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a b s t r a c t
The computer simulation studies employing both static lattice and molecular dynamics (MD) methods,
were used to identify anion migration pathways, relevant energetic parameters and effects of the transition metal cation dopants on oxygen ion transport in La2Ni(M)O4+d (M = Fe, Co, Cu) solid solutions, a family of promising oxide materials for fuel cell electrodes and dense ceramic membranes for oxygen
separation. The factors related to different oxygen sublattices in the K2NiF4-type structure of La2Ni(M)O4+d were appraised analyzing the MD data. The results show, in particular, that the incorporation
of dopants having 3+ oxidation state leads to higher ionic charge-carrier concentration affecting the overall anion diffusivity, which is essentially determined by cooperative mechanisms involving oxygen interstitials and anions occupying regular apical sites in the layered lattices. However, these dopants tend to
decrease anion mobility, both in the rock-salt and perovskite-like layers of the K2NiF4-type structure. The
likely microscopic mechanisms of anion diffusion in oxygen-hyperstoichiometric La2Ni(M)O4+d are
determined.
Ó 2009 Elsevier B.V. All rights reserved.

1. Introduction
Oxide materials with mixed oxygen-ionic and electronic conductivity have numerous promising applications, such as dense
ceramic membranes for oxygen separation and partial oxidation
of light hydrocarbons, fuel cell electrodes, sensors and electrocatalytic reactors. An attractive combination of properties important
for these applications, namely a relatively high mixed conductivity,
moderate thermal expansion and dimensional stability, is known
for the Ruddlesden-Popper (RP) type nickelates, in particular for
La2NiO4+d and its derivatives with the K2NiF4 structure [1–4]. The
intergrowth RP structures are built of alternating perovskite-like
and rock-salt layers, where oxygen anions can diffuse via the vacancy and interstitial migration mechanisms, respectively. Whilst
two-dimensional electronic transport occurs predominantly in
the perovskite sheets containing transition metal cations, the
rock-salt type blocks govern thermomechanical stability and, often, oxygen interstitial migration [1,2,5,6]. For the compounds with
K2NiF4 type structure where the number of rock-salt layers is maximum with respect to other members of the RP family, the role of
mobile interstitials may become critically important [1,2,7,8].
Information on the microscopic anion-diffusion mechanisms in
the RP type compounds is still scarce, a result of their structural
complexity and sophisticated defect chemistry.
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This work is focused on the computer simulations of ionic transport in the end members of the RP nickelate family, La2NiO4-based
solid solutions, using the molecular dynamics (MD) and static-lattice simulation (SLS) methods. The experimental results, used in
the present work for the sake of comparative analysis and for the
defect model formulation, were summarized in previous publications ([9,10] and references cited).

2. Structure, defects and modeling techniques
La2NiO4-based solid solutions possess a K2NiF4 type structure,
schematically shown in Fig. 1. When the oxygen excess is moderate, close to the typical values under application conditions in
atmospheric air and at elevated temperatures, this structure has
tetragonal symmetry (space group I4/mmm); a number of orthorhombic modiﬁcations may form at relatively low and high values
of the oxygen hyperstoichiometry, d [11–13]. La2NiO4+d is the ﬁrst
member of the Ruddlesden-Popper series (LaO)(LaNiO3)n, with
n = 1. The rock-salt La2O2 sheets may accommodate a signiﬁcant
oxygen excess charge-compensated by the formation of electron
holes in the perovskite sheets. Analogously, the introduction of
transition metal cations with the average oxidation state higher
than 2+ causes increasing oxygen interstitial concentration.
Increasing the number of perovskite-type layers (n) leads to the
formation of other RP nickelates (see, e.g. [14] and references
therein); the end member with n = 1 is perovskite-type LaNiO3d
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Fig. 1. Crystal structure of La2NiO4+d, comprising two regular oxygen sites (O1 and
O2) and interstitial O3 positions. The subscripts A and B correspond to the general
formula of K2NiF4-type oxide phases, A2BO4.

