
Solid State Ionics 216 (2012) 50–53

Contents lists available at SciVerse ScienceDirect

Solid State Ionics

j ourna l homepage: www.e lsev ie r .com/ locate /ss i
Simulations of REBaCo2O5.5 (RE_Gd, La, Y) cathode materials through energy
minimisation and molecular dynamics

J. Hermet, B. Dupé, G. Dezanneau ⁎
Lab. SPMS, Ecole Centrale Paris, Grande voie des vignes 92295 CHATENAY-MALABRY CEDEX, France
⁎ Corresponding author.
E-mail address: guilhem.dezanneau@ecp.fr (G. Deza

0167-2738/$ – see front matter © 2011 Elsevier B.V. All
doi:10.1016/j.ssi.2011.11.006
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 1 July 2011
Received in revised form 29 October 2011
Accepted 3 November 2011
Available online 2 December 2011

Keywords:
SOFC
Molecular dynamics
Cathode
Diffusion
The GdBaCo2O5+x oxide has been presented as a promising cathode material for solid oxide fuel cells. It pre-
sents very high oxygen exchange and diffusion coefficients, two characteristics of utmost importance for an
efficient cathode material. Yet the understanding at atomic scale of these two properties is rather limited.
Here, we performed calculations to understand the influence of rare-earth nature in REBaCo2O5.5 (RE_Gd,
La, Y) on material stability and oxygen diffusion properties. Through energy minimisation, we determined
the most energetically favourable distribution of A-site cations and oxygen vacancies. We also investigated
with Molecular Dynamics simulations the mechanisms of oxygen diffusion in A-site ordered REBaCo2O5.5.
The results confirm that oxygen vacancies essentially lie in the RE-plane and that diffusion is mainly two-
dimensional with oxygen moving in the (a,b) plane while diffusion along the c axis is strongly hindered. Be-
tween 1300 and 1900 K, the activation energy for oxygen diffusion lies in the range 0.69–0.83 eV depending
on the RE cation nature, values in good agreement with the experimental ones. We show that, in the double
perovskite structure, the replacement of Gd by a larger rare-earth ion enhances oxygen diffusion properties
but also reduces the stability of the double perovskite structure.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Solid Oxide Fuel Cells (SOFCs) are electrochemical devices that
allow converting hydrogen and air into electricity and heat. These
systems are known to work at high temperature, which represents
some advantages from the point of view of fuel tolerance and efficien-
cy but also some significant drawbacks due to an accelerated ageing
of components. The great majority of research works in the field
aim thus at lowering the working temperature around 750–800 °C
or even lower to ensure a very low degradation of cell components
in working conditions. At these temperatures, not only the losses
due to the electrolyte but also to electrode reactions start to be limit-
ing [1,2]. Then, the lowering of working temperature supposes to find
new electrode materials with enhanced electrochemical properties.
For finding new electrolyte and electrode materials, not only empiri-
cal approaches but also theoretical predictions [3] have been used
providing in the latter case a correlation betweenmacroscopic perfor-
mance and atoms behaviour at the atomistic scale.

Recently, the double perovskite cobaltite compound, GdBaCo2O5+x

(GBCO), has been proposed as a promising cathode material for SOFCs
[4,5]. Several studies have been performed to understand the diffusion
properties of oxygen at atomic scale in this material. In particular, we
determined by Molecular Dynamics (MD) simulations that oxygen
nneau).
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diffusion has a strong anisotropic nature in GBCO, occurring essentially
in the (a,b) plane [6]. We also showed that the oxygen diffusion mech-
anism was driven by the presence of vacancies in both the rare-earth
and the cobalt planes. Indeed, 95% of oxygen vacancies were found to
lie in the Gd plane, the remaining 5% being located in the cobalt plane.
The Barium plane was shown to act as a barrier for oxygen diffusion.
This result was confirmed by Chroneos et al. [7] who also proved that
the ordering of Gd and Ba along the c-axis allows for a better oxygendif-
fusion compared to the fully disordered situation.

