
6994 |  Phys. Chem. Chem. Phys., 2025, 27, 6994–7003 This journal is © the Owner Societies 2025

Cite this: Phys. Chem. Chem. Phys.,

2025, 27, 6994

Molecular dynamics studies of oxide ion transport
in Sr-doped LaFeO3: role of cationic environments
and cooperativity†

Sanjib Ray and P. Padma Kumar

Classical molecular dynamics simulation is employed to study La1�xSrxFeO3�x/2 at 1200 K over a range

of dopant concentrations, x = 0.1 to 0.6. Sr ions tend to improve the energetics of the oxide ion sites,

resulting in a higher fraction of vacancies in the vicinity of La. The oxide ion migration in the system

involves predominantly intra-octahedral hops along the edges of the FeO6 octahedra. This ion migration

is controlled by a triangular bottleneck of cations, formed by two La/Sr ions and one Fe ion, appearing

midway between two neighboring oxide ion sites. It is noted that these bottlenecks pose higher barriers

as more Sr ions are introduced. This increase in the microscopic energy barriers for oxide ion migration

in the system corroborates the observed slowdown of ion transport with dopant concentration. The

study also elucidates a dynamic correlation between the mobile species and the cationic framework,

wherein as an oxide ion approaches the bottleneck, the cations move apart, increasing the cross-

sectional area of the bottleneck.

1 Introduction

One of the key challenges to our society in this century is to
reduce our dependency on fossil fuels. Carbon-neutral power
generation can be achieved by resorting to energy sources like
nuclear, solar, wind, and hydroelectric generators. However,
when it comes to portable ‘green’ energy devices, we are limited
to the choice of batteries and fuel cells. Fuel cells are primary
energy devices, as opposed to batteries, that convert chemical
energy in the fuel to electricity. Solid oxide fuel cells (SOFCs) are
particularly attractive among their peers, owing to their scal-
ability, longer life, high fuel efficiency, low emission, and fuel
flexibility (permitting hydrogen as well as hydrocarbons).1–10

The main components of a SOFC are the cathode, anode,
and electrolyte. An ideal electrolyte must be a good ionic
conductor but highly resistive to electronic conduction,
whereas electrodes, i.e. cathode and anode, can be electronic
as well as mixed ionic electronic conductors (MIECs). One of
the shortcomings of pure electronic conducting cathode mate-
rials is that the oxygen reduction reaction is limited only to the
triple phase boundary (TPB), the region where the cathode,
electrolyte, and air meet, which reduces the efficiency of the
fuel cell. MIEC cathodes have the advantage that the oxygen

reduction reaction is not limited to TPB but over the entire surface
of the cathode exposed to fuel.11–15 Typically, SOFCs suffer from
their requirement of a high operating temperature, in the range of
1100–1300 K, which causes material degradation and shortening
of their lifespan.14,16–18 Thus, in recent years, more attention has
been paid to lowering the operating temperature of SOFCs to the
intermediate regime (900–1100 K). One of the key challenges in
lowering the operating temperature is the reduced electrocatalytic
rate at the cathode.12,13,15–17,19,20 However, this deficiency can be
better managed if the ionic conductivity of the cathode can be
improved (that is, by overcoming the limitations due to TPB by
MIEC). This strategy offers cost reduction and efficiency of SOFCs,
which improves their market competitiveness essential for scaling
up commercialization.

Over the past two decades, ABO3 based perovskites, where
large cations (such as La, Pr, Sm, Nd, Gd, etc.) occupy the A sites
and transition metals (such as Mn, Fe, Co, etc.) occupy the B
sites, have been extensively studied for their potential applica-
tions in SOFCs as electrolytes and cathode materials.8,13,21–31 In
general, ion transport in solids occurs primarily through
vacancy migration and interstitial mechanisms.32 Oxide ion
transport in perovskite materials occurs through the vacancy
migration mechanism, where an oxide ion hops to one of its
adjacent vacant sites, leaving the original site available for
other ions to occupy. These vacancies are typically generated
by aliovalent doping of the parent material.8,33 Lanthanum
ferrites (LaFeO3), when doped with Sr, generate the necessary
oxide ion vacancies for ion migration, while promoting
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favorable p-type electrical conductivity.34,35 Reportedly, Sr-
doping also improves the chemical stability of these ferrites;36

however, their oxide ion (O2�) conductivity is rather low for
SOFC applications at intermediate temperatures.

