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Molecular dynamics simulations, used in conjunction with a set of Born model potentials, have been

employed to study oxygen transport in tetragonal La2NiO4+d. We predict an interstitialcy mechanism

with an activation energy of migration of 0.51 eV in the temperature range 800–1100 K. The

simulations are consistent with the most recent experiments. The prevalence of oxygen diffusion in the

a–b plane accounts for the anisotropy observed in measurements of diffusivity in tetragonal La2NiO4+d.

Introduction

A number of oxides are presently being investigated for solid-

oxide fuel cell (SOFC) electrode applications. These materials

must have improved performance at lower temperatures and

resistance to degradation during operation. In this regard,

perovskite-related materials such as the Ruddlesten-Popper (RP)

series of layered oxides (formula An+1BnO3n+1) are important

candidate materials for the next generation of SOFCs because of

their electrochemical, electrical and catalytic properties in

synergy with their thermal and mechanical stability. In partic-

ular, La2NiO4 and related materials with the K2NiF4 structure

(A2BO4 or the first members of the RP series) are considered for

oxygen sensors, oxygen separation membranes and as cathodes

for intermediate temperature SOFCs (ITSOFCs).1–12 These

materials exhibit an oxygen hyperstoichiometry that significantly

influences the oxygen transport (see for example ref. 3 and

references therein). Interestingly, previous experimental studies

report a wide range of determined activation energies, from

0.19 eV to 0.90 eV and the mechanism of diffusion is not well

defined.2,5,13 This range includes both studies of total diffusion

and a–b plane and c direction partial diffusions measured for

single crystals and/or thin films.

The knowledge of the crystal structure, stoichiometry and the

effect of different A and B atoms are important in the study of

diffusion mechanisms.10,14 Oxides possessing the K2NiF4 struc-

ture have been extensively investigated since the observation of

high-temperature superconductivity in La2�xBaxCuO4 by Bed-

norz and M€uller.15 La2NiO4 exhibits various structural poly-

morphs that are dependent on temperature and subtle changes in

stoichiometry; the effect of the cooperative tilting of the NiO6

octahedra has also been previously studied.6,11,16–19 Skinner11

determined with the use of in situ high temperature neutron

powder diffraction that La2NiO4 exhibits the tetragonal

symmetry (space group I4/mmm) above 423 K and up to at least

1073 K. At room temperature La2NiO4 exhibits the ortho-

rhombic symmetry (space group Cmca).20

Atomistic simulation techniques provide detailed information

concerning the diffusion mechanisms of materials.21–25 The aim

of the present study is to predict the oxygen diffusion mechanism

and activation energy of migration in tetragonal La2NiO4+d

using molecular dynamics (MD). The results are discussed in

view of recent experimental evidence.

Methods

MD simulations are the iterative solution of Newton’s equations

of motion for an ensemble of particles that interact through

potential energy functions. The classical Born-like description

of the ionic crystal lattice is used.26 The interactions between ions

i and j are described by a long-range Coulombic (summed using

Ewald’s method27) and a short-range parameterized Buckingham

pair potential.28 The Buckingham pair potential is summed to the

cut-off value of 10.5 �A, beyond which the influence of the

potential is considered negligable. The lattice energy is given by,

EL ¼
X
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qiqj

4p30rij
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�rij

rij

�
�
 

Cij

rij
6

!#
(1)

where rij is the interionic separation, qi is the charge of ion i, Aij,

rij and Cij are the short-range parameters of the Buckingham pair

potential (see Table 1) and 30 is the permittivity of free space. The

short-range parameters used here were reported in previous

studies,3,29 and their efficacy has been established for La2NiO4

(see ref. 3 and 7) and other oxide materials.30–32

The present simulations are based on the high temperature

tetragonal structure of La2NiO4+d determined by Skinner.11 The

periodic crystal lattice is constructed from a supercell of 10 � 10

� 4 unit cells (containing 5600 ions) tessellated throughout space

through the use of periodic boundary conditions as defined by

the crystallographic lattice vectors. Thermogravimetric analysis

of La2NiO4+d (ref. 33–35) has revealed a number of oxygen

hyperstoichiometries that were dependent upon the thermal

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

Interaction Aij/eV rij/�A Cij/eV �A6 Reference

O2�–O2� 9547.96 0.2072 32.00 29
La3+–O2� 2119.79 0.3459 23.25 3
Ni2+–O2� 905.40 0.3145 0.00 3Department of Materials, Imperial College London, London, SW7 2AZ,

