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ABSTRACT: Understanding the oxygen transport behavior in perovskites is of central importance for tailoring their phys-
ical and chemical properties to various practical applications. In this contribution, periodic DFT+U calculations have been 
performed to unravel the electronic origin of the oxygen mobility difference in La-based perovskites involving 3d-block 
transition metals from Sc through Cu. Calculated results indicate that the perovskites generally exhibit an increased re-
ducibility on going from LaScO3 to LaCuO3, and the exceptionally high oxygen vacancy formation energy in LaFeO3 is due 
to the significant lowering of the electron exchange stabilization upon reduction. The oxygen migration barrier in the first 
four perovskites varies from 1.2 eV to 2.1 eV while that for the later five materials is much lower and lies between 0.4 and 
0.9 eV. Electronic structure analysis indicates this abrupt change in the migration barrier can be attributed to the differ-
ent degrees of charge redistribution on the central transition-metal ion during the migration process. Linear scaling rela-
tions are established to show that the oxygen bulk diffusion coefficient is governed essentially by the oxygen concentra-
tion rather than by the migration barrier. The actual partial charge on the transition metal or oxygen ion explains the 
electronic origin of the different oxygen transport properties of La-based perovskites, and the observed trend can be de-
scribed by using the oxygen vacancy formation energy as a good descriptor. 

1. Introduction 
Perovskite-type oxides (ABO3) constitute probably the 

best known and most widely studied mixed oxides in 
chemistry1, where the A-site cation can be a rare earth, 
alkaline earth, or alkali cation and the B-site cation usual-
ly comes from the transition-metal elements in periods 4, 
5, and 6 in the periodic table. Among the major ad-
vantages of perovskites are the stability and flexibility of 
their well-defined crystal structures. The ability to ac-
commodate various substituents and dopants allows us to 
manipulate the materials by changing the elemental 
composition and oxidation state, which in turn makes it 
possible to tailor the physicochemical properties of the 
mixed oxides to their potential applications as cathode 
materials in solid oxide fuel cells (SOFCs)2, catalysts and 
oxygen carriers in heterogeneous catalysis3, oxygen sepa-
ration membranes4, and solid-state gas sensors1. 

In most of these applications, a shared process is the 
oxygen transport in bulk perovskites, and the mobility of 
the oxygen ions often determines how the mixed oxides 
function and react. For instance, SOFCs typically operate 
at a high temperature between 800 and 1000 °C, which is 
due to the fact that the lack of ionic conductivity of the 
traditional cathode materials limits the oxygen reduction 
reaction (ORR) only to the active sites very close to the 
triple point boundary between oxygen, the electrode, and 

the electrolyte5-8. High operating temperature, however, 
may lead to mechanical incompatibility of the compo-
nents in the electrical device that have different thermal 
expansion coefficients. Hence, a very active area of cur-
rent research is to develop intermediate-temperature 
SOFCs working at 500 - 800 °C. In this temperature 
range, mixed ionic-electronic conductivity (MIEC)8 is 
required for the cathode material to achieve a reasonable 
electrochemical performance. The facile oxygen bulk 
transport may result in an increased active surface area, 
thus improving the ORR kinetics. By a similar redox 
mechanism, perovskite-based MIEC membranes have 
recently been used to separate oxygen from air at high 
temperatures, and the integration of oxygen production 
with catalytic reaction is found to be a promising strategy 
for upgrading methane and alkenes by selective oxida-
tion9. In the catalytic dense membrane reactor, the oxy-
gen transport in the thin membrane occurs via the hop-
ping of the oxygen ions to their neighboring vacant sites, 
whereas the bulk diffusion of any other species is not 
permitted10-11. Clearly, the oxygen permeation flux and 
selectivity of the composite membranes depend strongly 
on the oxygen transport properties of the constituent 
perovskites. As another example, La-based perovskites are 
promising catalysts for the partial oxidation of methane 
by the chemical looping process12. Through a transient 
kinetic study, the particle size of LaFeO3, and hence the 
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oxygen transport kinetics in the catalyst particle, was 
found to have a major impact on the surface oxygen con-
tent and the catalyst selectivity. Fe sites that have a high 
coordination number with surface oxygen are active for 
the total combustion of methane, whereas those sur-
rounded by a sufficiently large number of oxygen vacan-
cies are responsible for carbon deposition and catalyst 
deactivation. Only in the situation that Fe sites are mod-
erately coordinated to surface oxygen can the partial oxi-
dation reaction take place. 

It has long been recognized that the oxygen diffusion in 
perovskites follows a vacancy-mediated mechanism, in 
large part because the size difference between transition 
metal and oxygen ions is not sufficiently significant to 
allow the occupation of interstitial sites13. According to 
the Nernst-Einstein equation, the oxygen diffusion coeffi-
cient in perovskites can be expressed in terms of the va-
cancy concentration and vacancy diffusion coefficient, 
which are governed by the strength of the metal-oxygen 
bonds involved and the minimum energy required to 
surmount the migration barrier, respectively. Thus, two 
related and experimentally measurable quantities are 
commonly used to explain and predict the oxygen 
transport behavior in the mixed oxides: oxygen vacancy 
formation energy and vacancy migration barrier. The 
lower the two energetic properties, the more readily can 
oxygen ions migrate. However, although this connection 
is particularly useful for the rational fabrication of ceram-
ic materials, understanding of the physical origin of dif-
ferent oxygen transport properties is still very limited. 

Theoretically, the density functional theory plus U 
(DFT+U) method has been used by Pavone et al. to ex-
plore the formation of oxygen vacancies in LaMO3 (M = 
Cr, Mn, Fe, and Co)14, who claimed that both the experi-
mentally measured M-O diatomic bond strength and the 
negative of the M2+ ionization potential can nicely track 
the trend in the calculated vacancy formation energy. In a 
similar way, Muñoz-García et al.6 found that there is a 
direct relationship between the energetics of vacancy 
formation in La1-xSrxMO3 (M = Mn and Fe) and the extent 
to which the electrons left behind upon oxygen removal 
are delocalized onto the oxygen sublattice. In addition, 
Lee et al.15 and Chen et al.16 suggested that a more nega-
tive O p-band energy should give rise to a stronger transi-
tion metal-oxygen bond in the mixed oxides. However, 
although a reasonable explanation has been given by in-
voking a rigid band model, the relations established in 
their work are not satisfactorily linear. Likewise, various 
structural, energetic, electronic properties have been pro-
posed to explain the trend in the oxygen migration barri-
er in perovskites, including Kilner critical radius17, lattice 
free volume18, Goldschmidt tolerance factor18, crystal 
structure ideality19, the percentage change in the area of 
the “critical triangle”20-21, bulk oxygen p-band center22, the 
charge transfer between oxygen and transition metal23, 
and the change in the magnetic moment of the “central” 
transition metal ion24. Unfortunately, there are also no 
general rules based on simple physical properties that can 
guide us in predicting the migration barrier. 