having a poor thermodynamic stability in the range of external
conditions necessary for the practical applications.
One should separately note that the transitions between tetragonal and orthorhombic modiﬁcations of La2NiO4+d [11,15–17] associated with the oxygen stoichiometry alterations occur mainly at
relatively low temperatures, and have no essential effects on oxygen thermodynamics and high-temperature transport properties
relevant for the electrochemical applications [9]. However, their
possible inﬂuence on the SLS results cannot be a priori excluded,
which made it necessary to assess local and global deviations from
the tetragonal symmetry (space group I4/mmm) in the course of
atomistic simulation studies.
Detailed description of the SLS and MD methods, and of the
software used for modeling (GULP and DL_POLY 2, respectively),
can be found in the literature [18–21]. Brieﬂy, these calculations
are based on the Born model for ionic solids; the charge of ions
is considered equal to their formal oxidation state. The interactions
between the ions are formulated in terms of long-range coulombic
forces and two types of short-range interactions, namely the Pauli
repulsion and van der Waals dispersion. The short-range forces are
modeled using a standard Buckingham potential:

V ij ¼ Aij exp 

r

!

qij

 C ij r6

ð1Þ

where Aij, qij and Cij are the parameters related to ion–ion interactions, with the core–shell approach used to describe polarizability.
The interatomic potentials used for the simulations are listed in Table 1. For the MD and SLS studies, the potential cutoff radii were se-

Table 1
Interatomic potentials used for the MD and SLS studies.
Ion

O2
La3+
Ni(2+z)+
Fe3+
Co2+
Co3+
Cu2+
*

Buckingham

Core–shell

Ref.

A (eV)

q (Å)

C (Å6)

qcore (e)

qshell (e)

k (Å2)

22764.30
1545.213
641.5
1156.36
696.3
1329.82
3799.3

0.149
0.35898
0.3372
0.3299
0.3362
0.3087
0.2427

43.0
–
–
–
–
–
–

0.389
3.25
2+z
4.97
2.0
0.96
2

2.389
0.25
n/a*
1.97
n/a
2.04
n/a

42.0
145.0
n/a
304.7
n/a
196.3
n/a

n/a denotes that for this atoms simple core model was used.

[22]
[22]
[23]
[24]
[23]
[24]
[25]

Fig. 2. Determination of the trajectory length Ltr (see text).

Table 2
Average coordination numbers and cation–anion distances, used to assign oxygen
ions to the different sublattices after the course of MD simulations.
Oxygen positions

Neighborhood
La3+ cations

Ni-site cations
Average CN

Distance (Å)

Average CN

Distance (Å)

Immobile
O1
O2
O3
O2n

1.9. . .2.1
0.9. . .1.1
0.0. . .0.1
0.9. . .1.1

0.1. . .3.0
0.1. . .3.0
0.1. . .3.0
0.1. . .3.0

0.0. . .0.1
3.9. . .5.1
2.9. . .4.1
2.9. . .5.1

0.5. . .2.2
0.1. . .3.2
0.1. . .3.2
0.1. . .3.2

Mobile
O1m
O2m
O3m

1.0. . .2.1
0.9. . .1.1
0.0. . .0.1

0.1. . .3.0
0.1. . .3.0
0.1. . .3.0

0.0. . .0.1
2.9. . .5.1
1.9. . .4.1

0.5. . .2.2
0.1. . .3.2
0.1. . .3.2

Notes:
The symbol O2n corresponds to the O2 sites with heavily distorted local
neighborhood.
The m index corresponds to the mobile anions showed a non-negligible migration,
Ltr > 1.5 Å.

lected equal to 18 Å and 16 Å, respectively. The simulation of all
point defects was based on Mott–Littleton approach.
Atomistic modeling of the oxidized La2NiO4+d-based lattices,
where the d values may be as high as 0.15–0.20, requires the use
of a supercell approach. The supercell (SC) comprising a number
of formula units is considered as primitive structural element, built
on the basis of structural data. Such supercells with the size of
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Fig. 3. Energy proﬁle of the oxygen migration pathway near Ni2+, Co2+ and Cu2+
cations in the perovskite-type layers of La2NiO4.125, calculated vs. initial anion
position. dR is the distance from initial position.

6  6  2 and 4  4  1 unit cells (15.6  15.6  12.5 Å and
22.8  22.8  25.6 Å, respectively) were used for SLS studies of
ion migration in La2Ni(M)O4+d (M = Fe, Co, Cu). The SC shape was
chosen as close as possible to cubic in order to suppress artiﬁcial
geometrical distortions. Taking into account the substantial delocalization of electron holes in La2NiO4-based phases [9], the charge
of all nickel cations in the oxidized lattices was assumed to have an
average value (2 + z), z 6 0.25, whereas the charge of Fe, Co and Cu
cations was ﬁxed at the values listed in Table 1. The corresponding
potential constants (Table 1) were taken from Refs. [22–25]. In order to compare different compositions and to exclude effects of
point-defect interactions on the parameters describing oxygen
migration in the different lattices, the defect conﬁgurations neighboring a given mobile anion were always ﬁxed equivalent for a given oxygen-nonstoichiometry value [26]. The lattice element with

