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Interstitialcy diffusion of oxygen in tetragonal La2CoO4+d
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We report on the mechanism and energy barrier for oxygen diffusion in tetragonal La2CoO4+d.

The first principles-based calculations in the Density Functional Theory (DFT) formalism were

performed to precisely describe the dominant migration paths for the interstitial oxygen atom in

La2CoO4+d. Atomistic simulations using molecular dynamics (MD) were performed to quantify

the temperature dependent collective diffusivity, and to enable a comparison of the diffusion

barriers found from the force field-based simulations to those obtained from the first principles-

based calculations. Both techniques consistently predict that oxygen migrates dominantly via an

interstitialcy mechanism. The single interstitialcy migration path involves the removal of an apical

lattice oxygen atom out from the LaO-plane and placing it into the nearest available interstitial

site, whilst the original interstitial replaces the displaced apical oxygen on the LaO-plane.

The facile migration of the interstitial oxygen in this path is enabled by the cooperative

titling–untilting of the CoO6 octahedron. DFT calculations indicate that this process has an

activation energy significantly lower than that of the direct interstitial site exchange mechanism.

For 800–1000 K, the MD diffusivities are consistent with the available experimental data within

one order of magnitude. The DFT- and the MD-predictions suggest that the diffusion barrier

for the interstitialcy mechanism is within 0.31–0.80 eV. The identified migration path, activation

energies and diffusivities, and the associated uncertainties are discussed in the context of the

previous experimental and theoretical results from the related Ruddlesden–Popper structures.

Introduction

Solid oxide fuel cells (SOFC) operating efficiently at the inter-

mediate temperature range (500–700 1C)1 are of technological

importance. These temperatures, however, present difficulties for

the electrochemical efficiency of traditional ceramic cathodes

because of the high activation energies in their catalytic activity.2

Among the perovskite-related materials, the Ruddlesden–Popper

(RP) series of layered oxides (formula An+1BnO3n+1) are con-

sidered to be promising for the next generation of intermediate

temperature SOFCs (IT-SOFCs). RP phases were shown to

possess appropriate electrochemical, electrical and catalytic

properties combined with thermal and mechanical stability.3,4

Additionally, the first members of the RP series with n = 1,

A2BO4, that exhibit the K2NiF4 structure are also being con-

sidered for oxygen sensors and oxygen separation membranes.5–17

These materials have been extensively investigated since

the observation of high-temperature superconductivity in

La2�xBaxCuO4.
18 An interesting and recent example of a

composite SOFC cathode has been the work of Sase et al.,19

which demonstrated higher transport and an oxygen exchange

rate that was higher by three orders of magnitude at the interface

of the perovskite (La,Sr)CoO3 and the RP phase (La,Sr)2CoO4.

La2NiO4, the first member of the RP family to be used

as an SOFC cathode, was demonstrated to have fast oxygen

transport over a wide temperature range, indicating that it is

an important candidate cathode material.6,10 For La2NiO4,

previous experimental studies determined activation energies

for oxygen diffusion in the range of 0.19 eV (for epitaxial thin

films) to 0.90 eV (for single crystals).10,15,17 Interestingly, a

number of diffusion mechanisms were proposed for the oxygen

transport in this material.6,10,15 A summary of these results is

given in Table 1. In this table the calculated activation energies

are strictly the activation energies of the migration process.

The most recent MD and experimental diffusion studies

identified the oxygen interstitialcy mechanism of diffusion along

the ab plane of the RP phase La2NiO4 as being dominant, with

an activation energy of around 0.5 eV.17,20 Beyond the material

structure considered here, the interstitialcy mechanism was

found to govern the oxygen diffusion in broader classes of

oxides, for example MgO.21,22

Substitution of the A- and/or B-site by other cations can

further improve the electronic and ionic conductivity of
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La2NiO4 related structures.12,23 Typically, La is substituted

