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An extensive set of DFT calculations on LaMnOj slabs has been generated and used as a basis to identify the
most probable reaction mechanism for oxygen incorporation into (La, St)MnQO;_s cathode materials. MnO,[001]
is found to be the most stable surface termination under fuel cell operation conditions (high temperature,
high pO,, cubic unit cell). Chemisorption leading to the formation of O5, O3, and O~ atop Mn is exothermic,
but due to the negative adsorption entropy and electrostatic repulsion the levels of coverage of molecular
oxygen adsorbates are low (in the few percent range). Under typical solid oxide fuel cell conditions, a
mechanism in which the encounter of O~ with a surface oxygen vacancy at the surface is rate-determining
exhibits the fastest rate. The variation of the reaction rate and preferred mechanism(s) with adsorbate and

point defect concentrations is discussed.

1. Introduction

The motivation for investigating the oxygen incorporation
reaction into oxides is twofold. On one hand, it is of fundamental
interest to understand the mechanism of one of the “simplest”
chemical reactions in detail, including its dependence on the
oxide’s bulk and surface properties.! On the other hand, this
process is of key importance for a variety of applications:
directly, for the functioning of a number of electrochemical
devices such as sensors and solid oxide fuel cell (SOFC)
cathodes, but also indirectly, namely, for tailoring materials
properties, aging, or degradation of functional ceramics.

As it is hardly possible to systematically analyze the
mechanisms of device materials under operating conditions, one
may instead study them under model conditions (an example is
the analysis of the performance of (La, Sr)MnO;_s and (La,
Sr)(Fe, Co)O;-s electrodes with well-defined geometry and
morphology?>~7) or even consider model materials such as Fe-
doped SrTiOs.!~8 Unfortunately, the approach of “macroscopic
kinetics” is often not able to resolve details on the microscopic
level, such as the exact nature of intermediate species or
transition states. The application of surface sensitive techniques
for their identification or even quantification is limited by the
requirement to work under conditions at least close to operating
conditions, i.e., at elevated temperatures (typically 673—1073
K) and—most importantly—realistic oxygen partial pressures that
are at least in the millibar range instead of UHV conditions.
Thus, DFT calculations are an important tool for the detailed
understanding of the oxygen incorporation reaction. This even
holds true for the modeling of ideal perovskite surfaces that
are expected to deviate from the actual systems under operating
conditions. One has to keep in mind that the cation composition
(and possibly even the crystallographic structure) of the first
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layer(s) of the oxide under SOFC operating conditions may
differ from the bulk. This is expected to modify reaction barriers
and point defect concentrations, but the reaction mechanism will
still be a combination of the individual steps such as chemi-
sorption, dissociation, surface diffusion, etc., as discussed here.
Thus, the DFT results for the ideal perovskite surface are still
relevant to a microscopic understanding of the oxygen incor-
poration reaction.

In this study, we investigate the oxygen surface reaction on
pure and Sr-doped LaMnQOs, the first mixed conducting perov-
skite widely applied as a SOFC cathode material. The fact that
the ionic conductivity of these manganites is low*!? does not
necessarily imply that the reaction at the three-phase boundary
or the bulk transport is limiting. Under certain conditions, the
cathode process can also become limited by the oxygen
incorporation surface reaction.'®!! Recently we published DFT
calculations of oxygen adsorption and defect migration on the
LaMnO;[001] surface.!>'3 Transition state calculations on the
[110] and [100] surfaces of LaMnO; and Lag sSrgsMnOs_s have
been carried out also by another group, but with thinner slabs
and considerably smaller surface supercells and without detailed
kinetic consideration of coupled elementary reaction and
transport steps.!47!16 The fact that oxygen incorporation in refs
14 and 15 was studied on the highly polar and oxygen-deficient
(La, Sr)MnOj3[110] termination has led to a much too exothermic
reaction enthalpy and may be the reason for unexpected low
(or even missing) reaction barriers.

In this paper, we performed additional calculations focusing
on the key elements in the oxygen surface reduction, in
particular, O, molecule surface diffusion and dissociation. Based
on these data, we present and discuss for the first time a detailed
kinetic analysis of different oxygen incorporation reaction
pathways estimating the individual reaction rate of each step.
We emphasize the importance of adsorbate coverage, surface
oxygen vacancy concentration, and surface diffusion processes.
We are aware that the surface composition and the structure of
a real electrode may differ from the idealized treatment here.
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Also, various DFT methodologies may yield different absolute
energies, but on the other hand the energy differences are
expected to be much more reliable. Thus, notwithstanding some
uncertainties, we are convinced that the combination of DFT
calculations and kinetic considerations gives valuable insight
into the oxygen incorporation reaction mechanism (e.g., the
importance of surface transport steps) and are indispensable
complements to the experimental studies.

2. Computational Details

Similar to our previous studies, we employed the ab initio
DFT computer code VASP 4.6.19 (ref 17) with a plane wave
basis set (PAW method'®) and with the GGA—Perdew—Wang-
91 exchange-correlation potential'® employing a cutoff energy
of 400 eV and a 2 x 2 x 2 Monkhorst—Pack k-point mesh in
the Brillouin zone.?® Spin-polarized calculations of the LaMnQO;
bulk and the [001], [110] surfaces are in good agreement with
experiment (when available).?! In particular, for the low-
temperature orthorhombic structure the A-type antiferromagnetic
(AAF) configuration is the energetically most favorable, in
agreement with experiment. The lattice constant of both the
cubic (stable above 750 K) and orthorhombic phase exceeds
the experimental value by only 0.5%. The calculated cohesive
energy of 30.7 eV is close to the experimental value (31 eV).
The calculated surface relaxation and surface energies shows a
weak dependence on the magnetic configuration.?!?? For slabs
the ferromagnetic configuration has the lowest energy; thus, we
performed all further calculations with collinear spins. One has
also to keep in mind that relevant magnetic effects (x0.1eV)
are much smaller than the adsorption and migration energies
under study (one to several electronvolts). However, complete
neglect of spin polarization results in considerable errors in
material properties. We studied both orthorhombic and cubic
phases for the oxygen adsorption and thermodynamic stability
of surfaces with adsorbates (sections 3.1, 3.2) but focused on
the orthorhombic phase in the analysis of intermediates and
transition states for the kinetic treatment (calculations for the
defects/adsorbates in the high-temperature cubic phase!? give
qualitatively similar results; in particular, the O adsorption
energy atop Mn increases by ~3% only).

