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ABSTRACT

LaBO
3
 (B = Cr, Mn, Fe, Co, and Ni) perovskites, the most common perovskite-type mixed ionic-electronic conductors (MIECs),

are promising candidates for intermediate-temperature solid oxide fuel cell (IT-SOFC) cathodes. The catalytic activity on MIEC-

based cathodes is closely related to the bulk ionic conductivity. Doping B-site cations with other metals may be one way to

enhance the ionic conductivity, which would also be sensitively influenced by the chemical composition of the dopants. Here,

using density functional theory (DFT) calculations, we quantitatively assess the activation energies of bulk oxide ion diffusion in

LaBO
3
 perovskites with a wide range of combinations of B-site cations by calculating the oxygen vacancy formation and migra-

tion energies. Our results show that bulk oxide ion diffusion dominantly depends on oxygen vacancy formation energy rather

than on the migration energy. As a result, we suggest that the late transition metal-based perovskites have relatively low oxy-

gen vacancy formation energies, and thereby exhibit low activation energy barriers. Our results will provide useful insight into

the design of new cathode materials with better performance.

Key words : Solid oxide fuel cell cathode, Oxide ion transport, Oxygen vacancy formation, Oxygen vacancy migra-

tion, Density functional theory

1. Introduction

olid oxide fuel cells (SOFCs), one of several powerful
solutions to the problems of fossil fuels, are solid-state

devices that generate electricity through the direct conver-
sion of chemical fuels under high temperature.1-3) SOFCs
provide many advantages over other fuel cells, including
high efficiency and fuel flexibility; further, SOFCs do not
require expensive catalysts such as platinum. On the other
hand, the high operating temperature of SOFCs leads to
material degradation and sealing difficulties. Reduction in
operating temperature is therefore an important challenge
for high performance SOFCs.4) Unfortunately, at reduced
temperatures, the deterioration of the oxygen reduction
reaction (ORR) rate on the cathode side becomes a limiting
factor in SOFCs.5) To solve the issue, mixed ionic-electronic
conductors (MIECs) based on perovskites are regarded as
promising cathode materials.6-8) These MIEC cathodes
extend the ORR active sites by allowing fast ionic transport
because oxygen reduction can occur along the gas/cathode
interface as well as at the triple phase boundary. This effect
consequently enhances the surface exchange rate, which is
a key factor in ORR activity.9-11) Hence, it is necessary to

design cathode materials with high ionic conductivity.
Although there are several ways of enhancing ionic

conductivity, such as using a new class of materials (the
double12,13) or layered perovskites14,15)) or introducing strain,16-20)

the optimization of compositions in simple perovskites by fully
or partially substituting A or B cations can be a powerful
method with regard to overall convenience and efficiency.
For example, Sc doping in the B-sites of LSM leads to faster
oxide ion transport when Sc concentration is lower than
5 mol%.21) Furthermore, the oxygen self-diffusion coefficient
of La1-xSr

x
Co1-yFe

y
O3-δ is several orders of magnitude higher

than that of La0.8Sr0.2MnO3 at even lower operation
temperature.22,23) These reports show that ionic conductivity
can be made tunable simply by changing the composition.24)

In this study, therefore, to elucidate the role of substitu-
tions at B-sites, we examine the bulk oxide ion diffusion
coefficient in LaB

x
B'1-xO3-δ (B, B' = Cr, Mn, Fe, Co, and Ni).

Cherry et al.25) demonstrated that a hopping mechanism,
due to its low energy barriers in oxide ion diffusion, is
strongly preferred over an interstitial mechanism. Thus, the
self-diffusion coefficient (Do) shows an Arrhenius form
dependence on temperature, as follows26-28)

,

where Evac and Emig are the oxygen vacancy formation
energy and the oxygen vacancy migration energy barrier,
respectively, and A is a pre-exponential factor. From the

Do Ae
Evac Emig+( )– /kBT

=

S
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equation, we can calculate the activation energy in oxide ion
diffusion using the sum of Evac and Emig. This provides valu-
able information for improving the oxide ion diffusion rates:
high oxygen vacancy concentration (lower Evac) and low
intrinsic migration barrier energy of oxygen vacancy (lower
Emig) in bulk perovskite can enhance the oxide ion
diffusivity.

