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We present the results of ab initio hybrid density-functional calculations of the atomic and the electronic

structures of LaMnOs (LMO) and La,

-x,

eranO3 (001) surfaces. The total energies obtained from these

calculations were used to analyze thermodynamic stability of the surfaces. We predict Sr and O vacancy
segregation to the surface to occur with similar energies (~0.5 eV per defect). In pure LMO only MnO,
termination is thermodynamically favorable under typical operational conditions of a cathode in solid oxide
fuel cells, whereas Sr doping makes La(Sr)O termination favorable. Finally, the role of Sr doping in cathode

degradation is discussed.
DOI: 10.1103/PhysRevB.78.121406

Due to their outstanding magnetic and electrical proper-
ties, such as colossal magnetoresistance, half-metallic behav-
ior, and composition-dependent metal-insulator transition,'-?
LaMnOj; (LMO) and La,_,, Sr, MnO; (LSM) perovskite-type
oxides continue to attract considerable attention. Further-
more, due to its high electrochemical performance, thermal
and chemical stability, and compatibility with yttria-
stabilized zirconia (YSZ) electrolyte, LSM (x,~0.2) has
been actively used as a mixed ionic-electronic conducting
electrode in high-temperature solid oxide fuel cells
(SOFCs).?

For better understanding of the mechanism of oxygen re-
duction at the LSM nanothin cathode deposited on a YSZ
electrolyte, a detailed study of LSM surface properties at the
atomistic level is of high importance. To date, a few ab initio
studies on both LMO (Refs. 4 and 5 and references therein)
and LSM (Refs. 6 and 7) surfaces have been performed.
However, to the best of our knowledge, the only thermody-
namic analysis of manganite surface stability® was focused
on pure LMO, while the analysis of LSM solid solutions’
considered its bulk properties. No theoretical studies so far
have dealt with Sr-dopant effects on LSM surface properties.

In this study, we apply the ab initio thermodynamics ap-
proach, which was developed earlier for two- and three-
component systems,'*!? in order to analyze stability of a
four-component LSM (001) surfaces under SOFC operation
temperatures (up to 900 °C) and realistic oxygen gas pres-
sures. Using ab initio computations we determined surface
electronic and atomic structures of both pure and Sr-doped
LMO. Then the obtained total energies were used in the ther-
modynamic analysis of surface stability. The following struc-
tures were studied: (i) La(Sr)O- and MnO,-terminated (001)
surfaces of cubic LMO and LSM [Figs. 1(a) and 1(c)]. Both
LMO and LSM exhibit (pseudo)cubic structures at elevated
temperatures® which are of our interest here. Although LSM
thin films are polycrystalline, the (001) surface has the low-
est energy in both LMO (Ref. 4) and LSM (Ref. 5) and we
restrict our consideration here to this surface: (ii) La(Sr)O-
and MnO,-terminated (001) surfaces of cubic LSM contain-
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ing surface oxygen vacancies [Figs. 1(b) and 1(d)], which are
responsible for LSM ionic conductivity; and * (iii) La(Sr)O-
terminated (001) surfaces with enrichment of Sr at the sur-
face [Figs. 1(e)-1(g)]. Sr segregation is observed in LSM
thin films (see Ref. 13 and references therein) which can
decrease the cathode performance.'*

In our ab initio calculations we use DFT-HF (i.e., density
functional theory and Hartree-Fock) hybrid exchange-
correlation functionals which gave very good results for the
electronic structure in our previous studies of both LMO and
LSM.*!5 We employ here the hybrid B3LYP exchange-
correlation functional.'® The simulations were carried out
with the CRYSTAL06 computer code,!” employing atom-
centered Gaussian-type functions as a basis set (BS). The
computational details are discussed in Ref. 15. For La we
have employed the extended BS with an additional f-type
orbital. Reciprocal space integration was performed by sam-
pling the Brillouin zone with the 4 X4 Monkhorst-Pack
mesh.!® To cancel the macroscopic dipole moment perpen-
dicular to a polar (001) surface, we used symmetrical nine-
layer slabs terminated on both sides the same way [MnO, or
La(Sr)MnO] (see Fig. 1). In our simulations all atoms have
been allowed to relax freely. This approach was initially
tested on bulk properties,'> where it very well reproduced the
experimentally measured atomic, electronic, and low-
temperature magnetic structure of pure LMO and LSM (x,
=1/8). Analysis of surface relaxation showed a considerable
rumpling compared to the bulk-truncated surface structure
(approximately 2.5% of ag): O ions of the MnO,-terminated
surface strongly move inward (0.13 A) toward the slab cen-
ter, while surface Mn ions only show a slight displacement
(0.03 A). The Mulliken effective charges in the LMO bulk
indicate a considerable covalency contribution to the Mn-O
chemical bonding.* On the MnO,-terminated surfaces both O
and Mn ions become additionally more positive by 0.15¢ and
0.03¢, respectively. The effect of an increased Ti-O bond
covalency near the SrTiO; surfaces was also recently
observed.!! Introduction of Sr ions substituting for La ions in
the second plane produces a strong local perturbation. As a
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FIG. 1. (Color online) The schematic representation of calcu-
lated equilibrium geometries of LSM (001) structures: (a) La(Sr)O
termination (x;=1/4), (b) the same as (a) but containing an oxygen
vacancy, (¢) MnO, termination (x,=1/4), (d) the same as (c) but
containing an oxygen vacancy, (¢) La(Sr)O termination having x;
=1/2, (f) the same as (e) but x,=3/4, (g) the same as (e) but x;
=1 (full SrO layer). Yellow (gray) stars depict the positions of re-
moved oxygen atoms. Arrows point out a mirror plane of symmetri-
cally terminated slab unit cells.