We found that seven- and eight-plane slabs are thick enough
to show convergence of the main properties. The periodically
repeated slabs were separated by a vacuum gap of 15.8 A. All
atomic coordinates in a slab were allowed to relax. The eight-
layer slab (LaOMnQO,), has the proper cation ratio and oxygen
stoichiometry (all Mn atoms are in the formal +3 oxidation
state) but exhibits a nonzero slab dipole moment and is
terminated by different planes (MnO, and LaO). This is avoided
in the symmetric seven-layer slab MnO,(LaOMnQ,)s, but it has
a Mn excess relative to La and a higher oxygen content. This
slightly affects the energy for dissociative oxygen adsorption
on the MnO,[001] surface

0, + 2Mn},, == 20,, + 2Mn;,, (1)

which is —2.7 eV for the (LaOMnO,), slab and —2.2 eV for
the symmetrical MnO,(LaOMnO,); slab.'> Both because of
reduced computation time for the symmetrical configuration and
because a symmetrical slab allows decoupling effects of different
surface terminations, all further calculations refer to the seven-
layer slabs.

The choice of the 2+/2 x 2+/2 surface supercell for the
calculation of adsorbates/surface defects corresponds to a
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coverage of 12.5%. Several test calculations were performed
for a smaller coverage of 5%. All concentrations (designated
by square brackets) are given as particle numbers per surface
or bulk unit cell comprising one LaMnO; formula unit. The
reaction barriers were calculated using the nudged elastic band
method.”> The effective charges on ions were calculated
according to the Bader (topological) analysis.?* Note that the
effective charges both in the bulk and on the surfaces of LaMnO;
are far from the formal charges, viz., +2.13 ¢, for La, +1.85 ¢,
for Mn, and —1.29 ¢, for O.'2?122 The considerable contribution
of the covalence effects in Mn—O chemical bonding makes
classical force-field calculations of these systems and especially
of diffusion-controlled processes therein a nontrivial task.

3. Results and Discussion

3.1. Stability of Surface Terminations. Oxygen incorpora-
tion into crystals begins at surfaces. Therefore, we commence
with determining which LaMnOj; surfaces are the most stable
ones at a given temperature and oxygen partial pressure. Besides
finding the structure with the lowest internal energy, this includes
stability with respect to exchange with atoms between the bulk
of the crystal, its surface, and the gas phase. This requires the
calculation of the surface Gibbs free energy Q' of the various
surface terminations. Details of the Q' calculations are sum-
marized in ref 21 and the Supporting Information. The most
important approximation in this treatment is that not only the
differences in the vibrational contributions but also absolute
vibrational contributions (due to removal of atoms) were
neglected to be able to compare slabs with different stoichi-
ometries. This seemingly drastic approximation can be justified
by an estimate of these quantities which are typically found to
be 10 meV/A22526 corresponding to 0.16 eV per surface unit
cell (16 A2). Exact calculations of the vibrational contribution
for defective perovskite surfaces lie well beyond current
computational possibilities. First attempts are performed so far
only for defect-free bulk perovskites.”” While this estimated
contribution is not completely negligible (it is to be regarded
as an “error bar” on the stability lines in Figures 1 and 2), it
does not exceed the typical DFT errors. The latter depend very
much on the particular material. We estimated the average DFT
error in calculations of formation enthalpies for a series of oxides
relevant for LaMnOj as 0.7 eV'? and took account of it, e.g., in
Figure 3. In the regions where certain surfaces are the most
stable, their Q' values are the lowest. These regions are painted
in various colors in Figure 1. The variation of oxygen atom
chemical potential Auo with temperature and oxygen pressure
pO, can be taken from experimental data®® (for details, see ref
21 and the Supporting Information).

Figure 1 shows the stability diagram of different LaMnO;
surface terminations for the low-temperature orthorhombic and
high-temperature cubic phases. For a better understanding, we
added also their cross sections (Figure 2) at 7 = 1200 K and
oxygen partial pressure pO, = 0.2 bar, i.e., in the range of typical
SOFC operating conditions. The surface stability regions in the
diagrams are limited by lines 2, 6, and 4 which correspond to
lines where coexistence with La,Os;, MnO,, and Mn;Oy,
respectively, occurs. Correspondingly, at the cross sections of
the diagrams (Figure 2), the stability region lies between lines
2 and 6. Because of the DFT deficiencies in describing the
relative energies for materials with different degrees of oxida-
tion, we should treat the obtained data with some precaution.
Thus, we highlighted lines where three-valent metal oxides
La,0; and Mn,0; (solid lines 2 and 5) begin to precipitate out
of the perovskite. In these oxides, metal oxidation numbers
coincide with the oxidation states for these metals in LaMnQOs.
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Figure 1. Phase diagrams: the regions of stability of LaMnOs surfaces with different terminations (LaO- and MnO,-terminated [001] surfaces without
and with adsorbed O atom, O,- and O-terminated [011] surfaces) for both phases as functions of chemical potential variations for manganese and oxygen
atoms. Parameters for all lines on the left side of the figures are collected in ref 21 and Table A1 of the Supporting Information. The numbers in circles point to
lines where metals or their oxides begin to precipitate: (1) metal La, (2) La,0Os, (3) MnO, (4) Mn;O4, (5) Mn,0s, (6) MnO,, and (7) metal Mn. The right side of
the figures contains a family of Auo as functions of temperature at various oxygen gas pressures according to eq A.15 of the Supporting Information. The
labels m on the lines represent the pressure: pO, = 10" bar. (a) Orthorhombic phase. (b) Cubic phase.
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Figure 2. Surface Gibbs free energies Q' for LaMnOj; in (a) orthorhombic and (b) cubic phases as functions of Auy, at 7= 1200 K and pO, =
0.2 bar. Line numbers are the same as in Figure 1. The red lines indicate the most stable surface in the stability window between the precipitation

lines for La,O3; and Mn,Os.