Many of the early studies of perovskites were motivated 
by the desire to develop more efficient MIEC materials 
and therefore focused only on LaMO3 (M = Mn, Fe, and 
Co) and their derivatives. As a consequence, a full picture 
of how the oxygen transport property of metal oxides can 
be tuned by adjusting composition and structure has not 
yet been achieved. An eloquent way to gain a broader 
understanding of this link is to recognize a general pat-
tern of the oxygen mobility in a class of perovskites. In 
this contribution, DFT+U calculations are first used to 
calculate the oxygen vacancy formation energies in the 
La-based perovskites that involve the first series of d-
block transition metals (LaMO3, M = Sc - Cu), and the 
effects of the crystal structure and the exchange-
correlation functional used have been explored. Next, 
population analysis and energy decomposition are con-
ducted to identify the dominant factor that determines 
the reducibility of the LaMO3 perovskites. The oxygen 
migration barriers for all the possible elementary steps 
and pathways are then obtained by finding the minimum 
energy paths (MEPs). After that, the Bader charge analysis 
is employed to explain the sharp decrease in the migra-
tion barrier on moving from LaCrO3 to LaMnO3. Finally, 
we conclude by identifying the descriptor and electronic 
origin that can be used to describe the trend in the oxy-
gen bulk diffusion kinetics in perovskites. 

2. Computational details 
2.1 DFT calculation 

All self-consistent DFT calculations have been carried 
out using the VASP code25-27, in which the electronic 
wavefunction at each k-point is written as a product of a 
wave-like part and a cell periodic part, with the latter ex-
panded in terms of a plane wave basis set. The projector-
augmented wave (PAW) method28 was employed to rep-
resent the interactions between ion cores and valence 
electrons, and for the relatively “hard” PAW potentials (as 
summarized in Table S1 for La, O, and transition metals) a 
plane wave energy cutoff of up to 600 eV was necessary to 
converge the total energy per atom in LaMO3 to within 1 
meV. 

The exchange and correlation of the Kohn-Sham theory 
was treated by using both the recently developed Bayesi-
an error estimation functional with van der Waals corre-
lation (BEEF-vdW)29 and the Perdew-Burke-Ernzerhof 
(PBE) functional30. It was found that the PBE functional 
fails to account for the long-range geometrical distortions 
present in perovskites31. In the BEEF-vdW functional, a 
linear combination of local (Perdew-Wang LDA)32, semi-
local (PBE)30, and nonlocal correlation (vdW-DF2)33 is 
taken as the correlation model space, so that long-range 
van der Waals interactions and short-range covalent 
bonding can be simultaneously described with reasonable 
accuracy, making it an excellent density functional for 
studies in heterogeneous catalysis and surface science. 
From this point of view, use of the BEEF-vdW functional 
could also be a first test for our future work regarding the 
redox reactions catalyzed by perovskites. The application 
of the PBE+U method was to compare the results ob-
tained in this work with previously published theoretical 
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data, as PBE is by far the most widely used functional in 
representing the structures and energetics of perovskites. 

Because standard exchange-correlation functionals suf-
fer from excessive electron delocalization which is con-
nected with the spurious interaction of an electron with 
itself (previously known as the “self-interaction error”)34, 
an additional Hubbard-type term was applied in the sim-
plified (rotationally invariant) DFT+U method35-37 to ad-
dress the on-site Coulomb interactions between the 
strongly correlated transition metals d states. In practice, 
an effective interaction parameter Ueff was introduced by 
adding a penalty function to the total energy expression 
in GGA. The Ueff values given in Table S1 were obtained by 
fitting the calculated thermodynamic quantities to avail-
able experimental data, in much the same way as that 
proposed by Wang et al.38 and Jain et al.39 A comparative 
study performed by Pavone et al. indicated that the appli-
cation of a higher level of theory (e.g., the HSE hybrid 
functional) does not offer a significant advantage in terms 
of the agreement of the calculated oxygen vacancy for-
mation energies with experiment14. On the other hand, by 
summarizing the calculated electronic and magnetic 
structures of LaCoO3 in earlier theoretical calculations, 
Ritzmann et al. suggested that DFT+U calculations could 
reach contradictory conclusions with different choices of 
the Ueff value40. Thus, we performed additional calcula-
tions to ensure that the used Ueff values can correctly re-
produce other physical properties of perovskites, such as 
energy gap and magnetic moment. The details of the der-
ivation and validation of the Ueff values are given in Figs. 
S1 - S3. 

Sampling of the Brillouin zone was performed with the 
Monkhorst-Pack method41 and electronic occupancies 
were determined by the Gaussian scheme with an energy 
smearing of 0.1 eV. For the majority of this study, spin 
polarization was taken into account to obtain reasonably 
accurate structures and energetics, where experimentally 
observed magnetic structures at room temperature were 
adopted. For example, it was reported that the Co3+ cation 
in LaCoO3 is nonmagnetic (in the low-spin state) below 
90 K42 and becomes paramagnetic with great complexity 
when temperature is raised. As revealed by X-ray diffrac-
tion, soft X-ray absorption, and circular dichroism exper-
iments, Co3+ exists either in the intermediate-spin state or 
as a mixture of cations in the low- and high-spin states43-

44. Thus, in order to explain the magnetic behavior of La-
CoO3 at elevated temperatures, the simple intermediate-
spin state that corresponds to a t2g

5eg
1 electron configura-

tion was adopted by each cobalt ion in the stoichiometric 
structure. By contrast, the effect of magnetism was not 
included in the study of LaScO3 and LaCuO3 because pre-
liminary calculations indicated that the introduction of 
spin polarization has a negligible effect on their structural 
and energetic properties. The detailed magnetic struc-
tures of LaMO3 (M = Sc - Cu) are given in Table S1. 

Geometry optimization of the bulk structures of the 
stoichiometric perovskites was first conducted by using a 
quasi-Newton algorithm, with both lattice vectors and 
atomic coordinates allowed to fully relax. The calculated 
equilibrium lattice constants were then kept fixed and 
applied in energy minimization of the oxygen-deficient 
perovskites. The climbing-image nudged elastic band (CI-
NEB) method45-46 was used to find the minimum energy 
path (MEP) for oxygen ion migration between energeti-
cally favorable oxygen vacancies, where a certain number 
of intermediate images were created and optimized by 
using a force-based conjugate-gradient method47. Both 
geometry optimization and transition-state search were 
considered to be converged when the forces on each atom 
were less than 0.03 eV/ Å. 

The mass-weighted Hessian matrix was calculated un-
der the finite difference approximation and diagonalized 
to give the vibrational frequencies of normal nodes. Then, 
the enthalpy and Gibbs free energy of molecular O2 at 
temperature T and pressure P were calculated in the ide-
al-gas limit: 

( ) ( )
2 2,, 0O total O ZPEH T P E E H T= + + ∆ ° →  (1) 

( ) ( ) ( )
2 2 2

, , , lnO O O
PG T P H T S T P H T S T P RT
P

 = − ⋅ = − ⋅ ° +  ° 
 (2) 

 

 

where 
2,total OE  is the total energy of molecular O2 as de-

termined by DFT calculations. ZPEE  is the zero-point en-

ergy, and ( )0H T∆ ° →  is the enthalpy change from 0 K to 

temperature T. As for the perovskite crystal structures, all 
degrees of freedom of selected ions were treated in the 
harmonic limit and the Gibbs free energy can therefore be 
written as 

( ) ( ) ( ),, 0perovskite total perovskite ZPEG T P E E U T T S T= + + ∆ ° → − ⋅ °  (3) 

where ( )0U T∆ ° →  is the change in internal energy from 0 

K to temperature T. A more detailed derivation of the 
thermodynamic properties can be found in our previous 
work48. 
2.2 Structural model 
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The microstructures of perovskites can be represented 
as a three-dimensional framework of corner-sharing MO6 
octahedra, with the A-site cations centered in the cub-
octahedral cavities of the MO6 arrangement. The Gold-
schmidt tolerance factor ( t ) has conventionally been 
used to assess the stability and distortion of the perov-
skite structures, which is defined as 

( )2
A O

M O

r rt
r r
+

=
⋅ +

 (4) 

where Ar , Mr , and Or  are the ionic radii of the A-site cat-
ion, M-site cation, and O anion, respectively. This geo-
metrical relationship is unity for ideal cubic perovskites 
with the 3Pm m  space group symmetry but can vary 
broadly from 0.71 to 1.13 while retaining a stable distorted 
structure1, 3. In general, deviations from the ideal cubic 
structure can often be traced to the inherent ability of the 
octahedra to undergo cooperative tiltings in response to 
the size mismatch between the A and M cations49-50 and 
to the local geometrical distortion within the octahedra 
that removes the eg- and/or t2g-orbital degeneracy under 
the influence of an octahedral crystal field51-52. The octa-
hedral rotation is commonly referred to as GdFeO3-type 
distortion (or simply GFO distortion) and would consid-
erably decrease the M-O-M bond angles from 180°, while 
the internal distortion of the octahedra originates from 
the Jahn-Teller effect, which is driven by the desire to 
stabilize the system by lowering the electrostatic repul-
sion between the transition metal d state and the un-
shared electron pair on the O ion. 