with Sr, and Ni with Co.12,24 Isotopic exchange measurements

of Co-doped La2NiO4+d determined a significant enhancement

of the low-temperature (450–600 1C) ionic conductivity.25

Atomistic simulations by Naumovich and Kharton23 predicted

that the substitution of Ni2+ with higher valence cations such

as Fe3+ or Co3+ leads to increased oxygen interstitial con-

centration but is accompanied by a reduction in the diffusivity

of the oxygen ions. Previous MD calculations in Pr2NiO4+d

predicted that increases in the oxygen hyperstoichiometry can

lead to a ‘‘stiffening’’ of the lattice and an increase of the

migration energy barriers for oxygen interstitials.26 While both

the oxygen hyperstoichiometry and the higher valence B-site

cations consistently imply a reduction in the oxygen diffusivity,

the effect of both factors has yet to be systematically studied on

the diffusion of oxygen in A2BO4 materials. In the present

study, using computational methods at two different scales, we

assess a new model system, the tetragonal La2CoO4+d, where

the Ni of La2NiO4+d is replaced with the higher valency Co.

While there is a number of key theoretical reports on the bulk

and surface structural nature of the LaCoO3 system,27,28 to our

knowledge this is the first report on the first principles-based

and atomistic scale investigation for La2CoO4+d. Therefore,

our investigation benefits from the cross-validation of the

results between multiple simulation scales, and further com-

parison to the available experimental data is essential. We also

compare the simulated oxygen migration paths, and the

calculated energy barriers, and diffusivities in La2CoO4+d with

previous results for La2NiO4+d and related materials.

Computational methods

The computational approach integrates the use of DFT and

MD calculations for a self-consistent validation of the results.

The first principles-based calculations in the DFT formalism

were performed to identify the precise mechanism and the

energy barrier for the oxygen transport in La2CoO4+d. The

atomistic simulations using MD were performed to quantify

the diffusivity, and to enable a comparison of the diffusion

barriers found from the force-field based simulations to those

obtained from first-principles based calculations. Our

calculated activation energies both from the DFT and from

the MD simulations are strictly the activation energies of the

migration process. The ‘‘effective diffusion barrier’’ depends

both on the interstitial ‘‘migration’’ barrier and the interstitial

‘‘formation’’ energy in a coupled manner. The formation

energy and chemical potential drive the changes in the con-

centration of interstitials, effectively changing the diffusivity.

Here, we fixed the oxygen stoichiometry in both the DFT

and the MD calculations, and assessed only the migration

barrier in both. Therefore, our calculations are self-consistent

among each other in terms of the oxygen stoichiometry.

For the dilute oxygen interstitial concentrations considered

here, we assume that the interstitials do not interact con-

siderably with each other, and thus, the calculated migration

barrier closely represents the governing diffusion barrier.

We expect that small deviations in d from the value con-

sidered here will not change the calculated activation energies

significantly.

Density functional theory calculations

Density functional theory formalism as implemented in the

Vienna Ab initio Simulation Package (VASP)29,30 was used to

identify the ground state configurations and energies with and

without the oxygen interstitial defects in the La2CoO4 model.

To avoid the self-interaction errors that occur in the traditional

DFT for strongly correlated electronic systems, we employed

the DFT+U method accounting for the on-site Coulomb

interaction in the localized d or f orbitals.31,32 An effective

correction parameter, namely U-J, for the La2CoO4 structure

in DFT calculations is not found in literature. Therefore, we

have selected a range of U-J correction parameters that

are reported for the LaCoO3, assuming similar electronic

structures of Co in both the perovskite and the RP phases.

This selected range of U-J parameters also allows us to assess

the sensitivity of the diffusion barrier energies to the effective

correction parameter value in the DFT calculations. A lower

limit of U-J = 3.3 eV was chosen, as determined in ref. 33 and

34 by fitting the enthalpies of oxidation reactions. An upper

limit of U-J = 5.85 eV was chosen, as determined in ref. 35 to

represent an intermediate spin state of Co. The ionic cores

were represented with the projector-augmented wave

(PAW).36,37 The exchange-correlation energy was evaluated

by the generalized gradient approximation (GGA) using the

Perdew–Burke–Ernzerhof (PBE) function.38 An energy cut off

of 400 eV was chosen for expanding the wave functions. The

G point in the Brillouin zone was selected in the calculations. A

2 � 2 � 1 unit cell with 16 La, 8 Co, and 32 O atoms was used.

