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Periodic density functional theory calculations have been performed to examine the effect of oxygen deficiency
on the structural stability of Lanthanum-based perovskites (LaMO;), where on-site Coulomb interactions have
been addressed by an additional Hubbard-type term. Calculated results indicate that with the exception of
LaFeOs, the oxygen vacancy formation energy (AEjmaion,vac) ©f LaMO3 (M = Sc - Cu) becomes less positive when
moving across the first transition metal period. The first four LaMO3 perovskites have very high oxygen vacancy
formation energies and can hardly be reduced under mild conditions, while the other five perovskites exhibit a
much greater reducibility. During the formation of the first oxygen vacancy in LaMO5 (M = Mn - Cu), the nearest
neighbor transition-metal cations serve as the primary acceptors of the electrons left behind. As oxygen atoms
are further removed, square-based pyramidal and tetrahedral coordination geometries appear successively, and
an abrupt increase in AEjmmaionvac 15 Observed at a specific oxygen deficiency (8), which defines the maximum
possible & in the perovskite structures. Under this definition, the M®* cations (M = Mn - Ni) can be possibly
reduced to M?* while LaCuO; may lose at most one lattice oxygen atom per formula unit before it is deactivated.

1. Introduction

Perovskite-type oxides have a general empirical formula ABOs, in
which the A-site cation can be a rare earth, alkaline earth, or bismuth
cation while the B-site cation usually comes from transition metal ele-
ments in periods 4, 5, and 6 of the periodic table [1]. Because of their
tunable geometric and electronic structures, high chemical activity,
high chemical stability, and low cost, perovskites have been extensively
used in a wide range of technological applications, such as catalysts in
heterogeneous catalysis [2], oxygen sources in membrane separation
[3], cathode materials in solid oxide fuel cells (SOFCs) [4], and high-
temperature oxygen sensors [5]. The interesting properties of per-
ovskites can be attributed to the partially occupied d subshells of
transition metal ions. Because transition metals often have more than
one stable oxidation state, it is possible for perovskites to be oxidized or
reduced under various reaction conditions. When applied in a reducing
atmosphere, the perovskite materials are first left with surface oxygen
vacancies and the transition metal cations in lower oxidation states.
Then, the oxygen vacancies are attacked by O, molecules in the over-
lying gas, which is chemisorbed as oxygen ions, thus reforming the
catalyst. This sequence of events follows the Mars van Krevelen

mechanism, sometimes involving the collapse of the perovskite struc-
tures under strain and stress.

Perovskites have long been proposed as potential substitutes for
noble metals in redox reactions [2]. For instance, they can be used as an
effective catalyst for partial oxidation of methane by chemical looping,
achieving a high conversion of methane and a high selectivity toward
carbon monoxide [6,7]. As an oxygen carrier, perovskites-type oxides
react with methane with lattice O ions present in the bulk, resulting in
the formation of oxygen vacancies. On the one hand, this method
provides an alternative way to the usage of pure oxygen obtained from
high-cost air separation. On the other hand, the existence of oxygen
vacancies in oxides would significantly affect the physical and chemical
properties of perovskites, and more importantly, affect the stability of
perovskites. With the reduction proceeding, oxygen vacancies succes-
sively accumulate. Once the oxygen concentration is lowered to a cer-
tain degree, perovskites would decompose into mixed oxides, leading to
carbon deposition and catalyst deactivation.

As another example, perovskite-types oxides are promising candi-
dates for cathode materials in developing intermediate- or low-tem-
perature SOFCs operating at 500-800 °C due to their good electronic
and ionic conductivity as well as a high catalytic activity for oxygen



Table 1
Electronic, magnetic, and crystal structures of LaMO; perovskites.

LaScO3 LaTiO3 LaVOs LaCrOs LaMnOs3 LaFeOs3 LaCoO3 LaNiO3 LaCuO;
PAW potential La

Os

Sc_sv Ti_pv V_sv Cr_pv Mn_pv Fe_pv Co Ni_pv Cu
Valence electron configuration 552 5p° 65> 5d'

