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Cubic perovskite LaMnO3 surface models were constructed to elucidate the mechanism of oxygen
reduction using quantum chemical calculations with molecular dynamics (MD) simulations. Calculations
predict that both dissociative and molecular adsorption may occur, depending on adsorbate configurations.
Superoxo- or peroxo-like species may locate at La, Mn, and Osub active sites with different vibrational
frequencies and atomic charges. A stepwise elementary reaction sequence via the superoxo- or peroxo-
like intermediates at both perfect and defective LaMnO3 was constructed by mapping out minimum-
energy paths (MEPs) using the nudged elastic band (NEB) method. Charge transfer for the O2-LaMnO3

interactions was also explored by Bader charge analysis. In particular, ab initio MD simulations carried
out to simulate solid oxide fuel cell conditions at 1073 K suggest that oxygen vacancies enhance O2

dissociation kinetics.

1. Introduction

Solid oxide fuel cells (SOFCs) have attracted much
attention because of their high-energy efficiency and excel-
lent fuel flexibility.1-8 While the development of SOFC
technology has moved forward rapidly in recent years,
understanding the detailed mechanisms of interfacial reac-
tions remains a grand challenge.

The overall electrochemical reaction for oxygen reduction
at the cathode of an SOFC can be generally described as
follows:

However, the detailed mechanism of oxygen reduction can
be very complicated. According to a phenomenological
description9,10 for the oxygen reduction reaction at the
interface of porous cathode/electrolyte composite materials
under SOFC operating conditions, oxygen first adsorbs at

the cathode surface with either an end- or a side-on
intermediate. Then, the adsorbed oxygen species directly
dissociates to monatomic oxygen ions (O-) or is reduced to
diatomic superoxo- and peroxo-like species (O2

- and O2
2-,

respectively), followed by dissociation to monatomic oxygen
ions. Subsequently, the dissociated oxygen ions either reduce
to O2- followed by incorporation into the lattice or combine
directly with an electron and an oxygen vacancy. Further-
more, surface diffusion of the oxygen species may occur,
and then the adsorbed oxygen species may move to or near
triple-phase boundaries (TPBs), where a cathode, an elec-
trolyte, and oxygen species meet at electrochemically active
sites. Although numerous extensive studies11-15 for the
oxygen reduction reaction at SOFC cathode materials have
been performed, the mechanism has not been fully under-
stood as a result of the complexity of the interfacial
phenomena at or near TPBs. Impedance spectroscopy (IS)
has been widely applied to characterize electrochemical
performance in SOFCs, but it has provided limited informa-
tion about the reaction mechanism so far.16 Although
preliminary studies of the oxygen reduction reaction using
in situ vibrational surface spectroscopy17-19 have been
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conducted, mechanistic details have not been directly ob-
served experimentally.20 Furthermore, experimental studies
to date are still unable to identify the active sites for the
oxygen reduction reaction at the SOFC cathodes.21 Quantum
chemical calculations22-27 may be a powerful approach to
elucidate the O2-cathode interactions as the technique can
provide electronic structures, geometrical parameters, and
energetics of bulk and adsorbed intermediate species. Owing
to rapid advances in computation and theoretical methodol-
ogy, numerous theoretical studies on the most widely used
LaMnO3 cathode material have been reported.28-43 However,
to the best of our knowledge, no detailed mechanistic studies
of the oxygen reduction at the LaMnO3-based cathode
materials using quantum chemical calculations are available
in the literature. Here we report our results on the application
of periodic density functional theory (DFT) calculations to
exploration of the molecular processes involved in oxygen
reduction on perfect and defective LaMnO3 surfaces, predict-
ing the most probable oxygen reaction pathway as well as
the vibrational frequencies and atomic charges of the
adsorbed surface oxygen species.

2. Computational Details

Similar to our previous study of the O2-CeO2 interac-
tions,20 as implemented in the Vienna ab initio simulation

package (VASP),44,45 the periodic DFT method with the
projector augmented wave (PAW)46 method was applied. For
the exchange and correlation energies, we used the general-
ized gradient approximation (GGA) with the Perdew-Wang
(PW91) functional.47 In this study, we consider only the
highly symmetric cubic perovskite structure ofPm3m since
the LaMnO3 cathode material has a cubic structure under
SOFC operating conditions.28-30 On the basis of a detailed
study by Kotomin and co-workers,33 all calculations were
carried out using (4× 4 × 4) Monkhorst-Pack mesh48

