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La;SrCoy.1FeyO3.5 (LSCF) is a widely used oxygen electrode in
Solid Oxide Cells (SOCs). Despite its high electrochemical activity
combined with a good mixed ionic and electronic conductivity, it is
prone to a phase decomposition upon operation decreasing the global
cell performance. However, the underlying mechanisms for the
reaction mechanism and the degradation are still not precisely
understood and require investigations at atomic scale. Therefore,
Density Functional Theory (DFT) calculations are used to better
unravel the mechanisms occurring in the electrode. In particular, the
interaction of the dioxygen gas with the AO-terminated (100) surface
is studied. In this context, the oxygen reduction reaction is
decomposed in a series of elementary steps including oxygen vacancy
formation, adsorption of the dioxygen molecule on the bare surface
and into a surface vacancy accompanied with the formation of
intermediate oxygen species, followed by the dissociation and
incorporation into the bulk. The calculations have been carried out at
two different Cobalt contents (y=0.125 and y=0.25).

Introduction

Solid Oxide Cells (SOCs) are electrochemical devices working at high temperatures for a
clean hydrogen and electricity production in electrolysis (SOEC) and fuel cell modes
(SOFC), respectively. The SOC consists of two porous electrodes separated by a dense
electrolyte, which is a pure ionic conductor. The so-called ‘hydrogen electrode’ and
‘oxygen electrode’ are supplied with the H, and O,, respectively. At each electrode, the
following half reactions can occur respectively, i.e. (H, + O < H,O+ 2¢") and (%O, +
2¢” > O%), whereby the released electrons are exchanged via the external circuit. SOCs
have attracted a growing attention thanks to its high efficiency without the use of
expensive catalysts. Although SOCs could play a key role in the energy transition, its
commercialization at large scale is still limited due to performance and degradation
issues.

The state of the art oxygen electrode La;.SryCo;.,Fe,O3 (LSCF) exhibits a high
electrochemical activity combined with a good mixed ionic and electronic conductivity.
Nevertheless, LSCF is prone to decompose upon operation with a Strontium segregation
at the surface reducing the cell performance over time [1]. To date, the driving force of Sr
segregation in LSCF and its impact on the cell performance is still not precisely
understood. It has been suggested that it could be related to the evolution of oxygen
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vacancies under anodic and cathodic polarization [2]. However, in order to unravel these
intricate phenomena, it is still necessary to investigate the mechanisms that take place in
the electrode at the atomic scale. In the present paper, we study the underlying
mechanisms of the oxygen reduction reaction (%0, + 2¢” — O”) using density functional
theory (DFT) calculations. First-principles studies have suggested that the (001) surface
must be the most stable low index orientation [3]. Furthermore, low energy ion scattering
experiments have indicated that the surface should be AO terminated [4] (where the A-
site of the LSCF perovskite correspond to La or Sr). Therefore, the current study is
carried out on the AO-terminated (001) surface.

The present article is structured as follows. First, the LSCF slab in absence of adsorbed
species (bare surface) has been studied. Second, the formation of oxygen vacancies in the
LSCF have been investigated at surface, sub-surface and sub-sub-surface. Third, the
oxygen reduction reaction has been divided into a succession of elementary steps: (i) the
adsorption of the O, gas on the bare surface versus the adsorption into a surface oxygen
vacancy and (ii) the dissociation and incorporation due to a second oxygen vacancy in the
sub-surface.

Computational Details

Spin-polarized Kohn-Sham DFT calculations were performed as implemented in ABINIT
software [5]. In this code, the resolution of the Kohn-Sham equations is carried out using
periodic boundary conditions. Therefore, the elementary mechanisms have been
investigated using a slab model of the LSCF system. The slabs has been built with a
symmetry axis at the center layer to avoid a macroscopic electric field due to the charged
surfaces. It is constituted by 9 layers of type (AO BO2 AO BO2 AO BO2 AO BO2 AO),
corresponding to a stack of 2x2x4 pseudo-cubic unit cells. Besides, to model the surface,
a vacuum layer of around 23 A is added between the symmetric slab and its periodic
image (Figure 1. a). For one case, the thickness of the vacuum layer has been increased to
61 A in order to test convergence with respect to energy and force. Note that the
drawback of such a symmetric slab is that it becomes non-stoichiometric. The surface
mechanisms have been investigated for two different Cobalt concentrations, i.e. y=0.125
and 0.25 and 7 Sr in the supercell. In the case of y=0.125 additionally supercells with 8
Sr were simulated. The Projector-Augmented Wave (PAW) formalism was used and the
corresponding data set taken from the Jollet-Torrent-Holtzwarth (JTH) table [6]. Hybrid
PBEO functional was applied within the PAW sphere to better account for exchange-
correlation for transition metal d electrons. Outside the PAW spheres the GGA functional
was used [7],[8]. The k-point sampling was done with a 4x4x1 mesh grid. A plane-wave
cut-off of 20 Hartrees (Ha) was used. The Broyden-Fletcher-Goldfarb-Shanno (BFGS)
minimization was employed for structural optimization and convergence stopped when
all the atomic forces lied below 2x10™* Ha/bohr.

