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ABSTRACT: The oxygen vacancy (V{') formation enthalpy (AHp)
was determined from the effective activation energies obtained in the
permeation measurements on a series of solid solutions
Laggg_,Sr,Cog,Feq305_s (x = 0.125—0.8) and compared with the 2] — 25
results of ab initio calculations at finite temperatures based on the hybrid L Nim 20
(PBEO) and GGA+U calculations, as well as previous thermogravimetric
experiments. The Mulliken atomic charges, magnetic moments, and the
Fe-Vg and Sr-Vg distances are analyzed. The strong dependence of
formation enthalpy of V& on the Fe oxidation state due to variation in

Sr and V' concentrations is discussed.

1. INTRODUCTION
(La,Sr)(Co,Fe)O; 5 (LSCF) is known as one of the best

materials for oxygen germeation membranes"? and cathodes in
solid oxide fuel cells.” This is due to the fact that such complex
perovskite oxides show high mixed ionic and electronic
conductivities (MIEC) and, hence, high oxygen permeability.
The highest oxygen flux is generally observed for dense ceramic
membranes having a perovskite structure ABO; at temperatures
above 800 °C (ref 4). This relies on a high concentration of
mobile oxygen vacancies as well as a high electronic
conductivity. Since the electronic conductivity in perovskites
is usually orders of magnitude larger compared to the ionic
conductivity, the latter is the limiting transport mechanism, so
that permeability (assuming fast surface reaction) can be
expressed as

RT X
o In —2

Jo, = T6rL

n

Po, (1)

where R is the gas constant, T temperature, F Faraday constant,
L membrane thickness, o; ionic conductivity, and pg, and po,

the oxygen partial pressure on both sides of the membrane.
High ionic conductivity can be achieved by maximizing
diffusivity and particularly concentration of oxygen vacancies. It
is well-known that Sr** ion substituting for La>" is compensated
by electronic defects (holes) or oxygen vacancies. The oxygen
vacancies prevail over electronic defects at high temperatures.’
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Such vacancy formation, e.§., in LaFeO; (LF), can be described
(in Krdger-Vink notations®) as

LaFeOy , oo x
28510 —— 2811, + V5 + 204 )

With increasing temperature and/or decreasing oxygen
partial pressure, additional vacancies are formed due to partial
reduction of the B-site cation, that is, Fe in a solid solution
La;_,Sr,FeO;_; (LSF) decreases its oxidation state from
partially 4+ (Fep,) closer to 3+ (Fef,)

2Fep, + 05 — lO2 + 2Fef, + V'
2 ©)

Since Co shows higher reducibility compared to Fe,
maximum oxygen fluxes in LSCF can be found for Sr- and
Co-rich compounds.' On the other hand, excessively high
concentration of oxygen vacancies inherently reduces the
stability of the crystal lattice, so that pure strontium cobaltite
does not have the desired perovskite structure and, hence,
permeability vanishes. It turned out that 20 mol % of Fe is
sufficient to stabilize the perovskite structure of SrCo,gFe(,0;.5
in air. However, in nitrogen atmosphere, i.e., decreased oxygen
partial pressure, the perovskite transforms into a brownmillerite
phase,” which has an ordered arrangement of oxygen vacancies,
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resulting again in drastically decreased vacancy mobility. Partial
substitution of Sr with Ba helps to avoid the brownmillerite
formation in BaysSrysCoysFey2034, which shows the highest
oxygen fluxes observed so far.*” But still, this compound is
close to the stability limits, with regard to crystal structure'
and reactivity with acid gases. At temperatures below 840 °C an
additional hexagonal phase forms reducing oxygen fluxes."'~"
Moreover, carbonates are easily formed in the presence of CO,
again drastically reducing the permeability.'* Therefore, LSCF
with limited Sr- and Co-content, although already discovered
30 years ago, has again attracted increasing interest as oxygen
transport membrane material; significant oxygen fluxes could be
achieved using thin supported membrane layers in
Lay 68104C0p,Fe 50357

The two parent compounds LF and SrFeO; (SF) are
characterized by the existence of Fe ion in the two different
oxidation states, Fe** (3d°) and Fe* (3d*), respectively.
Moreover, LF shows the electronic conductivity increasing with
the temperature whereas SF is a metallic compound (at least for
small §). The lattice structure changes from orthorhombic for
LF to cubic for SF at room temperature.'” It would then not be
surprising to observe complex magnetic,'® electrical,'’” and
phonon properties'® for the solid solutions of LF and SF. It is
already known from the literature'® that the V& formation
enthalpy for the solid solution LSF changes in a step-wise
manner at 6 = x/2, where the jump between the oxidation
states of Fe (2+/3+ and 3+/4+) occurs.

Recently, we have considered the oxygen vacancy properties
in La,_,Sr,Coy,sFe(750;_s using the density functional theory
(DFT) for calculating defect formation enthalpy as a function
of nonstoichiometry and temperature.”® The calculated defect
formation enthalpy is very close to that from a similar DFT
study on LSF due to low content of Co.*' However, a
comparison of the results of these calculations and the
thermogravimetric measurements revealed that the calculated
formation enthalpy may significantly differ from the measured
one at low temperature and high concentrations of Sr although
the oxidation entropies suggested no such significant differ-
ences. From the experimental point of view, the formation
enthalpy may be affected by the oxygen partial pressure and,
thus, the Fe oxidation state at fixed Sr content.” From the
calculation point of view, the magnetic moment on Fe is
sensitive to the exchange-correlation functional, affecting the
formation enthalpy. It has been shown indeed within the DFT
+U calculations and generalized gradient approximation (GGA)
by Ritzmann et al.>* that the inclusion of the strong correlation
effects significantly affects the calculated formation energy of
V& . However, one should keep in mind that the results of such
GGA+U calculations depend very much on the choice of
Hubbard-U parameter.