In thiswork,we extend the previous study realized onGBCO to com-
pounds with other trivalent cations i.e. La and Y. These compounds will
be named LBCO and YBCO. These cations present different ionic radii,
being 1.053 Å, 1.16 Å and 1.019 Å in 8-fold environment for Gd, La
and Y respectively. By performing energy minimization calculations,
we first identified the preferential RE/Ba configuration for cations on
the A-site and the preferential site for oxygen vacancies. Afterwards,
MD simulations were performed to identify how the nature of the RE
ion affects the transport properties.

1.1. Calculation details

Energyminimization andMD calculationswere performed, both ap-
plied to compounds with chemical formula REBaCo2O5.5 (RE=Gd, La,
Y) i.e. to a material with a fixed oxygen content. For practical reasons,
the oxygen stoichiometry has been fixed at 5.5 (per formula unit).
This allows to put a formal charge of +3 on cobalt atoms. This compo-
sition is very close to the one observed between room temperature and
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Table 1
Inter-atomic Buckingham potentials used for energy minimisation and molecular dy-
namics calculations. M–O interactions are taken from: Gd–O [6], La–O and Y–O
[12,13], Co–O [11].

Interaction A (eV) ρ (Å) C (eV.Å6)

Gd3+ –O2− 1458.38 0.3522 0.0
La3+ –O2− 1545.21 0.3590 0.0
Y3+ –O2− 1310.00 0.3561 0.0
Ba2+ –O2− 1214.4 0.3537 0.0
Co3+ –O2− 1329.82 0.3087 0.0
O2- –O2− 22764.3 0.149 43.0

Fig. 1. Relative energy of REBaCo2O5.5 for different cases of cation and oxygen distribu-
tion (see text for details) for RE = Gd (black square), RE = La (red circle), RE = Y (blue
triangle). The energy of case 1 is taken as a reference.
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roughly 400 °C. Above 400 °C in air, these compounds usually release
oxygen at a faster rate as temperature increases. Thus our system with
constant stoichiometry will permit to obtain reliable information
about the diffusion mechanisms but may present intrinsic errors in
reproducing the experimental evolution of diffusion coefficient with
temperature, as obtained from tracer or relaxation measurements.

An energy minimization approach was employed to determine the
energies of configurations having different cation distributions on the
A-site and different distributions of oxygen atoms. These calculations
were done using the GULP code [8], working on 3*3*4 perovskite super-
cells i.e. containing 18 chemical formulas. Five different caseswere con-
sidered corresponding to different atomic distributions. For each case,
10 different configurations were analyzed to get a better statistical
description.

Case 1: Random distribution of RE (RE_G, La, Y) and Ba cations on
A-site. Random distribution of oxygen vacancies

Case 2: Ordering along the c-axis of RE and Ba cations. Random
distribution of oxygen vacancies

Case 3: Ordering along the c-axis of RE and Ba cations. Oxygen va-
cancies randomly located in the Ba-plane

Case 4: Ordering along the c-axis of RE and Ba cations. Oxygen
vacancies randomly located in the Co-plane

Case 5: Ordering along the c-axis of RE and Ba cations. Oxygen
vacancies randomly located in the RE-plane

The distribution of atoms giving the smallest energy (i.e. the most
stable) was then chosen to build the box for MD calculations. MD sim-
ulations were done with the DLPOLY Classic code [9,10] using a
supercell of 8×8×8 cubic perovskite unit cells (containing 256 Ba,
256 RE, 512 Co and 1408 O atoms and 128 oxygen vacancies), also
corresponding to the general chemical formula REBaCo2O5.5. As de-
scribed below, the distribution chosen was that of a cation ordering
on A-site along the c-axis.and the presence of vacancies in the RE-
plane (case 5). Practically, during these simulations, the system was
first equilibrated at several temperatures between 1300 and 1900 K
and at zero pressure for 20,000 time steps (with a time step of
0.5 fs) in the isothermal-isobaric (NPT) ensemble with the Nosé-Hoo-
ver thermostat. Afterwards, the equilibrium lattice parameters were
calculated with 100,000 time steps more. Then, simulations were per-
formed in the NVT mode during 100,000 time steps, after a 10,000
equilibration steps. Finally, NVE simulations were realized corre-
sponding to 1,000,000 to 2,000,000 time steps. Let us clarify that an
orthorhombic structure was generally obtained after the NPT step
but if a tetragonal structure was imposed for the NVT and NVE
steps, having the same volume than the orthorhombic one, the final
diffusion coefficients (deduced from the NVE simulations) of the te-
tragonal and orthorhombic structures were very close to each other
(the difference is less than 5% whatever the temperature).