1240



ECS Transactions, 111 (6) 1239-1247 (2023)

Figure 1. LSCF slab with atomic positions as obtained after structural optimization for a
Cobalt content of y=0.125 (dark green=La, bright green=Sr, red=0, orange=Fe, blue=Co).

Results

The performance of the LSCF electrode depends on the flux of oxygen ions that crosses
the electrolyte/electrode interface. This flux depends on the ability of the oxygen
electrode to provide or receive oxygen ions to or from the electrode. If the oxygen
electrode is a mixed 1onic electronic conductor, such as La;.,Sr,Coi.yFe,O3 (LSCF), the
oxygen flux can be provided/received via the surface path at the triple phase boundary
and the bulk path [9]. The oxygen flux at the electrolyte/electrode interface is thus
dependent on the surface and bulk properties of the oxygen electrode material. In other
words, it depends on the catalytic properties of the electrode material for the oxygen
incorporation/ex-corporation as well as the transport properties at the surface and in the
bulk. First, the slab with a bare surface has been investigated before studying the
elementary mechanisms occurring during the oxygen reduction reaction.

Bare surface

The structural optimization has been initialized with the ideal pseudo-cubic positions.
After relaxation, an octahedral tilting is observed (Figure 1.). The tilting slightly breaks
the symmetry of the slab. In order to quantify the effect of a possible resulting
electrostatic dipole field, the vacuum space has been increased from 23 to 61 A for one
configuration (y=0.125, 8Sr) and the convergence in energy and forces have been
compared. The difference in energy is of the order of 1 meV and the maximal difference
in the absolute force is of the order of 3x10™* Ha/bohr. This value lies slightly above the
used convergence criterion in the structural optimization, i.e. 2x10™ Ha/bohr. However,
as the difference is small, it has been assumed that the tilting symmetry breaking might
be considered as negligible.

The substitution of La’>” by Sr*" is an acceptor doping leading to the formation of
electron holes in the system. These electron holes appear as localized states within the
bandgap for all studied Co and Sr concentrations, (Figure 2.). This is in agreement with
the experimental finding that LSCF has a thermally activated electronic conductivity
associated to a polaron hopping process [10]. The minimum bandgap is found to be
reduced when the Cobalt content is increased from 0.125 to 0.25 (cf. Table 1.).
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TABLE I. Fundamental band gap for spin up and spin down channels in eV for LSCF for different
Cobalt and Strontium contents.

Band gap (eV) Simulated structure
LSCF (y=0.125, 7Sr) 0.58 (up) 0.36 (down) Pseudo-cubic slab
LSCF (y=0.125, 8Sr) 0.44 (up) 0.51 (down) Pseudo-cubic slab
LSCF (y=0.250, 7Sr) 0.18(up) 0.53 (down) Pseudo-cubic slab

Please note that the number of electron holes does not equal to the number of
strontium ions within the non-stoichiometric slab. This behavior is due the additional AO
surface layer in the symmetric slab that results in supplementary electrons compensating
some of the holes. Therefore, in the case of 7 Sr, effectively only three holes exist,
whereby one of these holes is localized on a cobalt ion and the other holes are localized
on iron ions. This distribution of electron holes over Co and Fe ions might not be unique
and other possible distribution with similar energy might exists. However, this possibility
has not been investigated in the present work.
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Figure 2. The Density Of State (DOS) and Projected Density Of State (PDOS) as a
function of energy with respect to the Fermi energy Eg, for the bare surface with a Cobalt
content of 0.125 for a) with 7 Sr in the supercell and b) with 8 Sr in the supercell, and c)
with a Cobalt content of 0.25 and 7 Sr. d) the four NN TM-O bond lengths.

In Figure 3. the isosurfaces of the probability density of wavefunctions associated to
the electron hole localized on an iron and a cobalt ion are shown. They show the
hybridization of the Fe 3d and Cobalt 3d orbitals with the O 2p orbitals. Compared to
cobalt, the iron ions are much strongly hybridized with oxygen ions and the shape of the
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probability density is very similar to the one found in the parent material LSF as detailed
in [11]: the poalron is extended over five atoms (i.e. one iron and four nearest neighbor
(NN) oxygen). While the probability density associated to the Fe hole state is oriented
along the O-Fe bonds, in the case of Co, the probability density is found to occupy the
space in between the O-Co bonds and is less strongly hybridized with O 2p orbitals
(Figure 3. b)). By analyzing the 3d occupation matrices of the iron and cobalt on which
an electron hole is localized, their occupancies are found to be reduced and therefore the
oxidation state are interpreted as +4. The localization of a hole state is accompanied with
a distortion of the lattice, especially in the case of iron the bonds towards the four neared
neighbor (NN) oxygen are noticeable shorted (cf. Figure 2. d)).