The most important conclusion from Figures 1 and 2 is that,
for both phases, the most stable surface is MnO,-terminated
[001]. For the orthorhombic phase (on which we focus in the
further analysis of reaction steps and rates), the stable surface
is the clean MnO,-terminated surface, whereas for the high-
temperature cubic phase the most stable surface carries adsorbed
O atoms. This indicates that for identical conditions higher
adsorbate coverage is expected for the cubic phase.

3.2. Reaction Energies: Thermodynamic Picture. Let us
consider formation of relevant oxygen species and point defects
in the bulk and at the LaMnO; surface. We use the same
approximation as in the previous subsection; that is, we neglect
the changes of vibrational entropy in the solid, and thus only
states comprising gaseous O, exhibit a temperature-dependent
Gibbs free energy contribution. In this approximation, differ-
ences between Gibbs energies for bulk crystals or slabs
(including defects and adsorbates) could be replaced with the
differences in the total energy calculated from the DFT, while

variation of oxygen chemical potential for gaseous O, is taken
from experimental data. The Gibbs free energy of reaction for
removal of 1/2 O, from the bulk (i.e., formation of one Vg and
allocation of the left-behind two electrons mainly on Mn) is
defined as

AGo (Vo) = Epi (Vo) + uo(T,pOy) — Eyye (2)

where Ey, (Vo) is the total energy per bulk supercell with an
oxygen vacancy, Ep, is the total energy of the same supercell
for the perfect crystal, and u is the chemical potential of oxygen
in the gas phase (O atoms in O, molecules). This definition can
be rewritten as

AGyu(Vo) = AfEbDllF]E(Vb) + Au(T, pO,) 3)


http://pubs.acs.org/action/showImage?doi=10.1021/jp909401g&iName=master.img-000.jpg&w=372&h=180
http://pubs.acs.org/action/showImage?doi=10.1021/jp909401g&iName=master.img-001.jpg&w=460&h=211

3020 J. Phys. Chem. C, Vol. 114, No. 7, 2010 Mastrikov et al.

0, DFT energies gaseous oxygen
0+ RN E— - 0
Mr_IMnOMnOMAL_Mn
Ai(T,pO,)
00 |
-1 | W fmnOMnOMA_Mn y 44
0 Wr_RinoVnON_fin
10
sl o o Vi 15
> P _ [ /MnOMnOMnOMAL_Fin
° | "MAOMnOMyOMA_Iin %
0 fag
- v I
o " VRO OMnOMA_fin g Io)
g - v <3
| Q
u (=3
?#! I r o
<
-4 -4 ' -4
0 0
L WdoiMnOMaOMA_Mn + }
vr
o i T log | T
p0,= -30  -10}
8 6T 48
vin } 3
o) el T o] o)1 T N S ;
PRREE T U N ST S T I\ | I
0 1000 2000
LK

Figure 3. Left panel: DFT energy levels of different molecular and atomic species occurring during oxygen incorporation reaction on the MnO,[001]-
terminated surface of LaMnQO;, cf. Table 1. All energies are relative to the reference state containing two oxygen vacancies and a gas-phase O,
molecule. The right panel shows the 7" and pO, dependence Auo(7, pO,) of the Gibbs energy of gaseous O, (see eq 3); its energy scale refers to
an O, molecule. Labels m on the lines indicate oxygen pressure pO, = 10" bar. The arrows indicate various Gibbs free reaction energies at typical
SOFC operating conditions: red = formation of adsorbed superoxide O, without involvement of V(; green = formation of two adsorbed O atop
Mn without involvement of Vp; black = incorporation of O, into two surface oxygen vacancies.

TABLE 1: Bond Lengths, Bader Charges, and “Chemical Assignment” of the Different Oxygen Species®

species charge/ey 0—0 distance/A “chemical assignment” energy/eV

gaseous O, 0 1.30 gaseous O,

I molecular —0.42 1.36 tilted superoxide atop one Mn*"" —1.1

I molecular —0.65 1.43 horizontal peroxide atop one Mn*"" -0.9

I molecular —0.69 1.41 horiz. peroxide atop O™ = TS of O3 surface diffusion —-0.9

Vi1 molecular —0.84 1.62 TS of dissociation without Vg, atop O™ and bridging two Mn*""" —0.5

v molecular —1.19 1.51 tilted peroxide in Vj —2.8

A\ atom./molec. —1.25 1.50 “vertical peroxide” in Vi = TS of O™ diffusion along surface —2.4

VI atomic —0.62 2 O™ adsorbed atop Mn 2+(—1.1)

VIII atomic —1.19 oxygen ion in MnO,[001] surface layer 2+(—3.3)
atomic —1.32 oxygen ion in LaO[001] surface layer 2+(=5.1)
atomic —1.25 bulk oxide ion

“ Experimental O—O bond lengths? for comparison: gaseous O, 1.21 A, hydrogen superoxide radical HO, 1.33 A, hydrogen peroxide H,O,
1.48 A. TS = transition state. Energies AEP'T (compare eq 4 and Figure 3; for adsorbate coverage of 12.5%) relative to gaseous O, (in triplet
state) over surface containing two V.

where The variation of oxygen chemical potential Auo(7, pO,) due

to T, pO, comprises the experimental variation?® and a correction

. term Oud (for details, see ref 2land eqs A.14—A.16 of the

AEXT VY =E (V) 4+ ~E. — E 4 Supporting Information). Similarly, the vacancy formation
Ei(Vo) (Vo) 279 bulk @ energy for the surface vacancy can be represented as

is the formation energy of an oxygen vacancy with respect to NG (VE) = AfE]S)ul:fT (Vo) + Aug(T, pOy,) (6)
the calculated energy (1/2)Ep, for an oxygen atom in the

molecule, and
where

N 1
Auo(T, pO,) = uo(T,pO,) — 5EO2 (3) AEPT (Vi) = %(Eslab(zvb) + B — Egy) (7
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Figure 4. Geometry of some intermediates and transition states. I = adsorbed tilted superoxide, II = adsorbed horizontal peroxide, III = transition
state of peroxide surface diffusion (horizontal peroxide atop O*"™), IV = tilted peroxide in V5, VI = two O~ atop Mn, VII = transition state of
peroxide dissociation on the defect-free surface (for assignment see also Table 1).