Computational studies in the past have offered valuable
insights into ion conduction mechanisms in superionic
solids.37–46 In one of the earliest computational studies on lantha-
num ferrites, Jones and Islam47 examined the ion migration
channels, the nature of bottlenecks for ion migration, and the
effect of dopants on the microscopic barriers, using empirical-
potential based calculations for the orthorhombic phase of
LaFeO3, with the lattice treated static. Since then many density
functional theory (DFT) based studies have investigated the role of
the Sr dopant in oxygen vacancy formation and migration energy
in LaFeO3 giving useful insights.48–51 Very recently, the influence of
grain boundaries on oxide ion diffusion was examined using a
molecular dynamics study of orthorhombic and cubic phases of
polycrystalline Sr substituted LaFeO3 by Bonkowski et al.52

Over the typical operating temperatures (B1200 K) these
solids generally stabilize in the rhombohedral phase for a wide
range of Sr concentrations (x = 0.1 to 0.6).53 However, there are
very few theoretical studies that examined the rhombohedral
phases. Furthermore, most of the theoretical works available in
the literature focus on the energetics of vacancy creation and
migration, and hardly any dynamical properties were reported.
In fact, except for the study of Bonkowski et al.,52 computa-
tional studies have been performed within a frozen cationic
sub-lattice approximation. However, at the typical operating
temperature of a fuel cell, the dynamics of the framework
cations can significantly impact the oxide ion diffusion. In a
recent review on the appropriateness of different computa-
tional techniques in the study of material properties, Schwarz
et al. emphasized the need to invoke a dynamical approach as
opposed to static calculations.54

Thus, the present study explores the rhombohedral phase
(Fig. 1) of La1�xSrxFeO3�x/2 for Sr concentrations over x = 0.1 to
0.6 employing classical molecular dynamics simulations at
1200 K. The choice of this rather high-temperature simulation
is to enhance the ion dynamics for better statistics. The focus of
the article is on the microscopic structural and dynamical
properties for a better understanding of the mechanism gov-
erning the oxide ion transport in these systems and the various
factors that influence it.

2 Computational details

Classical molecular dynamics (MD) simulations of La1�xSrx-
FeO3�x/2 are carried out in an isothermal–isobaric (NPT)
ensemble at 1200 K for various Sr dopant concentrations
(x = 0.1–0.6). Interactions between the ions are modeled using
short-range Buckingham potential coupled with long-range
Coulombic interactions,

Uij ¼
1

4pe0

qiqj

r
þ Aij exp �

r

rij

 !
� Cij

r6
(1)

where qi and qj are respectively the formal charges of the ith
and jth ions, and r is the separation between ion pairs. Aij and
rij are, respectively, the strength and range of the short-range
repulsion between ions, and Cij represents the van der Waals
attraction between the pairs. The parameters for the short-
range inter-atomic interactions (see Table 1) are taken from a
previous study,47 which was originally proposed as a core–shell
model, but is replaced by a simpler core–core model in the
present study to reduce the computational cost. The cation–
cation interactions are considered to be purely Coulombic.

NPT-MD simulations are carried out for 20 ns, after dedicating
an initial 4 ns for equilibration. A time step of 2 fs is used for
integration, and trajectories are stored at intervals of 1 ps. The
simulation cell consists of 5 � 5 � 2 rhombohedral unit cells,
each containing six formula units of La1�xSrxFeO3�x/2, such that
the undoped system has 1500 number of atoms (300-La, 300-Fe,
900-O). The number of oxide ions in the simulation cell varies
from 885 to 810, with the corresponding oxygen vacancies varying
from 15 to 90, respectively for x = 0.1 and 0.6. The NPT-MD
simulations were started from the experimental structure,55 hav-
ing unit-cell parameters, a = b = 5.51107 Å and c = 13.41578 Å.
Periodic boundary conditions and Ewald summation techniques
are employed to mimic the bulk system. The Sr doping is
performed at the La sites, picked randomly, and charge neutrality
is maintained by removing one oxide ion for every two Sr inserted.

