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Doped LaMnO3 and SmCoO3 are important solid oxide fuel cell cathode materials. The main
difference between these two perovskites is that SmCoO3 has proven to be a more efficient cathode
material than LaMnO3 at lower temperatures. In order to explain the difference in efficiency, we
need to gain insight into the materials’ properties at the atomic level. However, while LaMnO3
has been widely studied, ab initio studies on SmCoO3 are rare. Hence, in this paper, we perform
a comparative DFT + U study of the structural, electronic, and magnetic properties of these two
perovskites. To that end, we first determined a suitable Hubbard parameter for the Co d–electrons
to obtain a proper description of SmCoO3 that fully agrees with the available experimental data. We
next evaluated the impact of oxygen and cation vacancies on the geometry, electronic, and magnetic
properties. Oxygen vacancies strongly alter the electronic and magnetic structures of SmCoO3, but
barely affect LaMnO3. However, due to their high formation energy, their concentrations in the
material are very low and need to be induced by doping. Studying the cation vacancy concen-
tration showed that the formation of cation vacancies is less energetically favorable than oxygen
vacancies and would thus not markedly influence the performance of the cathode. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4954939]

I. INTRODUCTION

Solid oxide fuel cells (SOFCs) represent an effective
and low-emission alternative to traditional power sources.1–8

Generally speaking, SOFC is composed of three different
components: the anode, electrolyte, and cathode. Focusing on
the cathode, its main task is to catalyze the oxygen reduction
reaction (ORR) and provide an efficient pathway for the
oxygen diffusion.1,4,9–11 It is known that the highest catalytic
activity is at the triple phase boundary (TPB) where the gas
phase, cathode, and electrolyte meet.9,12,13 At TPB, O2 gas is
reduced by the cathode, obtaining O2−, which is then driven
towards the anode through the electrolyte.

One of the most common class of SOFC cathode materials
is perovskite oxides ABO3, where A is normally lanthanides
or alkaline earth metals, and B is usually transition metals
from the fourth period.3,14–22 Lanthanum strontium manganite
(La1−xSrxMnO3−δ or LSM) is the typical example of a cathode
material. LSM is mainly an electronic conductor, although
between 800 ◦C and 1000 ◦C, which are the usual SOFC
working temperatures, and it also shows ionic conductivity.
The ionic conductivity appears also as a result of the strontium
doping of the LaMnO3 material. When Sr2+ are occupying
La3+ positions, the charge of the system is compensated by
generating oxygen vacancies. These oxygen vacancies are
of vital importance for the ionic conduction, because O2−

mobility occurs via a vacancy hopping mechanism, as is
the case in other materials like yttria-stabilized zirconia or
gadolinium-doped ceria.4,5,23,24

a)Author to whom correspondence should be addressed. Electronic mail:
deleeuwn@cardiff.ac.uk

However, LSM degrades at high temperatures owing to a
number of reasons: (i) the thermal stress at the grain bound-
aries with the electrolyte, leading to crack generation;25 (ii) the
consequent delamination of the electrode from the electrolyte,
owing to the thermal stress and oxygen bubbling;26,27 and (iii)
migration of the dopants and impurities to grain boundaries
and dislocations, which reduces the effectiveness of the mate-
rial.11,13 Therefore, it seems logical that one way to avoid these
problems is to reduce the operating temperature, but LSM has
been shown to be less efficient under these conditions, with
decreased ionic and electronic conductivity.1,4,11,28,29

Recently, cobalt-based perovskites have attracted atten-
tion owing to their good performance at intermediate
temperatures. It is well known that lanthanum cobaltite
has higher electronic conductivity than LSM, and more
recently samarium cobaltite (SmCoO3) has been reported to
show excellent cathode performance at intermediate temper-
atures.2,4,9,30–38 Despite being a semiconductor, SmCoO3
possesses temperature-induced insulator-to-metal transitions
as well as non-magnetic properties.31,32,39–43 To enhance its
electronic conductivity, SmCoO3 is normally doped on the
Co site, leading to mixed valence cobalt centers. The ratio
between Co3+ and Co4+ depends, for example, on the type of
dopant, their concentration, or the oxygen partial pressure.2

Compared to LSM, doping the Co positions with dopants
of the same charge does not generate oxygen vacancies but
induces a change of the electronic structure, so doped SmCoO3
can become a p-type semiconductor, inducing electronic
conductivity.