Structural determinations carried out at room tempera-
ture suggested that there are multiple ways in which the 
octahedra can tilt53-54. Very often perovskites would un-
dergo an a-a-a- or an a-b+a- octahedral tilting distortion (in 
the Glazer notation49), with the symmetry reducing from 
cubic to rhombohedral or to orthorhombic. In this work, 
calculations were carried out on La-based perovskites, 
including all ternary 3d-block transition-metal oxides 
except LaZnO3. The reason LaZnO3 was not under consid-
eration is that the contraction of the 3d orbital becomes 
more pronounced from left to right across the first transi-

tion-metal series, making it impossible to remove elec-
trons from the 3d orbitals of Zn to form stable Zn3+ cati-
ons55. One can see from Table S1 that the symmetry of the 
LaMO3 perovskites at room temperature may be correctly 
described in the space groups Pbnm  (M = Sc - Fe) and 

3R c  (M = Co - Cu). Using this structural information, the 
bulk structures of the orthorhombic and rhombohedral 
perovskites were represented as a 2 × 2 × 1 and a 2 × 2 × 2 
replication of their respective primitive cells, each con-
taining a total of 80 atoms and 16 formula units. Super-
cells of this size are highly desired so as to minimize im-
age-image interactions, only a portion of which is shown 
schematically in Fig. 1a and 1b for clarity. The Brillouin 
zone of the orthorhombic and rhombohedral structures 
was sampled with a gamma-centered 3 × 3 × 5 and a 
gamma-centered 3 × 3 × 3 Monkhorst-Pack grid, respec-
tively. 

Apart from the aforementioned low-temperature struc-
tures, it was reported that under the SOFC operating 
conditions (~700 - 1200 K), the thermal vibrations in per-
ovskites would average out the Jahn-Teller distortion and 
the crystal structures appear to be cubic. The reasoning 
behind this remark is that the SOFC operating tempera-
ture is generally higher than the Jahn-Teller or-
der/disorder transition temperature of perovskites56-57. 
However, despite having the overall cubic symmetry, per-
ovskites are likely to remain distorted in local structures. 
Not only the GFO distortion but the Jahn-Teller distor-
tion may persist at high temperatures58-59. To examine the 
effect of the perovskite crystal structure on the energetics 
of oxygen vacancy formation and oxygen ion migration, a 
2 × 2 × 2 replication of the ideal cubic unit cell that com-
prises 40 atoms and 8 formula units was constructed for 
each LaMO3, the Brillouin zone of which was sampled 
with a gamma-centered 3 × 3 × 3 k-point grid. Distorted 
structures were obtained by imposing an a-b+a- or an a-a-

a- octahedral tilting distortions on the cubic supercells 
and allowing for internal atomic relaxation. The equilib-
rium supercell parameters of the pseudocubic structures 
were obtained by first performing a series of constant-

Figure 1. Schematic representations of LaMO3 perovskite structures adopting (a) an orthorhombic, (b) a rhombohedral, and (c) a 
pseudocubic symmetry. 
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volume calculations and then fitting the energy vs. vol-
ume data to the Murnaghan equation of state60 (see the 
Supporting Information for details). Our calculated re-
sults indicate that the pseudocubic model in the a-b+a- tilt 
system is energetically more favorable than that in the a-

a-a- tilt system. Thus, unless otherwise noted, the a-b+a- 
octahedral tilting distortion was adopted by all the pseu-
docubic structures of La-based perovskites. 

3. Results and discussion 
3.1 Oxygen vacancy formation in LaMO3 
3.1.1 Contributions to oxygen vacancy formation energy 

Perovskites could be either oxidized or reduced in re-
dox reactions, depending on the reactive gas atmosphere 
and the oxidation state of the transition metals involved. 
It is generally accepted that the perovskite-catalyzed re-
dox reactions occur by the Mars van Krevelen mecha-
nism61. In the redox cycle, O atoms on the oxide are first 
transferred to the reducing agents, leaving the surface 
with oxygen vacancies and transition metal ions in lower 
oxidation states. When applied in an oxidizing atmos-
phere, the oxygen vacancies would be attacked by the 
oxidant molecules that dissociate, followed by the incor-
poration of the resultant oxygen atoms into the defective 
surface, thus reforming the catalyst. During the course of 
the chemical transformation, oxygen concentration gra-
dient is repeatedly established across catalyst nanoparti-
cles and serves as the driving force for oxygen ion 
transport between bulk oxide and oxide surface. 

There are mainly three mechanisms by which the de-
fect migration may occur in crystalline solids, including 
the vacancy, interstitial, and collinear (or non-collinear) 
interstitialcy mechanisms. Of them, the vacancy-
mediated diffusion mechanism should dominate in most 
close-packed crystal structures. Indeed, this is the case for 
oxygen diffusion in bulk perovskite62-64, where there is no 
significant difference in ionic radius between the M-site 
cation and oxygen anion (e.g., 0.785 Å for high-spin Fe3+ 
and 1.26 Å for O2-). Hence, formation of vacancies is es-
sential to oxygen ion migration in perovskites and the 
detailed knowledge of how readily the M-O-M bond can 
be broken would lead to a better understanding of the 
kinetics of the oxygen transport process. 

The oxygen vacancy formation energy ( ,f vacE∆ ) in La-

MO3 can be calculated as 

2,
1
2f vac defective O perfectE E E E∆ = + −  (5) 

where perfectE  and defectiveE  are the total energies of the stoi-

chiometric LaMO3 and the defective LaMO3 upon remov-
al of a neutral oxygen atom from the lattice, respectively, 
and 

2OE  is the total energy of an O2 molecule in its triplet 

state. Under this definition, the formation energy pro-
vides a measure of the reducibility of the LaMO3 perov-
skites, in the sense that the less positive the ,f vacE∆  value, 

the less is the energy needed to form an oxygen vacancy, 
and hence the more readily can the transition-metal cati-
ons be reduced. Because LDA and GGA generally overes-
timate the binding strength in the molecular O2, the O2 
total energy was corrected by fitting the enthalpy and 
Gibbs free energy of formation of nontransition-metal 
oxides to experimental values. For the PBE+U and BEEF-
vdW+U methods, the resultant formation energies have 
been increased by 0.42 eV and 0.23 eV per oxygen vacancy 
in LaMO3 (M = Sc, Ti, Cr, Mn, Fe, Co, and Ni) and by 0.37 
eV and 0.19 eV per oxygen vacancy in LaMO3 (M = V and 
Cu), respectively. The derivation of the energy corrections 
is included in the Supporting Information. 