Fig. 1 The rhombohedral structure (R %3c) of LaFeO3 showing corner
shared FeO6 octahedra. The red balls represent oxygen, with Fe occupying
the center of the octahedra.

Table 1 The parameters of the interaction potential employed in the
present study47

Pairs Aij (eV) rij (Å) Cij (eV Å6)

La3+� � �O2� 1545.21 0.3590 0
Sr2+� � �O2� 1400.00 0.3500 0
Fe3+� � �O2� 1156.36 0.3299 0
O2�� � �O2� 22764.30 0.1490 43
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Simulations are carried out using the LAMMPS package56 and the
trajectories are analyzed using in-house software.

3 Results and discussion
3.1 Structure

In order to establish the reliability of the potential parameters,
the structural properties of the system are investigated. The
typical time evolution of the lattice parameters of the rhombo-
hedral unit cell of La1�xSrxFeO3�x/2 during the NPT-MD simula-
tions at 1200 K is presented in Fig. S1 in the ESI,† for select
compositions. As shown in Fig. 2, the average lattice para-
meters of the systems increase marginally with Sr doping, and
the values are within 3% of the experimental values.

The spatial distributions of the atoms in the system are exam-
ined using the radial distribution function (RDF), calculated as

gabðrÞ ¼
V

4pr2DrNaNb

XNa

i¼1
niðr;DrÞ (2)

where V is the volume of the simulation box, Na and Nb are the total
number of atoms of type a and type b respectively, and ni is the
number of atoms of type b in a spherical shell of thickness Dr at a
distance r from the reference atom a.

Fig. 3 shows RDFs between La–O, Sr–O, Fe–O, and O–O pairs
for different compositions x = 0.1 to 0.6 at 1200 K. The vertical
bars correspond to RDFs calculated from the experimentally
reported structure for the undoped system.55 As seen the
dynamic RDFs of different pairs are in good agreement with
their experimental ones, confirming the structural integrity of
the simulated system. The broadening in the dynamic RDFs is
because of the thermal vibrations of atoms about their mean
positions and the successive peaks in the RDFs represent the
consecutive position of neighboring atoms of that particular
species with respect to the reference atom. It is observed that
the Sr–O distance is slightly higher than the La–O distance

across the composition, which is attributed to the larger ionic
radius of Sr2+ and its relatively weaker Coulombic attraction
with O2�.

3.2 Ion transport

As noted earlier, the substitution of Sr2+ at the La3+ sites results
in the creation of oxygen vacancies in the matrix, which are
quintessential for oxide ion transport in these systems. It shall
be noted that the interstitial sites are not energetically favorable
for the oxide ions due to their bonding characteristic with the
cationic framework.57 Induced by the vacancies, the thermally
activated oxide ions hop off from one lattice site to another
vacant site, leaving behind a vacancy that is now accessible to
other oxygens in the neighborhood. As this process continues,
the vacancies essentially migrate in the system in a comple-
mentary fashion, though the nature of the dynamics of the ion
and its residual vacancies could be different.33,58–60 We shall,
however, note that while the vacancies are essential for oxide
ion transport, other factors, such as the nature of the dopant
ion (Sr), also start controlling the overall transport, as detailed
later in the article.

The gross transport properties of the system, such as the
self-diffusivity and ionic conductivity, can be obtained by
calculating the mean squared displacement (MSD) of atoms
with time, given by

MSD(t) = h|%r(t + t) � %r(t)|2i (3)

where %r(t) is the position vector of the particle at time t and the
angular bracket indicates averaging over all the ions and for
numerous time origins t. Shown in Fig. 4 are the MSDs of oxide
ions in La1�xSrxFeO3�x/2, for different compositions x = 0.1 to
0.6 at 1200 K. It is observed that MSDs of oxide ions decrease
with increasing Sr concentration. The MSDs of the cations in
the system (as demonstrated in Fig. S2 in the ESI†) remain flat
for all compositions, indicating that their dynamics are limited

Fig. 2 The average lattice parameters of a rhombohedral cell of
La1�xSrxFeO3�x/2, where x = 0.1 to 0.6, from NPT-MD simulations at
1200 K.