Apart from doping, neutron diffraction analysis has
shown that, particularly in the case of LaMnO3, the
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material can also contain cation vacancies and these
are fully ionized at SOFC operating temperatures.44,45

Due to the inability of the cubic perovskite materials
to accommodate oxygen interstitials in the lattice, cation
defects are formed to compensate for the space limitation
under high concentrations of oxygen in the lattice.46–48

Furthermore, it has been shown microscopically that cation
migration takes place in LSM cathodes, resulting in grain
growth and electrode-electrolyte degradation.45 In particular,
the heat treatment and annealing techniques used during
production can lead to the formation of these defects.48,49

For example, manganese excess is often present in LSM
cathodes where it has been shown to decrease electrolyte-
electrode degradation.12 As one of the most popular
cathode materials, LaMnO3 is very well-studied from a
computational point of view. However, to the best of
our knowledge, ab initio research on SmCoO3 is rare,
since experimental data are not widely available.31,39,50

Nevertheless, here we present a systematic study in which
we have used DFT + U techniques to determine the geometry
and electronic structure of SmCoO3. Next, we have studied
the effect of introducing oxygen and metal vacancies into
this material, as they play an important role in both
electronic and ionic conductivities.51,52 The aim of this
work is also to compare these results with LaMnO3,
which is therefore also presented in this work for direct
comparison.

II. COMPUTATIONAL METHODS

A. Calculation details

The Vienna ab initio simulation package, VASP (version
5.3.5),53–56 was employed for all periodic density functional
theory (DFT) calculations. After convergence tests, energy
cutoff for LaMnO3 was set at 600 eV, whereas for
SmCoO3, it was set at 500 eV. To describe the ion-electron
interaction, the projector-augmented wave method (PAW)
was applied.57 Spin-polarized calculations were performed,
using the Perdew-Burke-Ernzerhof (PBE)58,59 functional
under electronic and ionic self-consistence, with convergence
criteria of 10−5 eV and 10−3 eV · Å−1, respectively. We have
considered the following valence electrons for the atomic
species involved: La (5s25p66s25d1), Mn (3p63d64s1), Sm
(5s25p66s2), Co (4s23d7), and O (2s22p4). Sm f -electrons were
included in the pseudopotential. The tetrahedron method with
Blöchl corrections for smearing60 was applied together with a
4 × 4 × 4 Γ-centered Monkhorst-Pack grid.61 Bader AIM
(Atoms in Molecules) charges62 were calculated using the
Henkelman algorithm.63

The structural model used throughout this paper is the
2 × 2 × 2 Pm-3m pseudocubic cell for both LaMnO3 and
SmCoO3 (Figure 1) as this was found to be large enough
to model bulk properties and defect structures. Perovskites
normally crystallize in an orthorhombic structure, but under
SOFC and IT-SOFC working conditions, these materials are
found in the cubic (Pm-3m) crystal structure, which is why
we chose that one for the present study.

FIG. 1. Polyhedral representation of the cubic perovskite structure. The
green atoms are the A-sites, whereas the B-atoms are in the middle of the
blue octahedra, and oxygens are red. A atoms are also placed at the center of
the edges and faces, but are not shown here for clarity.

B. On-site Coulomb interaction

It is well documented that DFT usually fails when
describing the electronic structure of transition metal
perovskites. Normal exchange correlation functionals (LDA,
or GGA) cannot correct the electron self-interaction problem,
leading to a metallic description of perovskites or an
underestimation of their band gaps.64–66 To avoid this problem,
we have used the on-site Coulombic interaction (DFT + U)
for the 3d-electrons in Mn and Co, respectively, which
corrects this problem. In this work, we have used Dudarev’s
approach,67 in which an effective Hubbard parameter (Ueff ) is
fitted empirically. For LaMnO3, Ueff = 4 eV has been applied
to Mn d-orbitals according to the previous literature.10 To
the best of our knowledge, no Ueff parameter has been
reported for Co d-electrons in SmCoO3. We performed an
empirical fitting with respect to its geometric parameters,
but results were inconclusive (see Table SI and Figure S1
of the supplementary material). Hence, we decided to use
Ueff = 3 eV as this value has been previously used for other
cobalt-based perovskites.68,69

1. Vacancy formation energy

Following the method used for previous studies on
perovskites such as PbTiO3,70 SrTiO3,71 La1−xSrxFeO3,72

and BaZrO3,73 the formation of lattice vacancies in the
cathode, both cationic and anionic, was evaluated by the
defect formation energy at thermodynamic equilibrium. The
defect formation energy is commonly calculated using the
following formula:74–76

E f ( j,q) = EDefective,q − EBulk,q + n jµ j + q (Ev + ∆EF) , (1)

where E f ( j,q) is the defect formation energy for a defect j
in a system with charge q. EDefective,q is the total energy of the
defective system with charge q, EBulk,q is the total energy of
the non-defective charged system; n j is the number of removed
species j from the bulk, and µ j is the chemical potential of j.