ﬁxed point-defect conﬁgurations comprised, at least, one central
and four neighboring NiO6 or MO6 octahedra and the relevant part
of rock-salt type blocks; when placing this element in the SC, special care was taken to avoid presence of other oxygen interstitials
(O2
O3 ) in the vicinity of the migrating anion. Notice that some asymmetry observed in the energy proﬁles of oxygen diffusion pathways, discussed below, is a result of local lattice distortions and
inﬂuence of the distant point defects.
For the MD simulations, a series of SCs consisting of 12  12  4
unit cells (45.7  45.7  51.0 Å with >9000 atoms) with various
anion and cation compositions were constructed. The simulation
route included npt hoover lattice relaxation at a selected temperature for at least 100 ps to achieve stable SC geometry. The appropriate data may be easily collected from ‘‘STATIS” ﬁle [21]
including time dependencies of the total pressure (p), temperature,
cell volume (V), and mean squared displacements (MSD) for each
kind of atoms; the stability of the SC geometry can be ascertained
analyzing the variations of p, V and MSD for immobile atoms. Then
nve simulation cycle was run to collect the ion migration data for at
least 150 ps. No evidences of cation transport were found. During
the nve simulations, the ion trajectories were recorded for, at least,
40–70 ps in the main course. For further treatment, the ‘‘HISTORY”
ﬁle generated by the DL_POLY 2 software was converted to SQLite
database [27], where the data were stored both as individual ion
trajectories and as the lattice state at each step. The conversion enabled to conduct various type analyses of the trajectories. At the
initial stage, the migrating species were detected calculating the
characteristic trajectory length, Ltr. This route includes three steps
shown schematically in Fig. 2:
(i) To calculate mean coordinates of the given ion in its trajectory (‘‘center”).
(ii) To ﬁnd most distant point from the trajectory center.
(iii) To ﬁnd the ion position most distant from both these points.
Ltr is the distance between the second and third positions, (ii)
and (iii). This route was selected in order to avoid calculation issues originating from complicated shapes of the trajectories, such
as cyclic. The minimum migration limit of 1.5 Å was used to separate immobile oxygen anions. The species with Ltr > 1.5 Å were then
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Fig. 4. Energy proﬁle of the interstitial oxygen migration pathway in the rock-salt
layer of La2NiO4.125, calculated vs. average energy of the initial and ﬁnal positions.
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Fig. 5. Energy proﬁle for direct migration of oxygen interstitial in the (1 1 0)
direction. The marks 1,2 and 3 correspond to the saddlepoints (energy barrier
peaks) in close proximity to another interstitial in the same rock-salt layer. For the
point 3, two additional O2
O2 interstitials are also present in the neighboring rock-salt
layers. The point 4 corresponds to approaching another O2
O2 anion in the trajectory
line. The symbol  denotes peak energies in the points when small shift from linear
trajectory occurs in the direction opposite to nearest-neighboring O2
O2 .
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considered as presumably mobile. The separation of all oxygen anions into two sorts, migrating and immobile, makes it possible to
recover location of the migrated species with respect the different
oxygen sublattices. Taking in account that at least 8% ions should
be considered as presumably migrating in the course of the calculations and La2NiO4+d structure has 3 oxygen sublattices, this step
was critical for further analysis. The nature of the MD data does
not allow any exact assignment of the atoms to crystallographic
positions due to thermal motion and long-range diffusion; however, it is possible to obtain information on the actual position of
an oxygen anion in lattice by analyzing the population of its nearest-neighbor cations. In the case of immobile ions, the trajectory
centers may be used for this purpose; for the migrating species,
the analysis of nearest-neighboring cations along the whole trajectory is necessary. In latter case, the average coordination number
(CN) should be used. Table 2 lists the characteristic ranges of CN
and interatomic distances for the different oxygen sites. At the next
stage of anion trajectory data analysis, the partial radial distribution functions (PRDFs) were analyzed. These were calculated in a