2. Experimental Procedure

Our density functional theory (DFT) calculations were
performed with the Vienna Ab initio Simulation Package
(VASP).29,30) We employed the Perdew-Burke-Ernzerhof
(PBE) functional based on the generalized gradient approxi-
mation (GGA).31) All calculations used a plane wave expan-
sion with a cutoff of 400 eV and included spin polarization.
Geometries were relaxed using a conjugate gradient algo-
rithm until the forces on all unconstrained atoms were less
than 0.03 eV/Å. Because self-interaction errors occur in the
traditional DFT with GGA for strongly correlated electronic
materials,32) we considered the DFT+U method proposed by
Dudarev33) with Ueff = 3.5 eV (Cr), 4.0 eV (Mn), 4.0 eV (Fe),
3.3 eV (Co), and 6.4 eV (Ni).34) For the bulk calculations, a
pseudocubic 2 × 2 × 2 supercell containing 40 atoms and a
Monkhorst-Pack35) grid of 4 × 4 × 4 k-points were used.
Although the magnetic structures of LaBO3 change depend-
ing on the B-site cations, we chose the ferromagnetic (FM)
state for all bulk calculations. According to previous stud-
ies,36-38) this approach does not qualitatively alter the trends
of the oxygen vacancy formation energies or the migration
energies.

The formation energy of an oxygen vacancy was calcu-
lated by

where  and  are the total energies of one
vacancy-defected (δ =0.125) and perfect structures, respec-
tively and  is the total energy of O2 in the gas phase. For
the calculations of the total energy of O2, the molecular
geometries were optimized in the large periodically repeated
cubic boxes (approximately 20 Å on a side).39) The lattice

constants of the defective structures were used equally with
those of the perfect structures because the change in lattice
constants due to the formation of oxygen vacancies is negli-
gible at relatively low oxygen vacancy concentrations.26,40,41)

The migration barrier of an oxygen atom (or an oxygen
vacancy) was calculated using the climbing image-nudge
elastic band (CI-NEB) method.42) We applied three interme-
diate images to accurately determine the minimum energy
pathway.16,37,43,44) The NEB simulations were performed at
fixed lattice vectors with internal relaxation.

3. Results and Discussion

3.1. Oxygen vacancy formation

In this study, there are three cases of perovskite bulk
structures classified as a function of composition of B-site
cations (Fig. 1). While LaBO3 (B-VO-B) and LaB0.50B'0.50O3

(B-VO-B') have only one distinguishable oxygen vacancy site,
LaB0.75B'0.25O3 (B-VO-B and B-VO-B') has two different oxy-
gen vacancy sites when considering the two neighboring B-
site cations bonded to the lattice oxygen and the formation
energetics. For LaB0.75B'0.25O3, we selected the most stable
site that had the lower oxygen vacancy formation energy
among the two sites.

Figure 2 shows the calculated oxygen vacancy formation
energies for LaB1-xB'

x
O3 (x = 0.00, 0.25, 0.50, and 0.75). We

first note that the oxygen vacancy formation energies of
LaBO3 (the leftmost points in Fig. 2(a) to (e)) decrease in the
order of B = Cr > Fe > Mn > Co > Ni. The observed trend is
consistent with previously reported results from experi-
ments45-48) and DFT calculations.40,41,49) Pavone et al.40)

explained that this trend is related to the differences in both
B-O bond strengths and exothermic reduction of the B-site
cations (from B3+ to B2+) after removing an oxygen atom. In
B-site doped perovskites, the values of oxygen vacancy for-
mation energy are constrained between those of undoped
perovskites (LaBO3 and LaB'O3). For example, the oxygen
vacancy formation energy of LaCrO3, which is the highest
among the cases we examined here, decreases with the
addition of other B-site cations instead of Cr, whereas the
oxygen vacancy formation energy of LaNiO3, which is the
lowest among the cases, shows the opposite trend, as shown

Evac eV( ) Edefect Eperfect
1
2
---EO

2
+–=

Edefect Eperfect

EO
2

Fig. 1. Pseudocubic 2 × 2 × 2 bulk structures of (a) LaBO3-δ, (b) La(B0.75B'0.25)O3-δ, and (c) La(B0.50B'0.50)O3-δ (B and B' = Cr, Mn, Fe,
Co and Ni).
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in Fig. 2(a) and (e). This discrepancy may be attributed to
the mixing effects of B-O bond strengths or B-site cation
reduction exothermicities. These results provide a useful
way of predicting oxygen vacancy formation energies: we
can approximately estimate the oxygen formation energies
of B-site doped perovskites from those of undoped per-
ovskites.

3.2. Oxygen vacancy migration

The migration of oxygen vacancies follows a vacancy-
mediated hopping mechanism50) and has a curved path.51)

We therefore assumed that an oxygen vacancy passes
through a triangle formed by two La atoms and a B-site cat-
ion.16,26,51-53) Unlike LaBO3-δ and La(B0.50B'0.50)O3-δ, the migra-
tion barrier in La(B0.75B'0.25)O3-δ is different in accordance
with the direction of the oxygen vacancy migration because
there are two different oxygen vacancy sites in terms of
energetics, as mentioned earlier (Fig. 3). For La(B0.75B'0.25)
O3-δ, we calculated the energy barriers caused by migration
from a more stable to a less stable vacancy site.