Here we account for the symmetrical slab having a V5 at each
side, and Ejy, is the slab’s total energy without defects. The
Gibbs free energies of adsorption can be written analogously:

A G lads. 0) = A EDl(ads. O) — Aug  (8)

ads

ads™surf

1
A Eori(ads. 0) = FEq(20) = Eg = Egy)  (9)

AadsGsurf(adS‘ 02) = AadsEDFT(O2) - A/I’tOZ (10)

surf

1
AadsE]s)ul:'fr(adS‘ 0, = E(Eslab(ZOZ) — 2Ey, — Egy)
(11

Again Auo(T, pO,) is given by eq 5, uo, = 2uo, and we have
to take account of two adsorbed O or O, on the symmetrical
slab. The adsorption energy for atomic O species is given
with respect to half an O, molecule. Adsorption energies
AuisEDEF (ads. O), Ay EREF(ads. O,), and vacancy formation
energies A;ESLF (Vo) obtained for the MnO,[001] termination
as well as AtERSF (Vo) are collected in Table 1. The assignments
of oxygen species are based on charges and O—O bond length.
The same energies are used to draw the energy diagram in
Figure 3. In order to relate all relevant species to the same
reference state, this was chosen to be a piece of surface
containing two V) and a gas phase O, molecule. While in
drawing Figure 3 we neglect interactions between charged
adsorbates or defects, in the further numerical calculations they
are accounted for. 3043

Figure 3 is a very suitable graphical representation of the
exchange between the gas phase and the crystal. For a given
temperature and oxygen partial pressure, this diagram allows
one to read the Gibbs reaction energy A,G° of a process and
thus to obtain its mass action constant. The left panel shows
the energies of exemplary defect and adsorbate configurations
relative to the reference state (all energies are given for an O,
molecule). In the framework of the assumptions made in this
study, the Gibbs free energy varies with 7, pO, only due to
dependence of oxygen chemical potential on these parameters
in gaseous O, (i.e., only because the reference state in Figure 3

is sensitive to T and pO,). The right panel shows the respective
variation of chemical potential Auo(7, pO,) for gaseous oxygen.
For given T, pO,, the Gibbs energy of the reference state is
found on the appropriate violet curve in the right panel while
the 7, pO,-independent Gibbs energies of the final state (with
adsorbed or incorporated oxygen) can be read from the left part.
As an example let us discuss some processes under typical fuel
cell conditions of 7= 1000 K and pO, = 1 bar. The formation
of molecular adsorbates (superoxide I = red arrow, and peroxide
II) is endergonic by A,G° ~ +2 eV per O, since the entropy
loss overcompensates the energy gain. Even the formation of
adsorbed atomic O~ (species VI, green arrow) is still slightly
endergonic by A,G° ~ +0.5 eV per O, which explains the low
adsorbate coverage under SOFC conditions (see section 3.3).
Only the oxygen incorporation (black arrow) is strongly
exergonic by A,G° ~ —1.7 eV per O (i.e., the inverse process,
oxygen vacancy formation, is endergonic by +1.7 eV). The
barrier for O~ surface diffusion (2.0 eV) can be obtained from
the comparison of state VI (O™ atop a Mn) with state V (O™
atop an oxide ion = transition state of O~ surface diffusion).
Simultaneously state V also allows one to read the energy gain
of 2.4 eV when an O, molecule is adsorbed into a surface
vacancy to form a “vertical peroxide”. For details of the
geometry of some oxygen species, see Figure 4.

3.3. Quantitative Assessment of Adsorbate Coverage.
Since the estimation of adsorbate coverage necessary for the
kinetics discussion is not trivial, it is presented here in a separate
section. As discussed in detail in ref 30, the formation of charged
adsorbates (O3, O3, O7) and their mutual electrostatic interac-
tion will lead to significant deviations from Langmuir’s isotherm.
For O) adsorbates the coverage 6 reads

je,0
_J 0 Xmax) (12)

0o = KOy exp( 7

where j denotes adsorbate charge,’! n the number of oxygen

atoms it contains, and K,y = exp(—AGY%/RT) the mass action
constant of adsorption. ym.x is the surface potential drop built
up in case of full coverage & = 1. In eq 12 it is assumed that
the electronic charge carrier concentrations have a negligible
pO, dependence.’ The consequence of eq 12 is that the
isotherms become flatter due to the electrostatic interaction when
the coverage exceeds several percent. The coverage also depends
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Figure 5. Oxygen adsorbate coverage at 1000 K, calculated from the
DFT adsorption enthalpies AH) and estimated entropies ASYy = —120
J/(mol K) (solid symbols) or —200 J/(mol K) (open symbols). The levels
of coverage for Oy, O3~ are obtained under the assumption that O~
(with ASY; = —200 J/(mol K)) is the species dominating the surface
charge.

on which of the possible adsorbates prevails since 6 and charge
J of this dominant species have to be inserted in the exponent
in eq 12.

