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The perovskite-type oxide BagsSrgsCoggFep203_5 is a superlative
mixed ionic—electronic conductor but has low chemical stability that
severely limits its use. Using molecular dynamics simulations, we predict
that substituting Ba with Ca yields a material, Cag 5Srg5C0g gFep 203 s
that in its cubic form exhibits similarly high oxygen-vacancy diffusivity.

In various senses, the perovskite-type oxide Bay 55ty 5C0¢ sF€205_s
(BSCF5582) is a material at the limits. On the one hand, it shows
exceptionally high rates of oxygen diffusion and oxygen surface
exchange, and thus outstanding performance as an oxygen
permeation membrane” and as a solid oxide fuel cell cathode.>* It
also exhibits the highest oxygen nonstoichiometry ¢ observed to
date within the family of cubic ABO;_; perovskite-type oxides (6 <
0.8);>° and in contrast to the related material SrCo, gFe,03 s, it
does this without forming (at 6 = 0.5) an A,B,05 brownmillerite-
type phase.” On the other hand, BSCF5582 displays very limited
thermodynamic stability,*** decomposing at temperatures below
1173 K into a 2H hexagonal (Ba,Sr)CoOs_; perovskite phase (with
face-sharing octahedra) and a Ba- and Co-deficient cubic perov-
skite phase (with corner-sharing octahedra).” Although the kinetics
of the decomposition become sluggish on the timescale of hours at
temperatures below 800 K,® a preferable approach, especially for
material stability in operational devices on the timescale of years,
would be to find an acceptable alternative. BSCF5582 also deteri-
orates rapidly in the presence of even small amounts of CO,, and
a higher chemical stability in this respect would also be
welcome.>

The relative stability of ABO; perovskite structures can be
interpreted in a simple manner in terms of the Goldschmidt
tolerance factor,"
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where r,, rg and rg are the radii of the A-site cation, B-site cation
and oxide ion, respectively. Corner-sharing perovskite struc-
tures generally form for the range 0.8 =< t; = 1; hexagonal
structures are generally preferred for ¢ > 1.*° Of the four ABO;
parent compounds of BSCF5582, BaCoO; constitutes the major
problem in this regard, for its tolerance factor is the largest at
tc = 1.2. If the B-site composition is kept unchanged, the
tendency of BSCF5582 to decompose to a hexagonal phase
could be reduced by lowering ¢, and this can be achieved by
isovalent substitution of Ba** with smaller cations. Sr** can be
discarded immediately as a possibility (on account of SCF
forming a brownmillerite-type phase at 6 = 0.5).7 Ca®" is
a possibility, but perovskites containing Ca®>" tend to exhibit
orthorhombic structures, rather than the cubic structure that is
favoured by researchers in looking for high-diffusivity compo-
sitions.'® Mg>* can be ignored, since it is too small a cation to
form a perovskite phase with Fe/Co on the B-site. It appears,
therefore, that there is no easy solution to the stability problem.

In a recent simulation study," we discovered that oxygen-
vacancy diffusion in orthorhombic CaTiO; (tg = 0.964) is
faster than in cubic SrTiO; (tg = 1). This result suggests that,
contrary to common expectations, the Ca analogue of
BSCF5582, i.e. Cag 55Ty 5C0g gFep 2035 (CSCF5582), may display
high rates of oxygen-vacancy diffusion, even in a distorted
perovskite symmetry. In this study we employed MD simula-
tions with empirical pair potentials to obtain the oxygen-
vacancy diffusivity in CSCF5582 (and for comparison, also
that in BSCF5582). We used robust, well-established pair
potentials (see ESIt) that were previously used to study oxygen
diffusion in BSCF5582 (ref. 20 and 21) and CaTiO;.>*** Our
results indicate that CSCF5582 is a suitable substitute for
BSCF5582 in terms of oxygen-vacancy transport and thus it is
worthy of experimental investigation.