Unlike the ideal cubic and distorted rhombohedral 
structures where all the oxygen sites are equivalent, the 
orthorhombic and pseudocubic perovskites adopt the a-

b+a- tilt system and possess oxygen ions/vacancies that 
can be classified into two categories. The ani-
ons/vacancies that are located at the equators of the MO6 
octahedra (i.e., in the ab-plane) are denoted Oab/Vab while 
those sitting at the remaining apices of the octahedra are 
denoted Oc/Vc,65-66 as illustrated in Fig. 1. Calculated re-
sults indicate that the vacancy formation energies at these 
sites are virtually the same (the difference is less than 0.1 
eV, see Table S2), which implies that the oxygen vacan-
cies are likely to be distributed uniformly in the bulk of 
various perovskites. Also, it is found that the perovskite 
crystal structure has a negligible effect on the predicted 
results, in accord with the observation by Curnan et al. in 
SrMnO3 and SrFeO3

67. 
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Fig. 2 shows the calculated oxygen vacancy formation 
energies in LaMO3 as a function of the atomic number of 
the constituent transition metals by using the BEEF-
vdW+U and PBE+U methods. It can be seen from the 
figure that our calculated results are in remarkably good 
agreement with available thermogravimetric data68-70, 
even better than is obtained from the HSE06 hybrid func-
tional14. The first four LaMO3 (M = Sc - Cr) perovskites 
have oxygen vacancy formation energies higher than 5.4 
eV and can therefore hardly be reduced even under harsh 
conditions, which explains much of the behavior exhibit-
ed by these oxides in redox reactions71-73. In general, the 
perovskites exhibit an increased reducibility as we move 
from LaScO3 to LaCuO3. However, the oxygen vacancy 
formation energy in LaFeO3 is exceptionally high (4.7 - 
4.9 eV), regardless of the crystal structures adopted and 
the exchange-correlation functionals used (By using the 
quantum Monte Carlo method, Santana et al.74 even ob-
tained a high value of 6.24 eV for LaFeO3). This finding 
has been verified by previous experimental observations 
that the Fe-O bond in LaFeO3 is even harder to break 
than the Mn-O bond in LaMnO3

68-69. By performing both 
the GGA+U and hybrid density functional calculations, 
Pavone et al.14 and Lee et al.75 observed a similar trend 
from LaCrO3 through LaNiO3 and suggested that the 
overall shape of the curves is a result of two effects: the 
intrinsic M-O bond strength that decreases on moving 
across the first transition-metal period and the preference 
for maximum electron exchange stabilization that causes 
the non-monotonic behavior. The latter can be rational-
ized as follows. In the defect-free LaMO3, the high-spin 
Mn3+ and Fe3+ cations have a t2g

3eg
1 and a t2g

3eg
2 electron 

configuration, respectively. When a neutral oxygen atom 
is removed from the lattice, the two electrons left behind 
will localize to a large extent on the two M3+ cations near-
est to the vacancy. For Mn3+, whether the electron goes 
into a t2g or into an eg orbital depends on the relative en-
ergies of the crystal-field splitting energy and the spin-
paring energy. Our calculated results indicate that the 
high-spin Mn2+ that has a half-filled subshell (t2g

3eg
2) is 

energetically more favorable, which is driven by the de-
sire to maximize the exchange stabilization. By contrast, 
adding an antiparallel spin to the Fe3+ cation may reduce 
the exchange interaction between the d electrons of the 
same spin and cause them to experience a higher Cou-
lomb repulsion, thus giving rise to a higher energy. Usual-
ly the negative of the third ionization energy ( 3rdIP ) is 
used as a measure of how readily M3+ cations can gain an 
electron. The higher value for Mn2+ (33.78 eV) than for 
Fe2+ (30.65 eV) also supports the idea that adding an elec-
tron to the Mn3+ cation would release more heat. 

To understand better the major factor that influences 
the ease with which the M-O-M bond can be broken, it is 
advantageous to decompose the f, vacE∆  into geometrical 

and electronic contributions: 

( ) ( )

2

2

2

,

,

1
2

1
2

1
2

f vac defective O perfect

constrained constrained
defective defective defective O perfect O O

distortion bonding binding O

E E E E

E E E E E E E

E E E

∆ = + −

 = − + + − + − 
 

= ∆ + ∆ + ∆

 (6) 

where constrained
defectiveE  is the single-point energy of the oxygen-

deficient LaMO3 without any geometry optimization and 

Figure 2. (a). Calculated  in LaMO3 by using the BEEF-vdW+U and PBE+U methods. Experimental data reported in ref. 

68-70 and theoretical results reported by using the HSE06 hybrid functional in ref. 14 are presented for comparison; (b). linear 
scaling relations between  and the RMSD of the ions in the defective structures; (c). decomposition of  into 

 and , in which the constituent transition metals are put in order of decreasing the vacancy formation energy. 
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its difference from the defectiveE  naturally defines the distor-

tion energy ( distortionE∆ ). Since the distortionE∆  is the relaxa-
tion energy of the remaining crystal structure upon re-
moval of an oxygen atom, it is expected to be strongly 
dependent on the displacement of the ions in the defec-
tive structures. Indeed, plotting the distortionE∆  against the 
root mean squared displacement (RMSD) of the remain-
ing ions gives a good straight line (see Fig. 2b), meaning 
that the RMSD can be used to gauge the degree of geo-
metrical distortions arising from the oxygen abstraction. 
The second contribution to the f, vacE∆  is the bonding en-

ergy ( bondingE∆ ), which by definition is the energy required 

to remove an oxygen atom from the fixed oxide lattice 
and thus provides a measure of the direct interaction be-
tween them. Finally, the third term on the right-hand 
side of Eq. (6), 

2,binding OE∆ , is due to the binding of O atoms 

in gaseous O2 and keeps constant in the calculation of the 
f, vacE∆  in the different perovskites. Fig. 2c shows the cal-

culated f, vacE∆ , bondingE∆ , and distortionE∆
 plotted against the 

perovskite materials, in which the constituent transition 
metals are put in order of decreasing the vacancy for-
mation energy. From the figure, one can see that alt-
hough the two straight lines have slightly different slopes, 
the f, vacE∆  and bondingE∆  apparently follow the same trend; 

that is, the variation of the oxygen vacancy formation 
energy is determined largely by the change in the bond-
ing energy. 
3.1.2 Electronic structure analysis 

Population analysis methods partition the electron 
density between nuclei so that a number of electrons can 
be assigned to each nucleus. Armed with this knowledge, 
we can examine more closely the nature of the chemical 
bonds between La, M, and O in the LaMO3 perovskites 
and gain deeper insight into the interactions responsible 
for the bonding between ions of unlike charge in transi-
tion-metal oxides. Here the Bader charge analysis, which 
is based on the concept of a gradient vector path, was 
performed to keep track of the charge redistribution upon 
formation of an oxygen vacancy in LaMO3. As indicated in 
Fig. 3a and 3b, the calculated effective Bader charges on 
La ( Laq ), M ( Mq ), and O ( Oq ) in the stoichiometric struc-
tures are either less positive or less negative than their 
respective formal oxidation states, implying that the 
chemical bonding in the perovskites could be character-
ized as ionic with some covalent character. Moreover, the 
M-O bond is less polar than the La-O bond in light of the 
fact that the La cations carry more partial positive charg-
es. Going from LaScO3 to LaCuO3, the oxidation state of 
La keeps nearly constant (+2.04 - +2.13), whereas the M 
and O ions become less positively and negatively charged, 

Figure 3. Calculated effective Bader charges on (a) La and M and on (b) O in the pseudocubic LaMO3 by using the BEEF-vdW+U 
method; (c) linear scaling relation between the partial charges on transition metal and oxygen ions; (d) percentage of the elec-
trons gained by each remaining ion upon oxygen vacancy formation. The data for the nearest-neighbor transition metals of the 
oxygen vacancy are shaded in gray. 
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respectively, except that the Fe-O bond is more polar 
than the Mn-O bond. Interestingly, the charges on the M 
and O ions scale linearly with each other (see Fig. 3c), 
which well represents the varying degree of electron den-
sity shift in these substances. 