For an actual calculation, adsorption enthalpies and entropies
at elevated temperatures are required. Experimental adsorption
enthalpies for O, on mixed conducting oxides are not available.
Thus, adsorption enthalpies AHY (i.e., AEPYT for the respective
adsorption reaction) for Oz, O3~, 207 are taken from the DFT
results. The comparison of O™ adsorption enthalpies computed
for 12.5% coverage (—1.13 eV) and 5% coverage (—1.23 eV)
shows that these values contain electrostatic repulsion contribu-
tions. Taking this repulsion as being proportional to 6 (cf.
capacitor model of the surface™), this corresponds to a repulsive
energy of 1.33 eV for full coverage. Extrapolation to infinitely
low coverage yields AH%(O7) = —1.3 eV, and AH(07) =
—1.3 eV, AH%(0}) = —1.1 eV assuming a comparable
repulsive energy. To be consistent with the repulsion contribu-
tions from the DFT results, ym.x in eq 12 has to be adjusted
and was taken as 3 eV.*

Experimental O, adsorption entropies for mixed conducting
oxides are also missing. Data for CO adsorption on different
oxides (ZnO, SiO,, Al,03)** show that standard adsorption
entropies ASY typically range between half of the standard
entropy S° of the gaseous molecule and a value slightly below
§9.35 A comparable adsorption entropy amounting to ~70% of
So was obtained from the analysis of electrochemical oxygen
reduction kinetics on Pt/YSZ, a process comprising dissociative
oxygen adsorption.*® Therefore we use ASYy = —200 and —120
J/(mol K) as limiting cases (5°%(O,, 1000 K) = 245 J/(mol K)*").
For adsorbed O3 and O3~ the calculated rotation barriers of 0.04
and 0.13 eV are so low that rotation will be active. Additionally
the O—O bond is weakened in O3 and O3~ compared to O,
(where the O—O vibration already contributes to the O, heat
capacity at 1000 K). These contributions justify the less negative
AS% = —120 J/(mol K) for O5, O3~ in contrast to O™

The levels of adsorbate coverage resulting for 7 = 1000 K
are shown in Figure 5.3 The dominant species are adsorbed
O~ ions because of their much larger AHY. In the flattened high
pO, region, the different ASY; values do not affect the resulting
coverage very much. In this plateau also 6 hardly varies with
temperature (“apparent activation energies” being —0.05 to
—0.13 eV). Since the coverage of the molecular adsorbates is
smaller than for O7, the surface charge created by O~ is
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employed for calculation of 6(03) and 6(037) leading to
flattened O; andO3~ isotherms as soon as O(0™) exceeds several
percent. The resulting coverage lies in the range between ~
20% and 10~° with the sequence O~ > O; > 0}

3.4. Quantitative Assessment of Surface Oxygen Vacancy
Concentration. Owing to the restrictions on computational
effort of this study, we have to refer to experimental data for
some quantities. Not LaMnO; but Sr-doped lanthanum man-
ganate is applied as a SOFC cathode material, with a typical
composition of LaygSro,MnO;_s (LSM). This acceptor doping
by Sr’y, is predominantly compensated by electronic defects
(Mnyyy, i.e. “Mn**) and only to a smaller degree by oxygen
vacancy (V) formation. Thus the V() concentration in this LSM
composition remains extremely small, typically in the range of
0~ 107 at 973 K and pO, = 1 bar to 6 ~ 1077 at 1273 K
(estimated from vacancy and tracer diffusion coefficients Dy;**4°
and D*%). While the bulk vacancy concentration is known for
given pO, and T, [Vy] at the surface is not directly measurable.
The DFT-calculated energy for the V; formation reaction was
found to be lower by 1.4 eV'? in the surface layer compared to
the bulk (a calculation for LaMnO; using different computer
code and exchange-correlation functional yielded an energy
lowering of 0.9 €V).*! On the other hand, the Vy segregation
energy in (Lay75S1g25)MnOs_s amounts to only 0.5 eV.* Taking
an average segregation energy of ~1 eV, this enthalpy difference
leads to an increase in the respective mass action constant K
by 10° at 973 K. For (La;—,Sr,)MnOj_s, this increase in K =
(PO [ V5] IMn* 1%/[Mn**]? directly corresponds to an increase
of [Vp] since the relative change of [Mn**], [Mn**] is small.
Thus a significant increase of [Vo] at the surface to [Vp]*" ~
107* is expected.

For comparison the vacancy formation energy was also
calculated for the LaO[001] termination and found to be more
endothermic than bulk Vi formation by 0.8 eV. Thus the
LaO[001] termination is not only disfavored by its higher surface
Gibbs free energy, but in addition the concentration of surface
oxygen vacancies (which are relevant for most of the discussed
mechanisms) is strongly decreased relative to the MnO,[001]
termination. This further supports the decision to focus on the
oxygen incorporation on the MnO,[001] surface.

3.5. Relevant Reaction Steps.
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The reaction pathway leading from gaseous oxygen to oxide
ions in the first layer of the LaMnOj; crystal will be divided
into several parts, which can be combined in different ways to
the overall reaction. Scheme A covers the chemisorption of
oxygen on a defect-free MnO, surface including electron
transfers (Roman numbers indicate the oxygen species, see Table
1). Charge and bond length (Table 1) indicate that the tilted
oxygen species I corresponds to a superoxide ion, O;. This
chemisorption step is exothermic by —0.9 eV. Species II can
be regarded as a peroxide ion, O3~, and is higher in energy by
0.2 eV. The calculated barriers for rotation about an axis
perpendicular to the surface amount to 0.04 eV for O, and 0.13
eV for O3 ** As far as we know, there are no reliable
experimental data on oxygen adsorbate coverage at close-to-
operation conditions (elevated 7, pO, > mbar) on LaMnO;,,
or related perovskites available in literature for comparison.
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Estimations based on the DFT results (section 3.3) indicate that
the coverage of molecular adsorbates 03,03~ does not exceed
a few percent. Since the superoxide I is lower in energy and
thus higher in coverage, the following steps will be formulated
starting from this adsorbate.
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For the dissociation of superoxide I, two possibilities have
to be considered. In the first (scheme B), the dissociation into
two O™ ions occurs without interaction with other defects, which
involves a barrier of 0.6 eV relative to species I although the
final state VI is much lower in energy. In the transition state
VIL* the O—O distance is elongated to 1.62 A and the Mn—0,q
distance is similar to lattice Mn—O distances, but this bond is
inclined by 37° relative to the surface normal (see Figure 4). In
the final state VI, the two adsorbed O™~ atop neighboring Mn
experience a small mutual repulsion.*’

