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Anion-conducting crystal possessing non-cubic crystal symmetry and
a non-dilute composition will in general display a multiplicity of
different migration paths and different site energies for the mobile
ions. Predicting the macroscopic rate of ion transport, and in partic-
ular, identifying substituent cations that optimise this rate, is therefore
challenging. In this study, molecular dynamics simulations employing
pair potentials were used to calculate the oxygen tracer diffusion
coefficient (Dg) as a function of temperature in various substituted
systems based on the rhombohedral perovskite oxide bismuth ferrite,
BiFeOz. Substituent cations that maximise (or minimise) D:) are iden-
tified. The results also reveal the limits of the standard crystal-
chemical approach to maximising DZ) by matching the size of the
substituent cation to that of the host's. The implications for the use of
BiFeOs as a high-performance oxide-ion conductor or as a multi-
ferroic medium are discussed.

Despite their large ionic radius and their formal double charge,
oxide ions can migrate at astonishing rates through certain
close-packed oxide crystals. Indeed, the oxide-ion conductivity
exhibited by various crystalline oxides (at T = 1000 K) is
comparable to the ionic conductivity of one-molar aqueous
solutions (at T = 298 K)."?

One crystal structure that has attracted much interest in this
regard is the ABO; perovskite structure. The route to achieving
high oxide-ion conductivity in perovskite systems such as
(Na,Bi)TiO3, LaGaO; or LaCoO; (ref. 3-5) has been to generate
a high concentration of mobile charge carriers (viz. oxygen
vacancies) by substituting one or both of the host's constituent
cations with subvalent species. To date, the choice of subvalent
species has been guided by an empirical, crystal-chemical rule:
the substituent cation(s) should be close in size to the respective
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host cation(s). The rationale behind this rule is that such size
matching minimises the trapping of oxygen vacancies by the
substituent cations.

It is becoming increasingly clear that this rationale, impor-
tant though it is, is only part of the story of oxide-ion conduction
in oxides.® Subvalent cations have been found not only to trap
oxygen vacancies, but also to affect the activation barriers for
vacancy migration.” Furthermore, with increasing vacancy
concentration repulsive interactions between vacancies them-
selves become important. Consequently, the energy landscape
through which the vacancies migrate is rather complex, and
predicting the macroscopic conductivity of a substituted system
is far from straightforward. This necessarily complicates the
identification of optimal substituent cations.

A further complication arises in systems that exhibit dis-
torted crystal structures. Many perovskite oxides, for example,
do not adopt cubic symmetry at the temperatures of interest but
rhombohedral or orthorhombic symmetry. The lowering of the
symmetry away from cubic leads to a loss of symmetry equiva-
lence: migration paths and/or crystallographic sites for oxide
ions (oxygen vacancies) that are equivalent in the cubic struc-
ture are no longer equivalent in the distorted structure. The
energy landscape thus becomes even more complex.

In this study, we use molecular dynamics (MD) simulations
with empirical pair potentials to examine oxygen diffusion in
a non-cubic, non-dilute perovskite. Some molecular static (MS)
calculations are performed to illustrate particular points. Our
principal aim is to identify the optimal substituents for oxygen
diffusion in such a system, and in this way, to expose the limits of
relying on size-matching arguments. We take bismuth ferrite
(BiFeO;) as our model system, since it adopts rhombohedral
symmetry both in experiment and in our MD simulations, and we
substitute several percent of the host cations of perovskites with
other cations, such that we are beyond the limit of a dilute solu-
tion (which is why we speak of substituents rather than dopants).

There is a second reason for studying oxide-ion transport in
BiFeO;. It is a system for which oxide-ion transport should be
maximised for certain applications and minimised for others.

This journal is © The Royal Society of Chemistry 2019
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The use of BiFeO; as a cathode in a solid oxide fuel cell, for
example, requires high rates of oxide-ion transport, in order to
minimise electrochemical losses.® The use of BiFeO; in multi-
ferroic devices, however, requires low rates in order to minimise
the (ionic) leakage current.” Here, the choice of optimal
substituent needs to be balanced against the ability to tune the
ferroic properties. We examine, therefore, oxygen diffusion, and
thus, the optimal substituents, in both positive and negative
senses. We expect to gain deeper insights by looking at the
whole story rather than at only half of it (i.e. only maximising
the conductivity).