Upon removal of a neutral oxygen atom, a certain 
number of electrons (~1.10 - 1.37 e) are left behind and will 
be transferred to the defective LaMO3. The percentage of 
the electrons gained by each remaining ion is given in Fig. 
3d. From the figure, one can see that the electrons left 
behind would delocalize over the whole oxide lattice. 
However, the largest number of electrons will be localized 
on the transition metals that are nearest to the oxygen 
vacancy (the corresponding data are shaded in gray in the 
figure). The only exception occurs in LaMnO3, where the 
two next-nearest neighbor Mn cations gain the most elec-
trons. This phenomenon can be explained by the so-
called superexchange interaction76, in which the hopping 
of d electrons from the Mn2+ to the Mn3+ cation occurs via 
the p states of the shared oxygen ions, leading to the su-
perexchange between these cations. 

If we add up the percentages for each element in each 
oxide, it is interesting to find that, for the LaMO3 (M = Sc, 
Ti, V, Cr, and Fe) perovskites, only less than 13 % of the 
electrons left behind are delocalized onto the oxygen sub-
lattice, while in LaMO3 (M = Mn, Co, Ni, and Cu) that 
have a lower vacancy formation energy, more than 36 % 
of the electrons would be withdrawn by the oxygen ions. 
The results obtained from the orthorhombic and rhom-
bohedral structures as well as the PBE+U method are 
found to follow the same trend (see the Supporting In-
formation for details). The oxygen vacancy formation in 

La1-xSrxMO3 (M = Mn and Fe) has previously been investi-
gated by Muñoz-García et al.24, who claimed that ~20 % of 
the extra charge would go into the oxygen sublattice after 
removing an oxygen atom from LaFeO3. When Sr was 
substituted for 50 % of the La cations, roughly 80 % of the 
electrons were delocalized onto the remaining oxygen 
ions and no local reduction of Fe was observed. They sug-
gested that the lower oxygen vacancy formation energy in 
La0.5Sr0.5FeO3 is due to the higher degree of charge delo-
calization, which minimizes the repulsion arising from 
the defect formation. Thus, it appears as if the degree of 
electron delocalization onto the oxygen lattice would de-
termine how much the oxygen-deficient perovskites can 
be stabilized. 
3.1.3 Contributions to bonding energy 

For the purposes of exploring how the charge redistri-
bution may affect the energetics of vacancy formation, we 
need to further separate different contributions to the 

bondingE∆ . On the basis of the information given by the 

electronic structure analysis, oxygen vacancy formation 
can be envisioned as occurring in three steps: (1). M-O-M 
bond cleavage giving rise to infinitely widely separated 
Oδ- and positively charged defective LaMO3; (2). loss of 
electrons from Oδ- to form an O atom; and (3). gain of 
electrons by the oxygen-deficient structure, as illustrated 
in Fig. 4a. Of the three steps, the last two can be com-
bined into one single step to describe the electron trans-
fer from Oδ- to the defective LaMO3. Accordingly, the 
bonding energy is divided into two terms: 

bonding electrostatic transferE E E∆ = ∆ + ∆  (7) 

Figure 4. (a). Illustration of removal of an oxygen atom from fixed oxide lattice; (b). decomposition of  into  

and ; (c). linear scaling relation between  and the actual partial charge on oxygen; and (d). linear scaling rela-

tion between  and the actual partial charge on oxygen. The calculated results are obtained in the pseudocubic structure 

by using the BEEF-vdW+U method. 
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where electrostaticE∆  is the change in the electrostatic poten-
tial energy of interaction between oxygen and the remain-
ing fixed oxide lattice and transferE∆  is the energy change 

associated with the electron transfer from Oδ- to the re-
maining ions. 

Each O ion in LaMO3 experiences not only electrostatic 
attractions from the oppositely charged cations but also 
repulsions from all the other like-charged anions. The 
coulomb potential energy of an O ion ( electrostaticE ) is the 
sum of all the electrostatic contributions and can there-
fore be used to measure the strength of ionic bonding in 
the stoichiometric perovskites. Here the quantity 

electrostaticE  was calculated by using the EUGEN code77, on 
the assumption that the ions involved in LaMO3 behave 
as positive and negative points of charge separated by 
interatomic distances: 

2

0 04
O

electrostatic O
z eE M

rπε
⋅

= ×  (8) 

where Oz  is the electrical charges on the O ion, 0r  is the 
nearest neighbor distance, and OM  is the Madelung con-
stant of the O ion that can be written as 

0/
i

O
i iO

zM
r r

=∑  (9) 

where iz  is the electrical charges on the ith ion and iOr  is 
the interatomic distance between the ith ion and the O 
ion. 

Fig. 4b shows the calculated electrostaticE∆  and transferE∆  

plotted against the bondingE∆ . From the figure, one can see 

that the electrostaticE∆
 is much more positive than the bond-

ing energy and increases linearly with it. On the other 
hand, since the electrostaticE∆  is intimately related to the 
charge on the oxygen ion in the stoichiometric LaMO3, it 
is not surprising to learn that the scaling between these 
two quantities also gives a straight line (see Fig. 4c). The 
large positive values for the energy change signify that the 
O ions interact strongly with the cations in the tightly 
bonded solids. In contrast, the energy change associated 
with the electron transfer takes negative values and be-
comes more negative as the bonding energy rises, which 
means the energy released by adding electrons to the ox-
ygen-deficient crystal structure more than makes up for 
the endothermic nature of removing electrons from Oδ- to 
form an O atom, making the overall electron transfer an 
exothermic process. 

It is important to note that LaFeO3 has a more negative 
transferE∆  value than LaMnO3; that is, LaFeO3 has its defec-

tive structure stabilized more significantly by the electron 
transfer, although the electrons left behind upon oxygen 
removal are delocalized to a smaller extent onto the re-
maining oxygen ions (see Fig. 3d). As shown in Fig. 4d, 
however, a very good linear scaling relation is established 
between the transferE∆  and Oq , which demonstrates that 

the energy change associated with the electron transfer is 
determined dominantly by the number of the electrons 
left behind upon formation of oxygen vacancy, rather 
than by the degree of electron delocalization onto the 

oxygen sublattice. Furthermore, given the fact that the 
charges on the transition metal and the oxygen ion scale 
with each other, either of them can be used to explain the 
trend in the electrostaticE∆  and transferE∆ , and hence in the 

bondingE∆  and f, vacE∆ . 

3.2 Oxygen migration in LaMO3 
3.2.1 Oxygen migration elementary steps 

When oxygen concentration gradients are established 
in the bulk, the hopping of ions and vacancies takes place 
in opposite directions and at the same rate, both follow-
ing the vacancy-mediated diffusion mechanism. The en-
ergy decomposition and electronic structure analysis giv-
en above clearly indicate that, the less the electrical 
charges carried by the transition metal and oxygen ions, 
the more readily can oxygen vacancies be formed in La-
MO3. Hence, of particular interest is how the geometric 
and electronic structures of perovskites would affect the 
energy barriers for oxygen bulk diffusion. 