Either for energy minimization or for molecular dynamics simula-
tions, interactions between ions were described by a long-range Cou-
lombic term calculated by Ewald summation and a short-range
Buckingham pair potential. For Coulombic interactions, the formal
charges +2, +3, +3 and −2 were used respectively for Ba, RE, Co
and O ions. The use of formal ionic charge was shown to describe cor-
rectly the dynamical features of atoms in most oxide compounds. The
Buckingham potential is described by:

φij rð Þ ¼ Aij exp − r
ρij

 !
−

Cij

r6
ð1Þ

where r is the distance between the atoms i and j, and Aij, ρij and Cij
are potential parameters specific to each ion pair whose values are
given in Table 1. The set of potentials was taken from previous stud-
ies, which were shown to reproduce correctly oxide materials proper-
ties [11–13].
2. Results and discussion

The results of energy minimization are shown in Fig. 1. In this fig-
ure, only the relative energy between the different configurations is
plotted in order to put all compositions on a same graph. For a same
composition, the reference energy has been arbitrarily chosen to be
the energy of case 1. This figure clearly shows that, as a general
rule, the A-site cation ordered material is more stable than the fully
disordered one (case 1). These calculations also indicate that strong
differences in energy exist depending on oxygen vacancies location.
In all cases, configurations where oxygen vacancies are located in
the RE plane are always more stable than configurations with vacan-
cies located in the Ba or Co planes. Besides, if we compare the most
stable configuration with A-site ordering and oxygen vacancies in
the RE plane to the fully random configuration, it seems that the
relative stability of the ordered phase tends to decrease as the RE cat-
ion size increases. This was partly confirmed by experiments which
showed that LaBaCo2O5.5 was much more difficult to prepare
compared to GdBaCo2O5+x for instance. Indeed, single phase double
perovskite LaBaCo2O5+x could only be prepared in a small range of
PO2 in slightly reducing atmosphere [14], while GBCO could be
prepared in air without extra care of the atmosphere. One conse-
quence of this is that the stability of LaBaCo2O5+x in air atmosphere
i.e. in the working conditions of a SOFC cathode, should probably be
considered with caution.

In Fig. 2, we present the projection along the a-axis and the c-axis
of the mean square displacement of oxygen atoms as a function of
time for GBCO, LBCO and YBCO. The presented simulation corre-
sponds to a temperature of 1900 K. This graph shows that oxygen
atoms diffuse freely along the a-axis (a very similar curve is obtained
for the b-axis) while along the c-axis their displacement is limited.
This situation has been already commented previously and was



Fig. 2. Projection of oxygen mean square displacement at T=1900 K along the a-axis
(straight line) and the c-axis (dashed line) as a function of simulation time for GBCO
(black), LBCO (red), YBCO (blue).
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associated with the fact that the Ba-planes act as barriers for oxygen
diffusion. We show here that this strong anisotropy is reproduced
whatever is the RE-cation. This graph also shows that for LBCO, the
mean square displacement is larger than for Gd and Y, indicating a
probable better diffusion in this compound.

Performing MD simulations, one is also able to extract the oxygen
diffusion coefficient from mean square displacement of atoms. These
coefficients have been determined here for temperatures between
1300 and 1900 K with a 100 K step. The oxygen diffusion coefficients
for GBCO, LBCO, and YBCO are plotted in Fig. 3.