The V& migration energy was calculated in LF using the
GGA+U approach,n’23 and in LF, LSF within the standard
GGA approach,® both studies applied the so-called NEB
method as implemented in the VASP code.”® It was
concluded™ that the defect migration energy is not essentially
influenced by the average Sr concentration while the local
configuration of Sr and/or La in the critical triangle in the
saddle point of migration affects the barrier height. Thus, the
formation energy of V& and its strong dependence on Sr
doping is at the focus of the comparison with the experimental
data and represents a key milestone for the DFT calculations.
In addition, hybrid DFT calculations were shown to be very
effective in treatment of the electronic structure of correlated

. . . . 26-2 .
materials and, in particular, perovskites, ? as well as in

calculations of V' formation energy therein.>® We, therefore,
utilize in the present study not only the GGA+U calculations,
but also such the hybrid DFT calculations; in order to deeper
analyze the defect formation energies in LSF with different Sr
concentrations.

Our calculations were motivated by the permeation experi-
ments on the role of Sr doping in oxygen transport. In Section
2 the experimental technique, sample preparation are described.
Section 3 is devoted to the computation methods including the
computational parameters and calculations of the V¢ formation
energies. Results and Discussion are given in Section 4,
subdivided into three subsections: oxygen permeation measure-
ments, the calculated bulk properties and a comparison
between the calculated V' properties and experimental results.
In Section 5 we present the main conclusions.

2. EXPERIMENTAL SECTION

Laggg_,Sr,Cog,Feg 3055 (x = 0.2, 0.4, 0.6, 0.8) perovskite
powders were prepared by spray pyrolysis of the aqueous
nitrate solutions containing the corresponding metal nitrates.
After spray-drying the powders were calcined at 1200 °C for 5
h and examined by X-ray diffraction (XRD) using a Bruker, D4
Endeavor to ensure phase purity and by inductive coupled
plasma—optical emission spectroscopy (ICP-OES) to verify the
desired stoichiometry. Lanthanum under-stoichiometry was
chosen in order to prevent possible La,O; phases, which lead to
sample failure due to high hygroscopy. In case of x = 0.4
another powder with stoichiometric La content was prepared,
processed, and tested identically. There was no influence of the
small La under-stoichiometry on oxygen permeation and,
hence, ionic conductivity.

All powders were treated by ball milling in ethanol, using 3
mm ZrO, balls, to achieve an average particle size (ds,) of 2—4
um. Samples for oxygen permeation measurements were
uniaxially dry pressed and sintered at 1200 °C for 5 h achieving
90% of theoretical density and subsequently ground to an outer
diameter of 14.7 mm.

Oxygen permeation measurements of the membranes were
conducted in air/Ar gradients with a constant flow rate of 250
mL/min of air as feed gas and 50 mL/min of Ar as sweep gas at
varying temperatures. The disc-shaped samples with thickness
of 1 mm were sealed with gold rings to the gasket of the quartz
glass reactor at 1000 °C. Inner diameter of gold seals is 13 mm
leading to 1.33 cm® membrane area. The permeated gas was
analyzed by a mass spectrometer (Omnistar, Pfeiffer Vacuum).

3. COMPUTATIONAL SECTION

The DFT calculations in the present study are performed using
both the plane wave (PW) basis set as implemented in
VASP5.2 code®?' and the linear combination of atomic
orbitals (LCAQ) as implemented in CRYSTALO9 code.*” We
will compare the results of DFT+U method> and hybrid
PBEO** exchange-correlation functional (hereafter, functional)
important for the proper treatment of the electronic structure
of strongly correlated systems such as LSF.***° We give
emphasis to the analysis of the electronic density of states
(DOS), atomic charges, the z-projection of the magnetic
moments (hereafter magnetic moments) on Fe, and the Fe—O
bond lengths in perfect as well as defective LSF in the
calculations, using both the DFT+U and hybrid PBEO
functionals.
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We use, hereafter, the following abbreviations for the two
solid solution compositions used in the present study for the
analysis of main results in perfect and defective systems:
LSF12.5 (12.5% of St) for LaggsStg 12sFeO5.5 and LSESO (50%
of Sr) for LaySrysFeOs

It is known from XRD measurements of the crystalline
structure of LSF12.5 and LSF50 that the former is
orthorhombic at room temperature and rhombohedral at
higher temperatures whereas the latter is rhombohedral at low
and room temperature but becomes cubic at high temperatures.
Thus, for a better comparison of these two compounds we used
the rhombohedral symmetry for both LSF12.5 and LSES0.

3.1. Parameters for Density Functional Calculations.
In the LCAO calculations, the Gaussian basis set and relativistic
pseudopotentials (PPs) of a free La atom with 46 electrons was
taken from the PPs library of the Stuttgart/Cologne group.’’”
The small-core relativistic effective core pseudopotential
replacing 28 electrons and the Gaussian basis set for Sr were
taken from ref 38. Notice that the basis set for Sr in our study
included the 3d-electron exponent, since in the previous study
on SrTiO;> this basis set reproduced the phonon properties
better than without this exponent. The all-electron basis set 8—
411G was used for O atom whereas the all-electron basis set
for Fe was taken from ref 41. In order to avoid spurious
interactions between the diffuse functions and the core
functions of neighboring atoms, the basis set diffuse exponents
smaller than 0.15 bohr™ were removed. To optimize the basis
set, we used Powell’s conjugate-directions minimization
method* without calculations on the total-energy derivatives
as implemented in the basis set optimization code OPTBAS.*
The bound-constrained optimization was performed for the
exponents with 0.1 bohr™ lower bound. The exponents of
Gaussian basis functions in noncontracted basis functions were
optimized in the calculations with PBEO functional for
rhombohedral LSF50. Notice that this basis set optimization
method was already successfully used for LaCoO;>® and
SrTiO3.* In Supporting Information (Tables S1—S4) we give
the basis set for LSFS0 used in the present study.