Figure 3. Isosurfaces (20% of the maximum value) of the probability density of the wave
functions associated to a hole state localized on a) iron and b) cobalt in the slab with
y=0.125 and 8 Sr.

Oxvygen vacancy formation

Oxygen vacancies play a crucial role in the reaction mechanism, as they are involved
in the oxygen incorporation (or excorporation) process in LSCF and they are necessary
for the ionic conductivity. Two oxygen vacancies have to be considered in the simulation
in order to conserve the symmetry of the slab (and they have to be equally distributed
with respect to the symmetry axis of the slab). The vacancy formation energies E, for
surface, sub-surface and sub-sub-surface are listed in Table II and are calculated
according to:

Ev = (Eslab, Vo~ slab_’_EOz)y [1]
where Egup, Egupvs and Eo, denote the energy of the slab without oxygen vacancy, the

energy of the slab with two symmetrically distributed oxygen vacancies and the energy of
the dioxygen gas molecule.
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TABLE II Oxygen vacancy formation energies in eV and nearest neighbor (NN) transition metal cation
for a Cobalt content of 0.25 and 0.125.

NN TM cation Ev Ev Ev
(7Sr,y=0.25) (7Sr,y=0.125)  (8Sr,y=0.125)

Surface 1 Fe 1.76 1.49 1.07

Surface 2 Co 2.21 1.80 1.41
Sub-surface 1 Fe-Fe 1.58 1.35 -

Sub-surface 2 Fe-Co 2.17 1.40 1.32
Sub-Sub-surface 1 Fe-Fe 1.72 1.86 -
Sub-Sub-surface 2 Co-Fe 1.39 1.26 -

The oxygen vacancy formation energies are all positive, and thus oxygen vacancy
formation present an endothermic process at OK. Within our slab model, no clear
relationship in the oxygen vacancy formation energy with respect to the surface and
different sub-surfaces has been found. Either the differences in formation energies are
more strongly influenced by its local environment or this observation might be biased by
the different approximations and constraints made in the calculations.

A noticeable decrease in the oxygen formation energy is obtained when the strontium
content is increased from 7 Sr to 8 Sr. This can partially be explained by the following
mechanism. In the case of 7 Sr, only 3 holes exist in the bare slab, while in the case of 8
Sr, 4 holes are present. During oxygen vacancy formation, two electrons per vacancy are
delivered to the system (thus in total four electrons). For the system with 7 Sr, three
electrons are counterbalanced by the three holes, while the remaining electron has to be
placed in the conduction band. In all simulated cases for 7 Sr, the creation of a cobalt ion
of lower oxidation state is observed (Co*") suggesting that the conduction band of Co is
lower in energy with respect to Fe. In the case of 8 Sr, however, the number of delivered
electrons equals the number of holes in such a way that it is not necessary to lower the Co
oxidation state (from Co’" to Co*").

Adsorption of the O, molecule

First, the adsorption on the bare surface without surface vacancies has been
investigated. Thereby only vertically adsorbed O, molecules at bridge and top surface
sites have been considered. Adsorption energies E4 are calculated by the following
expression:

EA = (Eslab,ads' slab'zEOZ) [2]

where Ejup,q4s denotes the energy of the slab with two molecules adsorbed on the top
and the bottom surfaces and which are symmetrically distributed with respect to the
symmetry axis of the slab. The adsorption energies range between -0.6 and 0.02 eV and
are in most cases negative suggesting that molecular adsorption is possible for most cases
on the bare surface (Table III). The bond lengths of the adsorbed dioxygen molecules are
longer than that of the isolated dioxygen molecule and adopt values between 1.25-1.31 A.
Note that the configurations marked with an asterisk in Table III correspond to the case
where one of the vertically adsorbed molecule spontaneously flip toward a horizontally
position. As these values are more negative, it suggests that horizontally adsorbed
molecules might be more favorable. However, we cannot give the exact adsorption
energy as the configuration contains in these cases both a horizontally and vertically
adsorbed O, molecule.
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TABLE III Adsorption energy E, in (eV), bond length in (A) and nearest neighbor (NN) A-site cation
for molecular adsorption on the bare surface at different adsorption sites (bridge and top).