In investigating CSCF5582, the first major question is the
lattice symmetry. We started off in orthorhombic symmetry
(space group Pnma) and found that, according to simulations in
the isobaric-isothermal ensemble (NpT), the cell is cubic above
T = 1100 K for the two different Ca**-O*>" empirical pair
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Fig. 1 Pseudocubic lattice parameters in CSCF5582, starting from
orthorhombic CSCF5582, shown for two different potential sets with
their standard deviation as error bars. For comparison, the cubic lattice
parameters of BSCF5582 are given, where simulations were initialised
from the cubic structure. The lattice parameter of CSCF5582 is smaller
than that of BSCF5582 due to the smaller cation radius of Ca®* relative
to Ba2".

potentials®*** (Fig. 1). The predicted transition temperature
should be regarded with caution for two reasons. First, simu-
lation cells did not appear to reach equilibrium at lower
temperatures; and second, MD simulations on other low-
symmetry perovskite systems'®?* considerably overestimate
phase transition temperatures to the cubic form. If the
temperature is also overestimated for CSCF5582, the material
may well show cubic symmetry at much lower temperatures, i.e.
those of interest for application as an SOFC cathode or as an
oxygen permeation membrane. It is not inconceivable, though,
that the transition temperature is underestimated in our
simulations. Regardless of whether over- or underestimated,
this result is advantageous because it allows us to examine
oxygen tracer diffusion in cubic CSCF5582, and to compare its
behaviour with that of cubic BSCF5582.

To study the oxygen transport properties of the materials,
simulation cells containing 40 000 ions with random distribu-
tions of cations and oxygen vacancies were first subjected to an
equilibration period t.q; = 1.0 ns (longer runs were necessary
for low temperatures) in the isobaric-isothermal ensemble
(NpT), until the cell parameters converged to constant values.
Thereafter, a further equilibration in the isochoric-isothermal
(NVT) ensemble was carried out (teq,, = 3.0 ns), until the energy
converged to a constant value. In the production runs (NVT
ensemble), the mean-squared-displacement of the oxide ions
(ro’), was monitored for a period of ¢, = 1.0 ns. The standard
Einstein relation was applied to (r,>)(¢) in order to obtain the
tracer diffusion coefficient of oxygen,

. 7ld<r°2>
76 dr -’

Relative errors in Dy, values were calculated with the formula of
Usler et al.;** only those values with a relative error of 1% or
lower are plotted in Fig. 2. We start by examining our results for
the known system BSCF5582, comparing our D, values with
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Fig.2 Oxygen tracer diffusion coefficients versus inverse temperature for
cubic Bao_ssro_s(:OO_gFeoszz_s (circles) and cubic Caovssr()sCOo_gFeo_zoz_s
(squares), obtained from MD simulations. Also plotted are literature data
from MD simulations reported by Shiiba et al.**

data from Shiiba et al.>* For the temperature range for which we
obtained diffusion data, we find good agreement between the
two datasets, but this is not surprising, since the same set of
potentials was used in both cases. Extrapolating our data to
lower temperatures, we discern that the diffusion coefficients
determined by Shiiba et al. at the three lowest temperatures
appear to be overestimated. We attribute this overestimation to
the simulation cells at these temperatures not having reached
equilibrium. Shiiba et al. used equilibration times of only t.q =
100 ps, whereas we observed slow changes in cell energy and
volume, even at T'= 1173 K, on a nanosecond timescale.

Since the equilibration of the oxygen sublattice is evidently
the problem — oxygen ions being the only species whose
distribution could change during equilibration —, we per-
formed Metropolis Monte Carlo (MMC) simulations on the
initial simulation cells, swapping oxygen ions and oxygen
vacancies for each temperature of interest. Subsequent MD
simulations at the respective temperatures yielded tracer
diffusion coefficients similar those obtained at the end of a long
equilibration run (see Fig. S1t), with comparable activation
enthalpies of diffusion.