Fig. 3 The radial distribution function (RDF) between select species in
La1�xSrxFeO3�x/2, where x = 0.1 to 0.6, from NPT-MD simulations at
1200 K. The black bars represent the corresponding X-ray locations. The
plots are displaced along the y-axis for clarity.
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to vibrations about the mean position, providing further evi-
dence of the structural stability of the simulated system.

The self-diffusion coefficient of oxide ions is estimated by
fitting to the Einstein relation,

D ¼ lim
t!1

MSDðtÞ
6t

: (4)

Furthermore, oxide ion conductivity is measured using the
Nernst–Einstein equation given in ref. 58,

s ¼ nq2D

kBT
(5)

where n is the number density of oxide ions, q is the formal
charge of the oxide ions, kB is the Boltzmann constant and T is
the temperature of the system. The self-diffusivity (D) and the
ionic conductivity s of oxide ions at 1200 K for all the composi-
tions are shown in Fig. 5.

As seen in Fig. 5, the calculated self-diffusivity and oxide ion
conductivity decrease monotonically with increasing Sr concen-
tration. This behavior can be understood in terms of the
changes in the energetics of the local oxide ion environment
with increasing Sr concentration, discussed in the later sec-
tions. It shall be noted that the oxide ion conductivities in
earlier experimental reports are quite scattered, differing from
one another by orders of magnitude, thus making it difficult for
any direct comparison.61–67 In fact, an earlier experimental
study by Patrakeev et al. observed an increase in ionic con-
ductivity with Sr doping, producing a maximum around x = 0.5
and dropping afterward, which is in contrast to the present
observations.34

3.3 Microscopic insights

In LaFeO3, oxygen occupies the corners of the FeO6 octahedra
and each oxygen is shared by two such octahedra. Thus the
structure can be imagined as a network of such octahedra linked
through oxide ions. Oxygens are also four coordinated with the
La sites that are partially replaced by Sr, as shown in Fig. 6. Thus,
based on the number of La and Sr neighbors, five distinct oxygen
environments are possible in the matrix. We choose to label
these oxygen environments as Sm, where m = 0, 1, 2, 3, and 4,
depending on the number of Sr present locally around an oxygen
site. For example, S0 represents an oxygen environment where
all the four neighbors of the oxygen are La, and S2 represents an
environment that has two Sr and two La neighbors.

3.3.1 Effect of Sr doping on the oxygen environment. The
potential energy of the individual oxide ions shall be defined as

ui ¼
XN

j¼1ð jaiÞ
Uij rij
� �

(6)

where Uij is the pairwise interaction between ith and jth atoms
(given in eqn (1)). To investigate the effect of Sr dopant on
oxygen environments, we calculate the MD averaged potential
energy of oxide ions when occupying five different oxygen
environments mentioned above (Fig. 6). We observe that these

Fig. 4 Mean squared displacement of oxide ions in La1�xSrxFeO3�x/2,
where x = 0.1 to 0.6, from NPT-MD simulations at 1200 K.

Fig. 5 The self-diffusivity of oxide ions (black) and the corresponding
conductivity (blue) for La1�xSrxFeO3�x/2, where x = 0.1 to 0.6 from NPT-
MD simulations at 1200 K.