2s? 2p*

352 3p° 45 3d" 3p° 3d? 45> 3s? 3p° 3d° 4s* 3p° 3d° 4s' 3p° 3d° 4s” 3p°®3d® 4s*  3d” 4s° 3p° 3d® 4s? 3d? 4s*
U 0 1.3 3.0 3.0 4.7 4.8 4.2 7.0 4.5
Magnetic structure NM GAFM CAFM GAFM AAFM GAFM FM FM NM
Crystal structure Pbnm Pbnm Pbnm Pbnm Pbnm Pbnm R3¢ R3¢ R3¢

reduction reaction (ORR) [8,9]. Appropriate concentration of oxygen
vacancies within the bulk cathode material is the key to fast ionic
conductivity and ORR rates [9]. Unfortunately, the non-stoichiometric
perovskite-types oxides present in the SOFC cathodes also suffer from
the phase transition to binary metal oxides with the formation of grain
boundaries [10]. Nakamura et al. [11] studied the structural evolution
of a series of LaMO3 (M =V, Cr, Mn, Fe, Co, and Ni) oxides upon H,
reduction at 1273 K. The perovskites containing reducible transition
metal ions underwent important crystalline and chemical transforma-
tions at certain oxygen partial pressures. A similar and undesirable
phase transition was also found to happen in some complex perovskites
upon temperature-programmed reduction (TPR), such as in
Lag gSro 2Co 4Feg ¢ that is widely used in cathode materials in SOFCs.

The phase separation in perovskites would significantly impede the
supply of lattice oxygen and impair the catalytic activity, thus limiting
their commercial applications. Therefore, it is important to examine
how the structural stability of perovskites would vary with the oxygen
content in bulk oxide. Of particular interest is whether there exists a
maximum possible oxygen deficiency (8max) at which non-stoichio-
metric ABOs.5 perovskites may possibly maintain a stable crystal
structure. Here the oxygen deficiency (8) increases with successive
oxygen removal and can be defined as the degree of oxygen loss. The
determination of the maximum possible oxygen deficiency could fa-
cilitate the determination of the operating conditions, e.g., the reduc-
tion time and oxidation time of perovskites in chemical looping, thus
achieving a good catalyst reproducibility and long-term stability.

In this regard, many experimental attempts have been made to
determine the oxygen deficiency in perovskite-type oxides [12-15]. It
was reported through thermal gravimetric analysis that the oxygen
deficiency in BaFeOs. s could be increased to as high as 0.58 at 700 °C
[16]. Actually, a good many of ABO5_s perovskites may have a deviation
of ~0.5 from the oxygen stoichiometry [12]. However, after doped
with some other elements, perovskite-type oxides may have a much
higher oxygen deficiency (e.g., 8 = 0.7 in Bag 551 5C0¢ gFep 2035 [171]
and 8 = 0.75 in YBa,Cu30¢.75 [18]).

Although the structural stability of oxygen-deficient perovskites has
been the subject of many experimental research studies, so far there is
no comprehensive theoretical work concerning the reason why the
experimentally measured oxygen deficiency varies from perovskite to
perovskite. By using the density functional theory (DFT) and DFT + U
approaches, Zhang et al. [19] calculated the oxygen vacancy formation
energy in barium-strontium-cobalt-ferrite (BSCF) over a range of
oxygen deficiencies (0.125 < § < 0.875), but the structural stability of
BSCF has not been discussed in terms of its oxygen content. In this
contribution, DFT + U calculations have been carried out to examine
the reducibility and structural stability of stoichiometric and oxygen-
deficient LaMO3 (M = Sc - Cu) perovskites. First, the formation energy
of the first oxygen vacancy is calculated and used as a measure of the
reducibility of LaMOs, which is then decomposed into bonding energy
and distortion energy to identify the key factor that determines the
interaction between transition metal cations and oxygen anions. After
that, electronic structure analysis is carried out to reveal the charge

redistribution upon oxygen vacancy formation. Next, the energetics and
structural evolution accompanying the successive oxygen removal are
discussed, and the maximum possible oxygen deficiency for each
LaMOs is determined and compared with available experimental ob-
servations. Finally, we conclude by discussing the implication of our
results in the potential application of perovskites in the field of redox
catalysis.

2. Computational details

Our electronic structure calculations were carried out using the
VASP package [20,21], in which the Perdew-Burke-Ernzerhof (PBE)
functional [22] was used to treat the exchange and correlation of the
Kohn-Sham theory and the projector-augmented wave (PAW) method
[23] was employed to represent the interactions between ion cores and
valence electrons. In addition to the PBE functional, the BEEF-vdW
functional [24] that may approximately account for London dispersion
forces has also been used as a first test of our methods. It was found that
the difference in the calculated energetics between these two func-
tionals is less than 0.2eV, which falls well within the inherent un-
certainty of DFT calculations. Thus, the PBE functional can predict with
reasonable accuracy the structure and energy of the LaMO3 perovskites.
Since standard exchange-correlation functionals suffer from the “self-
interaction error” that leads to excessive electron delocalization, an
additional Hubbard-type term was applied in the DFT + U method
[25,26] to address the on-site Coulomb interactions between the loca-
lized transition metal d states. By using the “hard” PAW potentials, a
plane-wave energy cutoff of up to 600 eV was necessary to converge the
total energy per atom in LaMOj3 to within 1 meV. The effective U (Ueg)
values and PAW potentials (including the valence electron configura-
tions) used in this work are summarized in Table 1. Sampling of the
Brillouin zone was performed with the Monkhorst-Pack method [27]
and electronic occupancies were determined according to the Gaussian
scheme with an energy smearing of 0.1eV. For the majority of this
study, spin-polarized calculations were performed to obtain reasonably
accurate structures and energetics, where experimentally observed
magnetic configurations were adopted. For example, it was reported
that LaCoOs5 exhibits great magnetic complexity and has its ground
state in the intermediate-spin state [28], which was thus considered in
our calculations. The effect of magnetism was not included in the cal-
culations of LaScO3 and LaCuOs because in our preliminary test the
energetics of these two perovskites were found to be independent of the
spin state. The magnetic and crystal structures of the transition metal-
based perovskites are also included in Table 1. Energy minimization of
stoichiometric perovskites was first conducted with both the atomic
coordinates and lattice vectors allowed to relax. Then, with the cell
parameters kept fixed at their equilibrium values, the positions of atoms
involved in the oxygen-deficient perovskites are optimized until the
forces on each atom are less than 0.03 eV/A.