result some O ions strongly move inward (up to 0.21 A),
while others go outward (up to 0.33 A); Mn ions relax in-
ward (0.16 A). This is accompanied by local charge redis-
tribution: some O ions get additional positive charge up to
0.35¢, with Mn ions up to 0.08¢. The density of states (DOS)
calculated for the orthorhombic LMO surfaces of both termi-
nations reveals half-metallic A-type antiferromagnetic (A-
AFM) ground states (i.e., Mn spins are parallel in basal plane
and antiparallel from plane to plane), with the gaps in minor-
ity spins of 1.5 and 2.2 eV for MnO,- and LaO-terminated
surfaces, respectively. The cubic LSM surface reveals a con-
ducting A-AFM state, which is in line with experimental
data.'” A comparison of the slab total energies for Sr on the
surface and third layer gives an estimate for the Sr segrega-
tion energy of 0.54 eV per Sr ion. This could be compared
with the 0.16 eV estimated from experimental data in Ref.
13. The discrepancy could be ascribed to the difference in Sr
concentrations, terminations (SrO in our case, MnO, in ex-
periments), gas pressure, and temperature.

The stable crystalline surface has to be in equilibrium
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with both LSM bulk (with concentration of Sr atoms x,
=1/8) and surrounding O, atmosphere while an exchange of
atoms between the surface and environment is allowed.
Therefore, the most stable surface has the lowest Gibbs free
surface energy. For the LSM surfaces this can be derived
similarly to Refs. 10-12,

1 1
Qz(xb, T,P) = ﬁ { (;bt(xb) - (NMn - x_NSr) Apinin
b

1- Xp
NSr)A/u“La
Xb

.
3

_<NO__NSr)AMO(T»P):|» (1)
Xb

where ¢ indicates the surface terminations, A the unit cell
surface area, and NN, the number of atoms of type i in the slab
unit cell. Au,;=u;—E' (i=La,Mn) are deviations of chemical
potentials for metal atoms from their energy in the bulk met-
als. For the oxygen atom such a deviation is considered with
respect to the energy of an oxygen atom in the ground triplet
state of an O, molecule Augy= MO—%EOZ. The constants ¢,
for each considered termination ¢ are defined as

X 1
bi(xy) = E*° = Ng, ESM — (NMn - X—Nsr>EM“
b

1-x 3 E©2
- (NLa - —bNSr>ELa— (No - —N5r>—, )
.X'b )Cb 2

where Eflab is the total energy of a slab with surface termi-
nation ¢ and E"SM is the LSM total energy averaged per
five-atom perovskite unit cell. Because the pV term (V is unit
cell volume) and the differences in vibrational Gibbs free
energy between the bulk solid and a corresponding slab are
negligibly small,'® we omit these two contributions. This per-
mits replacing the Gibbs free energies in Egs. (1) and (2) and
in the following formulas with the total energies obtained
from ab initio calculations.

Preventing metal atoms from leaving the LSM crystal re-
quires that their chemical potentials are smaller in LSM than
in the bulk metals (La, Mn, and Sr),

0> A/'LLa’ 0> A/“LMn? (3)

0> Apge= (1= xp)App, + Aptngy + 38 o, 4)
and in relevant oxides (La,03, Mn,03, and SrO),
E{a203 > 2A 1, +3Auo, E{/mzo3 > 2Apnin + 3A o,
E|sv— XpEo < (1= xp) Appy + Ay, + (3 = x,) Ao,
(5)

as well as in perovskites (LaMnOs and SrMnOs),
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TABLE 1. Formation energies per formula unit used in analysis MnO,-terminated and La,_, Sr O terminated (x,=0.25, 0.5,

of surface stability. Experimental values are from 20.

0.75, 1.0) (001) surfaces. These sections show the stability
regions for different surfaces at p=0.2 atm and three key

124 Expt. E temperatures: at room temperature (RT) (300 K), at SOFC

Material (eV) (eV) operational temperature (1100 K), and at typical sintering
La,05 1957 _18.64 temperature (ISOQ K). The phas'e .diagram indicates that
Mn,0, ~1055 ~9.96 the LSM crystal is stabl'e only within small quadrangle re-
$10 112 611 gions  in these sections. At RT both considered
terminations—MnO, and Lag ;551 ,50—are stable. At the

LaMnO, -15.56 -14.77 SOFC operational temperature and at higher temperatures
SrMnO; -11.64 only the Lag;5Sr),sO-terminated surface remains stable.