In the PW calculations we used the projector augmented
wave (PAW) method** and scalar-relativistic pseudopotentials
for 46 electrons on La, 12 electrons on Fe, 28 electrons on Sr,
and 2 electrons on O atoms. The exchange-correlation
functional was due to Perdew, Burke, and Ernzerhof (PBE).*
The cutoff energy was fixed at 520 eV throughout all the
calculations. The electron occupancies were determined with
the Gaussian method using a smearing parameter 0.1 eV.
Correspondingly, the rotationally invariant Dudarev’s form*®
for the Hubbard correction was used in the PBE+U
calculations. However, the advantage of this form is due to
the difference U,y = U — ], of the Hubbard parameter U and
the exchange parameter ]. We use, hereafter, the abbreviation
PBE+U, 4 in discussion of the results obtained. We used the two
values of U 4.5 and 6.5 eV, to compare not only the bulk
properties but also the Vi’ formation enthalpy. A ferromagnetic
structure was assumed throughout all the calculations in VASP
and CRYSTAL.

In the perovskite-type rhombohedral structure (space group
(SG) 167) the primitive unit cell contains 10 atoms, thus, twice
the number of atoms in the perovskite-type cubic structure (S
atoms, SG 221).%° In the present study, we substituted one La
atom for one Sr atom in the unit cell containing 10 atoms in
order to consider the bulk properties for the content of Sr 50%
and to guarantee the highest possible symmetry (SG 155) in

15,16,36

this case. In contrast, the content of Sr 12.5% needs an increase
of the unit cell up to 40 atoms, at least, and substituting one La
atom for one Sr atom therein. We used the supercell
approach®” for the calculations of LSF12.5 and a single Ve
in both LSF12.5 and LSFS0. The 40 atoms supercell was

211
generated with the help of the transformation matrix (H%) for

the translational vectors. A single V&' corresponds in such a
supercell to the nonstoichiometry 6 = 0.125. In addition, the 80
atom supercell (the 2 X 2 X 2 extension of the rhombohedral
primitive unit cell) with two Sr ions was used to simulate the
case of lower nonstoichiometry, 6 = 0.0625 in LSF12.5. In the
present study, we used the FINDSYM program of Hatch and
Stokes*® in order to identify the corresponding SG and Wyckoff
positions of all atoms in the supercells. Notice that the number
of symmetry operations is reduced in CRYSTAL calculations
when making the supercells for the non-symorphic SGs. If the
La atom substitutes for the Sr atom in the supercells for
LSF12.5, the SG 146 is obtained in the CRYSTAL calculations.

The Monkhorst—Pack scheme* for 8 X 8 X 8 k-point mesh
in the Brillouin zone was applied to the 10 atoms unit cell, 3 X
3 X 3 to extended 40 atoms and 4 X 4 X 4 to extended 80
atoms supercells. The tolerance factors of 7, 7, 7, 7, and 14 for
the Coulomb and exchange integrals calculations were used in
the CRYSTAL calculations. Furthermore, the forces for the self-
consistent cycles were optimized until the energy difference
reached 1077 eV and were smaller than 0.01 eV/A for the lattice
structure optimization (in both perfect and defective crystals)
in the CRYSTAL and VASP calculations, respectively.

3.2. Defect Formation Enthalpy. Calculating the enthalpy
of Vi formation is relevant for a comparison with the results of
permeation measurements. The defect formation enthalpy is
given by

AH(T) = B = B+ M) + 203 (D)
where superscripts p and Vg indicate perfect and defective
crystals, E, total electron energies, and T the temperature. All
the energies are given per supercell. The standard chemical
potential of oxygen uQ is given by half the total energy of
oxygen molecule plus the vibrational, rotational, and transla-
tional contributions, to include the temperature effect. In our
previous study”® we have demonstrated that the calculations of
the properties of O, with the hybrid PBEO functional in the
LCAO method lead to the very accurate results for the binding
energy (5.30 eV), equilibrium distance (1.20 A), as well as
rotational (2.11 K) and vibrational (2478.60 K) temperatures.
Therefore, the chemical potential of O, in the LCAO
calculations reads

/l(())z(T) = Etco)é + E% + kT (s)
where E> the total electronic energy of O,, E® the thermal

energy which includes the translational, rotational, and
vibrational contributions to the chemical potential of O, as
calculated within an ideal gas model in the CRYSTAL code,
and k Boltzmann’s constant. It means that the calculations of
AHg with the PBEO functional in the LCAO method do not
need use of any experimental data, in strong contrast to the PW
calculations with standard DFT and/or PBE+U,4 functionals.
We included the vibrational contribution in the solid phase
AH,,(T) in the present study by taking data from our previous
study on (La,Sr)Coqg,sFey7505%, as calculated within the
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harmonic approximation and the direct method®' for
calculating phonon frequencies.