It was reported that ideal cubic perovskites are only stable at ex-
tremely high temperatures while under mild conditions LaMO3 per-
ovskites may adopt either an orthorhombic (M = Sc - Fe) or a



rhombohedral structure (M = Co - Cu), with a Pbnm or a R3c space
group [1]. In order to examine how the structural stability of oxygen-
deficient perovskites may vary with the oxygen content in bulk oxides,
the crystal structures of LaMO3; (M = Sc - Fe) and LaMO3; (M = Co - Cu)
were represented as a 2 x 1 x 1 and a 2 X 2 x 1 supercell of their
respective primitive cells (see Fig. 1), both of which consisting of 24
oxygen ions and having 8 formula units. A 3 x 5 x 5 Monkhorst-Pack
grid was used for k-point sampling in Brillouin zone of the supercells.
For ease to note and clarity, the oxygen ions that could be removed
from the bulk of perovskites are labelled in Fig. 1 with the serial
number.

From Fig. 1(a), one can see that according to the atomic environ-
ment these oxygen ions can be classified into two categories, one in the
MO, layer (called equatorial O, e.g., O1) and the other in the LaO layer
(called apical O, e.g., O5). However, as the oxygen ions are successively
removed, the symmetry of the crystal structures is lowered and even-
tually broken. For example, after the O5 ion is first abstracted from the
orthorhombic structure, the system no longer belongs to the space
group Pbnm and there exist 15 possible configurations for the sub-
sequent oxygen removal. If one continues to create more vacancies in
LaMOs, there would be no oxygen ion that is equivalent to one another,
making the situation quite complex. For this reason, we used the most
and second most stable configurations at a specific oxygen deficiency as
the starting point to identify the most and second most stable config-
urations at a higher concentration of oxygen vacancies, in much the
same way as that proposed by Zhang et al. [19]. This procedure was
repeated until 10 vacancies are formed in bulk oxide, giving rise to the
maximum oxygen deficiency of 1.25. As for the perovskites adopting
the rhombohedral structure, the only difference is that all the oxygen
ions involved in the lattice are equivalent [see Fig. 1(b)] and, conse-
quently, there is only one choice available for removing the first oxygen
vacancy.

3. Results and discussion
3.1. Reducibility of LaMO3

3.1.1. Oxygen vacancy formation energy

In perovskite-catalyzed redox reactions, electron transfer is accom-
panied by the oxidation of surface oxygen ions to yield gas-phase
oxygen-containing species and surface oxygen vacancies. Driven by the
oxygen concentration gradient established across catalyst particles,

Fig. 1. Schematic representations of LaMO5 perovskites adopting
(a) an orthorhombic (M = Sc - Fe) and (b) a rhombohedral
(M = Co - Cu) structure. The cyan and royal balls represent the La
and M cations, respectively, and the O anions are colored red and
labelled with the serial number (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the
web version of this article).

transport of oxygen ions from the bulk oxide to the oxide surface would
take place. Hence, the reducibility of perovskites that is closely related
to their elemental compositions plays a key role in determining the
catalytic properties, such as vacancy concentration and oxygen mobi-
lity. To estimate how readily LaMOj3 perovskites may donate an oxygen
ion, the formation energy (AEfmation,vac) Of the first oxygen vacancy in
bulk oxide was defined as

1
AEformationvac = Edefective + EEOZ = Eperfect I

where Epeee and Egepeeive are the total energies of the stoichiometric
LaMO; and the defective LaMO3 with one oxygen vacancy formed,
respectively, and Ep, is the total energy of an O, molecule in its lowest-
energy triplet state. Under such a definition, a positive value is in-
dicative of an energy-gain process. Since DFT-GGA would significantly
overestimate the binding strength of O, molecules, a correction needs
to be made to its total energy. Unless otherwise specified, the calculated
oxygen vacancy formation energies in this work have been corrected
and increased by 0.42eV per oxygen vacancy for LaScOs, LaTiOs,
LaCrOs;, LaMnOs3, LaFeOs;, LaCoOs;, and LaNiOs, and by 0.37 eV per
oxygen vacancy for LaVO3; and LaCuOs. The details of the derivation of
these correction values are given in the Supporting Information.

