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Abstract reaction (ORR) becomes increasingly important with
The efficiency of solid oxide fuel cells (SOFC) depends criti- decreasing operation temperature. The ORR kinetics
cally on materials, in particular for the cathode where the has been intensively investigated by experiments and @/
oxygen reduction reaction (ORR) occurs. Typically, mixed initio calculations (see e.g., reviews [2—7]): (i) Laj.
conducting perovskite ABO3-type materials are used for this XSrxMnO3_5 (LSM) as one of the first ABO;3-type hole
purpose. The dominating surface terminations are (001) AO and oxygen vacancy (V¢y) mixed conducting perovskites
and BO,, with the relative fractions depending on materials employed as SOFC cathode, and (ii) Laj_SriCo;.
composition and ambient conditions. yFCyOS-B (LSCF) with significantly higher VZ). concen-
Here, results of recent large-scale first principles (ab initio) tration as second-generation materials.
calculations for the two alternative polar (La,Sr)O and MnO»
(001) terminations of (La,Sr)MnOj3 cathode materials are The ORR is a multistep reaction that comprises mo-
discussed. The surface oxygen vacancy concentration for the lecular chemisorption (formation of adsorbed superox-
(La,Sr)O termination is more than 5 orders of magnitude ide O, peroxide O37), O—O bond dissociation, and
smaller compared to MnO,, which leads to drastically incorporation of oxygen species into surface V¢y of the
decreased estimated ORR rates. Thus, it is predicted for pro- cathode material. Typically, one of these steps is much
totypical SOFC cathode materials that the BO, termination slower than the others and plays the role of the rate-
largely determines the ORR kinetics, although with Sr surface determining step (rds), which defines the overall ORR
segregation (long-term degradation) its fraction of the total rate. While certain information on the ORR mechanism
surface area decreases, which slows down cathode kinetics. and the rds can be extracted from experimental data
(e.g., dependence of ORR rate on pO; and dopant/
Addresses defect concentrations [8]), @b witio (first principles)
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calculations are an important complementary tool. The
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allow one to determine defect formation energies and
Corresponding author: Kotomin, Eugene A (E.Kotomin @fkf.mpg.de) migration barriers, which differ from bulk values, and
supply transition state energies. Usually, idealized
model surfaces are assumed. For ABO3 perovskites, low-

Current Opinion in Electrochemistry 2020, 19:122—-128 index (001) 4O and BOZ surfaces typically represent the

This review comes from a themed issue on Fundamental and Theo- lowest energy terminations. Their relative fractions
retical Electrochemistry depend on material composition [9], 7, pO,, and thermal
Edited by Galina Tsirlina history (higher Sr content and/or an increased ratio of 4-
For a complete overview see the Issue and the Editorial site to B-site cations), and is closely related to their

electrochemical performance (see e.g., Refs. [9—13]).
For Laj_SryMnQOj3_5 and La;.SrCoyyFe O35, the situ-
ation is further complicated due to the fact that in
general these terminations represent polar surfaces. The
physics and chemistry of oxide polar surfaces are sum-
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Keywords marized in reviews [14,15]. Polar surfaces are electro-
First principles calculations, Fuel cells, Cathode materials, Polar sur- Statically unstable (“polar Catastrophe” due to infinite
faces, Perovskites, Oxygen reduction Reaction (ORR), Rate deter- dipol d h £
mining step. ipole moment) and must compensate the surface
charge by surface rumpling, reconstruction, or charged
defect accumulation (e.g., Refs. [16,17]).
Introduction

Solid oxide fuel cells (SOFC) allow for clean efficient The ORR kinetics hgs l?een computationally studied
first for the BO; termination (see e.g., Refs. [18,19] and

references therein). Only recently also the 4O termi-
nation—which for LSM becomes increasingly more

conversion of chemical to electrical energy, in particular
also in comparably small devices (several kW), see for
example, Ref. [1]. The kinetics of the oxygen reduction
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stable with higher Sr content [9]—was also investigated
in detail (e.g., Refs. [20—22]). In this paper, we discuss
the ORR kinetics of LSM [18,21] and LSC [22] esti-
mated from «b initio calculated defect concentrations
and migration/reaction barriers, with special emphasis
on the effect of the different 4O and BO; terminations
and the average oxidation state of the B-site cation.

