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Oxygen adsorption at La;_,Sr,MnQO3(001) surfaces: Predictions from first principles
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The interaction of atomic and molecular oxygen with MnO,- and La(Sr)O-terminated (001) surfaces of Sr-
doped LaMnOj; has been studied using the B3LYP hybrid exchange-correlation functional within the framework
of density functional theory (DFT). Using the obtained binding energies in conjunction with the ab initio
thermodynamics we predict that adsorbed O atoms stabilize the surface of an LSM cathode at typical SOFC
working conditions (T = 1100 K, pg, = 0.2 py). The most favorable oxygen adsorption sites have been found to
be atop surface Mn atoms on the MnO,-terminated surface and on the hollow positions of the La(Sr)O-terminated
LSM(001) surface. An O, molecule adsorbed at a hollow position of the La(Sr)O-terminated surface is readily
dissociated, which adds a substantial contribution to the ionic transport at the LSM surface.
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Because of excellent electrocatalytic activity for the oxygen
reduction reaction (ORR) at high temperatures, good elec-
tronic conductivity, and chemical stability at operation con-
ditions, Sr-doped LaMnO; (La;_,Sr,MnOs3, 0.1 < x < 0.2;
hereafter denoted as LSM) is one of the most popular materials
for cathodes in solid oxide fuel cells (SOFCs)." For the best
performance in state-of-the-art applications, LSM is mixed
with ionic conductors (such as, e.g., yttria-stabilized zirconia)
to form composite cathodes.® Alternatively, dense thin film
LSM electrodes are proposed for micro-SOFCs operating
at temperatures below 1000 K.* The development of highly
efficient SOFCs relies on the fundamental understanding of
the ORR process at the electrode/electrolyte interface. The
cathodic reaction comprises first the (dissociative) adsorption
of an oxygen molecule on the LSM surface, followed by
surface or bulk diffusion toward the electrolyte and ion incor-
poration into the electrolyte. In spite of the fact that atomistic
simulations are providing new insights into understanding
transport processes at the surfaces of complex oxides, results
obtained from ab initio modeling on LSM cathodes under real
operating conditions are scarce in the literature. Very recently,
based on results of DFT simulations on oxygen adsorption
and defect migration on LaMnOj; (001) surfaces,>® several
of the most probable ORR pathways for MnO;-terminated
LSM cathodes were suggested. Transition states for the ORR
have been predicted from first principle for the (001) and
(110) surfaces of LSM (x = 0.5),”? as well as for some other
perovskites of the Lag sSrgsBO3 group.10

In the present paper we report large-scale first principles
calculations of atomic and molecular oxygen adsorbed on
the most stable La(Sr)O- and MnO,-terminated LSM (001)
surfaces'! [henceforth denoted as La-LSM(001) and Mn-
LSM(001), respectively] with the Sr concentrations (x =
0.125 and x = 0.1) chosen to be relevant for realistic SOFC
cathodes. In order to avoid considerable errors caused by
neglecting spin polarization in manganites,>'> LSM surfaces
of both terminations have been calculated in A-type anti-
ferromagnetic (A-AFM) ground states, i.e., Mn spins are
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parallel within the basal plane and antiparallel in neighboring
planes.'"!3 For the present ab initio calculations we used
DFT-HF hybrid exchange—correlation functionals, which were
shown to yield reliable results for the electronic and atomic
structure both for bulk LSM '3 and its (001) surfaces.'! We
employ the hybrid B3LYP exchange-correlation functional.'*
The calculations were carried out with the CRYSTAL com-
puter code,’”” with atom-centered Gaussian-type functions
as basis set (BS). The computational details are thoroughly
discussed in Refs. 11,13. For La we have employed an
extended BS with additional f~type orbitals. Reciprocal space
integration was performed by sampling the Brillouin zone
with the 4 x 4 Pack-Monkhorst mesh.!® All atoms in the
slab unit cells (including adsorbate atoms) were allowed to
relax. Oxygen adsorbates placed above the selected surface
structures (see Fig. 1) correspond to a coverage of 12.5%.
All calculations have been performed spin-polarized. The
effective charges on atoms as well as net bond populations
have been calculated according to the Mulliken population
analysis. '