k-points and with a 400 eV cutoff energy, allowing conver-
gence to 0.01 eV of the total electronic energy. Convergence
criteria for the ionic update cycle and the electronic self-
consistency cycle were set to 10-4 and 10-5 eV/atom,
respectively. We chose the spin-polarized method to properly
describe the magnetic property of LaMnO3 and the triplet
ground state of oxygen. Regarding our initial calculations
for ferromagnetic (FM) and anti-ferromagnetic (AFM) states
of LaMnO3, the FM configuration is∼0.5 eV more stable
than the AFM configuration, proving the ground state of the
cubic LaMnO3 phase is FM. This is similar to the previous
work by Evarestov and co-workers.30 In particular, the
adsorption energy difference for the interaction of a super-
oxo-like species with the FM and AFM states is less than
0.03 eV, which is within the uncertainty of DFT methods
(∼0.09 eV).49 Thus, all the calculations were carried out
based on the FM state. The estimated bulk lattice constant
for LaMnO3 is 3.876 Å, which is in good agreement with
the experimental values of 3.879 Å50 and 3.889 Å51 (see
Figure 1). After optimizing various intermediate states,
vibrational frequencies of adsorbed oxygen species were
calculated to identify their superoxo- or peroxo-like char-
acteristics, providing a scientific basis for direct identification
of these species at cathode surfaces using surface vibrational
spectroscopy. For the calculations, the surface was fixed,
while only adsorbed oxygen species were displaced. The
nudged elastic band (NEB) method52,53was used to map out
minimum-energy paths (MEPs) by connecting reactants, local
minima, or products. Atomic charges of the optimized
structures were estimated to examine charge transfer between
the adsorbates and the substrate by means of the Bader
analysis program,54,55 which is based on Bader’s theory of
atoms in molecules (AIM) regarding the topological proper-
ties of electronic densities of molecules.56,57 Furthermore,
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we carried out molecular dynamics (MD) calculations using
the VASP code to simulate SOFC operating conditions at
1073 K.

3. Results and Discussion

A. Characterization of Bulk LaMnO 3 and Low-Index
LaMnO 3(111), (110), and (100).To examine the surface
stability of low-index (111), (110), and (100) surfaces, we
constructed surface models as periodically repeated slabs
consisting of six, eight, and six atomic layers, respectively,
as illustrated in Figure 1 and Figure S1 (Supporting Informa-
tion). Slabs of the surfaces were separated by a vacuum space
that is 2.5 times as thick as each slab. Summarized in Table
1 are the surface energies in the units of J/m2 of LaMnO3-
(111), (110), and (100) as estimated according to the equation

Esurf ) 1
2S

(Eslab - Ebulk), where Esurf, S, Eslab, and Ebulk

correspond to the surface energy, the surface area, and the
calculated electronic energies of the slab and the bulk,
respectively.58 It is found that the (100) surface may be
energetically the most stable among the surface models (see
Table 1), which is in line with the previous study.30 In this
study, however, we chose the (110) surface with LaMnO-
and O-terminated layers to examine oxygen reduction at both
La and Mn cations because the (100) surface is terminated

by a LaO or MnO layer. To examine the JT effects on
splitting of Mn 3d levels into t2g- and eg-like levels41,59 we
have calculated the local density of states for Mn ions on
the (110) surface model used for oxygen reduction. As shown
in Figure S2 (Supporting Information), these levels are nearly
overlapped, implying that the JT effects for the oxygen
reduction reaction are insignificant. To conserve computa-
tional resources, the surface size for surface calculations was
reduced as shown in Figures 2b and 2c. We found that
relaxing the three top layers may be sufficient to carry out
surface calculations. Therefore, in this study, all the surface
calculations for O2-LaMnO3 interactions were carried out
on the LaMnO- and O-terminated LaMnO3(110) surface
models by relaxing the three top layers. In addition, based
on the approach by Jiang and co-workers,60 the O-vacancy
formation energy of LaMnO3 (LaMnO3 f LaMnO3-x +
VO

•• + 1/2O2(g)) was calculated asEO-vac ) E[LaMnO3-x] +
1/2E[O2] - E[LaMnO3], where LaMnO3-x and VO

•• represent
defective LaMnO3 and an oxygen vacancy, respectively.
E[LaMnO3-x] and E[LaMnO3] denote the calculated elec-
tronic energies of defective and perfect LaMnO3 surfaces,
respectively.E[O2] is the predicted energy of triplet O2 in a
10 Å cubic box20 (see Table S1, Supporting Information).
In this study, the theory at the GGA-PAW-DFT level
predictsEO-vac of approximately 4.85 eV.

B. Surface Oxygen Intermediates on LaMnO3(110).In
this study, the adsorption energy is defined as∆Eads ) EP

- ER, whereEP andER are the calculated electronic energies
of bonded and nonbonded oxygen species on LaMnO3,
respectively.