Charged bulks were computed by changing the total
number of electrons in the systems accordingly. In VASP,

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-039625
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one can define the total number of valence electrons. A
homogeneous background charge is added to account for the
charge, making the system in total neutral and avoiding
a diverging Coulomb interaction. Furthermore, finite-size
supercell correction schemes for charged defects can be taken
into account.27,30 However, due to the high dielectric constants
of the investigated materials (52.7131 for LaMnO3 and 65.2432

for SmCoO3), the electrostatic interaction energy between
the charged supercells was found to be negligible when
using finite-size correction schemes, as these are all inversely
proportional to the dielectric constant.27,28

As is well documented in the literature, the formation
of vacancies may lead to stabilized charge states different
from 0, which means that different defect charge states can be
accessible.70,73,76–78 To take this into account, we include the
term q (Ev + ∆EF), where Ev corresponds to the valence band
maximum (VBM), which is the Fermi level (EF), considered
to be at 0 eV throughout this work. The term ∆EF describes
the possible positions of the Fermi energy, located between
the VBM and the conduction band minimum (CBM), which
can be accessible at different energies.

In the particular case of oxygen vacancies, we know
that when using DFT the oxygen binding energy is
overestimated, and its degree of variation depends on several
computational parameters. In order to obtain reliable values
that can be compared with the experimental data, the oxygen
overpotential correction term should be included in Eq. (1).10

However, this work intends to perform a comparative study,
so that the absolute of this term becomes irrelevant. Finally,
thermal, vibrational, and entropic contributions are neglected,
as they are known to be smaller than the typical DFT error.69,79

2. Chemical potentials

The chemical potential term in Eq. (1) refers to the
species that is being removed from the unit cell to generate
the vacancy. Given a perovskite with ABO3 stoichiometry, we
know that the chemical potentials must satisfy the following
condition:

gbulk
ABO3

= µA + µB + 3 · µO, (2)

where gbulk
ABO3

is the free energy per formula unit for bulk ABO3,
and µi is the chemical potential of each species. In order to
avoid the formation of the respective elementary crystals, we
know that each chemical potential must fulfill

∆µA = µA − gbulk
A ≤ 0, (3)

∆µB = µB − gbulk
B ≤ 0, (4)

∆µO = µO −
1
2
gtot

O2
≤ 0, (5)

where ∆µi is the chemical potential deviation, gbulk
i is the

free energy of element i, and gtot
O2

is the free energy of
the oxygen molecule (O2(g)). It is accepted that gtot

O2
can be

substituted by the electronic energy of O2(g) (EO2).
73 This

approximation can be made under the assumption that the
bulk is in thermodynamic equilibrium with the surface, and
the latter is in equilibrium with the gas phase.

The oxygen-rich situation will be determined by Eq. (5)
when µO is at a maximum, i.e., µO =

1
2 EO2. On the other hand,

the oxygen-poor region will be determined by the formation of
the elementary crystals A and B, respectively. In this context,
Eq. (2) can be rewritten accordingly

µO ≥
1
3


gbulk

ABO3
− gbulk

A − gbulk
B


(6)

and then, by combination of Eqs. (5) and (6), the limit for the
oxygen-poor situation is

1
3
∆G f

ABO3
≤ ∆µO ≤ 0, (7)

where ∆G f
ABO3

=

gbulk

ABO3
− gbulk

A − gbulk
B − 3

2 EO2


. It is possible

to consider the precipitation of intermediate oxides, e.g., AO2,
through their formation free energy,

∆G f
AO2

> ∆µA + 2∆µO. (8)

Once we solve the set of inequalities, a range for
chemical potentials will be obtained in which the investigated
perovskites are stable. It is worth noting that throughout this
work, we considered µO and µA as independent variables,
whereas µB is a dependent variable. For LaMnO3, we
have considered the formation of the following intermediate
oxides: La2O3, MnO, MnO2, Mn3O4, and Mn2O3, whereas for
SmCoO3, we have considered Sm2O3, CoO2, CoO, and Co3O4.
The detailed list of oxide formation energies is provided in
Table SII of the supplementary material. After solving the
set of inequalities for each system, we obtained the range of
chemical potentials, as depicted in Figure 2.

