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ABSTRACT: Layered cobalt oxide perovskites are important mixed ionic
and electronic conductors. Here, we investigate LaBaCo2O6�� using in situ
neutron powder di�raction. This composition is unique because it can be
prepared in cubic, layered, and vacancy-ordered forms. Thermogravimetric
analysis and di�raction reveal that layered and disordered samples have near-
identical oxygen cycling capacities. Migration barriers for oxide ion
conduction calculated using the bond valence site energy approach vary
from Eb � 2.8 eV for the cubic perovskite to Eb � 1.5 eV for 2D transport in
the layered system. Vacancy-ordered superstructures were observed at low
temperatures, 350�400 °C for � = 0.25 and � = 0.5. The vacancy ordering at
� = 0.5 is di�erent from the widely reported structure and involves oxygen sites in both CoO2 and LaO planes. Vacancy ordering
leads to the emergence of additional migration pathways with low-energy barriers, for example, 1D channels with Eb = 0.5 eV and 3D
channels with Eb = 2.2 eV. The emergence of these channels is caused by the strong orthorhombic distortion of the crystal structure.
These results demonstrate that there is potential scope to manipulate ionic transport in vacancy-ordered LnBaCo2O6�� perovskites
with reduced symmetry.

� INTRODUCTION
Dimensionality is an important design concept in solid-state
chemistry with functional properties intimately linked to
features in the crystal structure, for example, the empirical
link between high-temperature superconductivity and layered
structures and low-energy migration pathways in superionic
materials.1�3 Layered cobalt double perovskites, LnBaCo2O6��
(Ln = lanthanides, Y), have been identi�ed as promising
electrode materials for solid oxide fuel cells4�11 as electro-
catalysts for oxygen evolution in alkaline solution12,13 and also
have interesting magnetic and thermoelectric properties.14�16

The strong performance in electrochemical applications is
linked to their high electronic and ionic conduction, high
surface oxygen exchange rates, and catalytic selectivity.8,9,17�19

An overview of the structures relevant to this article is given
in Figure 1.8 A cubic perovskite, Ln0.5Ba0.5CoO3��, with
disordered A-site cations and a lattice parameter ap is shown in
Figure 1a. Fully oxygenated LnBaCo2O6 (� = 0, Co3.5+) has a
similar perovskite network of corner-sharing CoO6 octahedra
but with Ln and Ba in alternating layers (Figure 1b). This leads
to a unit cell with ap × ap × 2ap dimensions. Fully reduced
LnBaCo2O5 (� = 1, Co2.5+) has only square pyramidal CoO5
polyhedra and a deoxygenated LnO layer (Figure 1e). At
intermediate � values, a range of more complex structures,
characterized by oxygen vacancy ordering, are observed.8,20,21

Two vacancy-ordered structures that are relevant to this work
are shown in Figure 1c,d. The �rst is stable near � = 0.25

(Co3.25+) and has a 50% �lled O3b site in the LnO layer,
leading to an orthorhombic structure with ap × 2ap × 2ap unit
cell. The second occurs near � = 0.5 (Co3+) and has an
alternating arrangement of square pyramidal CoO5 and
octahedral CoO6 polyhedra. This structure has the same
orthorhombic unit cell with a fully depopulated O3b site. Both
structures are characterized by 1-dimensional (1D) vacancy-
rich channels running parallel to the crystallographic a-
direction. At higher vacancy fractions (� = 5/9; 4Co3+ and
5Co2+), a structure with 3ap × 3ap × 2ap tetragonal cell is
observed for Ln = Y, Dy.22,23 This structure is characterized by
two perpendicular 1D vacancy channels. In general, the
vacancy-ordered structures are observed at or near room
temperature, but they can be stable at elevated temperatures
depending on Ln and oxygen partial pressure (pO2

).24,25

High-temperature in situ studies under varying pO2
tend to

use X-ray powder di�raction, which allows changes in the
lattice metrics to be monitored. However, it does not allow
accurate determination of oxygen site occupancies due to the
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weak scattering from oxygen. Neutron powder di�raction
(NPD) is more suited due to the stronger scattering from the
oxygen nucleus. Several in situ NPD studies have been
reported, including work by Cox-Galhotra et al. who
investigated LnBaCo2O6�� (Ln = Pr, Nd) between 577 and
852 °C and in 10�1 to 10�4 atm oxygen.26,27 This showed
gradual removal of oxygen from O3 and O2 sites (Figure 1b)
under reducing conditions (0.5 � � � 0.9), but no oxygen
vacancy-ordered superstructures were observed. Similarly,
Garce�s et al. use NPD in their study, contrasting cubic and
layered LaBaCo2O6�� (up to 300 °C) but do not observe
superstructures.28

Oxygen migration in LnBaCo2O6�� materials has attracted
signi�cant interest, both experimentally and from calculations,
and proceeds via a vacancy-hopping mechanism.7,8 Here, the
hopping frequency and ionic di�usion are largely controlled by
the migration barrier Eb.29 Molecular dynamics (MD) and
density functional theory (DFT) calculations typically focus on
the LnBaCo2O5.5 (� = 0.5) composition (often with Ln = Pr
and Gd, which are considered the best-performing composi-
tions). Two somewhat contrasting mechanisms for ionic
conduction have emerged from this work. One considers the

O3 site as a vacancy reservoir with the lowest Eb for direct
O2�O2 jumps, that is, ionic transport occurs predominantly
within the CoO2 planes (Figure 1b).30�32 The other has the
lowest Eb between O2�O3 sites, leading to an O2�O3�O2
migration path involving LnO and adjacent CoO2 planes.33�35

In both cases, the transport is essentially 2D with a large
penalty for traversing the Ba�O layer. Maximum entropy
analysis of residual scattering (at high temperature in the
tetragonal phase) supports the 2D nature of ionic conduction
involving both O2 and O3 sites.36,37 Furthermore, MD
simulations show that despite the lower Eb of the O2�O2
path, the occurrence of O2�O3 jumps is higher, presumably
due to the larger vacancy concentration on the O3 site.31

Typical Eb values are 0.3�0.8 eV from MD,31,33,34 while DFT
studies yield similar 0.4�1 eV for low-energy migration
paths.32,35 There is no evidence for direct hopping between
vacancy-rich O3 sites, either in the tetragonal or vacancy-
ordered orthorhombic structures, consistent with the large
distance between O3 sites (�3.8 Å).

The impact of cation ordering has been probed using MD
simulations. This reveals a �67% decrease in the oxygen

Figure 1. Schematic representation of the unit cell of: (a) cubic (Pm3�m) La0.5Ba0.5CoO3��; (b) tetragonal (P4/mmm) LaBaCo2O6; (c)
orthorhombic (Pmmm) LaBaCo2O5.75 with a vacancy-ordered half-�lled O3b site; (d) orthorhombic (Pmmm) LaBaCo2O5.5 with a vacant O3b site
and (e) tetragonal (P4/mmm) LaBaCo2O5 with an empty O3 site. La, Ba, Co, and O are represented by orange, green, blue, and red spheres,
respectively.
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