As is known, the standard DFT functional in the PW
approach leads to errors for the binding energy and/or
equilibrium distance of O,.* There are several suggestions in
the literature regarding how to correct this effect.>>”* We rely
on the approach suggested by Finnis et al.>> which is based on
the experimental data on oxide heats of formation, thereby
avoiding a calculation of the total energy of an oxygen
molecule. Thus, the oxygen chemical potential in our PBE+U 4
calculations of AHp reads
LA

—E vib

p(T) = Eoy l

1
+ —Eg)(T°) = B, =
m

— AG*(T%) + AH(T) (6)
where superscripts AO and A stand for the reference binary
oxide, and its metal, respectively; in this we have used MgO, T°
is equal in our case to standard state temperature 298.15 K,
AG™® is the standard Gibbs free energy of formation, taken
from a thermodynamic database,*® i.e, AGM° = 601.6 kJ/mol.
AH(T) is the difference in enthalpies at the temperature of
interest and standard state, which is also taken from the
thermodynamic database.® E,, is the vibrational contribution
in addition to the internal energy. The prefactors 1/I and 1/m
represent the ratios of the number of atoms in the primitive
unit cell to that in the supercell for binary oxide and metal,
respectively, which are both 1/27 for our case.

We used also the so-called ghost basis set as implemented in
the CRYSTAL code.> It assumes that the basis set of a missing
O atom remains in the vacancy with a zero core charge. This
means that the electron density of two electrons stemming
from a missing oxygen atom is divided between the oxygen site
and neighboring cations. Thus, use of a ghost basis set provides
a reasonable initial guess for the electronic density distribution
and in addition allows us to determine the effective electronic
charge in the vacancy position.

4. RESULTS AND DISCUSSION

4.1. Oxygen Permeation Measurements. In order to
properly compare the results of permeation measurements and
present hybrid PBEO and PBE+U. calculations, we discuss
here the procedure used to deduce the V{ formation and
migration energy from the experimental profiles. We suppose
that the high oxygen permeation in perovskites is due to the
conduction mechanism of oxygen ions diffusing through
oxygen vacancies in the crystal lattice. According to eq 1, the
oxygen permeation rate is proportional to the ionic
conductivity at constant thickness, temperature, and oxygen
partial pressure gradient.

Normalization of the permeation rate by the geometrical
(thickness) and experimental (In(p(,)/(p5,)) terms results in

the specific permeability, first introduced by Kharton®”
(assuming fast surface reaction)

Jo."L R
]0 _ O, _ = 261-T
n "
v5, (7)

According to the Nernst—Einstein-relation, the product of
ionic conductivity and temperature is

29545

_ 4F[V8"IDy
RY,

m

O.

’ (8)
where V,, is the molar volume of the compound, [Vg'] the
oxygen vacancy concentration, and Dy the vacancy diffusion
coeficient.
Combining eqs 7 and 8 results in
1
[V,

Jo, = 4V,

)
Since the temperature dependence of the molar volume of
LSCF is negligible compared to that of [VZ'] and Dy, the
effective activation energy found from the slope of Arrhenius
plots of the specific permeability equals a sum of the oxygen
vacancy formation energy and migration energy (for low [V&],
see discussion below).

Figure 1 shows experimental results for a series of solid
solutions Laggg_,Sr,Coy,Fe;305_5 with increasing Sr content, x
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Figure 1. Arrhenius plot of ionic conductivity times temperature of
Laggs_,S1,Co,Feq 305 5. Black lines represent experimental data for x
= 0.2, 0.4, 0.6, and 0.8. Gray lines are interpolated for x = 0.125 and
0.S. Typical error bar is 5%.

= 0.2, 0.4, 0.6, and 0.8. The curves shown are calculated o,T
from oxygen permeation measurements in the temperature
range of 1073—1273 K. For x = 0 the permeation rate is
assumed to be zero due to negligible oxygen vacancy
concentration. Using this experimental data set, it is possible
to interpolate the specific permeability for each temperature.
The resulting lines for x = 0.125 and 0.5 are also plotted in
Figure 1. Table 1 shows the respective effective activation

Table 1. 6;T@1200 K (in SK/cm) for

La, s ,Sr,Cog,Fe; 3055 and Corresponding Effective
Activation Energies E, (in eV) in the Temperature Range
1073—1273 K According to Figure 1

x oT E,
0.125 0.89 2.15
0.2 1.35 1.74
0.4 1.93 141
0.5 2.15 1.17
0.6 2.29 0.95
0.8 2.60 0.88
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energies. We compare the formation enthalpy of V& found
from measured effective activation energies by subtracting the
corresponding V@' migration energies from the DFT
calculations:*® 0.75 and 0.84 eV for LSF12.5 and LSF50,
respectively. This leads to a sharp decrease of the predicted Vg
formation energies as Sr concentration grows: from 1.40 eV
down to 0.33 eV.

The equilibrium constant for reaction given by eq 3 depends
on temperature via the standard reaction (vacancy formation)

enthalpy

—AH°  —AS°
+
RT R

InK =

and is related to the defect concentrations by

JPo, VS IIFes. T
[03][Fer.T
JPo, V&1 = [8r1] + 2[VET)?
T G- e[S - 2[Ve) (10)

However, the tempertaure dependence of K does not always
directly correspond to the temperature dependence of the
vacancy concentration (as extracted from E, of 6, in Table 1
and the vacancy migration barrrier). This s1mp1e relation holds
only for [V&] < [x/2] when

va1(1 = [sri,])?
Kz‘/ITOZ ol - ) x [V°]
3-[Sr,] (11)

On the other hand, for conditions with large [Vg'] (i.e., high T
and/or less positive AH’), the increase of K with increasing
temperature (decreasing T~') mainly corresponds to the term
([Sr'] — 2[V&']) in the denominator becoming small, while
[V&] in the numerator approaches [Sr']/2 and is almost
constant. Thus, while K increases with decreasing 1/T, [V{']
levels off. In between these two regimes, the slope of 6,,, versus

ion

1/T gradually decreases. Indeed the curves in Figure 1 indicate
some bending, in particular, for materials with high Sr content.
Unfortunately, the temperature range covered in the measure-
ment is not large enough to exploit this nonlinearity for fitting
the complete defect model (and thus AH’) as defined by eq 11.
Nevertheless, one has to keep in mind that AH’ values
estimated from Figure 1, assuming validity of the approximate
eq 11 might underestimate the real AH’ values.