cC . ‘0-0" (1)
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Alternatively, an oxygen vacancy Vi*® could be involved in
the dissociation. Before this can occur, the adsorbed superoxide
and an oxygen vacancy have to approach each other (scheme
C). The diffusion of adsorbed molecular oxygen along the
surface has a barrier of 0.2 eV. The diffusion transition state
III*’ can be viewed as a horizontal adsorbed peroxide connected
to two neighboring Mn ions.
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After encounter with a Vp, the superoxide is partly incorpo-
rated into the oxygen vacancy without barrier (scheme D).
Species IV can be described as a tilted peroxide ion sticking in
the oxygen vacancy. Due to this partial incorporation into the
ionic solid, the total charge on the tilted peroxide IV is
significantly more negative than of the surface adsorbate I (Table
1). The subsequent dissociation has a nonzero but very small
barrier (i.e., species IV represents a shallow local energy
minimum).*
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After the dissociation step we are left with adsorbed O~
(species VI) on the surface. Their incorporation requires the
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encounter of the O~ with a V. As shown in our previous study,'?
O~ diffusion along the MnO,[001] surface has a high barrier
of 2.0 eV* and the transition state (species V in Figure 2) can
be regarded as a peroxide ion vertically inserted into a Vo). In
contrast to O diffusion, the surface diffusion of a Vg in the
first crystal layer (i.e., MnO, plane) has a barrier of only 0.67
eV."? Thus the Vg approaches O~ and not vice versa. Since
additionally [Vg] is higher at the surface by a factor of 10°
relative to the bulk, the supply of oxygen vacancies to oxygen
adsorbates will primarily occur along the surface. In principle,
the oxygen vacancy could also be supplied from the crystal’s
bulk. While the vacancies are supplied from a larger sampling
zone (hemisphere extending into the bulk instead of circular
area on the surface), the higher Vg jump barrier in bulk LaMnO;
(0.95 eV'?) and the lower bulk vacancy concentration render
this option less favorable.®® The final incorporation step after
the encounter occurs without barrier (the mutual O™ —Vj
electrostatic attraction leads to an energy gain of —0.7 eV* when
the species are next-nearest neighbors).

[s}

2
)
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For situations with higher surface [Vy] and/or lower molecular
oxygen adsorbate coverage (e.g., higher 7, much lower pO,,
high Sr dopant concentration or Fe, Co instead of Mn), another
mechanism shown in scheme F is worth considering: O, is
chemisorbed from the gas phase right away into a Vj leading
directly to species IV. Dissociation and incorporation then
continue as in schemes D and E.

3.6. Quantitative Assessment of Kinetic Parameters and
Probable Mechanism. The most interesting (and difficult) part
of our analysis is now to decide which combination of the
different reaction steps in the mechanistic scheme results in the
highest overall rate. Because of the lack of reliable data and in
order to keep the treatment manageable, we use the standard
attempt frequency of v = 10'3 s™! and neglect entropy changes
between reactant and transition states (unless otherwise stated).
In the simplest approximation for elementary processes the
reaction rates are given by

H [l] cp e e—AF/kT (13)

where [],[{] is the product of reactant concentration(s) and AE™
the barrier height. We also assume temperature-independent
reaction barriers and enthalpies. (Please note that these ap-
proximations do not force the reaction mechanism to remain
the same between 0 K and high T; the temperature- dependent
levels of adsorbate coverage as well as the different barrier
heights (i.e., different 7' dependences of various elementary
reaction rates) still allow for a change from one pathway in the
reaction network to another.) Actual numerical values are
calculated for pO, = 1 bar and 7= 1000 K and summarized in
Table 2 and Figure 7. Since (La;—,Sr,)MnO;_s has a good
electronic conductivity and its broad electronic bands offer a
large range of electronic states, we assume that electronic charge
transfers are fast compared to processes involving motion of
particles and/or breaking of bonds.

Let us first consider mechanism M1 which starts with
chemisorption directly into V; (scheme F above). This process
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TABLE 2: Overall Oxygen Incorporation Rates for the Different Oxygen Incorporation Pathways (T = 1000 K, pO, = 1 bar,

[Vé]surf — 1074)41

mechanism rate per s per unit cell (16 A? rate-determining step rds activation energy E,, pO, dependence”
M1 [Vo]ete2-107 adsorption of O, into surface-Vj 33eV (pO,)?%0

EI_ZD_E 6(05)+3+10° dissociation of O5 without Vg 0.6to —0.5eV (pO2)°—(pO,)!
ﬁ[;’B_E [Volut-0(07) 10" approach of Vg to O~ 4.0-2.7eV p(0y) 034 —(pO,)010
ﬁ/IgB_E [Vovf-0(057)- 10" approach of 05 to Vp 35-22eV p(03) 034 —(pO,)06°
?/I;C_D_E [Volurt0(07)+ 10" approach of Vg to O~ 4.0-2.7eV p(0y) 034 —(pO,)010
A—C—D—-E

@ The experimental activation energy and pO, dependence for La,_Sr,MnOs_s are E, = 1.3—2.4 eV>7>% and exchange rate o (pQ,)**.10
b The first entry for E,, pO, dependence refers to the limit of high adsorbate coverage, the second entry to low coverage.
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Figure 6. Schematic diagram of the energetics and steps in oxygen
reduction mechanism M2.

is essentially equivalent to the situation that the oxygen molecule
first adsorbs on a Mn neighboring V; because the transformation
to species IV occurs without barrier (step D1). As calculated
from ideal gas theory®! about 8+10° O, molecules per unit cell
area (=16 A?) per second hit the surface if one assumes a
sticking probability of 0.1.°! An additional constraint is that the
oxygen molecule has to hit a V; (or one of the neighboring
two Mn ions). For a surface vacancy concentration of 10™#, this
results in a rate of 80 chemisorbed oxygen molecules per unit
cell per second. The subsequent dissociation of species IV in
step D2 has a very small barrier and is faster. The Vo—O~
approach in step E1 is also faster (see Supporting Information),
and the final incorporation in step E2 is barrier-free. Therefore
this is also the overall reaction rate (only for the improb-
able case of 6(0O7) being lower than 107> the final part
E in this sequence would become limiting with a rate of
[Volt-6(07)- 10" s7! at 1000 K).