Fig. 6 The local cationic environment around the oxygens (red), shared
by two FeO6 octahedra (Fe is located at the center of the octahedra). The
locally four coordinated cations (La3+/Sr2+) are shown as green balls.
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‘site energies’ of oxide ions tend to decrease with the number of
Sr in a given environment (see the left panel of Fig. 7). As seen,
the difference in the energies of the five different oxygen sites
(S0 to S4) starts widening with the composition. A matrix
having larger undulations (such as the case with x = 0.6) in
its energy landscape hampers the transport due to the Boltz-
mann factor.59,68 The right panel of Fig. 7 shows the oxygen
occupancies of the five different environments, S0 to S4, at
1200 K across the compositions. Here, the oxygen occupancy at
a given environment is the average count of oxide ions per
frame of the MD trajectory (in a spherical volume of radius 1 Å
around the site), normalized by the number of such sites in the
matrix for the specific composition. Consistent with the Boltz-
mann probability, the decrease in the energy of the oxygen sites
having larger coordination numbers with Sr results in their higher
oxygen occupancies. This suggests that the oxygen vacancies
largely populate the La rich environments. Additionally, it shall
be inferred that the oxygen vacancies are distributed randomly in
the matrix, as Sr doping is carried out at random La locations.

3.3.2 Migration pathways. In principle, the oxide ions can
have two distinct local migration paths: (a) intra-octahedral
(where oxide ions hop between two neighboring sites that are
part of the same octahedra) and (b) inter-octahedral (where the
path connects two neighboring oxygen sites that are part of two
different octahedra). The preferred migration channel in the
system is examined with the help of spatial density distribu-
tion, which maps the density of oxide ions on a fine three-
dimensional mesh spanning the unit cell, employing the entire
MD trajectory. Fig. 8 shows the corresponding iso-density sur-
face of oxide ions in La1�xSrxFeO3�x/2, at 1200 K for x = 0.3, at
three different iso-values, blue (high), red (intermediate), and
yellow (low). As seen, for larger iso-values (blue and red) the
spatial density of oxygens is limited to local vibrational motion.
At a lower iso-value (yellow), the oxygen density can be seen to
develop along the edges of the FeO6 octahedra, signifying intra-
octahedral migration. However, the absence of density connect-
ing possible inter-octahedral sites (highlighted in black dashed
cross-wires in Fig. 8) suggests that this path is not favorable.
This observation is in agreement with earlier computational

studies, wherein prohibitively high barriers were observed
for inter-octahedral hops in the orthorhombic phase of
LaFeO3.47,57

3.3.3 Oxide ion migration barriers. Having identified the
oxide ion migration paths, we calculate the energy barrier of
individual ion hops along the migration paths. These individual
energies of oxide ions (as in eqn (6)) are shown as a function of
distance from the nearest oxygen site (disregarding whether it is
a departing or arrival site), up to the saddle point located midway
between the two intra-octahedral oxygen sites. The individual
oxide ion energies are averaged over bins along the intra-
octahedral paths employing the entire NPT-MD trajectory at
1200 K. The energy profiles for the different compositions
(Fig. 9) show an increase in the migration barrier with Sr
concentration, justifying the observed decrease in oxygen diffu-
sivity. As noted earlier, while the oxygen vacancies created due to
Sr2+ doping at La3+ by themselves should enhance the oxide ion
diffusion in the system, the larger ionic radius of the dopant Sr2+

leads to the observed increase in the microscopic migration
barrier, which shall be demonstrated later in this section.

The unanticipated dip in energy profiles, which emerges
variably around 0.6–0.9 Å depending on the composition,
observed in a recent DFT study as well,49 is attributed to the
local distortions of the oxygen sub-lattice, wherein oxygens
temporarily relocate closer to the saddle point at instances
when the adjacent oxygen site is vacant. A vacancy at the
neighboring site results in a temporal imbalance of forces on
an oxide ion due to the repulsion from the oxide ions in the
other direction. However, a further shift is controlled due to the
repulsion of bottleneck cations (detailed in the next sub-
section); thus, an intermediate minimum is established. This
mechanism is established by examining the potential energy
profiles under two possible scenarios (presented in Fig. S3 in
the ESI†): (a) when the neighboring oxygen site is occupied –
the minimum at the intermediate distance vanishes; (b) but
when the neighboring site is vacant – the intermediate mini-
mum is prominently seen.