We adopted the atomistic thermodynamics approach to
predict oxygen adsorption on LSM surfaces at temperatures
relevant to SOFC operation. The thermodynamic stability
diagrams for the clean and adsorbate covered LSM(001)
surfaces were calculated by the methodology thoroughly
discussed in Ref. 11. The Gibbs free energy of formation of
the relevant oxygen species on the LSM(001) surface can be
defined as®

AGadS(T,pOZ) ~ AEads — AMO(T’poz)’ (1)
where
AE* = 3(ES} — 2E*® — Ega) @)

is the oxygen adsorption energy calculated by DFT as the

energy difference between the adsorbate covered slab E4% and

the sum of the energies of the clean slab E,, and the energy of
an oxygen atom in the free oxygen molecule (i.e., %% = %E 0,
for atomic oxygen adsorption and E*% = Eq, for molecular
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FIG. 1. (Color online) Schematic representation of oxygen ad-
sorption sites examined in the present study: Top view of (a)
the MnO,-terminated LSM(001) surface and of (b) the La(Sr)-
O-terminated LSM(001) surface. Hatched circles denote atoms in
the subsurface plane. Surfaces under consideration are discussed in
details in Ref. 11.

oxygen adsorption). The factor 5 enters Eq. (2) because each
of our slabs contains two equlvalent surfaces. Note that entropy
contributions are dominated by the surrounding O, gas, that
is why it is justified to use adsorption energies instead of
adsorption free energies. Negative values of A E*% correspond
to energetically favorable adsorption.

Apo(T, po,) is the variation of oxygen chemical potential
due to temperature and pressure of the surrounding oxygen
atmosphere. In addition to the experimental variation it con-
tains a correction term & l,LOO = 0.4 eV, which compensates the
difference between the experimentally determined variation of
the oxygen chemical potential and the reference state in current
theoretical calculations (see Refs. 17 and 6 for a thorough
discussion). The Gibbs free energies vary with 7' and po,
only due to the dependence of the oxygen chemical potential
on these parameters in the gas phase. From experiment we
know that the rate of oxygen exchange for LSM cathodes
is insensitive to changes in po, and strongly dependent on
temperature.'® Thus Auo(T, po,) can be related to the SOFC
operating temperatures at the ambient O, partial pressure
po, = 0.2py (with py = 1 atm). This yields values of Aug
of —1.43, —1.57, —1.71, and —1.84 eV at temperatures of
900, 1000, 1100, and 1200 K, respectively.

Figure 1 shows a schematic top view of possible oxygen
adsorption sites on the Mn-LSM(001) slab with Sr dopant at
x = 0.125 in the subsurface plane (a) and on the La-LSM(001)
slab with Sr dopant at x = 0.1 in the surface plane (b). We
found these surface structures to be the thermodynamically
most stable ones at room temperature and normal pressure,
while at a typical SOFC operating temperature of 1100 K only
La-LSM(001) is predicted to be stable.!! Mn-LSM(001) has
also been taken into consideration here, because it is attractive
for the oxygen incorporation process due to smaller oxygen
vacancy formation energy. [The Gibbs free energies of vacancy
formation AGY*(1100K,0.2py) have been estimated to be
0.76 eV for the MnO,-terminated vs 2.35 eV for the La(Sr)O-
terminated surface, and 1.45eV forLSM bulk atx = 0.125.]In
Fig. 1 the O-1 and O-2, as well as the Hollow-1 and Hollow-2
adsorption sites differ by their proximity to the Sr dopant.
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The thermodynamic stability diagram plotted in Fig. 2(a)
shows the regions of stability of clean and oxygen covered
LSM(001) surfaces with respect to precipitation of oxides
and perovskites from LSM. The phase diagram indicates that
at SOFC operating conditions (1100 K,p = 0.2p) atomic
oxygen adsorbed at the Hollow-2 position of La-LSM(001)
possesses the lowest free energy of all studied surfaces, and
thus leads to a stabilization of La-LSM(001).