The calculated oxygen vacancy formation energies in LaMO; are
presented in Fig. 2(a). It is well accepted that this quantity can be used
as a measure of the reducibility of LaMOs5 perovskites [2]. The lower the
oxygen vacancy formation energy, the more readily the transition metal
ions can be reduced. From the figure, it is clear that with the exception
of LaFeOs, the oxygen vacancy formation energy becomes less positive
on moving from LaScOj3 to LaCuOs, indicating an increased reducibility.
The reason why Fe®* is even harder to be reduced than Mn>* lies in the
fact that Fe>* has a very stable half-filled 3d subshell and the reduction
of Mn®* to Mn?* is energetically very favorable. The electron left be-
hind when the oxygen vacancy is formed is localized on the Fe cation,
which would add an antiparallel spin and provide no extra exchange
stabilization [9]. Therefore, the rise in the AEj,qmation,vac Of LaFeOs is due
to the additional electron-electron repulsion in the doubly occupied d-
orbital.

For the first four LaMO; perovskites, although the oxygen vacancy
formation energy decreases dramatically with increasing the atomic
number, the calculated value for LaCrOs is still fairly high (> 5.5eV),
which implies that these perovskite-type oxides are quite difficult to
reduce. It is therefore not surprising that they exhibit poor performance
in experiment and are rarely used as catalysts in redox reactions. For
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instance, Nomura and his co-workers found the chemical reactivity of Where
LaScO5 powders is very low even at a high temperature of 1873 K [29]. 1
Van Grieken et al. [30] reported that LaTiO3 exhibits low activity and AEponding = ,;‘g;;;;;fg;'“’d + EEOZ = Eperfect 3)
selectivity for the conversion of CO to methanol. When Cu is substituted
partially for Ti, however, the catalytic performance is substantially and
increased. Tascén et al. [14] used LaVO3 and LaCrOs as catalysts for CO )
oxidation and found that the catalytic activity of LaVOs is nearly zero  AEdistorion = Edefecrive — Egefonned (@)

and that of LaCrOs is only 0.4 X 10~7 mol CO converted m~2s~! at
600 K.

By comparison, the oxygen vacancy formation energies of LaMOs
(M = Mn - Cu) are below 5eV and a marked decrease is observed, in-
dicating a much higher reducibility. Experimentally, these more easily
reduced perovskite oxides are highly active catalysts in heterogeneous
catalysis, which can be seen from their superior catalytic performance
in redox reactions. For example, Royer and Duprez [31] suggested that
manganite and cobaltite perovskites are very active for CO oxidation.
LaFeO; perovskites are attractive candidates as oxygen carriers and
catalysts for partial oxidation of methane toward CO and H, by che-
mical looping reforming [32]. LaNiO5 are potential oxidation catalysts
and promising candidates for the steam reforming reaction.

3.1.2. Bonding energy and distortion energy

To identify the key factor that determines the variation of the
AEformationvac as the transition metal element is changed, the formation
of oxygen vacancies can be thought of as taking place in two successive
steps: (i) removal of an oxygen atom while the crystal structure is kept
constrained and (ii) relaxation of the structure in the presence of the
oxygen vacancy. Accordingly, the AE,magionvac €an be decomposed into
two contributions:

AEformation.vcw = AEbonding + AEdmorlion (2)

Ewmlruincd

and Ejgane is the single-point energy of oxygen-deficient LaMOs;
without any geometry optimization. Under this definition, the bonding
energy (AEponding) is @ measure of how strongly the transition metal
cations and oxygen anions interact with each other, and the distortion
energy (AEgisorion) can be used to estimate the energy gained from the
crystal structural relaxation upon formation of the oxygen vacancy.
The calculated AEyuding and AEgigormion are also given in Fig. 2(a).
From the figure, one can see that the AEy,uding and AEgisorion have a
positive and a negative value, respectively, and the latter has a rela-
tively small magnitude that is below 1.10eV for most of the per-
ovskites. The only exception is LaCoOs, the structure of which would
release more than 2.00 eV of heat to relieve strain. This seems to be
associated with the intermediate spin state of the Co cations and the
Jahn-Teller distortion of the MOg octahedra that have been observed
both theoretically and experimentally [33,34]. The calculated AEynding
varies in much the same way as the AEfmasionvac, indicating that a
significant amount of energy is required to break the M-O bond and the
variation in AEf,masionvec 18 dominated by the variation in AEponding-
Actually, there exists a good linear correlation between AEjqmuation,vac
and AEjnding, as can be seen in Fig. 2(b). This conclusion is consistent
with the study by Pavone et al. [9] who claimed that the reduction in
AEjormationvac along the period can be explained by the decreased in-
trinsic strength of the metal-oxygen bond and the exception of LaFeO3
is caused by the absence of the extra stabilization arising from the intra-