When we examine the calculated chemical potential
phase diagrams, it can be seen that SmCoO3 is unstable
under oxygen-rich conditions, which favor the formation
of CoO2. This has also been noted experimentally, with
cobalt SOFC cathodes known to be unstable at high oxygen
pressures, which validates our model.80 Therefore, according
to Figure 2, the limits for each atomic species are as follows:
−14.10 eV ≤ ∆µLa ≤ 0 eV, −10.02 eV ≤ ∆µSm ≤ 0 eV,
−4.97 eV ≤ ∆µLaMnO3

O ≤ 0 eV, and −4.36 eV ≤ ∆µSmCoO3
O

≤ −0.5 eV.
Finally, oxygen chemical potentials can be related to

the temperature and the partial oxygen pressure according to
Eqs. (9)-(11).71 This approximation relates the term ∆µO (T,p)
to an empirical expression that only considers experimental
thermodynamic data,69

∆µO (T,p) = 1
2


∆GO2

�
T,p0� + kBT ln

(
p
p0

)
+ δµ0

O (9)

with

∆GO2

�
T,p0� = GO2

�
T,p0� − GO2

�
T0,p0� (10)

and

δµ0
O =

1
n

 
1
y

(
EMxOy − xEM − ∆H f ,0

MxOy

)
− 1

2

(
Etot

O2
+ T0Sgas

O2

�
T0,p0�) . (11)

In these equations, GO2

�
T,p0� is the tabulated Gibbs free

energy for O2 at a given temperature (T) and standard pressure

ftp://ftp.aip.org/epaps/journ_chem_phys/E-JCPSA6-145-039625
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FIG. 2. Chemical potential phase diagram for (a) LaMnO3 and (b) SmCoO3.
The grey areas represent the range of chemical potentials in which the
perovskites are stable.

(p0); kB is the Boltzmann constant (8.6173 × 10−5 eV · K−1), p
is the pressure, T0 is the standard temperature, and Sgas

O2

�
T0,p0�

is the tabulated entropy of O2 gas.81 The term δµ0
O is a

correction term that compensates the deviation between the
experimental and the computational data.

III. RESULTS AND DISCUSSION

A. Analysis of the geometry and electronic structure
of LaMnO3 and SmCoO3

In order to validate our Hubbard parameters, we have
analyzed and compared the geometry and the electronic

structure of LaMnO3 and SmCoO3 with available experimental
data. Calculated lattice parameters and distances show
very good agreement with experimental results, as shown
in Table I, with variation of only 0.04-0.03 Å for
La–O and Mn–O, respectively, and a surprisingly perfect
match between experimental and computed distances for
SmCoO3.

The projected density of states (PDOSs) of LaMnO3
shows a half-metallic ferromagnetic structure with a β band
gap of 1.58 eV calculated from the Fermi level, and a βCBM-
βVBM band gap of 3.38 eV (Figure 3(a)). This behavior has
been reported in previous studies.10 The calculated magnetic
moment of the Mn centers is 3.93 µB, indicating a high
spin state (HS, t3

2ge1
g, S = 2) in agreement with the PDOS,

in which α-t2g is fully occupied, α-eg orbitals are half
occupied, and β-t2g and β − eg are unoccupied. Furthermore,
the O 2p-orbitals in LaMnO3 are degenerate with the Mn
3d-states, which agrees well with the previously published
literature.22,64

The SmCoO3 PDOS (Figure 3(b)) shows non-magnetic
semiconductor behavior, as α and β states are symmetric and
the band gap is 0.68 eV. This agrees with reported experimental
information about the SmCoO3 magnetic behavior, although
no precise data regarding its bandgap were available.32,40

However, it has been reported that the band gap of the related
perovskite LaCoO3 is 0.6 eV,84 which suggests that our results
are consistent with those of other lanthanide cobalt oxide
perovskites. The magnetic moment of Co atoms is 0 µB, i.e.,
Co is in its low spin state (LS, t6

2ge0
g,S = 0), which is also

observed in the PDOS for SmCoO3, where t2g states are fully
occupied whereas eg states are unoccupied. In conclusion,
the Hubbard parameters are used for the two materials to
describe their electronic, magnetic, and structural features
with acceptable accuracy.