This figure clearly shows that the diffusion coefficient increases
according to: DO(YBCO)bDO(GBCO)bDO(LBCO). Nevertheless, the
difference is still small and diffusion coefficients differ by less than a
factor 3. These diffusion coefficients are in reasonable agreement
with those determined by other methods such as tracer diffusion or
conductivity relaxation. In the latter case, for comparison with our
calculations, the deduced chemical diffusion has to be divided by
the thermodynamic factor which was calculated to be around 75 in
air for temperatures between 1073 and 1273 K [15]. A significant
spreading of diffusion coefficient values has nevertheless to be
stressed among the published results in literature. In this work, the
activation energy for oxygen diffusion is calculated to be
Ea=0.83 eV, Ea=0.69 eV, and Ea=0.78 eV for GBCO, LBCO and
YBCO respectively, confirming that oxygen transport seems to be
favoured in LBCO. The value of activation energy for GBCO is higher
than the one determined previously (0.67 eV) but the present values
are more reliable due to better statistics and the consideration of
Fig. 3. Calculated diffusion coefficients as a function of the inverse of temperature as
extracted from MD simulations for GBCO (black square), LBCO (red circle), YBCO
(blue triangle). Comparison with DTracer and DChem/75 coefficients for GBCO as taken
from [16–18].
more temperatures. The calculated activation energies compare rath-
er well with those reported in GBCO for chemical diffusion coeffi-
cients (0.77 eV [16], 0.7 eV [17]) or tracer diffusion coefficients
(0.6 eV [18]). They are nevertheless significantly higher than the
reported value 0.48 eV reported for PrBaCo2O5+x [19]. In this case,
the reported diffusion coefficient was two orders of magnitude higher
than any other measurement or prediction. Considering the relative
size of the trivalent cation, the evolution of diffusion properties
could be explained by the increase of the free volume available for ox-
ygen diffusion. In a way, this behaviour could be related to the effect
of tensile strain on ion conducting compounds leading to an enhance-
ment of conduction properties [20]. In order to have a better under-
standing of the oxygen diffusion mechanisms, we projected the
positions of several (7) oxygen atoms along the z direction as a func-
tion of time. The result of such projection is shown in Fig. 4. From this
figure, one observes that, as mentioned above, oxygen atoms located
in the Ba-plane do not escape from this plane. Oxygen atoms located
in the RE-plane do not stay in this plane for the whole simulation but
rather move to an adjacent Co-Plane. The effective jumps correspond
either to a very fast jump from the Co-plane till the same Co-plane
through an intermediate position in the RE-plane or to jumps from
one Co-plane to the adjacent RE-plane followed by a jump to the
other adjacent Co-plane. These effective jumps are at the origin of
the high oxygen diffusion coefficient observed in these materials. As
mentioned previously, the mere consideration of vacancies in the
RE-plane does not enable us to find a percolating path for oxygen
atoms. One has thus to consider the presence of vacancies in the Co-
plane for a full description of oxygen diffusion mechanism.

We thus calculated the oxygen site occupancy in the Ba-planes,
Co-planes and RE-planes by assuming an oxygen atom is in a given
plane if its distance to that plane is smaller than half the distance
between two adjacent planes. We determined that oxygen site occu-
pancy in the Ba-planes, Co-planes and RE-planes were respectively:

- 99.9%, 97.7%, 59.3% for GBCO
- 99.8%, 95.3%, 68.8% for LBCO
- 100.0%, 98.1%, 57.6% for YBCO

This confirms that most of oxygen vacancies are located in the RE-
plane but also that a higher oxygen diffusion-coefficient is correlated
to a higher number of oxygen vacancies in the cobalt plane.

3. Conclusion

From energyminimization andmolecular dynamics simulations, we
have shown that whatever the RE element in REBaCo2O5.5, the oxygen
diffusion in these double perovskite compounds always occurs in the
(a,b) planes while Ba planes act as barrier for oxygen transport. We
have shown that oxygen vacancies essentially locate in the RE-plane
but that their presence in the Co-plane is mandatory for ensuring high
Fig. 4. Projection of the trajectory of eight oxygen atoms along the c-axis as a function
of time. Several effective jumps through a RE-plane are indicated with an arrow.
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diffusion coefficient. Also, we have shown that the oxygen diffusion co-
efficient increases as the radius of RE increases. Nevertheless, in this
case, the relative stability of the A-site cation ordered phase tends to
be smaller, a result that has been confirmed by experiments underlining
the difficulty to synthesize LaBaCo2O5+x. Larger-size rare-earth cations
are more likely to ensure better diffusion properties. However, their re-
duced stability may limit material applicability.
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