Computational approaches

The computational density functional theory (DFT)
methodology [23] for perovskites containing open shell
transition metal cations has evolved over recent years
from GGA exchange-correlation functionals [24] (e.g.,
in Ref. [18], and still used in Ref. [21] for comparability
with preceding data) to GGA + U (e.g. Refs. [22,25—
271]) and present state-of-the-art hybrid functional ap-
proaches (e.g., [28] and references therein). While
these different functionals yield different absolute en-
ergies, the relative sequence of defect formation en-
ergies and reaction barriers is expected to be correct.

Sufficiently large supercells must be charged to avoid
unintentional interactions of closely spaced defects such
as Vg, and address realistic defect concentrations. If
bulk and slabs or perfect and defective materials prefer
different types of lattice distortion, care must be taken
to avoid or separate such phase transformation energies
from the reaction barriers. Similarly, while different
types of magnetic order cannot be neglected and lead to
different absolute energies, the actual choice of mag-
netic order is less relevant as long as it remains the same
for all studied configurations. To avoid potential artifacts
from compensating background charges, it is preferable
to always work with neutral supercells, that is, when an
O is removed to create a V{7, two electrons remain
behind and are typically accommodated at the transition
metal ions.

The surface properties (defects in surface layer, adsor-
bed molecular and atomic oxygen species, surface re-
action energies) are also calculated using a supercell
model—a two-dimensional slab infinite in the x,y di-
rections and containing a finite number of planes along
the z axis perpendicular to the surface. Typically, 7—8
layer slabs suffice for reasonable convergence of the
results (see e.g., Refs. [26,29]). In order to avoid
spurious mutual defect or adsorbate interactions, the
lateral dimensions must be chosen sufficiently large; the
supercell should comprise at least eight times the unit
cell area, which corresponds to a surface defect or
adsorbate concentration of 0.125 per unit cell.

Symmetrical slabs automatically cancel any overall
dipole moment (but local dipoles between surface and
second layer may remain), but modify the overall cation
A/B ratio and thus possibly the transition metal oxida-
tion state [21], cf. discussion below. On the other hand,
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asymmetrical slabs as applied for example, in Ref. [22]
preserve the A/B ratio but may require additional dipole
corrections.

The adsorbate concentrations (coverage) are deter-
mined by the adsorption energy and entropy. The latter
is negative (loss of degrees of freedom) and can to first
approximation be estimated from the experimental gas-
phase entropy of O, molecule, yielding a contribution of
TAS? = 2 eVat 1000 K [4,18]. Since adsorbed oxygen
species are negatively charged, even for highly negative
adsorption energies, the mutual Coulombic repulsion
limits the coverages to a plateau value in the range of
20% [18,21,30].

From the zero Kelvin DFT calculations, the overall
oxidation energy AE,, and energies of intermediates and
transition states are obtained. To address operational
high-temperature conditions, the Gibbs free energies
are then calculated taking into account the entropy ef-
fects. The largest entropy effect appears for the oxygen
adsorption (see earlier discussion). Changes caused by
modified vibrational contributions from surface atoms
and defects can be also considerable, especially for
charged oxygen vacancies [31]. DFT calculations can
also be used to explore the thermodynamic stability of
cathode materials against decomposition/phase trans-
formations, see for example, Ref. [32]. More computa-
tional details can be found in the respective references.