United Kingdom. E-mail: alexander.chroneos@imperial.ac.uk
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history of the samples and other experimental conditions. In the

present study, to predict the effect of oxygen content on oxygen

transport, a number of oxygen hyperstoichiometries, 0 # d #

0.12, were considered. The range of d and oxygen interstitial sites

are supported by neutron diffraction studies on single crystals of

La2NiO4+d.11

The velocity Verlet algorithm was applied to integrate New-

ton’s equations of motion.36 Initially, ions were assigned

a Gaussian distribution of velocities and with iterative velocity

scaling, a stable temperature was obtained. The production runs

that were used in the analysis were monitored after the system

was equilibrated for 5000 time steps (�5 ps). The variable time

step option as incorporated in the DLPOLY code was used for

efficient sampling of the dynamic behavior.37,38 Up to

250 000 time steps (each time step of the order of 1 fs) were used

to investigate oxygen diffusion in the temperature range

800–1100 K. A constant pressure (NPT) ensemble was applied to

predict the equilibrium lattice parameters and a constant volume

(NVT) ensemble to predict the diffusion properties with the

volume of the cell set to the equilibrium value for the given

temperature. We have introduced the interstitial oxygen atoms at

random sites within the cell. The equilibriation period of

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

NVT ensemble (total equlibriation period of about �10 ps) is

sufficient for the ions to reach quasi-equilibrium distributions.

Corrections to the temperature, and the pressure were achieved

using the Nos�e-Hoover thermostat.39,40 The data were analyzed

using the visual molecular dynamics package.41

Results and discussion

Anion Frenkel disorder is the dominant intrinsic disorder

mechanism in both tetragonal and orthorhombic La2NiO4.3,7 In

particular, equatorial oxygen (4c) Frenkel disorder is more

favorable compared to apical oxygen (4e) Frenkel disorder

mechanism. This in turn implies that equatorial oxygen vacancies

will be more readily available (compared to apical vacancies) and

will effectively be more significant in vacancy-mediated oxygen

diffusion.

La2NiO4 is formed from alternating NiO2 and (LaO)2 layers.42

NiO2 and (LaO)2 have different ideal translations that have to be

adjusted to form a crystal with a uniform lattice spacing. To relax

the stressed (LaO)2 layers the structure favours the introduction

of intrinsic defects such as oxygen interstitials.42 Neutron

diffraction studies determined that excess oxygen in La2NiO4+d is

accommodated as oxygen interstitials in the (LaO)2 layers.43,44

Furthermore, oxygen excess as described by d in La2NiO4+d

leads to greater oxygen diffusion.5 The incorporation of oxygen

interstitials and their migration in La2NiO4+d was studied

previously in detail using static atomistic simulation tech-

niques.3,7,45 Interestingly, Read et al.45 predicted that the oxida-

tion reaction in La2NiO4 is exothermic. Frayret et al.,6 using

density functional theory in conjunction with Bader’s atoms in

molecules theory,46 predicted that the interstitial oxygen in

La2NiO4+d is doubly negatively charged (O2�). In the present

work we consider only O2� ions that we initially distribute

randomly.

Ionic transport was determined by monitoring the mean

square displacement (MSD) of ions, as a function of time, for

a range of defect temperatures. To ensure adequate statistical

sampling extensive simulation times of 300 ps were used. The

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

initial position ri(0) is defined by

�
r2

i ðtÞ
�
¼ 1

N

XN

i¼1

½riðtÞ � rið0Þ�2 (2)

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

simulations lanthanum and nickel cations oscillate around their

equilibrium positions. Conversely, especially at higher tempera-

tures, oxygen ions demonstrate an increasing MSD with time.