For both MD and MS simulations, the ions interacted with
each other through long-range coulombic interactions and
short-range interactions of the Buckingham form:

Z,Z,e r\ Gy
V= L A;; _ vy v 1
y 47580}" + Jexp< ) ( )

with A;, p; and C; being empirical parameters and ry, the
interatomic separation. For the MD simulations, all the ions
were treated as rigid ions; for MS simulations, ionic polariz-
ability was incorporated into the potential model.* The poten-
tial parameters are listed in S1 of ESL.}

MD simulations were performed with the LAMMPS code with
periodic boundary conditions." The simulation box consisted of
12 x 12 x 15 rhombohedral unit cells, giving a total of 21 600
ions. Oxygen vacancies were randomly introduced into the cell at
a site fraction of 1%. The charge of these vacancies for ‘pure’ and
isovalent cation substituted systems was compensated by
lowering the charge of all Fe** cations to Fe>“*%*, The site frac-
tion of monovalent, divalent and trivalent cations was 3%, 6%
and 6%, respectively. The systems were energy minimised in
static calculations before the molecular dynamic simulations. At
each temperature, the system was first equilibrated for 600 ps in
the NpT ensemble followed by a data collection for 900 ps in the
NVT ensemble, with the temperature being controlled by a Nose-
Hoover thermostat.'” Further details are given as ESI (S2t). MS
simulations were performed with the Mott-Littleton method,* as
implemented in the GULP code."* More details about the calcu-
lation of D, and AEy, can be found in our previous work.'®

In order to emphasise the challenging nature of the problem
and thus the need for MD simulations, we first examine the
energy barriers for oxygen-vacancy migration in pure, rhombo-
hedral BiFeOj;. Although the rhombohedral structure has only
a single crystallographic site for oxide ions, the distortion from
the cubic form means that, rather than just one unique energy
barrier, there are three. We used MS calculations to probe the
relevant energy hypersurfaces in pure, rhombohedral BiFeO;. The
resultant energy profiles are plotted in Fig. 1, and they yield
activation energies of vacancy migration of 0.58, 0.60 and 0.81 eV,
respectively. A simple question, then, is what is the effective
activation energy for the long-range diffusion of oxygen? The
value will be some weighted mean of the three individual barriers,
depending, of course, on the relative values and on how the three
paths are connected together in the structure. Determining the
exact value requires, for instance, diffusion coefficients to be
computed as a function of temperature, and one way of doing this
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Fig. 1 Three distinct energy profiles for oxide-ion migration in pure,
rhombohedral BiFeOs. Key: Bi (purple); Fe (silver); O (red). The traced
trajectories reveal that the migrating ion follows a curved pathway
through a triangular aperture defined by two A-site cations and one B-
site cation, bowing away from the edge of the BOg octahedron, as
observed previously.”

is MD simulations.'® We have previously shown the benefits of
using MD simulations to study quantitatively ion transport in
other perovskites [SrTiOs, (Na,Bi)TiO; and CH;NH;PbI;]."**

NB: upon substitution of the host's cations, the number of
different energy barriers proliferates. There are now additional
barriers for jumps around the substituent cation, as well as for
jumps away from and towards the substituent cation—and the
cation may influence barrier energies up to the third or even the
fourth nearest-neighbour position. In addition, substituent
cations will affect where the vacancies prefer to sit. MD simu-
lations can capture all these features in a computationally effi-
cient approach.

Let us start by using the standard size-matching rule to
identify cations that should maximise the oxygen diffusivity.
Examining ionic radii," one sees that the acceptor cations closest
in size to Bi*" (1.03 A) are Na* (1.02 A), followed by Ca** (1.00 A)
and then Sr** (1.18 A); and that the cations closest to high-spin
Fe** (0.65 A) are Ni** (0.69 A) and Mg?* (0.72 A) (since ionic
radii for twelve-fold coordination are not available for all the ions
considered, we have used the values for six-fold coordination).*®
According to the standard arguments, one would thus have two
expectations for these species: (E1) they should display the lowest
binding energies to oxygen vacancies, and consequently, (E2)
they should give rise to the highest rates of oxygen diffusion.

If one wants to achieve the opposite goal of minimising the
oxygen diffusivity, one would try first to lower the concentration of
oxygen vacancies, e.g., through donor doping. If, however, the
introduction of acceptor cations is unavoidable, as only they yield
the required structural or ferroic properties, one would choose,
with the crystal-chemical rule, cations with substantial mismatch,
such as Ba®>" (1.38 A) or Rb* (1.52 A) as A site substituents, or Mn>*
(0.83 A) as a B site substituent. As isovalent species, Gd*" (0.94 A)
for the A site or Lu** (0.86 A) for the B site are possibilities. These
species would be expected to bind oxygen vacancies strongly, and
hence, to diminish strongly the rate of oxygen diffusion.