4.2, Bulk Properties Obtained in Density Functional
Calculations. The results of PBEO and PBE+U, calculations
of bulk properties for LSF50 and LSF12.5 are compared with
the experimental data in Tables 2—3. Obviously, the
experimental lattice parameters in the rhombohedral LSFS0
are better reproduced with the hybrid PBEO functional than
with the PBE+U,4 one (Table 2). The latter approach typically
overestimates the lattice parameters (if the U g-parameter is not
directly fitted). The calculated lattice parameters for LSF12.5
with PBEO are close to experiments for the rhombohedral
phase (Table 3). Since the substitution of La for Sr in the
hypothetical rhombohedral LF with the SG 167 reduces the
symmetry of the LSF50 crystal to the SG 155, the oxygen
atoms are split and occupy two Wyckoff positions in its 10
atoms unit cell, namely, d for O1 and e for O2. In the 40 atom
unit cell of LSF12.5 (SG146) there are 8 oxygen atoms
occupying the Wyckoft position b with different coordinates.

Table 2. Calculated Lattice Parameters (a = b, ¢, in A) Using
the Hexagonal Setting, Atomic Charge (g, in e), Magnetic
Moment (i, in gig) of Fe and the Fe—O Distance in A in the
10 Atom (Stoichiometric in Oxygen) Unit Cell of LSFS0
(SG 155) for PBEO in the LCAO Calculations and PBE+U
Functional in the PW Calculations”

LCAO PW, PBE+U, ¢
property PBEO Uy = 45 eV Ug = 6.5 eV experiment
ab 5.54 5.58 5.59 5.51°
c 13.42 13.48 13.49 13.42°
q S 1.92 1.58 1.58
La 265 2.11 212
Fe 224 1.85 1.90
ol  -150 —-123 -1.26
02 -1s1 —1.24 —-127
e 4.10 4.06 422 3.8
deeo 1.96 [1.97] 1.98 [1.99] 1.98 [2.00] 1.96°

“See the text for details. Notice that the atomic charge values for the
PBE+U,¢ correspond to the Bader topological analysis®*®' whereas
those for PBEO are due to the Mulliken population analysis.”* The
values in square brackets correspond to the Fe—O2 distance in LSF50.

bRef 59. “Neutron diffraction measurements at room temperature for
CO/CO, quenched samples with high deviation from oxygen
stoichiometry.*®

Table 3. Calculated Lattice Parameters (a = b, ¢, in A) Using
the Hexagonal Setting, Atomic Charge (g, in e), Magnetic

Moment (i, in gig) of Fe and the Fe—O Distance in A in the
40 Atom (Stoichiometric in Oxygen) Unit Cell of LSF12.5
(SG 146) for PBEO in the LCAO Calculations”

LCAO
property PBEO
ab 5.61 5.61°
c 13.46 13.63°
q Sr 1.92
La 2.65
Fe 2.26
O —1.60
HEe 429
dee—o 2.00

experiment

1.96—2.00°

“Due to large number of atoms in the supercell and low symmetry in
the CRYSTAL calculations, only the average values for q and p, are
given. Notice that the atomic charge values are due to the Mulliken
population analysis.”> “Taken from ref 15 at 1023 K. “Taken from ref
16 for orthorhombic phase.

Therefore, only the average values for q and iz, are given in
Table 3. The two split oxygen atoms in LSF50 differ by the
distance to Sr and Fe atoms. So, the oxygen atom O1 [02] has
a distance from the Sr atom of 2.55 [2.46] A in the PBE+U 4
calculations, irrespective of the choice of Uy (6.5 or 4.5 eV).
The values for the distance between O1[02] and Sr atoms are
slightly larger in the PBEO calculations, being 2.57 [2.76] A. It
is also seen from the analysis of atomic charges for LSFS50
(Tables 2 and 3) that the LCAO calculations with the PBEO
functional suggest a somewhat more ionic picture for LSF50
than the PW calculations with the PBE+U 4 functional.