It is well-known that surface adsorption processes are
affected by surface active sites.20,61Thus, we initially studied
dissociative and molecular adsorption of O2-LaMnO3(110)
interactions. As illustrated in Figures 2b and 2c plausible
intermediates were optimized by placing an oxygen molecule
at various active sites on LaMnO- and O-terminated surfaces,
including “La-top”, “Mn-top”, “O-top”, “Osub-top”, and “O-
top” corresponding toLa-I , Mn-I , O-I , O-II , and O-I ,
respectively.

Various configurations of adsorbed oxygen species for
molecular adsorption were located, corresponding to end-
on, side-on, or bridging structures. The intermediates were
categorized based on the notation ofa, b, c, andd (see Figure
2). v of Mn-a-v denotes a vertically adsorbed structure,V
of Mn-a-V represents an intermediate optimized on defective
LaMnO3, andsub of O-sub means the second layer on the
surface model. Figure 3 illustrates the optimized geometries
of adsorbed di-oxygen and dissociated monatomic species.
Table 2 summarizes adsorption energies (-3.54< ∆Eads<
-0.40 eV). The energies listed in Table 2 clearly show that
the LaMnO-terminated surface is energetically more favor-
able for oxygen reduction than the O-terminated surface. As
compiled in Tables 2 and 3, atomic charges of adsorbed di-

(58) Yang, Z.; Woo, T. K.; Baudin, M.; Hermansson, K.J. Chem. Phys.
2004, 120, 7741.

(59) Satpathy, S.; Popovic´, Z. S.; Vukajlović, F. R.Phys. ReV. Lett.1996,
76, 960.

(60) Jiang, Y.; Adams, J. B.; Schilfgaarde, M. V.J. Chem. Phys.2005,
123, 064701.

(61) Pushkarev, V. V.; Kovalchuk, V. I.; d’Itri, J. L.J. Phys. Chem. B
2004, 108, 5341.

Figure 1. Bulk structure of cubic perovskite LaMnO3. The values in the
brackets and the parentheses represent the experimental data from refs 50
and 51, respectively.

Table 1. Summary of Calculated Surface Energies of LaMnO3(111),
(110), and (100)

surface energies (J/m2)

(100) (110) (111)

unrelaxed 1.60 2.68 1.86
relaxed 0.83 1.37 1.37
Sa (×10-19, m2) 3.01 4.25 5.21

a Surface area.
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and monatomic oxygen species were estimated by Bader
charge analysis.54,55 The Bader charge analysis shows that
charge transfers from the surface, especially La, Mn, and O
ions on the top layer, to adsorbed oxygen species. Also, it
clearly shows that the contribution of the sublayers to charge
transfer is insignificant during adsorption and dissociation.
As shown in Tables 2 and 3, the atomic charges of the
dissociated oxygen monatomic species are close to that of
the oxygen anions of the substrate (see Table S2, Supporting
Information).

In addition to the perfect LaMnO3 surface model, a
defective surface was generated by removing an oxygen
anion (O2-), O-I , from the top layer, as shown in Figure 2b.
The defective model is more representative of the actual
SOFC cathode materials such as Sr-doped LaMnO3.62 As
summarized in Table 3 and Figure 4, the optimized geom-
etries of the adsorbed oxygen species on the defective
LaMnO3 are slightly different from those on the perfect
surface. Table 3 lists the altered O-O bonds and their
vibrational frequencies. Those intermediates on the defective
LaMnO3 surface are energetically more favorable and have
different atomic charges compared to those on the perfect
surface. Regarding the atomic charges, those intermediates
optimized at the defective surfaces are noticeably changed
(see Table S4, Supporting Information), whereas those of

the bulk and the perfect surfaces are very close. In particular,
we categorized intermediates as superoxo- or peroxo-like
species based on the predicted geometry and vibrational
frequency (see Tables 2 and 3).

Similar to the manner in which we compared the coverage
effect on the H2S-Ni interactions using different surfaces,63

a double-sized LaMnO3 surface was constructed, and the
Mn-c-d configuration was applied. Interestingly, the adsorp-
tion energy difference of the peroxo-like species is insig-
nificant, with a slight change in the bond distance and
vibrational frequency (from 1.420 to 1.431 Å and from 975
to 949 cm-1, respectively). This means that our initial surface
size may be sufficient for characterizing the oxygen reduction
reaction on the LaMnO3 surface models.62

C. Reaction Mechanisms of Oxygen Reduction on
LaMnO-Terminated LaMnO 3(110). As mentioned, we
constructed the MEPs using the NEB method on the LaMnO-
terminated surface to theoretically characterize the oxygen
reduction reaction on LaMnO3 surfaces. As a result of the
absence of theO-sub intermediate on the defective surface,
as shown in Table 3, only the reaction pathways based on
local minima adsorbed on A and B cations (La and Mn,
respectively) were examined to properly compare the reaction
mechanisms on the perfect surfaces with those on the
defective surfaces. Figures 5 and 6 display the potential

(62) La1-xSrxMnO3 (x ) 0.17 and 0.5) surface models have been
constructed, and more realistic mechanistic results will be reported in
a future article.