11 valence electrons for La (5s25p66s25d1), 9 for Co (3d84s1)

and 6 for O (2s22p4) were considered as input in the energy-

minimization calculations by VASP. The lattice parameters

for the fully relaxed La2CoO4 model were 3.89 Å (a,b) and

Table 1 Activation energies of oxygen self-diffusion in A2BO4+d

Material Ea/eV Methodology Comment Reference

La2CoO4+d 0.12 Experimental 25
La2CoO4+d 1.27–1.39 DFT Interstitial mechanism Present study
La2CoO4+d 0.73–0.80 DFT Interstitialcy mechanism Present study
La2CoO4+d 0.31 MD Interstitialcy mechanism Present study
Pr2NiO4+d 0.49–0.64 MD Interstitialcy mechanism 26
La2NiO4+d 0.51 MD Interstitialcy mechanism 17
La2NiO4+d 1.2 DFT Interstitial mechanism 11
La2NiO4+d 0.19 Experimental Epitaxial thin film 15
La2NiO4+d 0.54 Experimental Polycrystal, TOF-SIMS 20
La2NiO4+d 0.88 Experimental Single crystal, a–b plane 10
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12.4 Å (c), which agree with the experimentally measured

values.12 To introduce the oxygen interstitial, one oxygen

atom was inserted into the position A in the La2O2 layers of

the relaxed La2CoO4 cell configuration, as indicated in Fig. 1.

The initial configuration for the interstitial oxygen migration

was established by relaxing the atomic configuration, while

fixing the cell parameters. We calculated the interstitial oxygen

formation energy for this system to be �5.13 eV; that is, very

strongly favoring the uptake of oxygen interstitial. To find the

minimum energy path, the configuration at the saddle point,

and the energy barrier in the diffusion of the interstitial

oxygen, we used the climbing image Nudged Elastic Band

(NEB) method39 as encoded in VASP. To identify the dominant

diffusion mechanism for the interstitial oxygen, we assessed

two possible migration pathways starting with this initial configu-

ration, as schematically shown in Fig. 1: (I) the oxygen interstitial

at site A directly hops to the adjacent interstitial site A0. (II) The

O interstitial at site A kicks the O atom at site B out from the LaO

plane, placing it to the next interstitial site C, while itself moving

to site B on the LaO plane. These two pathways correspond to the

so-called interstitialmigration (path I) and interstitialcymigration

(path II) mechanisms, respectively.

Molecular dynamics simulations

In the MD framework Newton’s equations of motion for an

ensemble of particles are solved iteratively. These particles

interact via potential energy functions, within the classical

Born-like description of the ionic crystal lattice.40 Ionic inter-

actions are described by a long-range Coulombic potential

(summed using Ewald’s method)41 and a short-range para-

meterized Buckingham pair potential.42 The Buckingham pair

potential is summed to the cut-off value of 10.5 Å, beyond

which the influence of the potential is considered negligible.

The lattice energy is given by,

EL ¼
X
j4i

X qiqj
4pe0rij

þ Aij exp
�rij
rij

 !
� Cij

r6ij

 !" #
ð1Þ

where rij is the interionic separation between ions i and j, qi is

the charge of ion i, Aij, rij and Cij are the short-range

parameters of the Buckingham pair potential (see Table 2)

and e0 is the permittivity of free space. The short-range

parameters used here were reported in previous studies,7,43,44

and their efficacy has been established for a number of

complex oxide materials.45–50

Here we base the simulations on the high temperature

tetragonal structure of La2CoO4+d determined by Skinner

and Amow.12 The periodic crystal lattice is constructed from a

supercell of 10 � 10 � 4 unit cells consisting of around 5600 ions

tessellated throughout space with the use of periodic boundary

conditions as defined by the crystallographic lattice vectors.

For the integration of Newton’s equations of motion we

employed the velocity Verlet algorithm.51 Ions were assigned a

Gaussian distribution of velocities and with iterative velocity

scaling, a stable temperature was obtained. The subsequent

production runs that were used in the analysis were monitored

after the system was equilibrated for 5000 time steps (B5 ps).