atomic exchange energy. In Fig. 2(c), the calculated AEpoqing iS com-
pared with the experimentally measured bond dissociation energies of
the diatomic M-O and M*-O (M = Sc - Cu) at 0K [35-37]. It shows
clearly that these three quantities follow almost the same trend except
that the Co/Co™-O bond has a slightly higher bonding energy than the
Mn/Mn ™" -0 bond in the diatomic species, which could be probably due
to the different oxidation states of the transition metals in the three
types of substances.

After an O atom is removed from the oxide matrix, the atoms re-
maining in the lattice would fully relax to relieve the strain and stress.
Therefore, it is reasonable to expect that the distortion energy is de-
pendent strongly on the displacement of the remaining atoms. Our
calculated results indicate that for most of the LaMOs perovskites the La
and M cations are displaced by less than 0.02A. Thus, only the dis-
placement of the remaining O atoms in the defective LaMO5; was con-
sidered in this work and their root mean squared displacement (RMSD)
upon formation of an oxygen vacancy was calculated as

[ n

PG VL

\n & ®)

where n represents the number of O atoms in the defective LaMOs, r?
and r; are the positions of the remaining O atoms before and after the
oxygen removal, respectively. In Fig. 2(d), the calculated distortion
energy is plotted as a function of the RMSD of the remaining 230
atoms. It can be seen that for the early transition metal-based per-
ovskites the RMSD varies from 0.02 to 0.04 A while the data for the late
transition metal-based perovskites lie in the range 0.10-0.23 A, and,
more importantly, a straight line fits the data very well, confirming that
the RMSD can be used to gauge the degree of distortion upon oxygen
vacancy formation.

RMSD =

3.1.3. Electronic structure analysis

Electronic structure analysis allows us to examine more closely the
chemical bonding between La, M, and O in perovskites. Bader’s theory
[38], which is based on the concept of a gradient vector path, provides
a rigorous way of partitioning the total electron density into atomic
contributions and makes it possible to quantitatively represent the po-
larity of chemical bonds in molecules and solids. The calculated effec-
tive Bader charges on La, M, and O in stoichiometric LaMO3 (M = Sc -
Cu) are listed in Table 2. The results indicate that the bonding in per-
ovskites have some covalent character, and because the effective Bader
charges on the transition metal atoms are less positive than those on La,
there is less ionic contribution to the M—O bonding than to the La—O
bonding. In addition, the effective Bader charges on the transition
metals decrease considerably as we move from Sc to Cu, whereas the
charges on La have almost the same values in different perovskites,
implying that the M—O bonding becomes less polarized with increasing
the atomic number of the transition metal and the identity of the M
cation has a negligible effect on the degree of covalency in the La—O
bonds.

In order to shed light on the electron density redistribution upon
formation of oxygen vacancy, Bader’s analysis was also performed for
defective LaMO3 as well. When an oxygen vacancy is present, the
electrons that are left behind will be transferred to the remaining ions
in bulk oxide. The percentages of the electrons accepted by each ele-
ment in LaMOs are presented in Fig. 3. As can be seen from the figure,
more than 50% (52%-78%) electrons are transferred to the M cations in
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Fig. 3. Percentages of electrons accepted by each element in LaMOj3; upon
oxygen vacancy formation.

LaMO; (M = Sc - Co), while for LaNiO5 and LaCuO; the O anions be-
come the primary electron acceptor. If we further divide the M cations
into two groups, the nearest neighbor (nn) M cations to the vacancy and
non-nearest neighbor (non-nn) cations, the nn M cations are found to be
reduced most significantly except for those in LaMnOs, although in
LaMO; (M = Co - Cu) the charge redistribution has already become
very delocalized. The even more dramatic delocalization in LaMnO3
can be explained by superexchange model [39], where the hopping of
electrons from Mn?* to Mn®* via oxygen ion, and hence the Mn?* and
Mn®" ion exchange, takes place.