(La,Sr)MnOgj: effect of surface termination
on defect and adsorbate concentrations

The effect of AO and BO; termination was investigated
in Ref. [21] on the example of LaMnOjz (LM),
Lao.758r0.25Mn03 (LSZSM), and Lao.ssl‘o.sMnO3
(LS50M). Table 1 summarizes the slab cation compo-
sitions and the resulting average Mn oxidation states.

Experimentally, LSM exhibits extremely low bulk V¢
concentrations below 1077 at SOFC operation condi-
tions, and even formal oxygen excess (= cation va-
cancies) for low Sr doping [33]. Already for bulk, the Mn
oxidation state has a strong effect on the energy of V5
formation (= removal of a neutral O accommodating the
left-behind two electrons at neighboring Mn). As long as
the average Mn oxidation state is < +3.25, the vacancy
formation energy EV(-)- is = 4.5 eV, but for larger Mn
oxidation states up to —+3.6, it strongly decreases
approximately linearly to 2.5 e¢V. Owing to the local
structure distortion, Ky for surface vacancies is ex-
pected to differ from the bulk values. From the
decreased coordination number on the surface layer, one
might expect also decreased Ky, values. However, the
AO terminations carry a nominal positive excess charge
of +1¢ (LaO; LM) to +0.5¢ (Lag.5Srg.50; LS50M),
which disfavors V¢ formation. This increases Ly, for
the AO termination by up to 0.6 eV over the respective
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Table 1

Overview data on bulk LSM 2 x 2 x 2 supercells and symmetrical 7-layer (001) slabs, the La/Sr ratio is the same in surface and deeper

layers. Data from Ref. [21].

Xsr Bulk Mn ox. state Bulk ionic charges/e (La,Sr)O terminated slab MnO, terminated slab
La Sr Mn O Ox. state Composition Ox. state Composition
0 +3.00 2.08 1.71 -1.27 +2.67 La4Mn3O10 +3.25 La3Mn4O11
0.25 +3.25 2.09 1.59 1.78 -1.25 +3.00 La3SrMn301o +3.44 L32A25Sr0.75Mn4011
0.50 +3.50 2.10 1.58 1.83 -1.22 +3.33 Lagsl'gMnso1o +3.63 Lay .5S|’1 .5M|’14011

bulk value. On the other hand, the nominal negative
excess charge of the MnO; termination of —0.75(1LM)
to —0.37 (LS50M; variation caused by the different
average Mn oxidation state) decreases £y, by about
0.4 eV relative to bulk. The approach of Ey;; to the bulk
value in deeper layers is depicted in Figure 1.

At 1000 K, the total difference of 1—1.2 ¢V in the surface
Ey,; for the two terminations—for a given average Mn
oxidation state—leads to a more than 5 orders of
magnitude difference in the surface V¢ concentrations
(comparing surface-£y,; for symmetrical LSM slabs
without considering the different Mn oxidation states of
AO and BO, terminations would strongly overestimate
this ratio). The consequences for the ORR rate will be
discussed below.

Bulk and surface Vg5 formation for LM has also been
calculated in Ref. [26]. The use of Uy = 4 €V leads to
bulk £y, used in the present study, and being less
positive by 1.2 €V than with Uy = 0 €V (in line with the
U, dependence reported in Ref. [25]). However, the
energy differences between bulk and surface V{3 are
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Vacancy formation energies in different layers of (001) terminated slabs of
LM, LS25M, LS50M. The arrows indicate the energy difference relative to
bulk with the same average Mn oxidation state (same for both termina-
tions of LM, but different for the LS25M and LS50M terminations).
Figure reproduced from Ref. [21].

very similar to the behavior shown in Figure 1; corre-
spondingly the relative difference of concentration be-
tween AO and BO; termination is comparable.