B. Lattice vacancies

Ionic conduction depends, among other factors, on the
number of the oxygen vacancies, which in turn depends
on the oxygen chemical potential. A low oxygen chemical
potential enhances the creation of oxygen vacancies, whereas
high oxygen chemical potentials may lead to the creation of
cation vacancies. Cation vacancies originate as a result of
the fabrication process or as a consequence of the different
chemical potentials. Figure 4 shows a schematic of the three
types of vacancies investigated in this work.

TABLE I. Calculated and experimental lattice parameter (a); metal–oxygen distances, where A refers to La and
Sm, and B to Mn and Co, respectively; and band gap (Eg). Distances are represented in Å and energies in eV.

System a (Å) A–O (Å) B–O (Å) Eg (eV)

LaMnO3 Experimental51,18 3.9045 2.7445 1.9445 1.715

DFT+U 3.94 2.78 1.97 0 (α)
1.58 (β)

3.38 (βCBM-βVBM)

SmCoO3 Experimental 3.7531,82,83 2.6531,82,83 1.8831,82,83 . . .

DFT+U 3.75 2.65 1.88 0.68
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FIG. 3. Projected densities of states (PDOS) for (a) LaMnO3, and (b)
SmCoO3, with a schematic representation of the d-orbital occupations in
(a) the high spin state of Mn d-electrons, and (b) the low spin state of Co
d-electrons. (c) and (d) are the PDOS after the introduction of an oxygen
vacancy in LaMnO3 and SmCoO3, respectively. (a) and (b) are in the neutral
charge state.

1. Oxygen vacancies

The presence of oxygen vacancies leads to non-significant
distortions of both LaMnO(3−x) and SmCoO(3−x) lattices,

FIG. 4. Polyhedral representation of the crystal structures of both LaMnO3
and SmCoO3 in (a) bulk, (b) A-site cation vacancy, (c) B-site cation vacancy,
and (d) oxygen vacancy. Grey spheres represent La and Sm, red spheres
oxygen, and blue polyhedra have Mn and Co centered in them.

mainly localized in the atoms neighboring the vacancy, as
shown in Table II. In LaMnO3, Mn–O bonds shorten by
about 0.06 Å, whereas in SmCoO3, Co–O bond changes are
barely noticeable, with a lengthening of only 0.02 Å. We
observe the same trends in the A–O distances. La–O bonds
are lengthened by 0.13 Å whereas Sm–O only lengthens by
0.02 Å. It is commonly accepted that, for the same type of
material, larger distortions indicate a more covalent bonding
character, whereas minor distortions show a greater ionic
contribution. Thus, according to our results, SmCoO3 has
more ionic character than LaMnO3.

As to the electronic and magnetic structures, changes are
noted in both materials with the introduction of an oxygen
vacancy, as shown in Figures 3(c) and 3(d), respectively.
In LaMnO3, the presence of an oxygen vacancy does not
significantly alter its electronic structure. The only noticeable
difference is that the β band-gap is slightly reduced, as some
states are now found at 2.6 eV. Moreover, Mn magnetic
moments do not significantly differ from the non-defective
bulk, although the Mn that is next nearest neighbors (NNN) of
the oxygen vacancy shows a slightly higher magnetic moment,
as shown in Table III, coinciding with a small decrease of
charge shown by NNN Mn centers compared to those adjacent
of the oxygen vacancy.

On the other hand, the presence of an oxygen vacancy in
SmCoO3 alters not only the electronic structure of the system
but also the Co magnetic moment. The system now shows
half-metallic behavior in which the valence band is described

TABLE II. Calculated metal-oxygen distances next to vacancies for non-
defective and defective LaMnO3 and SmCoO3.

Material Vacancy A–O distance (Å) B–O distance (Å)

LaMnO3 None 2.78 1.97
O 2.91 1.91
La 2.72 1.91
Mn 2.72 1.86

SmCoO3 None 2.65 1.88
O 2.67 1.89

Sm 2.66 1.86
Co 2.66 1.79
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TABLE III. Magnetic moments of the transition metal ion (µB) in µB and Bader charges (q) in e in the 2×2×2
cubic supercell before and after the creation of lattice vacancies. * indicates ion adjacent to vacancy site. All other
values are averaged over the number of species.