3.2. Structural stability of oxygen-deficient LaMO3

3.2.1. Formation energy of multiple oxygen vacancies in LaFeO;

In order to meet the requirements of the catalysts for redox reac-
tions, perovskites need to have a good structural stability even if a
considerable amount of lattice oxygen atoms are removed from their
bulk structures. Hence, the question that now arises is whether there
exists a maximum possible oxygen deficiency beyond which LaMOs
may no more retain the stable crystal structure. Although some progress
toward this problem has already been made in the laboratory, it re-
mains challenging to characterize the detailed structure and composi-
tion of perovskites, especially when multiple oxygen vacancies are in-
troduced into bulk oxide.

Quantum chemical calculations are of extraordinary power in this
regard. Here the formation energy of the 83-th oxygen vacancy can be
calculated as

Table 2
Calculated effective Bader charges on La, M, and O in LaMO5; (M = Sc - Cu).

LaScO3 LaTiO3 LaVO3 LaCrOs; LaMnO3 LaFeO3 LaCoO3 LaNiO3 LaCuO3
qra/(le]) 2.05+ 2.03+ 2.07+ 2.08+ 2.09+ 2.08+ 2.09+ 2.10+ 2.10+
aqm/(Je]) 2.00+ 1.94+ 1.89+ 1.76 + 1.72+ 1.78+ 1.46+ 1.33+ 1.15+
qo/ (e 1.35- 1.33- 1.31- 1.27- 1.28- 1.29- 1.21- 1.14- 1.08-




Table 3
Formation energy per oxygen vacancy (AE_%,,,,MU,,_H,C) in LaFeOs ;.

) Vi V2 V3 V4 V5 \C) v7 v8 Vo V1o Agfmmatmn.m( (eV)
0.125 o1 4.85
o5 4.92
0.25 05 019 4.06
o5 o7 4.59
0.375 05 019 016 4.30
o5 019 024 4.30
0.5 05 019 016 03 4.18
o5 019 024 010 4.28
0.625 05 019 016 03 021 5.22
o5 019 o16 03 06 5.30
0.75 05 019 016 03 021 o010 5.22
o5 019 016 03 021 024 5.36
0.875 05 019 016 03 021 o010 013 5.36
o5 019 016 03 021 0o10 014 5.40
1.00 05 019 016 03 022 012 013 012 5.55
o5 019 016 03 022 012 0o13 02 5.55
1.125 05 019 016 03 022 012 013 012 024 5.51
o5 019 o16 03 022 012 0o13 02 024 5.62
1.25 05 019 016 03 022 012 013 012 024 018 5.51
o5 019 016 o3 022 012 0o13 012 024 Oo11 5.64

1
) — 8 85—1
AE, formation,vac — Edcfuctivc + 5E02 - Ed('fcctivc

(6)
where Ejfjme and Ejjy. are the total energies of oxygen-deficient
LaMOs s with 88 and 88-1 oxygen vacancies, respectively. The forma-
tion energy per oxygen vacancy obtained from the most or second most
stable LaFeOs_s configurations is listed in Table 3, where Vn represents
the n-th oxygen vacancy and the serial number of the oxygen atom is
defined in Fig. 1. The corresponding data for the other eight LaMOs5_s
can be found in the Supporting Information. It should be noted that the
ordered superstructures that are often formed at very low temperatures
were not considered in this work because an increase in temperature
would lead to an entropy increase and the disordered non-stoichio-
metric phases typically prevail [40].

From the table, one can see that the energies required to remove the
first oxygen atom from LaFeO5 are 4.85eV and 4.92 eV at the O1 and
O5 sites, respectively; that is, removing an equatorial O atom is en-
ergetically more favorable. Given the fact that the energy difference is
very small, we used both of the two LaMO, g,5 configurations as the
starting point to search for the lowest-energy configuration at the
oxygen deficiency of 0.25. It is interesting to find that the most stable
LaFeO, 5 configuration is derived by removing an additional oxygen
atom in the second most stable LaFeO, g7s, and the formation energy of
other oxygen vacancies is at least 0.5eV higher; that is, the lowest-
energy configuration at a specific oxygen deficiency does not necessa-
rily result from lowest-energy configuration with a higher concentra-
tion of oxygen atoms. The energies associated with the removal of the
second, third, and fourth oxygen atoms are quite close and fall in the
range 3.98-4.22 eV. However, when the oxygen deficiency is increased
to 0.625 (i.e., the fifth oxygen atom is removed from the system), the
oxygen vacancy formation energy rises sharply to 5.14 eV, implying
that there is too much energy needed to remove the fifth oxygen atom
and the framework might have collapsed at such an oxygen deficiency.
If we continue to abstract another five oxygen atoms from the system,
the calculated formation energy per oxygen vacancy is gradually in-
creased to ~5.5eV and no abrupt change can be observed.