Figure 4 shows the oxygen vacancy migration barriers cal-
culated via the vacancy hopping mechanism. No distinct dif-
ference in the influence of B-site cations is observed
compared to the oxygen vacancy formation energies. These
results are consistent with previous reports on various bulk
perovskites. For LaBO3-δ (B = Cr, Mn, Fe, Co and Ni), the
vacancy migration barriers are all similar at around 0.5 ~
0.9 eV.16,37,53-57) Mastrikov et al.58) also reported that the oxy-
gen vacancy migration barriers in (La,Sr)(Co,Fe)O3-δ are
almost independent of the chemical composition. The differ-

ence in migration barriers, therefore, may not have a signif-
icant effect on the bulk diffusion when compared to the
difference in oxygen vacancy formation energies, as can be
seen in Fig. 2.

3.3. Activation energy of oxide ion (O2-) bulk diffusion

The activation energy for oxide diffusion can be obtained
using the sum of the oxygen vacancy formation energy (Evac)
and the oxygen vacancy migration energy (Emig), as men-
tioned in Sec. 1. This implies that perovskite materials with
high oxide ion diffusion rate should have low oxygen
vacancy formation energy and oxygen vacancy migration

Fig. 2. Calculated oxygen vacancy formation energies (E
vac

) for LaB
1-x

B'
x
O

3
 (x = 0.00, 0.25, 0.50, and 0.75). Here, B = (a) Cr, (b)

Mn, (c) Fe, (d) Co, and (e) Ni; B' = the other B-site cations.

Fig. 3. 2D schematics of the curved migration pathway of an
oxygen vacancy. (a) LaBO

3-δ
 and La(B

0.50
B'

0.50
)O

3-δ

have two identical oxygen vacancy sites and (b)
La(B0.75B'0.25)O3-δ has two different oxygen vacancy
sites. In (b), the oxygen vacancy migration barrier
indicates the energy required to migrate from a more
stable to a less stable vacancy site.
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energy. As mentioned in Sec. 3.2, however, in LaBO3 per-
ovskites the activation energies are mostly influenced by
the oxygen vacancy formation energies. The Ni based per-
ovskites, which easily create an oxygen vacancy, therefore
have the lowest activation energies (Fig. 5). This agrees
with previous experimental results that the conductivity
increases as a function of Ni doping in B-sites.59) Our results
show that perovskites doped with 3d-late transition metals
are predicted as high conductivity materials. There are,
however, still other various factors that need to be consid-
ered for use as SOFC cathode materials. For example,
although based on our analysis LaNiO3 seems to be one of
the most promising cathode materials, it may not indeed be
suitable due to the instability arising from phase transfor-

mations at high temperature.60,61) Nevertheless, our DFT
results provide a principle for the fast screening of high per-
formance SOFC cathode materials.

4. Conclusions

In this study, using DFT+U calculations, we investigated
the effect of B-cation doping on bulk ionic transport in
LaB

x
B'1-xO3-δ (B, B' = Cr, Mn, Fe, Co, and Ni). The activation

energy in bulk oxide diffusion were simply calculated using
the summation of oxygen vacancy formation and migration
energy. While oxygen vacancy formation energy generally
decreased with change of B-site dopants from the middle to
the late transition metals, oxygen vacancy migration energy

Fig. 4. Calculated oxygen vacancy migration barriers (E
mig

) for LaB
1-x

B'
x
O

3
 (x = 0.00, 0.25, 0.50, and 0.75). Here, B = (a) Cr, (b)

Mn, (c) Fe, (d) Co, and (e) Ni; B' = the other B-site cations. The scale of the y-axis is the same as that shown in Fig. 3 for
the comparison with oxygen vacancy formation energies.

Fig. 5. Activation energies for oxide diffusion in (a) La(B
0.75

B'
0.25

)O
3-δ

 and (b) La(B
0.50

B'
0.50

)O
3-δ

.
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showed relatively independent behaviors. Comparing con-
tributions to activation energy, we found that vacancy for-
mation energy has a greater effect than migration energy.
This implies that we can approximatively predict the activa-
tion energy simply by estimating the oxygen vacancy forma-
tion energy. Although there are many other factors that
might govern the cathode performance, our results provide
one set of guidelines that should be considered when design-
ing high performance SOFC cathode materials.
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