LaMnO3 SmCoO3

Bulk VO VLa VMn Bulk VO VSm VCo

µB 3.93 4.05 3.61 3.52 0.0 0.24 0.02 0.84
µ∗B 3.93 3.61 3.43 0.58 0.02 0.12
qB +1.81 +1.60 +1.78 +1.89 +1.31 +1.26 +1.32 +1.40
q∗B +1.54 +1.78 +1.80 +1.10 +1.32 +1.36
qA +2.12 +2.10 +2.14 +2.09 +2.01 +2.07 +2.12 +2.09
qO −1.31 −1.29 −1.24 −1.26 −1.11 −1.16 −1.05 −1.11

by the Co-t2g orbitals and the conduction band by the Co-eg
orbitals. Second, the magnetic moments of Co centers that are
nearest neighbors (NN) to the oxygen vacancy increase from
0 to 0.58, whereas the rest of the Co atoms are around 0.24,
which agrees well with the calculated Bader charges, which
are lower for NN Co compared to NNN Co atoms.

Magnetic moments and Bader charges suggest that, as
stated in previous publications,46 the generation of an oxygen
vacancy is related to the reduction of two neighboring Mn/Co
atoms, which can be represented as

O2− + 2Mn3+ → 1
2

O2 + 2Mn2+ (12)

or according to the Kröger-Vink notation as85

OO + 2Mnx
Mn
 V· ·O +

1
2

O2 + 2Mn·Mn (13)

which can be understood as the formation of an
Mn2+–VO–Mn2+ cluster, and equally applied to Co2+.46

We verified the existence of these clusters by calculating
the spin density (∆ρα−β) difference, defined as ∆ρα−β

= ρ
α−β
ABO3−x

− ρ
α−β
ABO3

− ρ
α−β
O , where ρ

α−β
ABO3

is the spin density for
the bulk material, ρα−βABO3−x

is the spin density of the defective
bulk, and ρ

α−β
O is the spin density of a single oxygen atom,

calculated in its triplet state. The representation of ∆ρα−β

is shown in Figure 5 where the increase of spin density is
represented by the yellow isosurface, whereas depletion is
represented by the blue isosurface. It is worth noting that
for both materials, the spin depletion observed in the oxygen
vacancy is owing to the fact that we calculated the single
oxygen in its triplet state.

In the case of LaMnO3−x (Figure 5(a)), we observe a spin
redistribution on the Mn that is NN to the oxygen vacancy, and
a very small increase on the rest of the Mn, which fully agrees
with the magnetic moments and Bader charges previously
discussed. However, the formation of the Mn2+–VO–Mn2+

clusters is not quite evident. In SmCoO3−x (Figure 5(b)), we
do see an increase in spin density in all Co centers, but with a
larger isosurface in those that are NN to the oxygen vacancy,
clearly showing the formation of the reduced Co–VO clusters.

Oxygen vacancy formation energies (EVO
f

) were calcu-
lated for five different defect charge states: 0, ±1, and ±2,
under the O-rich regime (Table IV and Figure 7). These charge
states have been selected as the formal oxygen anion charge
is −2. Likewise, the oxygen-rich regime was selected as

experimental studies are performed at high oxygen partial
pressure and temperature. For CBM, we have used the
calculated band gap for SmCoO3 and the β-direction band
gap of 1.58 eV for LaMnO3.

As expected, all formation energies are positive, clearly
indicating that oxygen vacancies will not be formed
spontaneously. However, the formation of oxygen vacancies in
SmCoO3 is slightly more favored. For example, if we consider
the neutral charge state, in LaMnO3 EVO

f
= 3.14 eV, whereas

in SmCoO3 it is 2.08 eV, i.e., more than 1 eV smaller.

FIG. 5. Spin density difference (∆ρα−β) representation of (a) LaMnO3 and
(b) SmCoO3 with oxygen vacancy in the neutral charge state. Yellow ∆ρα−β

isosurface represents an increase of spin density, whereas blue ∆ρα−β isosur-
face represents a spin density depletion. Isosurface value is set at 0.02.
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TABLE IV. Oxygen vacancy formation energies (in eV) for LaMnO3 and
SmCoO3 for different charge states at the valence band maximum (EVBM

f
)

and at the conduction band minimum (ECBM
f

) under oxygen rich conditions.