Also the adsorbed oxygen species are affected by Mn
oxidation state and surface polarity [21]. This does not
only refer to the adsorption sites (atop Mn for MnO;; on
“hollow” bridging positions above two (L.a,Sr) on (L.a,Sr)
O) and energies, but even to the nature of the adsorbed
species. This is indicated in Figure 2 [21]. Based on the
charge and in particular the O—O bond length, the
molecular adsorbed oxygen species on the LSM MnO,
termination can be assigned to superoxide O, . How-
ever, for the (LLa,Sr)O termination, significantly longer
O—O0 bond lengths are found, which indicates a more
negative charge (larger population of antibonding or-
bitals) up to peroxide Og_. Atomic adsorbed O™ species
on (LLa,Sr)O have a much more negative charge than on
MnO; such that they can rather be assigned as OZ(I. In
other words, the positive excess charge of the (La,Sr)O
surface layer does not only disfavor formation of Vg5 but
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Charge of molecular oxygen adsorbates on (La,Sr)O termination and
MnO, termination versus O—O bond length; for comparison also gaseous
O,, and experimental O—0 bond lengths in HO,, H>O, are indicated [34].
Figure reproduced from Ref. [21].
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in turn stabilizes stronger negatively charged adsorbed
oxygen species.

The adsorption energies for molecular as well as atomic
oxygen species AH,; on LSM MnO; terminations are
almost independent of the Mn oxidation state, being
about —1 eV. This can be assigned to two trends, which
apparently largely cancel each other: more favorable
electron transfer to adsorbed O species, but also stron-
ger electrostatic repulsion between negative adsorbates
and negatively charged MnQO,; surface layer at less pos-
itive Mn oxidation state. From this A/, value, one can
estimate an adsorbate coverage below approx. 1% for
SOFC operation temperature of 1000 K (the comparably
low coverages are caused by perceptible negative en-
tropy of adsorption, estimated to —120 to —200 J/mol K
[18] based on experimental data). On the (La,Sr)O
termination, the adsorption energies are found to vary
strongly with Mn oxidation state, from = —4.5 ¢V (Mn
2.67+) to = —2 eV (Mn 3.37+). Comparing the values
at a fixed Mn + 3.25 oxidation state, AH,; is about 1 eV
more exothermic on (LLa,Sr)O. This should in principle
increase the adsorbate coverages at 1000 K by several

Calculations of oxygen reduction reaction Kotomin et al. 125

orders of magnitude. However, since the adsorbates are
negatively charged, they experience increasing mutual
electrostatic repulsion and the coverage is expected to
level off at about 20% [18,21,30].

(La,Sr)MnOs;: energy profile and ORR
kinetics

The energy profiles for the oxygen incorporation reac-
tion on the AO termination based on the results from
Refs. [18,21] are shown in Figure 3 (to have similar
average Mn oxidation state, we compare LM MnO;
(Mn3'25+) and LS50M (La,Sr)O (Mn“‘”) termina-
tions). One has to keep in mind that the entropy change
= 2 eVat 1000 K due to loss of translational, rotational
degrees of freedom of O;) makes a significant contri-
bution when going from the DFT energy calculated at
zero Kelvin to Gibbs free energy for SOFC operation
conditions.

The molecular oxygen adsorption forming O, O%f is
generally assumed to be a fast process on both termi-
nations of redox-active perovskites as it requires only

Figure 3
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Calculated energy profiles for oxygen incorporation on the LM (001)MnO, (average Mn 3.25 + oxidation state) and LS50M (001) (La,Sr)O termination (Mn
3.33+); at zero K, no entropy effects included. The total reaction energy AE,, for O incorporation into surface oxygen vacancies is less exothermic for LM
MnO, because Vg are stabilized in the MnO, surface layer and destabilized at the (La,Sr)O surface. The encounter of MnO, and O;d/zf is the rate-
determining step for both terminations. Reproduced from Refs. [4,21] with permissions from the PCCP Owner Societies.
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electron transfer (also in other steps the respective
electron transfers are expected to be fast). Owing to the
low V¢ concentrations even on the MnO; termination
of LSM, molecular oxygen adsorption directly into a V¢y
can be neglected.