For efficient sampling of the dynamic behaviour we used the

variable time step option as incorporated in the DLPOLY

code.52,53 250 000 time steps, with each time step of the order

of 1 fs, were used to investigate oxygen diffusion in the

temperature range 700–1500 K. The constant pressure

(NPT) ensemble was applied to predict the equilibrium lattice

parameters and the constant volume (NVT) ensemble to

predict the diffusion properties with the volume of the cell

set to the equilibrium value for the given temperature. Oxygen

interstitial atoms were introduced randomly at the available

interstitial sites within the cell. The extended equilibration

period of 5000 time steps in the NPT ensemble and 5000 times

steps in the NVT ensemble (total equilibration period of about

B10 ps) is sufficient for the ions to reach quasi-equilibrium

distributions. The Nosé–Hoover thermostat was used for

corrections to the temperature and the pressure.54,55

Fig. 1 (a) Relaxed configuration of the La2CoO4+d model. Circled region shows the interstitial O atom. (b) Migration paths considered in the

simulation: (I) O interstitial at site A directly hops to the adjacent interstitial site A0. This is the interstitial migration mechanism. (II) O interstitial

at site A kicks the O atom at site B out from LaO plane placing it to the next interstitial site C, and placing itself to site B on the LaO plane. This is

the interstitialcy migration mechanism. The white oxygen interstitial positions A, A0 and C are out of the LaO-plane displayed by the grey La

atoms and red O atoms.

Table 2 Buckingham interionic potential parameters (see eqn (1))

Interaction Aij/eV rij/Å Cij/eVÅ
6 Reference

O2�–O2� 9547.96 0.2192 32.00 43
La3+–O2� 2119.79 0.3459 23.25 7
Co3+–O2� 1226.32 0.3087 0.00 44
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Ionic diffusion is predicted by tracking the mean square

displacement (MSD) of ions as a function of time for a range

of temperatures. Adequate statistical sampling was ensured by

implementing simulation times of 300 ps. At time t the MSD

of an ion i at a position ri(t) at time t with respect to its initial

position ri(0) is,

hr2i ðtÞi ¼
1

N

XN
i¼1
½riðtÞ � rið0Þ�2 ð2Þ

where N is the total number of ions in the system.

The diffusion coefficient, D, is calculated directly from the

slopes of MSD in a range of temperatures (here 800–1100 K)

by using56

h|ri(t) � ri(0)|
2i = 6 Dt + B (3)

where |ri(t) � ri(0)| is the displacement of an oxygen ion from

its initial position and B is an atomic displacement parameter

attributed to thermal vibrations.

Results and discussion

In this section, we first identify the dominant migration path

by contrasting the energy barriers and charge distributions

governing the interstitial and interstitialcy migration mecha-

nisms for the oxygen, described as the paths I and II in Fig. 1.

Then, the MD simulation results are introduced. We assess

the collective nature of the oxygen diffusion represented by

the temperature dependent MD simulations, and compare

this to the first principles-based evaluation of the dominant

diffusion paths.

Oxygen migration mechanism and energy barriers

Fig. 2(a) shows the relative energy and the energy barriers EI
B

and EII
B for oxygen diffusion via the interstitial and intersti-

tialcy mechanisms, respectively, calculated using the NEB

method. Reaction coordinates in Fig. 2(a) correspond to

the paths described in Fig. 1 for both paths. The oxygen

interstitial migration (path I) is associated with a 1.27–1.39 eV

barrier, while the interstitialcy migration (path II) results in a

0.73–0.80 eV barrier, for the selected U-J values ranging from

3.3 to 5.85 eV. The relative ease of the indirect interstitialcy

migration mechanism compared to the direct interstitial

migration in the La2CoO4+d system is consistent with neutron

diffraction14 and MD17 results probing the oxygen mass

distribution in other K2NiF4 type structures. Here, we explain

the reason behind the relatively lower energy barrier of this

migration path. First, we highlight the cooperative motion of

the polyhedra surrounding the interstitial during its migration.