Also, the magnetic moment of Fe (ug) from the PBEO
calculations is slightly larger than that from the PBE+U.
calculations, at least for LSF50 and U = 4.5 eV. The dg,_o-
values from PBE+U,4 calculations are overestimated, whereas
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Figure 2. Total and projected density of states (DOS) for stoichiometric in oxygen (§ = 0) LSF12.5 (a) and LSFSO0 (b), both for the hybrid PBEO
functional, PBE+U.g functional with U= 4.5 eV (c) or U4 = 6.5 eV (d), all in the FM state. The Fermi energy is taken as zero and indicated by the
vertical solid line. The DOS was recalculated with the tetrahedron method in the PBE+U,¢ calculations. The DOS for spin-down electrons is

represented with negative values.

the PBEOQ values are more consistent with the experiments. (A
closer comparison of our results and those reported by
Ritzmann et al.** using the PBE+U, approach for LSFS0
suggested very similar yg, but larger atomic charges for Fe in
our case (1.85 e vs 1.70 e) even though very similar values for
U, (4.5 €V vs 43 eV) were applied in both studies. The
difference could be attributed to the symmetry of LSESO:
rhombohedral in our calculations and cubic in ref 22. As
expected, dg,_g is larger in LSF12.5 than in LSFS0 which is also
confirmed in our PBEQ calculations and previous PBE+U 4
calculations.”
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We compare below the bulk properties calculated here for
LSF with those for LF and use it as a reference material for the
analysis of changes in oxidation state of Fe in defective and
perfect LSF. The stoichiometric LF was calculated in the LCAO
method with the PBEO functional only. The antiferromagnetic
structure and orthorhombic symmetry (SG 62) were assumed.
The lattice constants for LF (a = 5.58, b = 5.59, ¢ = 7.90 A) are
in a very good agreement with the experimental values.'”*” The
magnetic moment yg, is high (4.28 y3) in this compound in
agreement with the Fe d® high spin configuration and the
oxidation state of Fe 3+. The moment reduction from
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Table 4. Calculated Mulliken Atomic Charge of V5 gy (e) and the Distance between the Fe Ion and Vg dg. vz (A) in the

LCAO calculations, the Magnetic Moment of Fe Closest to Vg uf. (ig), the Enthalpy of V' Formation (eq 4) at 1200 K, AH,.
(eV), Taking into Account the Temperature Dependence of Oxygen Chemical Potential and Vibrations in the Solid”

DFT experiments
thermo gravimetry
(873—1473 K)
x 1) method/functional qv, Aoy puit AH (1200 K) present (6 < x/2) 5 <«x/2 5> x/2
12.5 12.5 LCAO/PBEO 0.43 1.77 3.70 2.08 1.40 1.20° 5.00°
0.74 191 4.07 237
6.25 LCAO/PBEO 0.34 2.15 424 0.54
S0 12.5 0.36 213 423 1.09
LCAO/PBEO 0.24 2.05 4.24 0.04 0.33 0.99° 412
0.26 213 423 0.27
PW/PBE+U,¢ 418 178
(4.30) (1.32)
4.15 191
(429) (1.44)

“In the PW PBE+U,4 calculations the two values of U were used, namely, 4.5 and 6.5 eV. The values of AHg for Uy = 6.5 €V are given in
parentheses. Experimental values of AHp are due to the permeation measurements (present study) and the thermogravimetric measurements taken
from the literature. The content of Sr x and stoichiometry deviation & in LSF are given in %. The two values for each property as calculated with the
LCAO approach correspond to oxygen vacancies of largest and smallest formation enthalpy AHp. bRef 19. “Measurements for La, 4SrycFeOs 5, ref

66.
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Figure 3. Mulliken charge of V' and magnetic moment on Fe as functions of dg,_y; for (a) LSF12.5, (b) LSF50 (both 40 atom supercell, § =

0.125).

theoretical value of S py arises from the covalency effects, which
are seen also in the effective atomic charges: q(Fe) = 2.23 e,
q(01) = —1.62 e, q(02) = —1.63 e.

As is known,”" the standard GGA functional predicts the
LSCF to be formally a metal (the Fermi level crosses the DOS
in the valence band). This contradicts the experimental
observation that the conductivities of LSF and LSCF increase
with the temperature, which is typical for semiconductors.®*
The finite band gap can be better reproduced using either the
hybrid PBEO or PBE+U. functionals, as also done in the
present study. Other approaches may also include the screened
hybrid DFT functional which, however, involves the adjustable
screening parameter.”® Figure 2 shows the calculated total and
partial density of states (DOS) as obtained with the PBEO and
PBE+U, 4 functionals. The electron holes are evidenced in the
calculated DOS by the presence of O 2p states at the Fermi
level, independent of the functional. A strong peak due to the
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Fe 3d states (spin-up electrons) is seen in the PBEO
calculations at around —8 eV, followed by the O 2p states for
both LSF12.5 and LSF50. Interestingly, there is an admixture of
the O 2p states around 8 eV as well in the PBEO calculations.
The same position for this peak of Fe is seen for the PBE+U 4
functional with U = 6.5 eV. However, the peak is shifted by
almost 0.8 eV to smaller energies in the PBE+U 4 calculations
with Uy = 4.5 eV. The O 2p band (ranging from —6 eV up to
the Fermi energy) is characterized by the pronounced (almost
separated) peak at —5.8 €V in the spin-down electrons for the
PBEO calculations. Nevertheless, the O 2p band is less
hybridized with Fe 3d-states in the PBE+U. calulations for
LSF50. Also, a comparison between the two contents of Sr
reveals for LSFSO higher density at the Fermi energy.