For LM MnO;, the O—O dissociation barrier without
V& assistance was found to be 0.6 eV. At comparably low
0Oy, the O—O dissociation was estimated to be rate
determining, while for higher pO; the approach of a V¢y
to the formed O, was concluded to be the rds (the final
incorporation of Oy into a surface V& occurs without
barrier) [4,18].

For LS50M (La,Sr)O the atomic as well as molecular
oxygen adsorption energies are quite negative (=-
2.4 eV for O, 2-(-1.8 eV) for 2 OZ). Thus, the
adsorbate coverages approach the plateau of approx. 20%
mentioned before, with the Ogd_ coverage exceeding
that of O%f. Similar to the MnQO); surface, the incorpo-
ration of OZy into a neighboring V¢ is considered not to
have a large barrier, and thus to be fast. For L.S50M
(La,Sr)O the O; dissociation has a perceptible barrier of
0.8 eV. However, the encounter of the formed Oig
species with a surface Vg5 is considered to be even
slower, because the surface V¢ concentration on this
surface is extremely small. Diffusion of Oig along the
surface has a high barrier of 1.3 €V, and also the approach
of a V¢S from bulk is comparably unfavorable (bulk V¢y
migration barrier 0.95 €V, and V{§ less stable in surface
layer by 0.4 €V than bulk (Figure 1)). Therefore, also for
LS50M (La,Sr)O the encounter of the formed Og(;
species with a surface V¢y is regarded as the rds [21].

So at comparably high pO; as relevant for an SOFC
cathode material, for both LSM 4O and MnO; termi-
nation the same reaction step determines the ORR rate.
The ORR is expected to be much slower for the 4O
termination. On one hand, the more negative adsorption
energies for atomic as well as molecular oxygen species
on the AO termination can only partially be translated
into higher O, 4, O,{" concentrations because they
run into the plateau value at about 20%. On the other
hand, the surface V¢ concentration is lower by more
than 5 orders of magnitude on the AO termination.
Combined with the higher effective migration barrier for
027 -Vey encounter, the ORR rate for the 4O termina-
tion is estimated to be approx. 3 orders of magnitude
lower than for MnO;, at 1000 K [21]. This rough esti-
mate indicates that even if most of a real SOFC cathode
surface has a (La,Sr)O termination, even small patches
of MnO; termination might still make a significant
contribution to the overall ORR kinetics.

Finally we emphasize that the slow ORR rate of the
(La,Sr)O surface is not due to difficulties of the electron
transfer at this surface—as long as it is the 4O termi-
nation of the perovskite structure, the hybridization of

O and B-cation states still allows for easy electron
transfer from the transition metal to adsorbed oxygen
species. Only when multilayer separate (L.a,Sr)Oy
phases are formed, they will become electronically
insulating.

(La,Sr)Co0O3: ORR mechanism and kinetics
for AO and BO, termination
La;Sr,Coy.yFe O35 perovskites have a bulk V¢§ con-
centration in the range of 0.01—0.1 under SOFC oper-
ation conditions [35]. This is one reason for their higher
ORR rates compared to LLSM (see e.g., [4,36]). A
comparison of defects, adsorbates, and reaction barriers
on the different surface termination has recently been
made for Lag.5Sry.5C003.5 (LS50C) using the GGA + U
functional and an asymmetric 8-layer slab with one
(001)SrO (mimicking Sr surface segregation) and one
(001)CoO; surface. Finite temperature ORR rates for a
large number of potential mechanisms have been
determined from a microkinetic model [22].