LSM (x,=5¢ -15.27 Thus, dopant Sr atoms in LSM cause relative stabilization
of Laj_, Sr O terminated surface with respect to

MnO,- _terminated surface. However, if the former surface, as
1 Ef Xp £ <A A A a result of segregation, would contain Sr concentrations of

1-x, LM~ _x SrMnO, Mo+ Afvn + 2810 0.5 monolayer and above, this becomes unstable.

(6)

< E{uMnO3 >

where E/ is the formation energy of material , as shown in
Table I.

We evaluate the oxygen chemical potential Aug(p,T) as a
function of partial gas pressure and temperature using the
standard experimental thermodynamical tables?” as was done
in Refs. 10-12. Based on the results of our ab initio compu-
tations, the diagrams are drawn, showing where different
LMO (001) surfaces are stable (Fig. 2). This occurs in the
range of the chemical potentials between La,03; and Mn,05
precipitation lines in this figure, whereas outside these lines
the crystal decomposes into corresponding oxides. From this
diagram one can see that only the MnO,-terminated surface
can be stable at ambient oxygen partial pressure (p
=0.2 atm) below the operational temperatures of SOFC, T
~ 1200 K. The LaO-terminated surface at the same pressure
becomes dominant only above 7=1900 K; both termina-
tions may appear stable in between these two temperatures.

We have drawn a similar series of surface phase diagram
sections for LSM with x,=1/8 (Fig. 3) and considered

As Fig. 3 shows, with increasing temperatures the
MnO,-surface diagram moves from the stability region
through the Mn,O; precipitation line, i.e., Mn,O5; nanocrys-
tals are expected to grow at the surface leaving the
La,_ —x, Sr, O terminated surface behind. This is consistent
with observations in Ref. 21. A similar degradation process
without Sr requires stronger overheating or very strongly re-
ducing conditions. A further account for oxygen atom ad-
sorption is still necessary. There are indications that the
MnO,-terminated surfaces can be stabilized by adsorbed
oxygen atoms,® leading simultaneously to an increase in
cathode catalytic activity and to decrease in the rate of cath-
ode degradation.

O vacancy formation energies calculated with respect to
the energy of an oxygen atom in an O, molecule are 2.7 eV
in LSM bulk and 2.2 eV on the MnO,-terminated surface.
That is, the segregation energy to the surface could be esti-
mated as 0.5 eV. Using the oxygen chemical-potential depen-
dence from Fig. 2 and the approach described in Refs. 22 and
23, it could also be estimated that under SOFC operational
conditions the formation energies are drastically reduced
down to ~1 eV for the LSM bulk and to ~0.6 eV for the
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FIG. 2. (Color online) Thermodynamic stability diagram as a function of O and La chemical potentials built for LaMnO3(001) surfaces.
It contains comparison of stability of both LaO- and MnO,-terminated (001) surfaces and accounts for precipitation conditions for La and
Mn metals and their trivalent oxides (La,O3 and Mn,0Oj3). Stable region is shown as hatched area between La,0; and Mn,O; precipitation
lines. The right side shows a family of oxygen chemical potentials under different conditions. The label m indicates the O, gas partial
pressure: 10" atm. Red (gray) line corresponds to oxygen partial pressure p=0.2p, as in the ambient atmosphere.
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FIG. 3. (Color online) Sections of thermodynamic stability diagram for LSM (001) surface structures (see Fig. 1) for O, partial pressure
p=0.2p, and temperatures of (a) 300 K (RT), (b) 1100 K (SOFC operational temperature), and (¢) 1500 K (sintering temperature). The
region, where LSM (x,,:é) is stable, is the hatched area between LaMnO;, La,03, Mn,03, and SrO precipitation lines. The numbers from
1 to 8 in the circles indicate precipitation lines for (1) La, (2) Mn, (3) Sr, (4) La,03, (5) Mn,0s3, (6) SrO, (7) LaMnO3, and (8) StMnOs.
Hollow arrows indicate the sides from respective precipitation lines where the precipitation occurs. Insets show magnified areas with the

region of LSM stability (a hatched quadrangle).

MnO,-terminated surface. The neutral oxygen vacancy traps
only ~0.6e and ~0.2¢ on La(Sr)O- and MnO,-terminated
LSM (001), respectively. Thus, it is positively charged,
makes surrounding atoms strongly polarized, and can serve
as potential adsorption centers at LSM surfaces. This will be
discussed in detail in a forthcoming paper.

In conclusion, Sr doping in LSM cathodes of SOFC
makes the (La,Sr)O-terminated surfaces stable at RT along
with MnO,-terminated surfaces and the energetically favored
surface at SOFC operational temperatures. This opens the
way for MnO, segregation, poisoning of the surfaces, and
finally reduction in the cathode catalytic performance. Our
calculations support the experimental data on Sr atom segre-
gation toward the LSM surface and predict a similar process
for O vacancies. Significant decrease in the O vacancy for-

mation energy at rising temperatures allows sufficient va-
cancy concentration to permit efficient work of SOFCs.
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