3.2.2. Structural evolution of oxygen-deficient LaFeO3

It was previously reported that LnCoO5 (Ln = La - Eu) can be con-
tinuously reduced in a hydrogen atmosphere with the formation of a
series of oxygen-deficient perovskite structures [41]. Therefore, upon
formation of oxygen vacancies, the crystal structures of LaMO; must
undergo an evolution arising from the displacement of the remaining
ions. In stoichiometric LaMOs, each M cation is surrounded by six

oxygen anions in an octahedral geometry while each La cation is sur-
rounded by eight corner-sharing MOg octahedra. When an oxygen atom
is removed, the local geometry around the vacancy would be sig-
nificantly affected by the preference for certain polyhedral coordination
geometry. Typically, the coordination number of the M cations would
change to 5 (in square-based pyramid) and 4 (in tetrahedral or square
planar geometries). Hence, these coordination geometries are of central
importance when exploring the evolution of the crystal structures of
LaMOs 5 during the successive oxygen loss.

As for LaFeOs, when removing the first or second oxygen atom, two
octahedra that share the oxygen atom at the corner are transformed
into two square-based pyramids (see Fig. 4), indicating that the tetra-
hedral coordination geometry is energetically less favorable under these
circumstances. When the third and fourth oxygen vacancies are formed,
however, the situation becomes quite different. A corner O atom shared
by an octahedron and a square-based pyramid is most likely to be re-
moved, leading to the formation of a tetrahedron which results from the
abstraction of an equatorial and an apical oxygen atom from the initial
FeO¢ octahedron. At the oxygen deficiency of 0.625, the most stable
LaFeO, 375 is formed by removing a corner O atom shared by two
square-based pyramids, giving rise to a tetrahedron and a square planar
geometry.

Interestingly, this predicted structural evolution upon oxygen va-
cancy formation in LaFeO5 can be well reproduced by the experimental
observations for SrFeOs; [40]. At low temperatures and low oxygen
deficiencies, the Fe cations prefers the square-based pyramidal co-
ordination, and both SrgFegO,5 (SrFeO, g75) and SryFe, 0, (SrFeOs, ,s5)
adopt ordered structures consisting of FeOq octahedrons and FeOs
square-based pyramids. When the defect concentration is increased, the
central Fe cation becomes tetrahedrally coordinated to the surrounding
O atoms. For SrFeO, s, its high-temperature structure comprises octa-
hedral, square-based pyramidal, and tetrahedral coordination geome-
tries arranged in a random fashion. An atomistic simulation by Bakken
et al. [42] indicated that at even higher temperatures the oxygen-de-
ficient configurations containing the square planar FeO, geometry or
the Fe cations with even lower coordination numbers are much higher
in energy, which agrees well with our calculations that the presence of
the square planar FeO, coordination in LaFeO, 375 would lead to a
sharp rise in energy at the oxygen deficiency of 0.625.

3.2.3. Maximum possible oxygen deficiency in LaMOs
As demonstrated above, the structural stability of oxygen-deficient
LaFeO55 is closely related to the oxygen content in bulk oxide.
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Fig. 4. Optimized structures of LaFeO3;s (8 = 0-0.625) upon successive re-
moval of oxygen atoms. Octahedron, square-based pyramid, tetrahedron, and
square planar geometry are shaded royal, green, orange, and yellow, respec-
tively (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

Likewise, while LaMO3 (M = Mn, Co, Ni, and Cu) can be readily re-
duced to produce defective perovskites at low oxygen deficiency, there
must exist a maximum possible oxygen deficiency before their crystal
structures break up and the degree to which the perovskites can be
reduced would depend very much on the electronic structures of the
transition metal cations.

The calculated formation energies per oxygen vacancy
(AE}f),man-onvm) in LaMO3s (M = Sc - Cu) as a function of the oxygen
deficiency are presented in Fig. 5. It can be seen that for the first four
perovskites [LaMO3;, M = (Sc - Cr)], all the AEﬁwm,mmW is higher than
5.0eV and there is no abrupt change along each “downhill” curve.
Given the fact that it is hardest for them to be reduced in the stoi-
chiometric structure, LaMO3 (M = Sc - Cr) cannot be used as a catalyst
in redox reactions even at a very high oxygen content. In contrast, the

calculated AEﬁ),.mmio,,,m in LaMOs (M = Mn - Cu) is below 5eV at low
oxygen deficiencies. However, when the oxygen concentration in bulk
oxide is lowered to a specific value, additional oxygen removal would
lead to a sharp increase in the AE}E,,,,,M-O,,VW, which defines the max-
imum possible oxygen deficiency and reflects the tendency of the
LaMO3 perovskites to collapse into mixed binary oxides. From Fig. 5,
one can see that in LaMO3_s (M = Mn - Ni) and LaCuOs_s, the maximum
possible oxygen deficiency is 0.5 and 1.0, respectively; that is, M>*
(M = Mn - Ni) can be possibly reduced to M>* and LaCuO; may lose at
most one lattice oxygen atom per formula unit before it is deactivated.