Therefore, oxygen self-diffusion is far more significant compared

to cation self-diffusion on the time scales considered. Although

there is no available experimental data on cation migration of

La2NiO4+d, previous studies in perovskite-type oxides have

determined that cation diffusion coefficients are orders of

magnitude lower than oxygen diffusion coefficients.47

The oxygen diffusion coefficient, D, is calculated from the

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

using48

h|ri(t) � ri(0)|2i ¼ 6Dt + 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.

Fig. 1 is an Arrhenius plot comparing the predicted diffusiv-

ities for, d ¼ 0.055 and 0.12, with previous experimental

results.2,5,34 The latter d value is closer to the experimentally

determined values at high temperatures.33–35 The predicted values

are in excellent agreement with the experimental data. Fig. 1

predicts an activation energy of migration is 0.51 eV, whereas

previous experimental activation energies are: 0.85 eV for the

dense ceramic2 and 0.88 eV for the single crystal.5 Notably,

however, recent experimental work of Sayers et al.33 has revealed

an activation energy for oxygen diffusion of 0.54 eV

(see Table 2). The diffusivities of Sayers et al.33 are in the same

order of magnitude as the predicted and experimental diffusiv-

ities2,5,34 of Fig. 1. Interestingly, in tetragonal La1.85Sr0.15CuO4�d

Savvin et al.49 predicted, using MD, oxygen diffusivities that

were higher by several orders of magnitude compared to the

tracer study of Routbort et al.50 on dense polycrystalline samples.

Nevertheless, for La1.85Sr0.15CuO4�d their predicted activation

energy of diffusion, 0.86 eV,49 is in excellent agreement with the

determined value of 0.84 eV.50

Table 2 Activation energies of oxygen self-diffusion in La2NiO4+d

Methodology Ea/eV Comment Reference

Experimental 0.19 Epitaxial thin film 13
Experimental 0.54 Polycrystal, TOF-SIMS 33
Experimental 0.88 Single crystal, a-b plane 5
Density functional theory 1.2 Interstitial mechanism 6
Static atomistic

simulation
0.55a Vacancy mechanism 7

Molecular dynamics 0.51 Interstitialcy
mechanism

Present
study

a Activation energy of migration.
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In the recent work by Cleave et al.,7 who considered stoi-

chiometric tetragonal La2NiO4, a number of vacancy migration

pathways along the a–b plane and the c-axis were considered as

well as an O2� interstitial migration mechanism. These predic-

tions indicate that the most energetically favorable mechanism

for oxygen migration is the vacancy mechanism in the a–b plane.7

In this mechanism the oxygen vacancy is transported between

equatorial sites and the overall migration activation energy is

0.55 eV.7 This mechanism is supported by previous simulations

in the related tetragonal La2CuO4+d.49,51 Using static atomistic

simulation techniques Cleave et al.7 considered the interstitial

migration mechanism of the O2� ion to be 0.86 eV. This value is

in excellent agreement with the activation energy of migration for

O2� predicted by Minervini et al.3 using the same atomistic

simulation technique in orthorhombic La2NiO4+d. Frayret et al.6

predicted, using DFT, a migration energy barrier via the oxygen

interstitial mechanism of 1.2 eV. However, in addition to the

small cell used in their study Frayret et al.6 only considered

a direct path between the two interstitial sites, whereas in Fig. 2

we note a significant deviation from the most direct route

between the lattice and interstitial site.

At this juncture it is also important to consider that vacancy

mediated diffusion necessitates the formation of oxygen vacan-

cies. Therefore, as oxygen interstitials will dominate in

La2NiO4+d over the temperature range considered, these addi-

tional oxygen ions will be accommodated in interstitial sites in

the lattice (see ref. 3 and references therein). This supersaturation

of oxygen interstitials greatly reduces the concentration of

oxygen vacancies, through the oxygen Frenkel reaction

Fig. 2 Oxygen ion density in the (010) plane (left) and the isosurface

connecting the oxygen conduction sites (right) from a simulation at 900 K

and a delta value of 0.09. Highlighted on the left is the proposed inter-

stitial conduction mechanism. Also note the highly anisotropic liberation

of the equatorial oxygen ions along the c-axis in agreement with the

neutron diffraction data of Skinner.11

Fig. 3 (a–c): Snapshots of a typical diffusion process occurring during

a molecular dynamics simulation of La2NiO4+d at 900 K and d ¼ 0.09.