Considering the high symmetry the rhombohedral 
structure adopts, there exist only two possible elementary 

Figure 5. Schematic representations of (a) distorted local 
structures and (b) two oxygen migration elementary steps 
in the rhombohedral LaMO3; and schematic representa-
tions of (c) distorted local structures and (d-e) six oxygen 
migration elementary steps in the pseudocubic and ortho-
rhombic LaMO3. 
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steps (steps a and b) for oxygen to migrate between 
equivalent vacancies, as illustrated in Fig. 5a and 5b. The 
reason the two migration steps are inequivalent is be-
cause the O-B-O bond angles are distorted by the Jahn-
Teller effect and hence deviate from the ideal value of 90 
°. As for the pseudocubic and orthorhombic LaMO3, how-
ever, the situation becomes much more complicated. 
When viewed along the three crystallographic axes, the 
crystal structures have two distinguishable migration 
steps in each of the planes perpendicular to the axes, 
which gives totally six elementary steps for each sub-
stance (see steps a - f in Fig. 5c-5e). It is worth noting 
that, unlike in the two Vab-Vab and the four Vab-Vc migra-
tion steps, the direct oxygen hopping between two Vc 
sites is unlikely to occur, owing to the long distance that 
needs to be travelled and the hindering presence of the 
large La ions. 

The MEPs for oxygen ion migration between energeti-
cally favorable oxygen vacancies were found by using the 
CI-NEB method. As can be seen from Fig. 6a, the oxygen 
migration proceeds along a two-dimensional curved 
pathway that is away from the edge of the MO6 octahe-
dron, in accord with the predictions made by Jones and 
Islam in LaFeO3

65
 and by Zhang  in  SrTiO3

78. During the 
course of the process, the hopping O ion passes through 
the opening of a triangle defined by two La and one M 
cations, and in the transition state this triangle is located 
slightly below the migrating O ion when viewed in the 
opposite direction of the corresponding octahedral rota-
tion (e.g., the clockwise octahedral rotation about the z 
axis in Fig. 6a), which causes the three cations to move 
outward, so reducing the repulsive interactions. 

The calculated energy barriers for the elementary steps 
in both the pseudocubic and the orthorhombic & rhom-
bohedral perovskites are presented in Fig 6b and 6c. From 
the figure, one can see that the migration barriers in each 
LaMO3 vary from step to step and the energy difference 
spans the range of 0 - 0.4 eV, suggesting that the local 
geometrical distortion has a considerable effect on the 
oxygen transport behavior. In LaMnO3, for example, sig-
nificant bulk reconstruction may occur in response to the 
oxygen migration, and a longer distance over which the 
ions are transported and displaced tends to give rise to a 

higher energy barrier (see the energy profiles in Fig. S8 
and S9). On the other hand, comparison between Fig. 6b 
and Fig. 6c reveals that the GFO distortion plays a minor 
role in determining the activation energy for the migra-
tion steps. The changes in the direction and magnitude of 
the octahedral tilting can only alter the estimated barriers 
by less than 0.2 eV. If we collect the lowest oxygen migra-
tion barrier in each LaMO3, we find that the values for the 
first four perovskites vary from 1.2 eV to 1.9 eV while 
those for the later five materials are much lower and lie 
between 0.4 and 0.7 eV, regardless of the exchange-
correlation functional used (see Fig. S10 for the data ob-
tained by using the PBE+U method).  
3.2.2 Oxygen diffusion pathways 

In many of the practical applications of perovskites, the 
mixed oxides serve as oxygen carrier and/or catalyst. Both 
the reduction and reoxidation of oxide nanoparticles are 
required to occur at a reasonable rate. In particular, to 
achieve rapid exchange between lattice and surface oxy-
gen and facile incorporation of oxygen into the solid from 
the gas phase, oxygen ions would have to pass through 
the whole perovskite nanoparticle along the pathways 
that are kinetically most favorable. Although many theo-
retical efforts have been made to estimate the energy bar-
riers for oxygen migration elementary steps in LaMO3

6, 22-

24, none of them have been focused on the ionic conduc-
tivity along specific pathways. 

For long-range oxygen transport to occur in the pseu-
docubic and orthorhombic LaMO3, the six migration ele-
mentary steps can be combined into six diffusion path-
ways, three in the xy-plane (commonly referred to as “in-
plane” pathways79-80) and the other three in the xz- or yz-
plane (called “out-of-plane” pathways), as shown sche-
matically in Fig. 7a. In each unit cell, the diffusion path-
ways are depicted as a combination of elementary steps. 
For example, PATH(I) is essentially step a repeating along 
the diagonal of the xy-plane, and PATH(VI) is composed 
of steps c, d, e, and f connected in series and along the 
diagonal of the xz-plane. Similarly, there exist three pos-
sible pathways for oxygen to diffuse in the rhombohedral 
structures, as illustrated in Fig. 7b. Of them, PATH(I) and 
PATH(II) are extended along and perpendicular to the 

Figure 6. (a) Illustration of the two-dimensional curved pathway for oxygen migration; calculated energy barriers ( ) for 

oxygen migration elementary steps in the (b) pseudocubic and (c) orthorhombic & rhombohedral LaMO3 (M = Sc ~ Cu) by using 
the BEEF-vdW+U method. 
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cell edge, respectively, and PATH(III) is along the cell 
diagonal, consisting of interconnected steps a and b. 

Table 1 presents the calculated energy barriers for the 
kinetically most favorable oxygen diffusion pathways in 
the pseudocubic and orthorhombic & rhombohedral per-
ovskites (The data sets for the other pathways are includ-
ed in Supporting Information). One can see from the ta-
ble that PATH(II) has the lowest oxygen diffusion barriers 
in all the pseudocubic structures. Taking LaFeO3 as an 
example, we plot the MEPs for the six diffusion pathways 
in Fig. 7c. Comparison between the energy barriers points 
clearly to the anisotropic oxygen diffusion, and reveals 
that oxygen ions migrate preferentially along the diagonal 
of the xy-plane in LaFeO3. Similarly, in the orthorhombic 
structures, the xy-plane is also preferred by the migrating 
oxygen, and the only difference is that LaMO3 (M = V - 
Fe) favors PATH(I) rather than PATH(II). Experimentally, 
the effect of the structural dimensionality on the oxygen 
diffusion behavior in perovskites and related mixed ox-
ides has been examined by using the isotopic exchange 
technique81-82. It has been confirmed that both the tracer 
diffusion coefficient *D  and the surface exchange coeffi-
cient *k  are higher along the xy-plane than those in the 
z-axis direction. In the rhombohedral structures, howev-
er, the situation is quite different. The data in Table 1 in-

dicate that their capability of reversible oxygen storage is 
strongly dependent on the kinetics of oxygen diffusion 
along the cell edge. For example, PATH(I) dominates the 
oxygen migration in the rhombohedral LaNiO3, as evi-
denced by the lowest energy barrier among the three 
pathways in Fig. 7d. 