Figure 2(b) shows the thermodynamic stability diagram
along the line corresponding to precipitation of SrO oxide as a
function of Ay, and temperature. Here Ay, was eliminated
via

1 . X
Apra = 1_—be{sM 1 -
where x;, = 0.125 is the Sr concentration in LSM bulk,
E{SM and Esfro are the formation energies of LSM and SrO,
respectively (see Ref. 11 for more details). The variation of
oxygen chemical potential has been translated into a function
of partial O, pressure and temperature using thermodynamical
tables'” (see Refs. 6,20 for detailed prescription). In agreement
with Ref. 6 we observe that Mn-LSM(001) can be stabilized
by atomic oxygen adsorbate, but only at relatively low
temperatures of ~50 K. In the same temperature range the
La-LSM(001) is stabilized by chemisorbed O, molecules.
In the temperature range between ~50 K and ~1150 K
oxygen atoms chemisorbed at the Hollow-2 position of the La-
LSM(001) stabilize the La(Sr)O termination. At even higher
temperatures the bare La-LSM(001) is stable in agreement
with our predictions in Ref. 11.

Table I lists the calculated adsorption properties of O atoms
on LSM(001) surfaces. In agreement with Refs. 5 and 21, Mn-
LSM(001) exhibits a strong preference for O-atom adsorption
atop of surface Mn atoms. Surface Mn and surrounded surface
oxygens donate 0.56e to the adsorbate, thereby forming an
O! chemisorbed species (the calculated Mulliken charge for
the formal O~// in LSM bulk is —1.42e). The increased
Mn*"" — 0% bond population (0.30 vs. 0.08 e for LSM
bulk) and relatively short Mn®T — O bond lengths (1.58
vs 1.92 A for LSM bulk) indicate a strongly covalent nature of
the bond between adsorbate and surface ion. Atomic oxygen
adsorbed on O-1 and O-2 adsorption sites leads to a weakly
bonded O; ! surface molecule (negative bond populations
indicate antibonding contributions). The difference in the
charge transferred from O-1 and O-2 adsorption sites to O
is caused by the vicinity of the polarizing Sr>* dopant and the
large relaxation of the surface upon O adsorption. Note that
chemisorption of atomic O on Mn-LSM(001) is endothermic
at SOFC operating temperatures. Atomic O adsorption at these
conditions is exothermic only for the hollow positions of
La-LSM(001), where a slight preference for the Hollow-2 site
is observed. La-LSM(001) is hypostoichiometric in oxygen; it
thus readily reduces O adsorbates formally to the O~/ stage.

We also studied the adsorption of O, molecules on the
most energetically favorable adsorption sites at both surface
terminations (Table I). O, chemisorption on La-LSM(001) sur-
faces is less endothermic than on MnQO,-terminated surfaces;
it clearly indicates the formation of O; r_ 0y I like surface
species with an elongated bond length and antibonding nature.
This surface molecule is easily dissociated, thus contributing
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FIG. 2. (Color online) (a) Calculated thermodynamic stability diagram'! for pristine LSM(001) and surfaces covered by oxygen adsorbate
(with surface coverage 12.5%, see Fig. 1) at an O, partial pressure p = 0.2p, (po = atmospheric pressure) and 7 = 1100 K (a typical SOFC
operational temperature). The region, where LSM (x = 0.125) is stable, is the black/yellow (black/gray) cross-hatched area between the
LaMnOs;, La,03, Mn, 03, and SrO precipitation lines. Numbers in circles indicate the segregation lines for La (1), Mn (2), Sr (3), La,O05 (4),
Mn, 03 (5), SrO (6), LaMnOj (7), and StMnOs; (8). Hollow arrows indicate the regions where precipitation will occur. The inset magnifies the
region of LSM stability. (b) The thermodynamic stability diagram calculated along the SrO precipitation line with Au, defined according
to Eq. (3). The dependence on the oxygen chemical potential is converted to the appropriate temperature scale at an oxygen partial pressure
p = 0.2p,. The LSM stability region is bounded by the La,O; (4) and Mn, 05 (5) precipitation lines.

to the surface oxygen diffusion process. Taking into account
that the most likely oxygen diffusion (transport) path in the
LSM cathode is via oxygen ion vacancies we estimated its
energetic cost. To create an oxygen vacancy with further O,
adsorption at an SOFC-relevant temperature of 1100 K 1.6 eV
is needed for Mn-LSM(001) and 3.03 eV is needed for
La-LSM(001), respectively.

