOFC application are that the
structural differences between pure and defective structures
will inevitably affect the conductivity and function and should
therefore be considered in future studies. In addition, given
that there is a growing propensity for utilizing lower tempera-
ture (sol–gel) routes to synthesise such fuel cell materials, the
results present here imply that the potential incorporation of
carbonate and water needs to be considered for these materials.
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