manner similar to the corresponding DL_POLY procedure [21],
but the central ions for each RDF were selected with respect to
their sublattice and Ltr values. As a particular result, the role of local neighborhood on the anion diffusivity can be revealed. For solid
solutions, relevant RDFs were normalized to the molar fraction of
the species under consideration.
3. Results and discussion
3.1. Static lattice simulations
The oxygen ion transport in the perovskite-like layers of La2Ni(M)O4+d can be described in terms of the vacancy migration mechanism well-known for the oxide perovskite phases [22,26]. In the
case of K2NiF4-type nickelates, the vacancies existing in the perovskite-like sheets should indeed support a rather easy migration
along the a–b plane. For instance, the migration energies calculated
in the present work (Fig. 3) are similar or even lower than those for
perovskite phases, namely 0.8 eV when Co2+ is present in the
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Fig. 6. Parameters describing the ‘‘dragging” migration mechanism in the rock-salt layer (see text): (A) cooperative migration diagram; (B and C) inﬂuence of the neighboring
Ni-site cations on the energy proﬁle.
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Fig. 7. Comparison of the oxygen diffusion coefﬁcients in La2Ni(M)O4+d, calculated using MD technique, and literature data on La2NiO4+d [10,29,30].

direction from the nearest interstitial towards an empty interstitial
position. As a result, after moderate displacement of ‘‘dragged” O2
O2 ,
neighboring O2
O3 jumps from interstitial into its position (Fig. 6A)
and the migration pathway is substantially shortened (<2 Å for
the cooperative mechanism vs. >2.5 Å for direct interstitial jumps).
Furthermore, the resultant energetic barriers become signiﬁcantly
lower (Fig. 6). The substitution of nickel with dopant cations leads
to a higher migration energy, as for the perovskite-type layer.
3.2. Molecular dynamics
The average oxygen diffusivity calculated from the MD data is in
a reasonably good agreement with literature data [10,30,31], as
illustrated by Fig. 7. In addition, the molecular dynamics analysis
conﬁrms important role of the trivalent dopant cations, such as
Fe3+, ascertained by the static lattice simulations. Namely, whilst
increasing average cation charge increases the number of anionic
charge carriers (interstitials), the presence of higher-valence cat-

Ea~0.2 eV
-1.0
log N(Ok)/N(Ototal)

nearest neighborhood and <0.6 eV when the migrating anion is
surrounded by Ni2+ only. However, our SLS results show that oxygen vacancies cannot exist near trivalent cations, such as Fe3+ or
Co3+, due to spontaneous reordering of oxygen-hyperstoichiometric La2Ni(M)O4+d lattices. It should be separately mentioned that
thermodynamic analysis of the p(O2)-T-d diagrams [28] displayed
that the vacancy formation processes under thermodynamic equilibrium conditions are statistically insigniﬁcant in the case when
d P 0. At the same time, statistical thermodynamic modeling
makes it possible to only access the point-defect concentrations
comparable to those of other lattice elements; the errors in the
estimated concentrations of minor species is governed by the overall model errors. As discussed below, the present MD data conﬁrm
non-negligible oxygen migration in the perovskite layers of La2Ni(M)O4+d. The relevant mechanisms may be more complicated than
those in perovskite-type oxides, involving cooperative movements
of at least four oxygen ions. However, such simulations could not
be performed by the SLS technique.
Nonetheless, atomistic modeling clearly demonstrated that
simple anion jumps between the interstitial positions are associated with relatively high energetic barriers (Fig. 4). The corresponding pathways are quite long and asymmetric due to
coulombic interactions between O2
O3 ions. It should be mentioned
that the calculated energetic barrier in the rock-salt layer (Fig. 4)
is higher with respect to the interstitial migration activation energy for oxygen-stoichiometric La2NiO4 modeled by SLS, 0.77 eV
[8], but is comparable to the barrier determined by the density
functional theory (DFT) calculations for La2NiO4.125, 1.2 eV [29].
This conﬁrms, in particular, a critical impact of the extra oxygen
concentration, whilst accounting for the electronic degrees of freedom via the use of DFT simulations of the rock-salt sheets with
essentially ionic bonding seems less important. The latter statement is in agreement with the DFT results [29], which made it possible to rule out the charge transfer phenomena involving oxygen
interstitials and electronic charge carriers. Another relevant conclusion is that, although simple anion jumps between the interstitial positions can still contribute to the substantially high ionic
conductivity values [9,10], their major role seems unlikely. In this
work, more prominent effects were found when an anion is
‘‘dragged” in the proximity to other interstitials (Fig. 5). This cooperative mechanism is based on the displacement of O2
O2 due to the
presence of nearest-neighboring O2
O3 interstitials, and can be visualized by shifting an anion occupying the regular O2 site in the