NN A-site E, (eV) Bond length (A)
y=0.125 y=0.25 y=0.125 y=0.25
Bridge 1 La-Sr -0.12 0.02 1.27 1.27
Bridge 2 La-La -0.60* - 1.27/1.31 -
Top 1 Sr -0.24 -0.23 1.25 1.25
Top 2 La -0.51* -0.18 1.29/1.26 1.26

Furthermore, the adsorption directly into a surface oxygen vacancy has been
calculated as follows:

EA =l (Eslab, Vo,ads™ slab'ZEOz)a [3]

where Egupvsqas denotes the energy of the slab with two symmetrically adsorbed
dioxygen species into the surface vacancies. The computation for the adsorption directly
into a surface vacancy has been performed considering either a superoxide (O;’) or a
peroxide (0,%) state. After structural optimization, only the peroxide states were found to
be stable while the superoxides converged spontaneously towards peroxides. Besides, it
appears from this analysis that the peroxide does not stand out of the (100) plane, but
leans towards the direction between two A-site surface ions as shown in Figure 4.. The
oxygen-oxygen bond length of the peroxides adopt a characteristic value of about 1.5 A.
In addition, the formation of a peroxide O, is accompanied with a charge transfer from
the slab towards the adsorbed species increasing the number of hole states in the slab.
From this study, it could be suggested that the superoxide might not exist at the LSCF
AO terminated (001) surface. Nevertheless, one cannot exclude that the superoxide state
might exist as an exited state (if the Born-Oppenheimer surface of the peroxide remains
lower than the minimum of the Born-Oppenheimer surface associated to the superoxide).
Furthermore, Gao et al. have succeeded to stabilize the superoxide state onto the LSCF
surface [4]. Therefore, further calculations should be performed to investigate if the
superoxide species can co-exist with peroxide on the electrode surface.

Figure 4. a) Side and b) top view of the peroxide adsorbed into a surface oxygen vacancy.

The adsorption energies for the oxygen molecule into surface vacancy are listed in Table
IV. The adsorption energies are much lower than in the case of the adsorption on the
bare surface and take values between -2.28 and -1.29 eV. Therefore, the surface oxygen
vacancies present very reactive sites for oxygen adsorption. In other words, it can be
claimed that the presence of surface oxygen vacancies on the LSCF surface strongly
promote the oxygen adsorption.
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TABLE IV Adsorption energy E, in (eV), bond length and nearest neighbor (NN) TM- cation for
molecular adsorption into an oxygen vacancy.

NN TM-site E, (eV) Bond length
y=0.125 y=0.125 y=0.25 y=0.125 y=0.125 y=0.25
(7Sr) (8Sr) (78r) (7Sr) (8Sr) (7Sr)

Peroxid 1 Fe -1.29 -1.48 -2.07 1.49 1.47 1.48
Peroxid 2 Co -2.28 -2.06 -2.08 1.49 1.49 1.49

Dissociation and incorporation

In the previous section, the formation of a peroxide by directed adsorption into a surface
vacancy has been considered. Eventually, one could as well imagine the formation of
peroxides by adsorption of the dioxygen molecule on the bare surface followed by a
dissociation. The dissociated oxygen could then in turn form a bond with existing surface
oxygen leading to two peroxides at the surface. However, due to the high computational
cost of DFT the latter case has not been studied in the present work.

Once the peroxide formed, regardless through which pathway, it has to be further reduced
and incorporated into the LSCF slab. The incorporation process might be realized
through a surface or sub-surface oxygen vacancy. In order to probe whether oxygen
dissociation in the presence of a sub-surface is spontaneous, a structural optimization of a
configuration with a peroxide and a sub-surface oxygen vacancy at NN position was
carried out. After the relaxation, the peroxide stayed trapped in its initial position
suggesting that incorporation due to a sub-surface oxygen vacancy has to be energetically
activated and is thus not a spontaneous process.

Conclusion

DFT calculations have been performed on (100) AO-terminated slab models for LSCF
for two different Cobalt contents (y=10.25 and y=0.25) and for different numbers of
Strontium atoms (7 Sr and 8 Sr). The oxygen vacancy formation were studied for surface,
sub-surface and sub-sub-surfaces. Formation energies were found to be positive with
values between 1.3 to 2.2 eV. Thus, the formation of oxygen vacancies in LSCF present
an endothermic process at OK. The slab models have been used to investigate the
interaction of the dioxygen molecule with the bare surface and surface oxygen vacancies.
The surface oxygen vacancies present particular reactive sites for the oxygen gas
adsorption with adsorption energies of the order of -1.3 to -2.3 eV. During the adsorption
into the oxygen surface, the molecule is reduced and the bond length increased to a value
typical for a peroxide state.
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