3.3.4 Cooperative nature of oxide ion hops. As demon-
strated earlier in Fig. 8, oxide ion migration in LaFeO3 occurs

Fig. 7 Left: Site energies of oxide ions at the five different local cationic environments, S0 to S4 (where the indices mark the Sr coordination of the sites),
across the composition range, x = 0.1 to 0.6, from NPT-MD simulations at 1200 K. Right: The corresponding oxygen occupancies in these environments.
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along the edges of the FeO6 octahedra. During the hops, oxygen
passes through a triangular bottleneck, located midway in the
migration path (see illustration in Fig. 10), that is made up of
two La or Sr cations and one Fe-cation, as noted in earlier
studies.47,48,69 Fig. 11 illustrates the instantaneous dimension
(circumradius) of the individual bottlenecks as a function of
the distance of the approaching oxygen, averaged over the
stored MD trajectory at 1200 K. As seen in Fig. 11, the radius
of the bottlenecks (RBN) formed by the framework cations is
sensitive to the distance of the oxide ion (RC–O) from its
circumcentre (marked ‘‘C’’). When an oxide ion approaches

the bottleneck, the short-range repulsion between the oxygen
and cations constituting the bottleneck (which dominates over
the electrostatic attraction between them at shorter distances)
pushes away the cations. This mechanism provides the neces-
sary increase in the cross-sectional area of the bottleneck to
facilitate the ion hops. The present study thus reveals an
interesting dynamic correlation between the framework cations
and the mobile oxygens. It shall be noted that in one of the
recent studies of Li conducting NASICON-type solids, we
observed a similar cooperative mechanism facilitating ion
migration.70 Hence, this behavior could plausibly be operative
across a wide range of superionic solids in varying degrees.

3.3.5 Localization of oxide ions. For a better understanding
of the role of these bottlenecks in the oxide ion transport in

Fig. 9 Microscopic energy profiles of oxide ion diffusion in
La1�xSrxFeO3�x/2, across the compositions x = 0.1 to 0.6, at 1200 K. The
distances are measured from the oxygen lattice site (at x = 0) and shown
up to the transition state (saddle point), at x = 1.5.

Fig. 10 Schematic diagram of oxide ion diffusion from one site to another
through a triangular bottleneck made up of two La/Sr (green) and one Fe
(brown). The black arrow shows the oxygen diffusion path along the edges
of the FeO6 octahedra.

Fig. 8 The diffusion pathways of oxide ions in the rhombohedral unit cell of La1�xSrxFeO3�x/2, for x = 0.3, are demonstrated with the help of three
different oxygen iso-densities (in the order, blue 4 red 4 yellow), from NPT-MD simulations at 1200 K. The ideal X-ray structure, with the FeO6

octahedra (highlighted in light blue color) with the oxygen sites (red balls) and the location of the (La/Sr) cations (green balls), is shown for reference. The
four inter-octahedral channels within the unit cell (visible from this perspective) are marked by dashed cross-wires in black. For the higher density iso-
values, as in panels (a) and (b), the oxide ion densities are largely localized around their lattice sites. At a lower iso-value (c), the development of migration
channels along the edges of the FeO6 octahedra (intra-octahedral path) is seen. However, the density along the inter-octahedral paths remains
disconnected, indicating that inter-octahedral oxygen diffusion is not favorable.
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La1�xSrxFeO3�x/2 solids, we examined the energetics and
dimensions of the three individual types of bottlenecks, namely
(i) La–Fe–La, (ii) La–Fe–Sr and (iii) Sr–Fe–Sr. It is noted that the
dimensions of the bottlenecks (see Fig. S4 in the ESI†) are, by
and large, insensitive to the combination of cations forming
them. However, as shown in Fig. 12, the barriers increase
progressively as La is replaced by Sr. Consequently, the esti-
mated percentage of ion hops across these three individual
bottlenecks (shown in the brackets) reduces as predicted by the
Boltzmann probability. The variation of energy barrier with the
number of Sr ions involved in the triangular bottleneck for-
mation was also observed by Mastrikov et al. in their DFT
study.48 The increase in the energy barrier for the Sr dominant
bottlenecks is attributed to the larger size of the Sr ions
compared to La. This is prompted by the fact that the