The atomic structures along the interstitialcy migration

(path II), at the initial (0), intermediate (1), and saddle (2)

points are shown in Fig. 2(b). We note that the initial static

structure of the La2CoO4+d consists of the CoO6 polyhedra

that are tilted with their apical oxygen atoms away from the

interstitial oxygen. This picture is consistent with the structural

disorder identified in La2CoO4+d by neutron and X-ray

diffraction.57 To accommodate the interstitialcy migration,

from the initial to the saddle state, the CoO6 octahedra

cooperatively move from a tilted to an almost untilted

configuration. The tilt angle decreases as the structure evolves

towards the saddle point. At the saddle point, the octahedra

shows only a slight opposite tilt compared to that at the initial

state. The result indicates that the cooperative lattice dynamics

around the interstitial oxygen atom assists the interstitialcy

migration, enabling a more facile transport path. Second, we

turn our attention to the charge density distributions along

each path that the oxygen passes through. The higher the

charge density along the path, the more difficult it is for the

oxygen to pass through. Fig. 3 shows the charge density

distribution in the vicinity of the migrating oxygen, marked

as A, at the initial and saddle points of the migration,

displayed on the xy plane and the x = y plane for path I,

and on the xz plane for path II. For path I, the direct

interstitial migration, the oxygen A passes through a narrow

Fig. 2 (a) The relative energy of the system along the oxygen

diffusion paths via the interstitial and interstitialcy mechanisms, paths

I and II in Fig. 1, respectively, calculated using the NEB method for

the two selected U-J values. U-J = 5.85 eV for solid lines and filled

symbols; U-J = 3.3 eV for dashed lines and open symbols. The

calculated migration energy barriers, EI
B and EII

B, range as 1.27–1.39 eV

and 0.73–0.80 eV for these U-J values. (b) Atomic structure along the

interstitialcy migration (path II), at the initial, intermediate, and

saddle points (reaction coordinates 0, 1, and 2 in (a)). A: interstitialcy

oxygen atom, B: oxygen atom on the LaO plane. The CoO6 octahedra

(shown in green) cooperatively moves from a tilted to an untilted

configuration to accommodate the interstitialcy migration. The solid

line in the figure connects the top and bottom oxygen atoms in the

CoO6 octahedra, indicating the extent of tilt with respect to the

reference dashed line drawn along z axis.
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space between the two La cations, D and E, located just above

and below the migration plane, forcing open the distance

between these cations from 3.78 Å at the initial to 4.23 Å at

the saddle configuration. Conversely, path II allows the

oxygen A to go through a larger available opening with lower

charge density, and this is enabled by the cooperative motion

of the oxygen B as oxygen A approaches the lattice site B.

Here, the atoms A and B ‘‘rotate’’ around the neighbouring La

cation (as also implied in Fig. 2(b)), and the path does not

involve the passing of either of the oxygen atoms through a

narrow space with high density of electronic charge arising

from the La cations. The relatively lower density of electronic

charge without a narrow constriction by the La cations along

the interstitialcy path and the lattice oxygen B leaving its

site and moving towards an interstitial site at the saddle

point renders this mechanism energetically more favourable.

Lastly, we note that the diffusion barriers found from the

DFT+U-NEB calculations are not very sensitive to the

effective U-J parameter; a variation within 10% in the

calculated barriers from U-J = 3.3 eV to 5.85 eV.

The charge state of the interstitial oxygen at its equilibrium

initial and saddle states can affect the migration path and the

barrier. We analyzed the Bader effective charge of the lattice

oxygen and the interstitial oxygen in the relaxed La2CoO4+d

model. While a neutral oxygen atom (to maintain total

neutrality of the model) is inserted as part of the model set

up procedure, the DFT energy-minimization calculations

relaxes the electrons to their equilibrium distribution at the

ground state, and leaves behind a net charged interstitial

oxygen. The resulting Bader effective charges of the interstitial

oxygen in both path I and II are summarized in Table 3. The

Bader charge of the apical lattice oxygen at the initial state is

�1.34 and for the saddle point is �1.33, for both path I and II.

For the interstitial oxygen, it is �1.26 at the initial equilibrium

state, and �1.23 (path I) and �1.25 (path II) at saddle point.

The interstitial oxygen is only slightly less charged than the

apical oxygen whose formal charge is �2, as O2�. However,

the difference is not large enough to call the interstitial oxygen

charge as �1. Therefore, we think that the interstitial oxygen

in La2CoO4+d should also be formally (almost) �2, as O2�.