Having identified these cations, with the standard rule, as
possible substituents, we now use atomistic simulations to
examine in turn the two expectations, E1 and E2. Thus, we
determine first, using MS calculations, the binding energy of an
oxygen vacancy to a substituent cation, at infinite dilution, in
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rhombohedral BiFeOj;. The binding energy (AEpinq) is calculated
according to the (self-explanatory) expression

AEbind = AEassociate - (AEisolated cation + AEisolated vacancy) (2)

A negative value indicates that the associate is stable with
respect to the component isolated defects. The results are
plotted in Fig. 2a and b (for cations that prefer the Bi site or the
Fe site, respectively; see Fig. S27).

Fig. 2 shows that the first expectation is only partly fulfilled:
Na*, Ca®* and Sr** do indeed have small binding energies for
oxygen vacancies, |AEping| < 0.1 €V, but AEy,;,g decreases (from
positive to negative, i.e., from unbound to bound) in the order
Sr** > Na > Ca**, and not in the order of increasing mismatch.
Furthermore, Ni”* and Mg”* have rather large binding energies,
|AELing| > 0.6 €V, despite their relatively small mismatch. In the
opposite case of trying to maximise the binding energy, Ba>*
and Rb', despite large degrees of mismatch, show relatively
small binding energies. Mn>*, in contrast, shows an expected
high binding energy, but curiously one that is comparable in
magnitude to AEpiq for Ni** and Mg*".

In general, one sees in Fig. 2a that the dependence on ionic
radius gets stronger with increasing substituent cation charge.
Trivalent species show the strongest dependence, whereas
univalent cations show hardly any dependence. This is inter-
esting because the trivalent species (Gd**, Nd**, Pr’* and La*")
are isovalent with the host Bi*, ruling out any electrostatic
interactions with oxygen vacancies. Similar behaviour is also
seen in Fig. 1b for trivalent cations (AI’*, Cr**, S¢**, In*" and
Lu’") substituting for the host Fe**. Divalent cations on the B
site show no discernible dependence on ionic radius.
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Fig. 2 Binding energies of a cation substituent-oxygen vacancy
associate as a function of ionic radius for cations that prefer (a) the Bi
site and (b) the Fe site of rhombohedral BiFeOs.
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On the basis of these results, one would expect the maximal
oxygen diffusion coefficients to decrease in the order Sr** > Na*
>Ca” > Ni**, Mg”". The minimal oxygen diffusion coefficients
should decrease in the order Rb* > Ba** > Lu** > Gd** > Mn?>".
In order to examine this second expectation (E2) we use MD
simulations to calculate the oxygen tracer diffusivity in the
substituted, rhombohedral BiFeO; systems.

Although BiFeO; shows rhombohedral (R3c¢) symmetry at
room temperature and transforms to an orthorhombic struc-
ture (Pnma) at the Curie temperature T = 1093 K,'** it remains
in our simulations rhombohedral over the entire range of
temperatures (1200 = 7/K = 2400). This inconsistency has, in
fact, two benefits for us: all diffusion data obtained refer to one
structure (rhombohedral BiFeO;), and these data can be
extrapolated down to the lower temperatures of experiment.
The MD simulations yield the mean-square-displacement of the
oxide ions as a function of time. From such data, the tracer
diffusion coefficient of oxygen (Dy,) can be extracted (see Fig. 3).

We first consider the diffusion data obtained for the ‘pure’
system, ie. without any substituent species (the vacancies’
charge being compensated by lowering the charge of all Fe
cations slightly). The effective activation energy of migration of
AE g = 0.58 eV obtained from the MD simulations lies close to
the two lowest barriers obtained from the MS calculations (see
Fig. 1). It thus seems that the highest barrier (of 0.81 eV) is not
traversed to a significant degree by the migrating oxide ions.
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Fig. 3 Oxygen tracer diffusion coefficients (Dg) for various
substituted, rhombohedral BiFeOs compositions obtained from MD
simulations against inverse temperature: (a) data for substituent
cations that should maximise D (b) data for substituent cations that
should minimise D.
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We consider this ‘pure’ system to be equivalent to a system
containing ideal acceptor cations: such cations only introduce
oxygen vacancies but they do not bind them nor do they change
their migration barriers. In comparison with this system, all
substituted BiFeO; compositions show (Fig. 3) lower rates of
oxygen diffusion and higher effective activation energies of
diffusion. This is a very important result: it indicates that one
cannot introduce vacancies into BiFeO; through cation substi-
tution and not affect the vacancies' dynamics.

We transformed our tracer diffusion coefficients into oxide-
ion conductivities using the Nernst-Einstein equation,
oo = 4€*coDy/(f ksT), with f* as the tracer correlation coeffi-
cient.”” Our computed conductivities are compared with data
reported in the literature in Fig. S3.f In terms of activation
enthalpies, we find for nominally undoped BiFeOj; very good
agreement between our data (0.58 eV) and the data of Jun
et al.”® (0.58 eV) and slightly worse agreement with the data
from Chen et al. (0.5 eV).>* For Ca-substituted BiFeOj;, our
simulations give 0.74 eV, while experimental data® yields
0.82 eV. For other data, the differences are much larger, but
this can be attributed to either the complicated composition
(the data from Wefring et al.>® refer to a solid solution of BiFeOj3
with 10% (K, 5Biy.5)TiO3); or to electronic conductivity (for Nb-
substituted BiFeOj3).”?