The detailed consideration of all the possible elemen-
tary steps and pathways in this work ensures that the 
lowest energy barriers for oxygen migration are reported, 
so that the comparison between the calculated and exper-
imental values is straightforward. As far as the most wide-
ly studied LaMO3 (M = Mn - Ni) compounds are con-
cerned, our calculated results agree satisfactorily with the 
available experimental values (0.73 eV for LaMnO3

83, 0.77 
± 0.25 eV for LaFeO3

62, and 0.58 eV for LaCoO3
84), and are 

consistent with the theoretical predictions made by using 
a Mott-Littleton methodology85 and a standard DFT 
method22. On the other hand, since the four early transi-
tion metal-based LaMO3 (M = Sc - Cr) perovskites are 
nearly irreducible, little attention has been given to the 
abrupt decrease in the migration barrier when going from 
LaCrO3 to LaMnO3 (shown in Fig. 6 and Table 1) and, not 
surprisingly, there is not uniform agreement on the phys-
ical origin of this observation. 
3.2.3 The factor determining oxygen migration barriers 
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In early studies, various structural properties have been 
proposed to explain the trend in the oxygen migration 
barrier in perovskites. However, none of them show 
strong correlation with the calculated data. Mayeshiba 
and Morgan believed that these geometric descriptors 
could only be effective when looking at fine changes in 
very similar geometries22. As a result, much of the recent 
research has been directed toward the energetic and elec-
tronic properties of perovskites. 

A data mining analysis of over 40 perovskites suggested 
that the systems with low energy barriers generally have 
low metal-oxygen bond strengths, as measured by oxygen 
vacancy formation energy and oxygen p-band center en-
ergy, although neither correlation is particularly strong 
for materials having moderate barriers22. On the contrary, 
by examining the structure distortion, charge redistribu-
tion, and transition state energy, Mastrikov et al.23 argued 

that the migration barrier in (La,Sr)(Co,Fe)O3-δ is deter-
mined not by the oxygen vacancy formation energy but 
by the number of electrons transferred in the transition 
state between the migrating O and the central M. The 
underlying reason is that when electrons are transferred 
from O to M, the size of the oxygen ion becomes smaller, 
making its passage through the “critical triangle” easier. 
However, through the use of a PBE+U method, Ritzmann 
et al.40 found that there is almost no change in the charge 
(less than 0.02 e) on the migrating O from the initial state 
to the transition state for both LS and HS/LS LaCoO3, 
which cannot explain the difference in the calculated bar-
rier heights. Their electronic structure analysis, on the 
other hand, revealed that the oxygen mobility is signifi-
cantly influenced by the spin state of Co3+. Thus, the 
question that now arises is whether there exists a quantity 
that can be used to describe the trend in the migration 

Figure 7. (a) Illustration of six oxygen transport pathways in the pseudocubic and orthorhombic LaMO3; (b) illustration of three 
oxygen transport pathways in the rhombohedral LaMO3; (c) MEPs for the six oxygen transport pathways in the pseudocubic 
LaFeO3 obtained by using the BEEF-vdW+U method; (d) MEPs for the three oxygen transport pathways in the rhombohedral 
LaNiO3 obtained by using the BEEF-vdW+U method. 
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barrier in any perovskite materials, especially for those in 
the nonmagnetic state. 

LaCrO3 and LaFeO3 are two representative perovskites 
that have high (1.70 eV) and low (0.47 eV) migration bar-
riers, respectively. To study the electron density redistri-
bution upon oxygen migration, two-dimensional slices 
are displayed along the (002) plane of these two perov-
skites, showing the charge density difference between the 
transition and initial state (see Fig. 8a-c). The figure 
shows clearly that three M cations are involved in the 
migration process, one coordinated to the hopping O 
throughout the process (referred to as the central MA in 
the figure) and the other two bonded to the hopping O 
either in the initial state (MB) or in the final state (MC). At 
first glance, the electron density around the cations is 
significantly redistributed in both the two cases, and the 
distortion is more pronounced in LaFeO3 than in LaCrO3. 
However, closer examination of the charge density differ-
ence reveals that the distortion is due primarily to the 
changes in the positions of the ions (The spheres con-
nected by the dotted and solid lines represent the posi-
tions of the ions in the initial and transition states, re-
spectively). Hence, in order to obtain a more accurate 
picture of how electrons are transferred in the systems, 
we must turn to the local partial charge on each individu-
al ion. The effective Bader charges on the transition met-
als along the MEPs for oxygen migration in LaCrO3 and 
LaFeO3 are given in Fig. 8d and 8e, respectively. From the 
figure, one can see that in both the two perovskites the 
calculated partial charges on the MB and MC cations in-
crease and decrease, respectively, as oxygen migrates to-
ward its adjacent vacancy. An interesting feature of the 
data is that the total number of electrons gained by the 
MB cation equals that lost by the MC cation, implying that 
the oxygen migration is accompanied by a simultaneous 
electron transfer in the opposite direction. By performing 
DFT+U calculations, Ritzmann et al.24 observed a similar 
switch in the magnetic moments on FeB and FeC during 
the oxygen migration in LaFeO3, and successfully inter-
preted the phenomenon in terms of the reduction of FeB

3+ 
to FeB

2+ and the concurrent oxidation of FeC
2+ to FeC

3+. 
The slight difference between the energy profiles for 
LaCrO3 and LaFeO3 is that the latter adopts a less sym-

metrical shape, which stems from the fact that the transi-
tion state in LaFeO3 more closely resembles its preceding 
image in the ionic character. 

Unlike the MB and MC cations, the central MA in LaCrO3 
and LaFeO3 exhibits completely different ionic behaviors. 
It is clear from Fig. 8d and 8e that the partial charge on 
FeA keeps nearly constant throughout the migration pro-
cess while that on CrA first reaches a maximum as oxygen 
migrates to the transition state and then falls back to its 
initial value in the final state. Since the CrA cation has at 
least one vacancy in its vicinity during the process, the 
electron donation from CrA is energetically unfavorable, 
which is likely responsible for the high migration barrier 
in LaCrO3. Indeed, comparison of the energetics and elec-
tronic structures between LaCrO3 and LaFeO3 definitely 
demonstrates that a higher degree of charge redistribu-
tion on the MA cation generally results in a higher transi-
tion state energy, as is the case observed by Mastrikov et 
al.23 in (La,Sr)(Co,Fe)O3-δ and (Ba,Sr)(Co,Fe)O3-δ. 

To verify that this monotonic relationship can be gen-
eralized and extended to all the La-based 3d-block transi-
tion-metal oxides, the changes in the partial charges on 
the central MA (

AMq ) cations from the initial state to the 

transition state, together with the oxygen migration bar-
riers, are summarized in Fig. 8f. The calculated results 
indicate that the oxygen migration in the first four LaMO3 
(M = Sc - Cr) perovskites would be kinetically hindered by 
a dramatic change in the 

AMq , although the oxygen migra-

tion barrier in LaVO3 is exceptionally low given the fact 
that the 

AMq  values in LaScO3, LaVO3, and LaCrO3 are 

comparable. As stated in the Introduction, some structur-
al properties have previously been proposed to explain 
the variation in the activation energy for oxygen migra-
tion. After analyzing all these quantities, we found that 
the percentage change in the area of the “critical triangle” 
from the initial state to the transition state is particular 
high for LaVO3, which provides a rational interpretation 
of the low migration barrier therein. For the later five 
LaMO3 (M = Mn - Cu) materials, it is worth noting that 
the low and narrowly distributed barrier values cannot be 
explained by the significant difference in the oxygen for-
mation energy, but rather are directly related to the mi-

Table 1. Calculated energy barriers ( path
migE∆ ) for the kinetically most favorable oxygen diffusion pathways in 

the pseudocubic and orthorhombic & rhombohedral LaMO3 by using the BEEF-vdW+U method. 