Similar to the previously discussed results for LSM, the
surface Vg5 concentration for LS50C is decreased on the
SrO and increased on the CoO; termination. The in-
crease of adsorbate concentrations on the LS50C SrO
termination is less pronounced that on the LLSM (L.a,Sr)
O terminations, which might be related to the fact that
the former carries no formal net positive charge. For the
SrO surface, the rds was found to be the encounter of
adsorbed atomic O species and surface Vg5 (similar to
the LLSM (La,Sr)O results), and correspondingly the
ORR rate directly suffers from the decreased surface Vgy
concentration. For the CoO; surface, the Vg5 -assisted
dissociation of molecular adsorbed species was identi-
fied as the rds (the higher V¢ concentration on LSC
enables a vacancy-assisted dissociation, in contrast to
LSM). Overall, at 650—800 °C and 20% O, the ORR
rate on the LS50C CoO; surface is calculated to be
about 2—3 orders of magnitude faster than on SrO. Again
this suggests that small patches of BO; termination
might significantly contribute to the overall ORR ki-
netics. Interestingly, for LS50C CoO; the absolute ORR
rates are only about 1.5 orders of magnitude lower than
the upper limit estimated from the gas-phase O, impact
frequency. This emphasizes the potential of high
ORR rates if a “clean” BO, termination could be stabi-
lized [22].

ORR and OER kinetics of perovskites in
aqueous environment

This article mainly focusses on the oxygen reduction
reaction at the gas—solid interface. Here, we want to
comment very briefly on the oxygen reduction or evo-
lution from aqueous phase, which is important for water
splitting/electrolysis and fuel cells operating at low
temperatures. Ab initio modeling of the ORR and OER
reaction in aqueous environment is challenging for
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several reasons. While mixed conducting ABO3_5 perov-
skites are attractive owing to lower materials cost than
precious metals, they are usually not stable in acidic
solutions. Even when exposed only to basic solution,
severe cation leaching, surface reconstruction, or
amorphization may occur (see e.g., Ref. [37]), making
the real surface strongly differ from idealized configu-
rations used in first principles calculations. In Ref. [38],
the material’s stability and activity were found to be
closely related. Trends for the OER activity of binary
oxides as well as perovskites have been calculated in
Ref. [39]; however, based only on the energies of
adsorbed intermediate species (not transition states).
Reaction barriers and the sensitivity of the OER reaction
to structural features such as the metal—metal distance
have been considered more recently [40,41]. Owing to
the reaction at the solid/water interface, solvation ef-
fects and protonation of intermediate species may
become important, see for example, Refs. [42,43]
Depending on the electronic structure of the perovskite
(in particular the covalency of the transition metal—
oxygen bond), the evolved oxygen is formed either
only from adsorbed OH groups, or partly/completely
from lattice oxygen (with the formed V{y filled from
HZO in a subsequent step) [44,45].

Conclusions

Recent @b initio calculations elucidated strong differ-
ences for the two possible polar (001) 4O and BO;
terminations of ABO3 cathode perovskites. The surface
oxygen vacancy concentration is drastically decreased on
AO, while the concentrations of adsorbed atomic and
molecular oxygen species are increased but reach a
plateau value of =20%. For the AO terminations of La;_
SryMnO3_5 and La;_SryCoO3_5, the encounter of sur-
face V& and adsorbed atomic O species is identified as
the rate-determining step. Owing to the low-surface V¢y
concentration, the oxygen reduction rate is estimated
orders of magnitude lower than for the respective BO;
surface. Thus, even a small fraction of BO; may domi-
nate the overall kinetics.

The comparison of results from different DFT studies
shows that while absolute energies depend on the actual
functional, the general trends (e.g., relative defect for-
mation or adsorption energies) are rather comparable.
While exactly modeling real oxide surfaces with high
chemical and structural complexity (chemical in-
homogeneity, higher-dimensional defects, etc.) is not
possible, @b inmitio calculations still yield important
mechanistic insight based on properly chosen model
surfaces. In order to (at least approximately) describe
the full complexity of real surfaces at SOFC operation
conditions, a combination of zero temperature ab nitio
calculations with large scale finite temperature models
such as Kinetic Monte Carlo approaches is required, as
well as joint efforts with experimental studies.
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