dimensions of all three kinds of bottlenecks were very similar;
thus, larger Sr ions reduce the window size available to oxygens
for hops. Thus in La1�xSrxFeO3�x/2 solids with the increase in Sr
content, the number of bottlenecks with Sr corners increases,
thus posing higher barriers for oxide ion migration. For
instance, as the oxygen environment consists of all Sr (S4),
the bottlenecks in all the eight migration channels emerging
from the sites are of Sr–Fe–Sr-type causing large barriers, which
results in the localization of oxide ions over longer periods.
This is further compounded by the lowering of the energies of
oxygen sites having a larger number of Sr neighbors (Fig. 7),
noted earlier in Section 3.3.1. This results in a wider distribu-
tion of the energetics of the sites, causing larger undulations in
the potential energy landscape in the matrix, hampering the
oxide ion transport.59,68 This explains the reduction in oxide
ion conductivity in La1�xSrxFeO3�x/2 with Sr doping.

The sluggish oxide ion mobility in Sr rich environments can
be demonstrated from the timescales of oxygen hop from the
five different oxygen environments (S0 to S4). For this, we exploit
the self-part of the van-Hove correlation function Gs(%r, t), given by

Gsð�r; tÞ ¼
1

N

XN
i¼1

d �r� �riðtÞ � �rið0Þj jð Þ (7)

where %ri(t) is the position vector of the ith particle at time t, N
is the number of oxide ions, and d is the Dirac delta function.
Gs(%r, t) thus describes the probability density that an ion initially
(at t = 0) at its original site is found at a distance r (that is, in a
spherical shell of volume 4pr2dr around the original site) after
time t. Fig. 13 shows the corresponding probability, 4pr2Gs(%r, t),
that an ion is found in a shell of radius r and thickness unity,
after an elapsed time t, in the five different environments for two
different time intervals. As a note in passing, in a recent study,
we have utilized this function to estimate the residence time of
oxygens in yttria doped ceria (YxCe1�xO2�d).

71

Fig. 13 suggests that at short time intervals of 10 ps, only the
first peak is prominent for all five oxygen environments, while
for a larger time interval of 1 ns, the oxide ions start jumping
off from their original site to the nearest sites (at a distance of
B2.7–3.0 Å) leading to the development of second peaks (at the
expense of the first). It can be seen that during the 1 ns, a
significant fraction of the oxide ions jump off from the S0
environments (having no Sr in the neighborhood), as evident
from the height of the second peak. However, as the number of
Sr in the environment increases, this fraction decreases system-
atically, demonstrating that ion hops are becoming sluggish
progressively.

4 Conclusions

A comprehensive investigation of various microscopic aspects
related to oxide ion mobility in Sr doped LaFeO3 (La1�xSrx-
FeO3�x/2, x = 0 to x = 0.6) is carried out employing molecular
dynamics simulations at 1200 K. The structural features of
the rhombohedral phase examined in the present simulation
are in agreement with experimental observations across the

Fig. 11 The circumradius of the bottleneck, RBN, as a function of the
distance, rC–O, of an approaching oxide ion for all the compositions,
averaged over the NPT-MD trajectories at 1200 K. The nested image is
the schematic representation of the triangular bottleneck (black line), and
its circumcircle is centered at ‘‘C’’ and an approaching oxide ion is marked
‘‘O’’. Here, the origin (x = 0) is chosen at the center of the circumcircle
(‘‘C’’) and the nearest oxygen site is around x = 1.5 Å.

Fig. 12 The nature of the microscopic potential energy profiles of the
oxide ions while passing through the three kinds of bottlenecks in
La1�xSrxFeO3�x/2, namely La–Fe–La, La–Fe–Sr and Sr–Fe–Sr, is demon-
strated for x = 0.6. These are averaged over the NPT-MD trajectory at
1200 K. The origin of distance is the nearest oxide ion site. The estimated
percentage of ion hops (based on the counts at the saddle-point) through
the individual bottlenecks is indicated in brackets.
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composition range. The present simulation predicts that the
oxide ion conductivity of the La1�xSrxFeO3�x/2 system drops
with Sr concentration. However, the available experimental
results on the ionic conductivities of these solids from different
groups are rather scattered, both quantitatively as well as
qualitatively, making it hard to make comparisons.