The next mechanism M2 with the overall reaction path
A—B—E is oxygen chemisorption and dissociation without
participation of oxygen vacancies (see Figure 6). The chemi-
sorption up to the formation of superoxide I and peroxide species
I is fast>! relative to the following dissociation process B since
here no surface vacancies are required. Thus equilibrium Oy
concentration can be assumed, being 0 &~ 1073 (see section 3.3).
With the standard attempt frequency of 10'* s™! and a factor of
0.5 taking account of the required orientation of the tilted
superoxide, the barrier of 0.6 eV for the dissociation (scheme
B) results in a rate of ~23+10° per surface unit cell (16 A2) per
second at 1000 K. For the final incorporation a surface vacancy
approaches the adsorbed O~ with a rate of [Va]*"+0(0 ™)« 10"
s~! (see Supporting Information) while the incorporation occurs
without barrier and much faster (scheme E). Thus for typical
LSM parameters [V5]**" = 107* and 6(0~) = 0.1, the Vo—O~
approach limits the overall rate (mechanism M2’). This change
of the rate-determining step, in particular for higher coverage
of molecular oxygen adsorbates 8(05"), is illustrated in Figure
7 by the transition from the magenta to the violet plane.

diss. after O, —V,"
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E M2

8 10° [Gissociatt e
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Figure 7. Variation of the oxygen exchange rates on MnO,[001]-
terminated La,;_,Sr,MnOs_; with surface oxygen vacancy concentration
[Vo]*"" and coverage of molecular adsorbates (O3 or O37) at 7= 1000
K, pO, = 1 bar, 6(07) = 0.1. The differently colored planes refer to
the different mechanisms as discussed in the text. For typical
La;_,Sr,MnO;_ parameters [ Vo] = 107* and 6(03) = 0.001, oxygen
incorporation is predicted to occur by mechanism M2’; for lower pO,
and thus lower 6(O;) a switchover to M2 is expected.

The final mechanism M3 (path A—C—D—E) comprises
chemisorption without involving V¢, but with dissociation being
facilitated by interaction with V(. As discussed for mechanism
M2, the formation of superoxide I and peroxide species II on
the defect-free surface is fast and equilibrium concentrations
can be inserted. Then the molecular oxygen adsorbate ap-
proaches the surface vacancy (scheme C). Due to the low
diffusion barrier of 0.2 eV, the rate of [V5]*+60(05)+10'% 57!
is significantly higher than the Vo—O™ approach (see Supporting
Information). The further steps in scheme D up to and including
the dissociation occur almost without any barrier. Thus for low
O35 coverage (0(05") < 0.0003) the approach of O3 to Vo is
rate-determining (M3), while for high coverage of molecular
oxygen adsorbates 6(05") the Vo—O™~ approach (scheme E) can
become limiting as shown in Figure 7 by the transition to the
dark gray plane (mechanism M3).

The summary given in Table 2 and Figure 7 shows that for
typical La,_,Sr,MnO;_;s parameters [Vp]*" = 1074, 6(05) =
1073, and O(0O™) = 0.1, oxygen incorporation by mechanism
M2’ (i.e., by the approach of a Vg to adsorbed O~ being limiting)
is predicted to have the fastest overall rate.** Keeping the
uncertainties in the calculated barriers and the necessary
simplifications/assumptions in mind, a crossover to mechanism
M2 (dissociation without V; assistance, the actual dissociation
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being limiting) upon a slight change of conditions cannot be
ruled out. The next fastest mechanism is the dissociation after
encounter of O5~ and Vg (M3), and this mechanism will become
dominant for materials with higher surface vacancy concentra-
tion. This comparison also illustrates that steps of very different
nature can become rate-determining: thermally activated surface
diffusion of adsorbates and vacancies, dissociation of molecular
oxygen adsorbates with a reaction barrier, or in the case of M1
even adsorption from the gas phase.

Finally let us compare the DFT-based results with experi-
mental data. The overall DFT oxygen incorporation energy into
a surface vacancy is —3.25 eV per oxygen atom (see A,G for
final state VIII in Figure 3). In order to compare with
experimental bulk data, the vacancy surface segregation energy
of about 1 eV has to be added. The resulting value of ~—4.2
eV is about 1 eV more exothermic™ than the experimental data
(2Mnjr, + V5 + 0.50, == 2Mny,+ O%: AHY, = —3.1 eV for
LagsSro,MnOs_¢°* and AH), = —2.3 to (—3.5) eV for
LayoSro;MnO;_s and LaggSro,MnOs_s;>* from the relation
between Dy; and D* for LagsSrosMnOs_s* a similar value of
AHY = —2.8 eV can be estimated®). From the microelectrode
study on Lag74Srg sMnO;_4, '° an effective rate constant k9 =
2+107° cm/s is obtained (extrapolated to pO, = 1 bar, 1000 K)
which corresponds to an exchange rate of about 0.2 per unit
cell per second>® (the experimental error bar is about one order
of magnitude). When comparing with the theoretical values, one
has to keep in mind the uncertainties in adsorbate coverage and
surface vacancy concentration as well as the fact that an error
in an energy barrier (or in the energy level and thus concentra-
tion of an intermediate species) of 0.2 eV changes the rate by
a factor of 10. This is an important point since the calculated
AHS, is by ~1 eV too exothermic compared to the experiment,
which leads to an overestimation of the stabilization of
intermediates (i.e., too high concentrations) and too low barriers.
For the calculation of adsorbate coverage in section 3.3, the
parameters (use of Bader charges instead of formal adsorbate
charges; lower value for Xmax33) are chosen such that they rather
underestimate adsorbate repulsion and thus overestimate levels
of coverage. Also the difference between the real and ideal
surface structure and composition (see Introduction) has to be
taken into account. The DFT overestimation of AHS, by ~1
eV also affects directly all activation energies which have a
contribution from [Vo]*" (mechanisms M1, M2’, M3, M3’), but
an indirect effect on M2 by overestimated adsorption enthalpies
may also occur.