La2NiO4.125
2, mobile
2O O2m , mobile
2O O3 , immobile
O O1m

-2.0

Ea ~ 0.9 eV
N(O 2-O3m)=0
-3.0

7

8

9

10

104/T, K -1
Fig. 8. Relative population of the mobile and immobile anions in the rock salt-type
layers of La2NiO4.125, calculated from the MD results.
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ions in the nickel sites was found to suppress anion migration in
near neighborhood. Note that stoichiometric La2NiO4 displays a
relatively low, but non-negligible oxygen diffusivity.
The analysis of microscopic ion-migration data in combination
with the initial positions of anions enables to understand more detailed mechanisms (Fig. 8). In the case of substantially oxidized La2NiO4.125, main contribution to the ionic transport is provided by
the O2 sites. The activation energy characteristic for this sublattice,
calculated from temperature dependencies of the oxygen diffusion
coefﬁcients, is as low as 0.2 eV. More interesting is that no direct
migration between the interstitial O3 positions was detected, thus
providing an additional argument in favor of the ‘‘dragging” mechanism suggested on the basis of static-lattice simulations. Furthermore, the apparent activation energy for the oxygen anion
diffusion mechanism involving equatorial sites in the perovskitetype layers, which comprises the defect formation energy-related
contributions, is considerably higher compared to the cooperative
mechanisms involving rock-salt sheets. This difference explains
well the deviations from Arrhenius behavior, observed experimentally for the oxygen ionic conduction and anion mobility in La2NiO4+d-based phases where the apparent activation energy tends
to increase when temperature decreases [2,9,10,32]. Such a tendency can be illustrated by the oxygen diffusion coefﬁcients calculated from the oxygen permeation ﬂuxes through dense La2NiO4+d
membranes [10], as shown in Fig. 7; the activation energy is
0.78 eV at 1173–1223 K and increases up to 1.2–1.5 eV on cooling.
This increase is primarily associated with decreasing number of

mobile O1 ions and, therefore, vacancies in the equatorial sites,
thus increasing two-dimensional character of the anion migration.
The SLS data discussed above show that the incorporation of higher-valence dopants, such as Co3+ and Fe3+, should promote these effects. In combination with rising energetic barriers in the rock-salt
layers (Fig. 6C), the modeling results clarify also the higher activation energy for ionic transport, characteristic of Co- and Fe-substituted nickelates in the intermediate-temperature range [9,32].
Moreover, if the hypothesis concerning relationships between the
vacancy-formation and anion-migration processes in the perovskite-type layers of La2Ni(M)O4+d and surface exchange kinetics
[9,10] is correct, the MD data may explain why the activation energy for surface exchange is higher than that for the bulk ionic
transport. The calculated anion diffusion pathways in the rock-salt
and perovskite-type layers are illustrated by Fig. 9.
Consideration of the calculated RDFs shows that all Fe3+ cations
incorporated in the lattice remain hexa-coordinated, whereas the
average CNs of nickel tends to vary due to the diffusion of oxygen
occupying O2 sites. The O1 sites near nickel cations remain completely ﬁlled with oxygen. These results may indicate likely origin
of the decrease in O2
O2 concentration when temperature increases
at d = const (Fig. 8). The O2 sublattice becomes more and more disordered on heating; a part of the oxygen anions occupying O2 sites
at low temperatures move towards interstitial sites.
Fig. 10 illustrates the critical impact of incorporated Fe3+ cations, which act as anion traps and impede long-range migration
(Ltr > 3.0 Å) of the neighboring oxygen. The observed effects of cop-

Fig. 9. Examples of the oxygen migration pathways in La2Ni0.9Fe0.1O4.124 during 50 ps. Immobile species are presented as single spheres at their averaged positions. The
mobile anions are shown as sequence of their position along the corresponding trajectories with 0.01 ps step. The axes length corresponds to 3 Å.
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Fig. 10. Partial radial distribution functions in La2Ni0.9Fe0.1O4+d and La2Ni0.5Cu0.5O4+d at 1100 K: (A and B) Oxygen near Ni-site cations, (C and D) Ni-site cations near oxygen.

per doping on the oxygen mobility are also in agreement with SLS
results. However, whilst Cu2+ tends to slightly suppress anion diffusion, no trapping phenomena can be identiﬁed (Fig. 10C). This
suggests that oxygen trapping near Fe3+ may be attributed mainly
to the coulombic forces.
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