It is noted that the oxide ion diffusion in the system is
through intra-octahedral hops, as opposed to inter-octahedral,
along the edges of the FeO6 octahedra. The microscopic energy
barrier for the oxide ion diffusion along this pathway increases
steadily with Sr doping corroborating the nature of the ionic
conductivity observed. Further insights on the mechanism of
ion transport are derived through analysis of the local oxygen
environments and the bottlenecks along the migration chan-
nels. The individual energy of oxide ions decreases in the Sr-
rich environments favoring higher occupancies of such sites,
resulting in oxygen vacancies populating the La-rich environ-
ments. Thus, as a result of the random doping of Sr at the La
sites, the oxygen vacancies remain positionally disordered in
the La1�xSrxFeO3�x/2 matrix.

Interestingly, we observe a cooperative mechanism wherein the
triangular bottleneck formed by the cations opens up as the
oxygen approaches it for an impending jump. The three kinds
of bottlenecks, due to the different La/Sr combinations forming
the corners of the triangle, are analyzed individually for their
dimensions and energetic barriers. While the dimensions of the
triangular bottlenecks are insensitive to the cations (La/Sr) form-
ing its corners, the bottlenecks start posing substantially higher
energy barriers as La is replaced by Sr. The larger ionic radius of
Sr, as compared to La, results in narrowing of the effective window
size, causing higher barriers for oxide ion migration. The resulting
slowdown of ion hops in Sr-rich environments is explicitly demon-
strated using time correlation functions. Thus doping results in
the localization of oxide ions due to the increase in the fraction of
Sr-rich environments in the matrix, which accounts for relatively
higher oxygen occupancies and poses higher migration barriers.
This explains the slower oxide ion transport in La1�xSrxFeO3�x/2

systems with Sr concentration.

The study highlights that an increase in the effective bottleneck
radius, which involves an intricate interplay between the lattice
parameters and dopant size, could enhance the oxide ion trans-
port. Thus, smaller dopants at A and B sites that do not cause
significant contraction of the lattice need to be explored. Alterna-
tively, the oxide ion transport could possibly be enhanced if the
fraction of Sr-rich environments can be controlled through tailored
synthesis strategies producing uniform distribution of dopants (Sr)
in the matrix. The need for further experimental studies is also
evident from the scatter of the conductivity data in the literature.
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trajectories at 1200 K.

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ar
ch

 2
02

5.
 D

ow
nl

oa
de

d 
on

 1
1/

1/
20

25
 2

:3
8:

19
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cp00131e


7002 |  Phys. Chem. Chem. Phys., 2025, 27, 6994–7003 This journal is © the Owner Societies 2025

2 N. Q. Minh, J. Am. Ceram. Soc., 1993, 76, 563–588.
3 S. C. Singhal, Solid State Ionics, 2000, 135, 305–313.
4 R. M. Ormerod, Chem. Soc. Rev., 2003, 32, 17–28.
5 N. Mahato, A. Banerjee, A. Gupta, S. Omar and K. Balani,

Prog. Mater. Sci., 2015, 72, 141–337.
6 P. Singh and N. Q. Minh, Int. J. Appl. Ceram. Technol., 2004,

1, 5–15.
7 D. J. Brett, A. Atkinson, N. P. Brandon and S. J. Skinner,

Chem. Soc. Rev., 2008, 37, 1568–1578.
8 L. Malavasi, C. A. Fisher and M. S. Islam, Chem. Soc. Rev.,

2010, 39, 4370–4387.
9 S. M. Haile, Acta Mater., 2003, 51, 5981–6000.

10 T. Elmer, M. Worall, S. Wu and S. B. Riffat, Renewable
Sustainable Energy Rev., 2015, 42, 913–931.

11 J. Savioli and G. W. Watson, Curr. Opin. Electrochem., 2020,
21, 14–21.

12 S. B. Adler, Chem. Rev., 2004, 104, 4791–4844.
13 C. Sun, R. Hui and J. Roller, J. Solid State Electrochem., 2010,

14, 1125–1144.
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