An analogous set of MD simulations was performed for
CSCF5582 with both empirical pair potentials®>? for Ca**-0”".
Surprisingly, both sets of potentials yield similar oxygen diffu-
sivities for cubic CSCF5582, as can be seen in Fig. 2. No data is
shown for orthorhombic CSCF, since the temperatures were too
low to allow reliable tracer diffusion coefficients to be obtained
in accessible simulation times. Even more surprising (Fig. 2) is
that there is little difference between the D, values obtained for
CSCF5582 and for BSCF5582.

In the remainder of the paper we consider three questions
that the results of Fig. 2 raise: Are our predictions reasonable?
Why is the difference in oxygen diffusion rates in BSCF5582 and
CSCF5582 so small? And why does the equilibration take so
much time, considering the fast oxygen diffusion rates?

This journal is © The Royal Society of Chemistry 2023
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To examine the first question, we compare finite-
temperature data that we obtained for BSCF5582 with experi-
mental data. Fig. 3 is a comparison of the thermal expansion
behaviour. It is important to note that our data from the MD
simulations were obtained at constant non-stoichiometry . The
experimental data can be divided into two regimes, with only
the data at lower temperatures referring to constant 6. Above T
=~ 770 K, the thermal expansion is accompanied by chemical
expansion, caused by an increase in ¢ with increasing temper-
ature. To make a strict comparison, therefore, we need to
extrapolate our data down to lower temperatures. And we find,
as seen in Fig. 3, good agreement on a qualitative level.

On a quantitative level, we examine the thermal expansion
coefficient

1 dL

*= L,(298K) dT"

(1)

From our data, we obtain 10° x (/K™ ") = 12.7 £ 0.1, which
compares very well with experimental values obtained from
a linear fit for the temperature range of 473 < T/K < 773 (where
no chemical expansion is observed) of 14.9 + 0.2,>” 12.5 £ 0.1,*®
17.6 £0.2,12.7 £ 0.2,>*°12.0 £ 0.4,>' and 10 + 4.**> That is, with
one exception,* there is very good agreement between simula-
tion and experiment, providing some support for the reason-
ableness of our MD results.

As a further test of our MD results, we compare our data for
BSCF5582 with experimental data.>***~*” To do this, we first need
to correct for the different oxygen nonstoichiometries. As noted
above, we used a constant value of 6 = 0.5 in the simulations,
whereas experiments are generally performed at constant
oxygen partial pressure, which means that the non-
stoichiometry varies with temperature (and oxygen partial
pressure). We used the 6(T) values obtained by Mueller et al.® for
BSCF5582 (at pO, = 0.2 bar) to correct our D; *™ data according
to:
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Do™ =Do 37 8(T)
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Fig. 3 Lattice expansion of BSCF5582. A (MD, this study), B,2¢ C,2” D,2®
E,29 F’3D G.31
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The resulting values of D; P, extrapolated to the experimental
temperature range of 773 = T/K = 1123, are compared with
experimental data in Fig. 4. Dataset D** was obtained from Do
data and converted according to Dy = f Do, with f* = 0.69.%
Datasets E* and H*® were obtained from Dy, data and con-
verted according to Dehem = YoDo, With v taken from Mueller
et al.® for each temperature.

The data appear to fall into two groups. Data from the first
group (datasets B, D** and F** at lower temperatures) agree well in
terms of activation enthalpy with our value, corrected for oxygen
nonstoichiometry [AH;,, = (092 + 011) eV] s
[AHp;e = (1.07 £ 0.02) eV], while the absolute magnitude is
underestimated by one order of magnitude. Given that this set of
potentials was not fitted to diffusion data, the degree of agreement,
and in particular, the agreement regarding the activation enthalpy,
is more than satisfactory. The second group (datasets C,** E,** G
and F* at higher temperatures) agree well with one another, but
are substantially higher than our results in absolute magnitude,
with a much lower activation enthalpy [of AHm,, = (0.43 + 0.04)
eV]. Datasets E* and H* were excluded from the fit, in order to
obtain a good description of as many data points as possible.