The experimental pO, dependence of the surface rate constant
k9 of Lag 74810, 1sMnO;_¢ is (pO,)** (ref 10, no activation energy
was measured). For LaggSrgoMnOs_s and LagsSrosMnOs_s,
activation energies of k* in the range of 1.3—2.4 eV33 and of
k9 in the range of 1.7—1.9 eV>® were obtained.

The predicted activation energies (comprising reaction barrier
as well as contributions from 7T-dependent defect concentrations
or adsorbate coverage) and pO, dependences for the different
mechanisms are also summarized in Table 2. For mechanism
M1 (rds = adsorption of O, directly into Vg), the number of
successful impacts is o< pO,. Assuming [V5]"™ o< [V5]™* and
taking the experimental dependence [V5]™' o< (pO,) 3* (ref
60), the exchange rate becomes o (p0,)*%. E, is determined
mainly by the T dependence of [Vj]*™ of about 3.25 eV
(assuming a low T dependence of the electronic charge carrier
concentration) since the 7 dependence of the O, impact
frequency is weak.”!

For mechanism M2 the rds is dissociation without involve-
ment of Vg starting from O . Depending on the actual conditions
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the adsorption isotherm will yield either 6(03) < (pO,)! or a
smaller exponent if the coverage approaches the saturation
plateau. This is also the pO, dependence of the exchange rate
(electronic charge carrier concentrations are assumed to be
approximately pO,-independent). The activation energy results
from the dissociation barrier of 0.6 eV and the negative
contribution from the adsortion enthalpy (as long as the isotherm
has not yet reached the approximately 7-independent saturation
plateau) which can even lead to a negative effective E,.5' If
instead of the dissociation the approach of V() to adsorbed O™
becomes limiting (mechanism M2’), the overall activation energy
is the sum of the surface diffusion barrier of 0.7 eV, the T
dependence of [Vp]*™" contributing 3.25 eV, and a potential
negative contribution from the O~ adsorption enthalpy (depend-
ing on the actual position on the adsorption isotherm). The pO,
dependence results from [Vo]*"™ e (pO,)~%3* (see above) and
0(07) o< (p0O,)° to (pO,)"? depending on the actual position on
the isotherm. The typical [Vo]*™, 6(07), and 6(O~) for
La;_,Sr,MnO;_; locate the mechanism close to the boundary
between M2 and M2’; therefore, a decrease of pO, and thus of
6(0y) can lead to a smooth switchover into the pO,-dependent
M2 regime. Such an intermediate situation reasonably agrees
with the experimentally observed pO, dependence of k9 o<
(p0,)** (measured in a limited pO, range between 3107 and
3+1072 bar) and activation energy of ~2 eV.

In mechanism M3 the approach of O, to V) is limiting, and
thus the exchange rate is o< Dg; *0(03)* [Voret (Do; = diffusion
coefficient of O; parallel to the surface). Depending on the
actual regime of the adsorption isotherm, 6(07) e (p0,)° to
(p0O»)". Assuming again [Vo]*" o< (pO,) "3 leads to an exchange
rate o< (pO,) %3 to (p0,)°%°. E, is mainly determined by the
diffusion barrier of Do; (=0.2 V) plus the “activation energy”
of [Vo]* of 3.25 eV resulting in about 3.5 eV, plus a potential
negative contribution from the Oy adsorption enthalpy. In the
case of O~ incorporation becoming limiting (mechanism M3’),
E, and pO, dependence are the same as for M2’

Unfortunately the predicted pO, dependence and E, ranges
of the different mechanisms overlap strongly. Thus though the
predictions from the most probable mechanisms M2/M2’ are
in reasonable agreement with the experimental values, the
comparison does not really yield an independent confirmation
that M2/M2’ is the correct mechanism. Despite some residual
uncertainty, this study yields significant information about
important aspects of oxygen incorporation kinetics (e.g., the
importance of transport steps such as Vg surface diffusion) which
are not available from experiments alone.

4. Summary and Conclusion

Based on DFT calculations, the kinetic parameters for realistic
SOFC operating conditions (pO, = 1 bar, T = 1000 K) have
been assessed. The necessary approximations for deducing
reaction rates at elevated temperature from 0 K DFT results
have been discussed. The estimated reaction rates of various
elementary steps allowed us to draw conclusions on the most
favorable oxygen incorporation pathway on the MnO,[001]
termination of (La;_,Sr,)MnO;_;. Its rate-determining step is
predicted to be the encounter of a surface oxygen vacancy and
adsorbed O~ by thermally activated diffusion of the vacancy
along the surface. Thus, both a high surface vacancy concentra-
tion, reducing the required diffusion length, and a high mobility
are beneficial for obtaining a high reaction rate. The obtained
activation energy and pO, dependence are in reasonable
agreement with experimental data when we consider a change
in the rate-determining step to the actual dissociation of
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molecular oxygen species for lower pO,. Notwithstanding the
limitations and approximations made in this study, the DFT
calculations yield valuable mechanistic insight, e.g., concerning
the importance of surface V) concentration and mobility, beyond
experimental findings. The mechanism on other surface termina-
tions, other cation compositions, or even non-perovskite-type
surface structures remains to be studied in detail (although the
much lower V( concentration on the LaO termination already
points toward a less favorable oxygen incorporation process).
Despite the necessary assumptions and simplifications, this study
demonstrates the complex nature of the oxygen incorporation
reaction mechanism where surface transport steps (on a rather
short length scale) as well as actual reactions (dissociation of
molecular adsorbates) can become limiting.
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