LaMnO3 SmCoO3

q EVBM
f

ECBM
f

EVBM
f

ECBM
f

+2 3.15 6.31 0.30 1.65
+1 3.09 4.67 1.46 2.14
0 3.14 3.14 2.08 2.08
−1 3.24 1.66 2.64 1.96
−2 3.91 0.75 2.99 1.64

We have also analyzed the influence of temperature and
pressure on the oxygen vacancy formation energy as described
in Eq. (1) for the non-charged states for both LaMnO3−x and
SmCoO3−x according to Eqs. (9)-(11) (see Figure 6). For

FIG. 6. Oxygen vacancy formation energy as a function of partial oxygen
pressure (atm) at different temperatures for (a) LaMnO3 and (b) SmCoO3.

FIG. 7. Oxygen vacancy formation energy in different charge states as a func-
tion of the Fermi level for (a) LaMnO3 and (b) SmCoO3. For the LaMnO3,
VBM, ∆EF = 0 eV and CBM, ∆EF = 1.58 eV, whereas for SmCoO3, VBM,
∆EF = 0 eV and CBM, ∆EF = 0.68 eV.

LaMnO3−x Figure 6 shows that the generation of oxygen
vacancies is only spontaneous at temperatures higher than
1100 K in combination with low oxygen partial pressure. In
SmCoO3−x, oxygen vacancies can be spontaneously generated
at lower temperatures than LaMnO3, but again at low oxygen
partial pressure, which as we have stated already, are not the
working conditions in SOFC.

Considering the different charge states, collected in
Table IV and Figure 7, we note that the +1 charge
state for LaMnO3 has the smallest EVO

f
for ∆EF = 0 eV.

Charge transitions occur when EVO
f

for different charge states
intercross at a given energy.86 The first charge transition is
at ∆EF = 0.05 eV and corresponds to the transition from
+1 to 0, almost at the same ∆EF in which the transition
from 0 to −1 occurs, 0.06 eV. The last observed transition
happens at ∆EF = 0.67 eV, from −1 to −2. To get an
idea of the thermal cost of these transition energies, we
can use the relation ∆EF = kBT. Thus, the transition from
+1/0 occurs at approximately 580 K, 0/ − 1 at 696 K,
and the transition −1/ − 2 at 7775 K. The last transition
is thermally inaccessible at working temperatures and far
above the melting point of LaMnO3. We can conclude that
at working temperatures, the charge state that is stabilized
is q = −1, although due to the small energy difference
between +1/0 and 0/ − 1 charge transitions (only 0.01 eV),
it is likely that the three charge states, +1, 0, and −1
coexist.
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FIG. 8. Oxygen vacancy concentration (mol per mol perovskite) as a function
of temperature in SmCoO3 (dashed line) and LaMnO3 (full line), assuming
oxygen rich conditions.

In contrast, SmCoO3−x shows a completely different
trend, with a preferential charge state of +2 and no
accessible charge transitions. This indicates that SmCoO3−x
cannot accommodate the two electrons resulting from the
oxidation of O2−, i.e., SmCoO3−x cannot act as an effective
electron conductor at intermediate temperature SOFC working
temperatures, which agrees with the literature.38,80,87–89

Finally, using the vacancy formation energy at neutral
charge state, we can calculate the concentration of the oxygen
vacancies (CVO) per mole of perovskite according to the

TABLE V. Cation vacancy formation energies (in eV) for LaMnO3 and
SmCoO3 in their neutral charge state.

Material Vacancy EV
f

LaMnO3
La 6.95
Mn 5.74

SmCoO3
Sm 7.98
Co 5.17

following formula:68,74,90

CV = Nexp *.
,

−EVO
f

kBT
+/
-
, (14)

where EVO
f

is the oxygen vacancy formation energy (Table IV),
N is the concentration of atomic sites substituted by the
defect, which for oxygen vacancies is N = 3 − CVO.68,74

We calculated the concentration for both LaMnO3−x and
SmCoO3−x, as shown in Figure 8. We observe that CVO
under equilibrium conditions is higher in SmCoO3 than in
LaMnO3, as we would expect from their formation energies.
However, vacancy concentrations in SmCoO3−x are still below
1 × 10−6 mol × (mol perovskite)−1, and even smaller in
LaMnO3−x, where they are found below 1 × 10−11 mol × (mol
perovskite)−1. These results are expected, as we know that
experimentally, oxygen vacancies are obtained mainly by
doping both materials. Nevertheless, we could also modify
the oxygen chemical potential by means of reducing the pO2.