Since our interest in oxide-ion transport stems from the
possible application of BiFeO; as a fuel cell cathode or as
a multiferroic medium, we extrapolate our MD data down to T =
1000 K and to T = 300 K, respectively, to reflect the appropriate
operation temperatures. These data are shown in Fig. 4a and b,
respectively; values of the effective activation energy of diffusion
(AEp) are plotted in Fig. 4c.

Let us first look in more detail at Fig. 4a, where the focus is on
maximising D, for SOFC application at T = 1000 K. If we look at
the data from the viewpoint of the standard size-mismatch rule,
we see that, even though Na* has the smallest mismatch with Bi**,
the Na'-substituted material exhibits an oxygen tracer diffusivity
at T = 1000 K that is a factor of 5 lower than that of the Ca>*-
substituted material and a factor of 10 lower than that of the Sr>*-
substituted material. Furthermore, we see that substituting Ni**
or Mg”" for Fe** reduces Dy, drastically, despite the low mismatch.
In contrast, examining the data from the viewpoint of the binding
energies, we find that Sr** is correctly identified as the best
substituent, but Na™ is predicted to be better than Ca*"; Ni** and
Mg>" are correctly identified as inferior substituents because they
display high AEp;ng, but again, the order is incorrect.

These problems are due to the two premises of the binding-
energy approach, that an oxygen vacancy can escape from the
vicinity of the substituent cation and migrate freely through the
crystal; and that the barriers for vacancy migration remain
unaffected by the presence of substituent cations. Both these
premises are invalid for the materials considered here: in
a concentrated solid solution, the vacancies are never free; and
the migration barriers are altered considerably by the substit-
uent cations. If the approach were correct, AEp for the Sr*'-
substituted material would simply be AE.;, because the
vacancies are not trapped by the substituent Sr** cations (Fig. 2).
The value obtained from the MD simulations is AE, = 0.74 €V,

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Oxygen diffusion in substituted, rhombohedral BiFeOs: (a) D,
extrapolated to T = 1000 K; (b) Dy extrapolated to T = 300 K; (c)
activation energy of diffusion. The dashed lines correspond to the
values for pure BFO (Bi** and Fe®" are also plotted for reference).
Purple denotes substituents for the A site, whilst silver denotes
substituents for the B site.

however, and substantially greater than AE,,;, (0.58 eV). The
difference arises from the altered migration barriers and from
the deviation from a dilute solution. Thus, Sr** has been iden-
tified as the best substituent for the wrong reasons.

In Fig. 4b the emphasis is on minimising Dy, at 7= 300 K for
multiferroic applications. Compared to the pure material, the
compositions with Mg>*, Ni** or Mn>", can slow down the
diffusion of oxygen by over ten orders of magnitude. The most
surprising behaviour is perhaps that of the Gd**- and Lu’**-
substituted systems. Their tracer diffusivities are only slightly
diminished, despite the high degrees of size mismatch, or
equivalently, despite the large negative binding energies to an
oxygen vacancy. Also surprising is Rb* and Ba**, in comparison
with Na*, Sr>*, and Ca®", having no strong effect on the tracer
diffusivities. On the other hand, Mn>* behaves as expected, both
from the large mismatch and from the large negative binding
energy for oxygen vacancies.

Conclusions

In summary, we have used MD simulations to identify those
substituent cations that minimise or maximise the rate of oxygen
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diffusion in a non-cubic, non-dilute perovskite. Through
comparisons with the predictions of the crystal-chemical rule we
conclude that the rule does identify possible candidate compo-
sitions: the maximal oxygen diffusion coefficients are expected to
decrease in the order Sr** > Na“ > Ca®". The minimal oxygen
diffusion coefficients should decrease in the order Rb* > Ba>* >
Ni**, Mn®>" > Mg?". Nevertheless, the identified compositions
have to be subjected to detailed (experimental or computational)
transport studies. In addition, the crystal-chemical rule evidently
works better for maximisation rather than minimisation,
although if the rule is valid, there should be no difference. The
danger in relying on this crystal-chemical rule (and thus implic-
itly on the binding-energy argument) is that the reverse may be
employed, albeit incorrectly: one could attribute the superior
diffusivity of (Bi,Sr)FeOs, for example, to the low cation mismatch
(with its low binding energy for vacancies), but this factor, as we
have shown, plays no role in determining the oxygen diffusivity.
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