Experimentally, Fierro et al. studied the reduction of LaMnOj3 in Hy
and found the reduction process starts at 755K and the degree of re-
duction is approximately 1 e~ per molecule at 1100 K [43], signifying
the reduction of Mn®* to Mn?*. XRD has been performed to reveal the
reversible phase transition of LaFeO5; perovskite to mixed oxides in
partial methane oxidation by chemical looping [7]. Both Fe>* and Fe**
were observed in the reduced perovskites, and the ratio between Fe?*/
Fe®* was estimated based on the amount of oxygen removed. It was
suggested that the maximum removable oxygen amount in LaFeO;
corresponds to the reduction of Fe** to Fe?* and the reducibility of
Fe?* is very low. In addition, Royer et al. [44] proposed a mechanism
for LaCoOj3 reduction, showing that the Co®* is first reduced to Co>™,
followed by the reduction of the Co®>* to Co° and the collapse of the
perovskite structures, implying that the intermediate oxygen-deficient
compound containing Co®>* cations is a stable structure during the re-
moval of oxygen atoms. A two-step reduction of LaNiO; was observed
by Falcén et al. using TPR [45]. It was reported that at low temperature
the formation of the brownmilerite structure is due to the reduction of
Ni®* to Ni®>*. More recently, Touahra et al. [46] found that the re-
duction of LaCuOs also takes place in two steps. In the first step,
however, Cu®* is reduced to Cu™ rather than Cu®* at 364 °C. In the
second step, LaCuO, is decomposed into Cu® and La,O; when heated to
506 °C.

The aforementioned experimental findings provide direct evidence
in support of the existence of a maximum possible oxygen deficiency in
the LaMOj structures. When an oxygen atom is removed from the lat-
tice, the electrons left behind will be transferred to the remaining ions
in the defective structure. As for LaMO3; (M = Mn - Ni), when the §
reaches its maximum possible value of 0.5, the M cations are partially
reduced and their oxidation states are decreased from + 3 to the +2. By
comparison, LaCuOj has its oxidation number reduced from +3 to +1
before the crystal structure breaks up. Therefore, transition metal needs
to have at least two accessible oxidation states to maintain the stability
of the oxygen-deficient perovskite structures during redox reactions.
The reasoning behind the different behaviors between LaMO3; (M = Mn
- Ni) and LaCuOs is that although the M cations (M = Mn - Cu) all have
the most frequently seen oxidation states of + 2, which is due to the loss
of the two outer 4 s electrons, Cu has an additional oxidation state of
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LaCrO;.;

LaFeOs.

LaMnO:,; | LaCoOs;

LaCuOs.;
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Fig. 5. Formation energy per oxygen vacancy (AEﬁy,.mm,on,vac) in LaMO3.5 (M = Sc - Cu) as a function of oxygen deficiency.



+1 that may achieve a particularly stable 3d' electronic configuration.
4. Conclusion

In this contribution, we have carried out DFT + U calculations to
explore the reducibility and structural stability of LaMO3 (M = Sc - Cu).
With the exception of LaFeOs, the calculated formation energy of the
first oxygen vacancy decreases gradually from LaScOsz to LaCuOs,
which can be used to gauge their reducibility. The first four LaMOs
perovskites that have very high oxygen vacancy formation energies can
hardly be reduced under mild conditions, while the other five per-
ovskites have much better redox properties. The calculated bonding
energies that measure the direct transition metal-oxygen interactions
vary in much the same way as the oxygen vacancy formation energies,
and the distortion energy is dependent strongly on the displacement of
the remaining ions. When oxygen atoms are removed from the oxides,
the nearest neighbor transition-metal cations to the vacancies are the
primary acceptors of the electrons left behind.

When multiple oxygen vacancies are present in bulk oxide, the
calculated oxygen vacancy formation energy rises sharply at a certain
oxygen deficiency, which defines the degree to which the LaMO; per-
ovskites can be reduced. In LaMOs.s (M = Mn - Ni) and LaCuOs;_s, the
maximum possible values are 0.5 and 1.0, respectively; that is, M>*
(M = Mn - Ni) can be possibly reduced to M®>* and LaCuO; may lose at
most one lattice oxygen atom per formula unit before it is deactivated.
From the variation in the oxidation states of the transition metals, it can
be concluded that only when transition metals have more than one
accessible and commonly seen oxidation state may oxygen be succes-
sively removed from the corresponding perovskites while retaining
their crystal structures.
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