Perovskite 

Pseudocubic Ortho & rhomb 

Favorable 
pathway 

path
migE∆  (eV) 

Favorable 
pathway 

path
migE∆  (eV) 

LaScO3 II 1.84 II 1.70 
LaTiO3 II 1.57 II 1.67 
LaVO3 II 1.15 I 1.26 
LaCrO3 II 1.70 I 1.82 
LaMnO3 II 0.57 I 0.71 
LaFeO3 II 0.47 I 0.56 
LaCoO3 II 0.49 I 0.50 
LaNiO3 II 0.62 I 0.60 
LaCuO3 II 0.50 I 0.49 
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nor changes of the 
AMq   (< 0.054 e) in all these perov-

skites. Therefore, the abrupt decrease in the migE∆  on 

going from LaCrO3 to LaMnO3 can be attributed to the 
different degrees of charge redistribution on the central 
MA during the migration process. 
3.3 The descriptor of oxygen transport kinetics in 
perovskites 

Having obtained the oxygen vacancy formation ener-
gies and oxygen migration barriers in LaMO3, we are now 
in a position to identify the descriptor that can be used to 
describe the kinetics of the oxygen bulk transport pro-
cess. In the vacancy-mediated diffusion mechanism, if the 
transport is due to discrete hops of oxygen ions, the oxy-
gen diffusion coefficient ( oxygenD ) can be expressed as 

3
vac vac

oxygen vac vac
oxygen vac

C CD D D
C C

= =
−

 (10) 

where vacD  is the vacancy diffusion coefficient, vacC  and 

oxygenC  are the concentrations of vacancies and oxygen 

ions, respectively.62 Basically, the vacD  varies in an expo-
nential manner with the Gibbs free energy of activation (

path
migG∆ ) for vacancy migration. By invoking the harmonic 

approximation to transition state theory, we have 
3
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where d  is the distance over which the hop occurs, v  is 
the hopping frequency, and iv  is the vibrational frequen-
cies of normal nodes. As for the vacC , if it is assumed to a 
first approximation that equilibrium is established during 
the formation of oxygen vacancies and gaseous O2 from 
stoichiometric perovskites86, then we have 

( ) ( )
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where K  and ,f vacG∆  are the equilibrium constant and 

Gibbs free energy change for vacancy formation, respec-
tively, and 

2OP  is the partial pressure of O2 in the gas 

phase. Given the fact that the experimentally measured 
vacancy concentration is on the order of 10-2 in the oxygen 
deficiency δ, it can be deduced from the equation that the 

vacC  is related to the ,f vacG∆  in an exponential fashion as 

well. Thus, the oxygen diffusion coefficient, which is 
roughly the product of the vacD  and vacC , is expected to 
have an Arrhenius-like temperature dependence. 

Since the ,f vacE∆  and path
migE∆  vary in much the same 

way, respectively, as the ,f vacG∆  and path
migG∆  do, plotting 

the logarithm of the oxygen diffusion coefficient against 
the sum of the ,f vacE∆  and path

migE∆  is expected to give a 

straight line. If we consider further that the ,f vacE∆  for 

each LaMO3 takes a much higher value than the corre-

Figure 8. (a) Schematic representation of the (002) plane (shaded in green) in the pseudocubic structure; two-dimensional slices 
displayed along the (002) plane, showing the charge density difference between the transition and initial state for oxygen migra-
tion in (b) LaCrO3 and (c) LaFeO3; (d) effective Bader charges on transition metals along the MEPs for oxygen migration in (d) 
LaCrO3 and (e) LaFeO3; (f) relationship among the energy barrier for oxygen migration, the change ( ) in the effective Bader 

charge on the central MA cation from the initial state to the transition state, and the percentage change ( ) in the area 
of the “critical triangle” from the initial state to the transition state. 
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sponding path
migE∆  and hence dominates the sum, the oxy-

gen transport kinetics should be determined predomi-
nantly by the oxygen vacancy formation energy and hence 
by the oxygen vacancy concentration. Here the oxygen 
diffusion coefficients are calculated at 900 °C and an O2 
partial pressure of 1 atm, the logarithm of which are then 
plotted as a function of the oxygen vacancy formation 
energy for all the La-based perovskites. Indeed, a very 
good linear scaling relation is established between these 
two quantities, as shown in Fig. 9a. In contrast, as the 
other component that is used to yield the diffusivity, the 
oxygen migration barrier is not capable of describing the 
variation in the diffusion coefficient (see Fig. S13). Moreo-
ver, in order to demonstrate that the relation between 
oxygen diffusion coefficient and oxygen vacancy for-
mation energy can be extended to the substituted LaMO3, 
the same calculations were performed in LaFe0.5M0.5O3 (M 
= Sc - Mn and Co - Cu) as well. One can see in Fig. 9a that 
the diffusion coefficient and the vacancy formation ener-
gy are correlated in much the same way as that in the 
pure LaMO3. 

As mentioned earlier, the actual partial charge on ei-
ther the oxygen or transition metal ion may explain the 
trend in the f, vacE∆ . It is therefore reasonable to expect 

that the oxygen transport kinetics in LaMO3 is closely 
related to the degree to which the electron density is 
withdrawn by the oxygen ion in the stoichiometric struc-
ture. Fig. 9b depicts the variation of the logarithm of the 
oxygen diffusion coefficient as the partial charge on the 
oxygen ion is changed. The negative slope of the straight 
line means that the oxygen transport can be enhanced by 
lowering the electron density shift toward oxygen. This 
interesting and important effect has its origin in the rela-
tionship between the actual partial charge on either the 
oxygen or transition-metal ion and the strength of ionic 
bonding in LaMO3. 

4. Conclusion 
In this work, plane wave DFT+U calculations have been 

carried out to understand the physical origin of the oxy-
gen mobility difference in the LaMO3 (M = Sc - Cu) per-
ovskites. In general, the perovskites exhibit an increased 
reducibility as we move from LaScO3 to LaCuO3. The oxy-
gen vacancy formation energy in LaFeO3, however, is ex-
ceptionally high, regardless of the exchange-correlation 
functionals used and the crystal structures adopted, 
which can be explained by the significant lowering of the 

electron exchange stabilization upon oxygen removal. 
Through energy decomposition and electronic structure 
analysis, it is found that both the electrostatic potential 
energy of interaction between oxygen and the remaining 
oxide lattice and the energy released by the electron 
transfer upon formation of oxygen vacancy are intimately 
related to the number of the electrons gained by the re-
maining defective perovskite structure. 

The GFO distortion plays a minor role in determining 
the activation energy for the oxygen migration elemen-
tary steps in perovskites, while the structural dimension-
ality has a major impact on the favorable oxygen diffusion 
pathway. In the pseudocubic and orthorhombic struc-
tures the xy-plane is preferred by the migrating oxygen, 
and in the rhombohedral structure the capability of re-
versible oxygen storage is strongly dependent on the ki-
netics of oxygen diffusion along the cell edge. There exists 
an abrupt decrease in the oxygen migration barrier on 
moving from LaCrO3 to LaMnO3, which can be attributed 
to the lowered degree of charge redistribution on the cen-
tral transition-metal ion during the migration process. 
Linear scaling relations are established to show that the 
oxygen bulk diffusion coefficient is governed essentially 
by the oxygen concentration because the oxygen vacancy 
formation energy takes a much higher value than the ox-
ygen migration barrier. The actual partial charge on the 
transition metal or oxygen ion explains the electronic 
origin of the different oxygen mobilities in LaMO3, and 
the observed trend can be described by using the oxygen 
vacancy formation energy as a good descriptor, which 
may therefore guide the investigation toward perovskite 
materials with better oxygen transport properties. 
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