Only a small subset of ions is plotted to aid visualization. Lanthanum

ions are represented by blue spheres, nickel–oxygen polyhedra are plotted

in green and individual oxygen ions represented by red spheres, or yellow

in the case of interstitial ions. Vacant sites relevant to the diffusion

process are indicated by red and yellow squares, see text for details.

Fig. 1 Arrhenius plot of the calculated oxygen diffusivity in the

a–b plane of La2NiO4+d (for d ¼ 0.055 or 0.11875) with no charge

compensation mechanism being applied. The present results are

compared with the experimental results of Skinner and Kilner,2 Kilner

and Shaw,34 and Bassat et al.5
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equilibrium, leading to the minimisation of diffusion by vacancy

mechanisms. We also note that here, when MD simulations were

carried out on perfect stoichiometric La2NiO4 (i.e. without the

prior presence of either oxygen vacancies or interstitials) the

oxygen diffusivities were not significant for the temperature

range and time scales considered.

For a range of oxygen hyperstoichiometries, all the present

predicted oxygen density profiles support an interstitialcy

mechanism of diffusion in the a–b plane (see Fig. 2). In partic-

ular, the oxygen interstitial displaces an apical oxygen ion from

the NiO6 octahedron, which in turn progresses to an adjacent

oxygen interstitial site. Consistent with Skinner,11 we observe

that the equatorial site has a strongly anisotropic thermal ellip-

soid. Additionally, simulations suggest a highly anisotropic

motion of the La site out of the a–b plane.

We show an example of the time resolved diffusion process in

Fig. 3. Here, representative snapshots of a single simulation show

ions actively involved in a single diffusion process. We note in the

initial configuration (Fig. 3a) the significant tilting of the

neighbouring NiO6 octahedron away from the single interstitial

oxygen ion. The apical ion from one of these octahedra is able to

move upwards towards an unoccupied interstitial site with the

corresponding relaxation of the existing interstitial ion towards

the formerly occupied site. The intermediate state is shown in

Fig. 3b and exists only briefly before the original interstitial ion

reforms the NiO6 octahedron and the apical ion takes up resi-

dence in an adjacent interstitial site. The final configuration

(Fig. 3c) is equivalent to the initial configuration aside from the

translation of a single interstitial ion in the a–b plane.

The intermediate state (Fig. 3b) where both ions are in inter-

stitial sites, has a very brief residency time (�1 ps), however it is

still possible to observe subsequent distortion of the equatorial

oxygen ions towards the interstitial layer. This is the origin of the

strongly anisotropic thermal ellipsoid reported from the

diffraction measurements of Skinner.11 It is also possible that

these transient states may provide a conduction pathway for

oxygen ions out of the equatorial plane. We did not observe such

motion in La2NiO4+d, although other compounds with less

significant anisotropy in their oxygen diffusivity may provide

such a route.

Experimental evidence for oxygen interstitial transport in the

a–b plane of related tetragonal materials is scarce. Notably,

however, Yashima et al.10 recently observed an interstitial

mechanism in tetragonal (Pr0.9La0.1)2(Ni0.74Cu0.21Ga0.05)O4+d.

More particularly, Yashima et al.10 employed neutron scattering

experiments and analysis based on the maximum entropy

method to demonstrate that oxygen atoms move via an inter-

stitial process along a two-dimensional network in the a–b plane.

Diffusion of O2� ions across the a–b plane is also consistent to the

MD studies of Savvin et al.49 in tetragonal La2�xSrxCuO4�d.

Conclusions

In summary, MD calculations confirm the highly anisotropic

nature of oxygen diffusion in tetragonal La2NiO4+d. We predict

an O2� interstitialcy mechanism in the a–b plane with migration

activation energy of 0.51 eV. The effect of oxygen hyper-

stoichiometry on the activation energy is not significant. Previous

theoretical evidence6 supports the view that charge–transfer

phenomena in La2NiO4+d are negligible. Nevertheless, possible

compensation mechanisms that could influence the oxygen

transport are presently under investigation.
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