Furthermore, the charge is almost the same at the initial

Fig. 3 The charge density distribution in the vicinity of the migrating

oxygen, marked as A, at the initial and saddle points of the migration

paths, displayed on the xy plane and the x = y plane for path I

(the interstitial), and the xz plane for path II (the interstitialcy). The

middle panel for path I is on the x = y plane, indicated as the dashed

line into the page on the upper panel of xy plane. The solid line on the

x = y plane is the xy plane aligned with the migrating oxygen. Large

gray spheres are La and small red spheres are O ions. The migrating

interstitial oxygen is marked as A, the bridging La cations along path I

are D and E, the lattice oxygen on the LaO plane is marked as B.

Table 3 Bader effective charge of the apical lattice oxygen and the
interstitial oxygen at the equilibrium and saddle points of migration
paths I and II in La2CoO4+d

Path I
(direct interstitial)

Path II
(interstitialcy)

Lattice oxygen on the
LaO plane at the initial
equilibrium state

�1.34 �1.34

Lattice oxygen on the LaO
plane at the saddle state

�1.33 �1.33

Interstitial oxygen at the initial
equilibrium state

�1.26 �1.26

Interstitial oxygen at the
saddle state

�1.23 �1.25

Fig. 4 The isosurface connecting the oxygen conduction sites in

La2CoO4.125 from MD calculations at T = 1500 K. The crystal

structure of La2CoO4+d (O ions in red, CoO6 octahedra in green

and La ions in blue) is also presented with the characteristic tilting of

the CoO6 octahedra caused by the introduction of the oxygen

interstitial.
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equilibrium and the saddle points, and this suggests that no

charge transfer takes place along the migration path. This

result in La2CoO4+d is consistent with Frayret et al.’s11 report

for the charge state of the interstitial oxygen in La2NiO4+d.

Temperature dependent collective oxygen diffusion

The present MD calculations support the DFT calculations in

the assignment of the interstitialcy mechanism as the dominant

mechanism for oxygen diffusion in La2CoO4+d. Fig. 4 is a

predicted oxygen density profile of the interstitialcy mecha-

nism of diffusion in the a–b plane in La2CoO4+d at 1500 K.

Essentially, the oxygen interstitial displaces an apical oxygen

ion from the CoO6 octahedron on the LaO-plane, which then

progresses to an adjacent oxygen interstitial site. We observe

that the equatorial oxygen site also has a strongly anisotropic

thermal ellipsoid. This is similar to the one observed experi-

mentally by Skinner9 and MD calculations17 in La2NiO4+d,

MD calculations in Pr2NiO4+d,
26 and the maximum entropy

method results of Yashima et al.14 for related oxides. The

oxygen density of the apical oxygen is consistent with the DFT

findings of octahedral tilting during the migration of the

interstitial, shown on the LHS of Fig. 2 and 4.

Within the temperature range considered here, 700–1500 K,

the lanthanum and cobalt cations oscillate around their

equilibrium positions, whereas oxygen ions demonstrate an

increased MSD with time. This is consistent with previous

studies in perovskite-related oxides, in which it was determined

that cation diffusion coefficients are orders of magnitude lower

than oxygen diffusion coefficients.58

Fig. 5 is an Arrhenius plot of the calculated oxygen

diffusivities of La2CoO4.12 as compared with previous

experimental results.25 We used two MD approaches to

calculate the diffusivities. In the first approach the unit cell

parameters were calculated using an NPT equilibration before

the production runs in the NVT ensemble (inverse triangles in

Fig. 5). In the first approach we found an activation energy for

oxygen diffusion of 0.31 eV effectively within 0.2 eV of the

experimental value (0.12 eV, ref. 25), however, the calculated

diffusivities (inverse triangles in Fig. 5) are significantly

lower compared to the experimentally determined values of

Munnings et al.25 (black triangles in Fig. 5). In this approach

to facilitate the oxygen transport and correlated octahedral

movement,

the cells expanded especially at high temperatures, where

the oxygen diffusion is more pronounced. In experiment

La2CoO4+d is not stable in air above B950 K as noted by

Munnings et al.,25 however, in the MD calculations the

interatomic potentials rendered the tetragonal structure stable,

even at 1500 K, although the structure might be approaching

instability with weaker bonds in the MD simulations. Given

the close correspondence of the energy barrier results of these

interatomic potential models with the experimental studies

regarding related compounds (Fig. 5, Table 1 and references

therein, see below), our results suggest that oxygen transport

in La2CoO4+d is significant as it is in most other materials with

the K2NiF4 structure. The second approach corresponds to

calculations in the NVT ensemble, where the unit cell para-

meters were equal to the ones predicted by DFT. These results

effectively represent the situation where La2CoO4+d is con-

strained at a constant volume independent of the temperature.