4.3. Comparison of Measured and Calculated Oxygen
Vacancy Formation Enthalpies. As mentioned above, a
single V&' was simulated in defective LSF50 and LSF12.5
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The Journal of Physical Chemistry C

a)

— A
2 3 4 5 60 7 8 9 10
T T T T T T m
0.7 . 4.2
]
0.6 A A
4.0
4
o 0.5 =
< =
S n LR
S 044 A - q"'o 3.
A W 3.8
0.3 A
T T T T T T 36
2 3 4 5 6 8 9 10

Vo

b)
d,, /A
2 3 SRR 6
“A A A A A
0.7 L4.2
0.6
" Ay L4.0
0.5+ A u, N
: ' <
I >
0.4 g &
- [ | - [ .
0.3
T T T T ’;.6
2 3 4 5 6
d. , I A

oo

Figure 4. Mulliken charge of V&' and magnetic moment of Fe as functions of d, vz for LSF12.5: (a) § = 0.125 and (b) § = 0.0625.

supercells. However, these supercells contain different numbers
of nonequivalent oxygen ions occupying different Wyckoff
positions. Respectively, as the first step, we identified the
Wyckoff positions for O ions in the supercells using the
computer code FINDSYM.** Second, we calculated the
formation enthalpies of all nonequivalent oxygen ions, in
order to find those having smallest and largest formation
enthalpies at finite temperature. Notice again that the LCAO
calculations with the PBEO functional have an advantage of
using the ghost basis set in the vacancy position and allow one
to estimate the Mulliken charge of V&' (gy;7), the distance of Fe

closest to V&' (dg._yz) and its magnetic moment ;..

The results of PBEO and PBE+U,; calculations for V' in
LSF12.5 and LSFS0 (using both 40 atoms and 80 atom
supercells) are presented in Table 4 for the two oxygen
vacancies having smallest and largest formation energies,
whereas Figure 3 shows the dependence of gy; and i, on

dge_y: for all calculated vacancies in the 40 atoms supercells.
Also, Figure 4 shows the dependence of gy and pff, on ds,_y:r
for LSF12.5 with § = 0.125 and 6 = 0.0625.

We have observed that the distances dg,_y: and d,_y:r are
correlated with gy and pif, in LSF12.5 with 6 = 0.12S: both gy
and puif, increase considerably with dg,_yr (Figure 3a) and
ds,_yr (Figure 4a). Thus, the electron population (charge
inside vacancy) gy, lies in the region between 0.43 and 0.74 e,
as the dg,_y: distance increases from 1.77 to 1.91 A and dg, v

distance increases from 2.86 to 9.15 A, respectively (Figures 3a
and 4a). The value of u¥ also shows the correlation as
discussed: it is smallest (3.70 up) for the shortest dr,_y:: and

largest (4.24 pp) for the longest dg,_ye in LSF12.5. That is,

there is a considerable dispersion (0.5 pg) of magnetic
moments in different Fe locations and surroundings in this
case of § > x/2, i.e., involving Fe*" ions.

On the other hand, in the defective supercells of LSFS0 with
0 =0.125 and LSF12.S with 6 = 0.062S5 the values of parameters
qv;, and pf, are less sensitive to the local position of V' within
the supercell than in the above-discussed LSF12.5 with 6§ =
0.125. It is reflected in the small changes of the properties in
LSES0 with 6 = 0.125 shown in Figure 3b as functions of

29549

dge—v:. In both the hybrid PBEO and PBE+U 4 calculations for

LSFS0 with 6 = 0.125 and LSF12.5 6 = 0.062S, the total
magnetic moment of the supercells increases in the presence of
Vo Also, its value is independent of the functional. The
maximum/minimum values of qyy in LSFS0 6 = 0.125 and

LSF12.5 with & = 0.0625 are 0.26/0.24 e (Figure 3b) and 0.34/
0.37 e (Figure 4b), respectively, demonstrating more
delocalized behavior of electrons left behind by a missing
oxygen atom, in comparison with LSF12.5 with 6 = 0.125.
Interestingly, both LSFS0 with 6 = 0.125 and LSF12.5 with 6 =
0.0625 are characterized by the condition 6 < x/2.

The distance dg._o in defective LSFS0 changes in
comparison with stoichiometric material, i.e., in such supercells
it is not only the Fe ions closest to V¢y that are affected by the
presence of V. For example, the shortest/longest distance
dge_o in the case of Vg having largest formation energy in
LSFS0 is 1.85/2.00 A and the Fe magnetic moment is 3.82/
4.35 pg. Here also the Sr ions play an important role. The
closer the Sr ion the longer the distance with Fe,, ie., if dg,_o =
1.85/2.00 A, then the Sr ion has the distance of 2.68/2.51 A,
respectively.

We present in Table 4 the V& formation enthalpy AH as
given by eq 4 calculated at 1200 K (which is also the
temperature closest to the operation temperature of the
cathode of the solid oxide fuel cells) for the two functionals
used. The calculated values of AHy are compared with those
obtained using the results of permeation measurements of the
present study and thermogravimetric measurements from the
literature. In order to make the comparison at realistic
temperatures, the inclusion of vibrational contribution to
AHpg is necessary. The vibrational contribution in the solid
phase AH,; was taken from our previous study on (La,Sr)-
CogasFeq7503 520 AH,y, at T = 1200 K found with the standard
PBE functional in ref 20 for the content of Sr 50% is —0.31 eV
for the oxygen nonstoichiometry 6 = 0.125. Interestingly, the
same contribution for another perovskite (BaZrO,) was
obtained using the CRYSTAL code with the PBEO functional.
Notice that the calculated oxidation entropy in ref 20 agrees
very well with the measured one.®® Such calculations of phonon
contributions require ground state structure; otherwise, the
imaginary frequencies are present and the calculation of free
energies is not possible. Because of very time-consuming
calculations of phonon vibrations in large supercells, the
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estimated value of —0.31 eV was also used for LSF12.5 with 6 =
0.0625. The overall contribution of the temperature effects,
consisting of the vibrational contribution and kT-term in eqs 4
and S, is approximately —0.06 eV at 1200 K which is slightly
larger than suggested in ref 22 (—0.02 eV at 973.15 K).