In their oxygen tracer diffusion studies, Berenov et al.** ob-
tained datasets B and C, and they concluded (i) that dataset B is
the more reliable, and (ii) that dataset C was affected, possibly,
by faster diffusion along pores or grain boundaries. Our MD
data (dataset A) is certainly consistent with this interpretation.
Nevertheless, it is unclear why dataset F*® exhibits a jump from
the lower to the upper group, and why the data for the upper
group fall so closely together, although the density of pores and/
or grain boundaries was likely to have varied substantially
between the various studies (C, E, F, G).

A previous DFT study* yielded migration barriers of
=0.5 eV, depending on the exact B-site environment, values
that are in better agreement with dataset K. However, the
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10-5 800 600 450 350
T T T T A
ol * B
1076 | 3 48
2 > E
...,.... F
F R o WG
w 1077 A * H
£ . n )
S N
*o 10—8 L
Q
10—9 L
10—10 1 1 L 1 1
0.8 1 1.2 1.4 1.6

103-7-1/K?

Fig. 4 Comparison of oxygen tracer diffusion coefficients obtained
for BagpsSrosCopgFen 203 5. MD data obtained in this study were
corrected for experimental nonstoichiometry (see textt). A (MD, this
study), Band C,** D,** E,** F,*® G,* H.* Line J [AHmig = (0.92 + 0.11) eV]
and line K (AHnig = (0.43 & 0.04) eV) are fits to the two groups of data
(see textt).
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calculations were carried out with rather small supercells (2 x 2
x 2 ABOj perovskite unit cells) and with strictly alternating A-
site Ba/Sr occupation, severely limiting the transferability to
experimental structures.

Having established that our MD diffusion data for BSCF5582
are consistent with certain experimental studies (i.e. the D
values are not physically unreasonable), we have to conclude
that the predictions for CSCF5582 shown in Fig. 2 are reason-
able, too, at least according to our simulations. Consequently, it
is rather surprising (i) that the two sets of diffusion data for
CSCF5582 are so similar and (ii) that they are so similar to those
for BSCF5582. We contend that these similarities are not an
artefact. The lattice parameters of the two systems are different
(see Fig. 1). Ion migration is a complex many-body process, and
many factors play a role in determining the rate at which it
occurs. In the present case, it appears, therefore, that the
various factors are combining in different ways to produce
roughly the same oxygen-vacancy diffusion coefficients.

Coming to the third question—why the equilibration takes
so long—we find that during the MMC calculation, both the
O-O and the vy —vg coordination numbers decrease. The
initial random distribution of oxygen vacancies is characterised
by an average coordination number of 6.67 for O coordinated by
O and 1.33 for a vacancy coordinated by a vacancy. These values
decrease to 6.54 and 0.70, respectively, in MMC calculations
performed at T = 1500 K. In other words, the initial random
distribution leads to regions in the supercell with too many
oxygen ions and regions with too many vacancies, relative to the
thermodynamic equilibrium distribution. The need to get
vacancies into the oxygen-rich regions, and the oxygen ions into
the vacancy-rich regions is evidently what causes the long
equilibration times.

In conclusion, we predict that oxygen-vacancy diffusion in
cubic CSCF5582 occurs at the same rate as in cubic BSCF5582.
The respective rates of oxide-ion diffusion [« D,6/(3 — 6)] are
expected to be different, since the oxygen nonstoichiometry 6(7,
pO,) will certainly differ between the two compounds. It does
remain to be seen whether CSCF5582 adopts cubic symmetry at
the temperatures of interest for fuel cells and permeation
membranes, but even if this is not the case, oxygen-vacancy
diffusion in orthorhombic CSCF5582 will probably*® only be
slightly slower than in the cubic form with a slightly higher
activation enthalpy of diffusion. The expected increased
chemical stability of CSCF5582 over BSCF5582, on account of its
lower Goldschmidt factor, also remains to be confirmed.
Furthermore, it needs to be determined whether the increased
stability is sufficient for applications.

Lastly we consider our study as drawing attention not only to
a new promising mixed ionic-electronic conductor, CSCF5582,
but also more generally, to other Ca-containing perovskites that
may have been overlooked as possible mixed ionic-electronic
conductors on account of their lower symmetry.
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