In Fig. 5 these NVT-predicted diffusivities (white triangles) are

at the same order of magnitude and slightly underestimate

the experimental results of Munnings et al.25 (black triangles

in Fig. 5) and the previous MD17 and experimental20 results

for La2NiO4+d. Interestingly, in this second approach the

activation energy for oxygen diffusion is calculated to be

0.23 eV and is effectively equivalent to the experimental value

(0.12 eV, ref. 25).

Comparison with experiment and related materials

Here, we discuss our results in the context of prior measure-

ments and simulations, and consider the consistencies and the

uncertainties in the experimental reports on La2CoO4+d as

well as in our simulation methods. We have previously shown

that the MD calculations are in excellent agreement with

experiments in the case of La2NiO4+d.
17,20 In Fig. 5 we

compare the MD predictions of diffusivity to the experimental

results for La2CoO4+d and La2NiO4+d. For La2NiO4+d the

calculated diffusivities are of the same order of magnitude with

respect to the experimental data of Sayers et al.20 (Fig. 5).

Additionally, the calculated activation energy for oxygen

diffusion in La2NiO4+d (0.51 eV, ref. 17) is in excellent

agreement with the determined activation energy (0.54 eV,

ref. 20). In Fig. 5 we compare with the study of Sayers et al.20

not only because it is the most recent experimental work on

La2NiO4+d but also because it is the most advanced diffusion

study on La2NiO4+d with the concentration-depth profiles

being determined by both an AtomiKa SIMS instrument

and the state of the art ToF-SIMS instrument.20 Notably,

Fig. 5 Arrhenius plot of the calculated oxygen diffusivity in the a–b

plane of La2CoO4+d as compared to previous experimental evidence

for La2CoO4+d (ref. 25). For comparison the MD and experimental

results for La2NiO4+d.
17,20 are also presented. The inverse triangles

correspond to MD calculations for La2CoO4+d where the unit cell

parameters were calculated using an NPT equilibration before the

production runs in the NVT ensemble. The white triangles correspond

to NVT ensemble calculations where the unit cell parameters were

equal to the ones predicted by DFT. The d value for all the MD

calculation is approximately 0.12.
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however, as discussed previously the calculated diffusivities are

also consistent with most previous experimental studies on

La2NiO4+d (ref. 17 and references therein).

To facilitate further comparison of our results on

La2CoO4+d with related materials, we report in Table 1 the

activation energies of oxygen self-diffusion in A2BO4+d. The

predicted (MD and DFT) interstitialcy mechanism for

diffusion in the a–b plane of La2CoO4+d is analogous to the

MD derived mechanism for La2NiO4+d and Pr2NiO4+d.
17,26

The activation energy of La2CoO4+d calculated by MD, is in

reasonable agreement with experiment but significantly lower

compared to the present DFT calculations. Regarding the

interstitial mechanism (path I) the activation energy of

1.27–1.39 eV calculated here for La2CoO4+d is essentially

identical to the activation energy of 1.2 eV predicted by

Frayret et al.11 using DFT for La2NiO4+d (see Table 1).