According to the defect chemistry model,'”% there are two
different regimes which should be considered with respect to
nonstoichiometry ¢ and doping x: 6 < x/2 and & > x/2. These
regimes control the Fe oxidation state, the V& formation
energies, and, thus, the oxygen transport in LSF under different
conditions. Thus, the formation enthalpy AH; obtained in the
thermogravimentric measurements corresponds to different
oxidation states: Fe 2+/3+ (large formation enthalpy) and 3+/
4+ (low formation enthalpy)'®®® as were obtained under
different experimental conditions controlled by the oxygen
partial pressure. The magnitude of AHy corresponding to given
oxidation state is nearly a constant, only weakly dependent on
dopant concentration x, provided 6 < x/2. We present in Table
4 the experimental values of AHp extrapolated from the
permeation data discussed in Section 4.1 and for
Lay¢Sro;FeOy 5 and Lagy,SrycFeO; s compositions (close to
our calculated compositions) taken from the from the
thermogravimetry study'®%® for the above-mentioned two
regimes. As mentioned above, the results of permeation
measurements demonstrate strong decrease of AHp with Sr
doping (1.40 vs 0.33 eV) due to changes of the Fe oxidation
state. Our calculations with 6 = 0.125 for LSFS0 satisfy the
criterion § < x/2 whereas § = 0.0625 for LSF12.5 lies at the
border between the two Fe oxidation states (2+/3+ and 3+/4+,
ie, 5 = x/2).

The calculated values of AHg given in Table 4 for two
extreme vacancy configurations for LSFSO with § = 0.125 (the
average oxidation state 3.25) as obtained in the PBEO
calculations lie in the range 0.04—0.27 eV (the average value
0.16 eV), in reasonable agreement with the permeation
measurements (AHp = 0.33 eV) but smaller than in the
thermogravimetry experiments (0.99 eV). On the other hand,
the defect formation enthalpy AHp = 0.54—1.09 eV (the
average value 0.83 eV) for LSF12.5 with § = 0.0625 (average
oxidation state is 3.0) in the PBEO calculations reasonably
agrees not only with the value of 1.40 eV from the permeation
measurements, but also with 1.20 eV from the thermogravim-
etry measurements. Thus, our calculations reproduce the
general trend of a moderate decrease of the Vg formation
energy with the Sr concentration increase (and vice versa). In
contrast, the opposite regime 6 > x/2 for LSF12.5 with ¢ =
0.125 (average oxidation state is 2.875) is characterized by the
average calculated value of AHg = 2.07 eV, which is more than
by 1 eV larger in a comparison with the above-discussed 6 = x/
2. This results from the presence of 12.5% of Fe’" in this
compound and high energy price for their formation from Fe®".
Note that the calculated average value of 2.07 eV should be
compared with the average of experimental energies of 1.2 and
5.0 eV (Table 4), i.e.,, 3.1 eV since a sequential release of the
two electrons from the oxygen vacancy occurs in the two stages,
with 0 < 6 < x/2 and %/2 < 6.

In Figure 5 we also present the variation in AHp, as a function
of dg,_yz for LSF12.5 with 6 = 0.0625. It is worth mentioning

that the variation in AHf. is larger for LSF12.5 with 6 = 0.0625
(where V&' can be very close to or far from Sr) than LSFS0
with § = 0.125 (where Vg will always be close to Sr), cf, the
low variations in the formation energy of V' in ref 21.
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Figure S. Formation enthalpy of V& (AHg at 1200 K) as a function of
dg,_yz for LSF12.5 with 6 = 0.0625. The chosen values of AHg

correspond to gyrr—and pifi-values in Figure 4b.

The analysis of Fe magnetic moments in Table 4 shows that
in the oxidation state Fe 3+ (LSF12.5, § = 0.0625) they are
closest to those in pure LF (4.28 py,) with the same oxidation
state, whereas for other compounds the magnetic moments are
reduced, due to increased fraction of Fe** or Fe** (both having
4 unpaired spins but different configurations: d* and d°,
respectively).

Note that the absolute values of AHg in the PBE+U
calculations (Table 4) differ considerably from the results of
permeation measurements, and the hybrid PBEO calculations.
This brings us the conclusion that the hybrid PBEO functional
provides us with the most accurate description of bulk LSF and
V& behavior therein.®”

5. CONCLUSIONS

The DFT calculations based on the hybrid PBEO functional
(with the standard exact exchange contribution of 25%) and the
LCAO basis set were combined with the permeation
measurements to analyze the formation enthalpy of oxygen
vacancies in complex perovskites like (La,Sr)FeO,; with
different Sr doping. The use of hybrid functionals allows us
to reproduce the bulk properties of these solid solutions and
their behavior as semiconductors. The finite band gap is
important to calculate properly the formation enthalpy of Vg in
LSF which is in agreement with previous experimental studies
on the formation enthalpy of V¢y in LSF. Moreover, the LCAO
basis set allowed us to determine the electronic densities within
the vacancy (due to additional so-called ghost basis set at the
vacancy site) and find the correlation between the charge of
Vg, the Fe-V{ distance, and the magnetic moment on Fe. It is
demonstrated that a careful comparison of the calculation
results with the experiments requires the knowledge of the
oxidation state of Fe under experimental conditions and thus
the relation between nonstoichiometry 6 and doping x. We
have confirmed that the formation enthalpy of Vi significantly
decreases with the Sr doping, which greatly accelerates oxygen
transport through permeation membranes and SOFC cathodes.
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standard DFT calculation. AH in this case is reduced significantly (in

comparison with data in Table 4), varying in the range from 0.38 to
1.07 eV at Uy = 4.5 eV.
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