FIG. 9. (a) Lanthanum, (b) manganese, (c) samarium, and (d) cobalt vacancy concentrations versus temperature.
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2. Cation vacancies

Finally, we also evaluated the cost of generating cation
vacancies in both materials. To that end, and using Eq. (1),
we calculated the cation vacancy formation energies for both
cations in both materials for the charge states between −3 and
+3. EV

f
for neutral charge state are listed in Table V and the

rest of the charge states can be found in Table SIII of the
supplementary material. We assumed oxygen- and cation-rich
conditions for all cases.

As expected, all vacancy formation energies are highly
positive, although for the B position (Mn and Co, respectively)
they are between 1 and 2 eV smaller than the A position. In
any case all energies are higher than 5 eV, which indicates that
vacancies will not generate spontaneously. As to the charge
states, all cation vacancies are negatively charged, as shown in
Table SIII of the supplementary material. For lanthanum, the
vacancy formation energy shows only one charge transition,
−2/ − 3 at 0.21 eV, which is thermally inaccessible. For the
samarium vacancy, the −3 charge state is most stable, with
no observed charge transitions, agreeing with the previous
literature.44 Looking at the B− site vacancies, only one charge
transition is observed for the manganese vacancy, −1/ − 2 at
0.36 eV. This transition is not thermally accessible during
device operation, leaving the charge state of the system as −1.
For the cobalt vacancy, the most stable charge state is −3, a
charge state that has also been calculated to be the most stable
for both cation vacancies in SmCoO3.

Despite this possible influence of cation vacancies on the
electronic conductivity, defect concentrations calculated from
their vacancy formation energy indicate that in fact, these
vacancies are very unlikely. As shown in Figure 9, and using
Eq. (14) with N = 1 − CV, cation concentrations under both
rich and poor conditions are found below 1 × 10−10 mol · (mol
perovskite)−1 in almost all cases. The only exception is
observed for Co vacancies under Co-poor conditions, which
are not however found under experimental conditions. Hence,
we can conclude that cation vacancies do not play any key
role in the cathode properties, as their concentrations will be
extremely low.

IV. CONCLUSION

In this paper, we have used DFT+ U techniques
to complement the scarce experimental data available on
SmCoO3 and to perform a comparative study with the well-
known LaMnO3. For LaMnO3, we were able to successfully
reproduce its main properties using already published Hubbard
parameters, describing LaMnO3 as a half-metallic perovskite
with ferromagnetic behavior. In the case of SmCoO3, with
UCo(d)

eff = 3 eV, we concluded that this perovskite is a
semiconductor with a band gap of 0.68 eV and non-magnetic
structure, due to the low spin state of all Co centers.
Comparatively, SmCoO3 appears to have more ionic character
than LaMnO3.

To model lattice vacancies, we calculated the range
of chemical potentials in which the materials are stable,
obtaining results in agreement with experimental evidence
on stability. We found that the oxygen vacancy formation

energy for LaMnO3 is higher than for SmCoO3, but that they
are all positive, indicating that the formation of VO is not
spontaneous, unless we move into an oxygen-poor regime.
The presence of VO did not significantly affect the electronic
structure of LaMnO3, but it did alter the electronic and
magnetic properties of SmCoO3. VO in SmCoO3 turned this
semiconductor into a half-metallic material, with the formation
of Co2+–VO–Co2+ clusters. In comparison, these clusters were
not evident in LaMnO3. The investigation of the charge
states indicated that at SOFC working temperatures, LaMnO3
showed stabilization of a negative charge whereas SmCoO3
was not able to accept extra charge, which explained the
different experimental behavior observed for both materials
regarding electronic conductivity. We also calculated the
equilibrium CVO, showing as expected that it is very low,
although SmCoO3 shows higher concentrations, related to its
lower vacancy formation energy.

Finally, we studied the formation of cation vacancies,
but we found that they require very high energies to be
formed. Thus, it is expected that these will only exist in very
small concentrations and will have negligible impact on the
electronic and ionic conduction in the materials.

Future work will include investigation of anion vacancy
behavior in doped materials.

SUPPLEMENTARY MATERIAL

See supplementary material for a graph showing the band
gap dependence on Ueff-parameter (Figure S1), a comparison
of Co PBE functionals and Ueff in relation to lattice parameter
and band gap (Table SI), calculated and experimental metal
oxide formation energies and enthalpies (Table SII), and cation
vacancy formation energies (Table SIII).
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