In summary, the non-stoichiometric LSM facilitates signifi-
cant oxygen transfer between the gas phase and the solid phase.

In this transfer LSM surfaces play an important role. We predict
that LSM(001) surfaces at SOFC operating temperature will
be covered by chemisorbed O~ species for the Mn-LSM(001)
and by O~// species on the La-LSM(001), respectively.
Dissociative O, adsorption is predicted on La-LSM(001)
where chemisorbed O, is readily reduced to O " or O, I
Our calculations are evidenced by recent thermo-programmed
desorption and Fourier transformed infrared spectrometry

experiments’® where O,’ and O,'’ chemisorbed oxygen

lMsurf _Oads /Ogds

TABLE I. Atomic and molecular oxygen adsorption on LSM(001) (see Fig. 1 for labeling of adsorption sites). and
M0 /05" are equilibrium bond length and bond population, respectively, for the bond between the adsorbate O™ or O and the
closest surface atom M, QMsurr and Qoads/ 05* are the calculated Mulliken effective charges of the surface atoms bonded to the adsorbate
and of the adsorbate, respectively. 195" and PO" denote the equilibrium bond length and the O—O bond population of the adsorbed oxygen
molecule, respectively. A E* [Eq. (2)] and AG**(1100K,0.2py) [Eq. (1)] are adsorption energy and Gibbs free energy of adsorption under
SOFC working conditions, respectively, as calculated with B3LYP hybrid DFT.

[V SOME/O pMrT -0t/ Og® oM™ O %" POt AEM AG*S(1100K,0.2po)

Ads. site Y A) () () © A& () (V) (eV)
Mn-LSM(001)

0™ /Mn Mn 1.58 030 192(1.86)  —0.56 -1.32 0.39
0% /Mn Mn 2.69 0.03 1.86(1.86) ~ —0.01 124 —0.010 —1.94 1.48
0*/0-1 0 1.45 —0.12 —0.73(=1.03) 046 -0.03 1.68
0 /0-2 0 1.36 —0.01 —045(-1.20) —0.26 —0.87 0.84
0™ /Hollow-1 ~ Mn 233 0.13 1.88(1.75)  —0.52 1.56 3.27
0*/Hollow-2 O 235 0.01 —1.14(-123) —021 1.65 3.36
La-LSM(001)

0™ /Sr Sr 235 —0.08 1.84(1.84)  —0.92 —0.40 1.31
0" /La La 230 0.03 235(237)  —0.80 —0.54 1.17
0" /0 0 1.52 -0.28 —0.89 (—1.63) —0.83 -1.03 0.68
0™ /Hollow-1 ~ La 247 0.01 237(233)  —0.89 -2.20 —0.49
0*/Hollow-2  La 2.23 0.05 228(233)  —135 -251 —0.80
03" /Hollow-2  La 250 0.04 229(233) —090 136 —0266 —3.20 0.22
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species have been identified on the LSM surface in the
temperature range between 873 and 1073 K. Another indirect
experimental confirmation for our prediction can be derived
from the cathodic polarization measurements performed on
an LSM cathode pretreated by a dilute HCI solution.>* Acid
etching of the LSM electrode primarily dissolves the surface
layer; the experiments showed that mainly Sr and Mn species
were etched out from the LSM electrode coating. According
to Ref. 23 this treatment leads to a significant improvement of
the initial LSM electrode performance, presumably because
of improved oxygen surface diffusion. This may possibly
indicate that SrO and Mn,O, complexes removed from the
surface leave behind a bare La-LSM(001), which should be
attractive for dissociative oxygen adsorption according to our

PHYSICAL REVIEW B 83, 073402 (2011)

calculations, which then would initiate the overall surface
oxygen diffusion process. The diffusion of oxygen ions and
oxygen vacancies near the LSM surface is supposed to be a
rate limiting step for the ORR on LSM cathodes in SOFCs.
We will discuss calculated transition states for both Mn- and
La-LSM(001) in a forthcoming paper.
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