In the experimental results for La2CoO4+d the possible role

of extended defects, such as dislocations and grain boundaries,

as faster transport pathways is unclear, however the diffusion

data reported in the literature25 is consistent with bulk oxygen

diffusion. One of the main problems with the experimental

data is that, as noted by the authors, the stoichiometry of the

materials is changing with temperature and that this could

lead to an erroneous assignment of the migration enthalpy,

rendering the measured 0.12 eV debatable. Even the migration

mechanism details may change with stoichiometry due

to possible interactions among the interstitial defects, for

example the interstitial ordering as reported by Le Toquin

et al.57 This experimental uncertainty related to the tempera-

ture dependent stoichiometry is true of many of the measure-

ments of these perovskite and perovskite related materials

however this could be particularly exacerbated by the relative

instability of this material at high temperatures and high

oxygen pressures. As noted before, here we fixed the oxygen

stoichiometry in both the DFT and the MD calculations, and

assessed only the migration barrier in both. Therefore, our

calculations are self-consistent among each other in terms of

the oxygen stoichiometry. Our results do not explicitly take

into account the temperature dependent changes in oxygen

interstitial fraction which would alter the diffusivity and the

effective diffusion barrier. However, for the dilute interstitial

fraction considered here, we expect that the calculated migra-

tion barrier closely represents the governing diffusion barrier.

In addition to the uncertainties in the experimental reports,

there are a number of important simulation details which add

to the uncertainties in our quantitative estimates. The simple

interatomic interactions used in the MD calculations cannot

simulate the Co spin, and the accurate electronic state

explicitly. Furthermore, the MD simulation temperatures

above the experimental stability temperature range of the

La2CoO4+d might lead to a relatively lower activation barrier

(0.31 eV) than the true barrier at the given stoichiometry. The

Co spin state representation is possible and important, on the

other hand nontrivial in the DFT. While there are several

reports regarding this for LaCoO3, there is scarce information

for La2CoO4. The U-correction term taking into consideration

the self-interaction errors can sensitively influence the spin

state of the Co and the resulting energetics. In the present

study we adopted the U-J effective correction term from

published results on LaCoO3, however, the DFT-calculated

barriers were within 10% of each other within a relative large

range of U-J from 3.3 eV to 5.85 eV, rendering the results less

sensitive to this parameter. Probably, the most important

uncertainty in the DFT calculations is the size of the simula-

tion cell. Due to the computational expense of the problem, we

worked with a relatively small unit cell size of 2 � 2 � 1, with

56 lattice atoms, and 1 interstitial oxygen atom. Although the

NEB seeks to trace the minimum energy migration energy

path, the relative relaxation of the unit cell, and the interaction

between the interstitial defects in image cells depend on the

unit cell size. Even though the tilt distortion of the CoO6

octahedra at the initial state is adequately accounted for in the

DFT structure (Fig. 2(b) LHS vs. Fig. 4, LHS), the smaller the

unit cell size, the more constrained the relaxation is during the

migration in the NEB runs, and thus, this DFT cell size may

lead to a relatively larger diffusion barrier (0.73–0.80 eV)

compared to its true value at the chosen stoichiometry. Lastly,

the charge state of the interstitial oxygen in the MD and DFT

treatments could have led to a discrepancy. However, there is a

consistency between the MD input charge and the DFT

estimated charge, given that the Bader charge calculations

(Table 1) suggest 2� for the interstitial oxygen’s charge.

Therefore, the difference in the charge state of the interstitial

oxygen cannot be the reason for the difference in the MD- and

DFT-predicted migration energies.

Finally, while we consider the uncertainties in the experi-

ments and in the simulations as discussed above, we believe

that they do not affect the mechanistic results that we found

consistently from the MD and DFT calculations, but rather

affect the quantitative results. In light of these observations,

we conclude that the oxygen diffusion in La2CoO4+d is

certainly governed by the interstitialcy mechanism, and is

associated with an energy barrier between 0.31 eV to 0.80 eV.

Conclusions

In the present study we used DFT and MD techniques to

predict the mechanism and energetics of oxygen transport in

tetragonal La2CoO4+d. Importantly, both techniques are

consistent in identifying the interstitialcy mechanism of

oxygen diffusion. This involves the cooperative motion of

the CoO6 octahedra surrounding the oxygen interstitial along

its migration, enabling a facile interstitialcy transport path.

However, the predicted activation energies by DFT and MD

differ from each other, and this can be attributed to the

different structural and electronic assumptions applied. Our

results can motivate additional diffusion experiments on

single crystal structures with well-controlled stoichiometries

to further clarify the energetics of oxygen transport in

La2CoO4+d as a potentially important fast oxygen conductor

at reduced temperatures.
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