(63) Choi, Y. M.; Compson, C.; Lin, M. C.; Liu, M.Chem. Phys. Lett.
2006, 421, 179.

Figure 2. (a) Side view of LaMnO-terminated LaMnO3 (110). (b and c) Top views of LaMnO- and O-terminated LaMnO3 (110) surfaces, respectively. The
rectangles represent the supercell cells for surface calculations.I and II correspond to the atoms on the top and second layers, respectively.
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energy profiles and estimated atomic charges.
On the Perfect LaMnO3 Surface. Figure 5 illustrates

molecular adsorption pathways via two active sites of La

and Mn cations on the perfect LaMnO3(110) surface. It the
asymptotic region (>4.0 Å), the bond length of the oxygen
molecule is close to that of the gas phase,∼1.23 Å (see
Table S1, Supporting Information). As the oxygen molecule
approaches the La or Mn cations of the substrate, the total
energy decreases and forms the superoxo-likeLa-a-v and
Mn-c intermediates with exothermicities of 1.51 and 1.76
eV, respectively. The process involves elongation of the
O-O bond (1.295 and 1.314 Å, respectively) in which the
O-O bond is not yet fully cleaved (see Figure 3). After

Figure 3. Optimized geometries for the oxygen reduction reaction on (a) LaMnO- and (b) O-terminated LaMnO3 (110). The bond lengths are in Å. Dashed
circles represent adsorbed oxygen species on the surface.

Table 2. Adsorption Energies, Geometrical Parameters, Predicted
Vibrational Frequencies, and Atomic Charges of Adsorbed Oxygen

Species on the Perfect LaMnO3(110) Surfaces

atomic charge (e)

species
adsorption

energya (eV)
r(O-O)

(Å)
VOO

(cm-1) O1 O2 sum remark

LaMnO Termination
LaMnO3 + O2 0.00
La-a-v -1.51 1.302 1207-0.07 -0.51 -0.58 superoxo-
La-a -2.35 1.404 979 -0.41 -0.48 -0.90 peroxo-
Mn-c -1.76 1.314 1177-0.47 -0.20 -0.67 superoxo-
Mn-d -1.80 1.322 1143-0.44 -0.24 -0.68 superoxo-
Mn-c-d -2.20 1.420 975 -0.56 -0.41 -0.97 peroxo-
O-sub -3.54 1.433 957 -0.44 -0.73 -1.17 peroxo-
Mn-a -7.36 - - -1.08 -1.06 -2.14 dissociated

producta

O Termination
LaMnO3 + O2 0.00
OO-brg -0.40 1.232 1558 0.07-0.18 -0.11 physi-

sorption

a Mn-a corresponds to the final product in the mechanistic study.

Table 3. Adsorption Energies, Geometrical Parameters, Predicted
Vibrational Frequencies, Atomic Charges of Adsorbed Oxygen

Species on the LaMnO-Terminated Defective LaMnO3(110) Surface

atomic charge (e)

species
adsorption

energy (eV)
r(O-O)

(Å)
VOO

(cm-1) O1 O2 sum remark

LaMnO3-x + O2 0.00
La-a-V -9.31 -1.29 -1.24 -2.53 dissociated
La-a-v-V -1.12 1.304 1176-0.49 -0.13 -0.62 superoxo-
Mn-c-V -1.82 1.301 1265-0.57 -0.18 -0.75 superoxo-
Mn-c-d-V -2.70 1.445 861-0.46 -0.60 -1.06 peroxo-
P-v-V -6.99 -1.32 -0.92 -2.24 dissociated
products -9.32 -1.30 -1.23 -2.53

1694 Chem. Mater., Vol. 19, No. 7, 2007 Choi et al.



overcoming small reaction barriers of 0.01 and 0.08 eV at
TSla andTSmn, respectively, the superoxo-like intermedi-
ates convert to the peroxo-likeLa-a andMn-c-d intermedi-
ates along with elongation of the O-O bond distance, whose
exothermicities are 2.35 and 2.20 eV, respectively. In
addition, it was found thatLa-a and Mn-c-d can form
directly from the reactants without barrier, which was verified
by the NEB calculations. Then, the peroxo-like species
dissociates to produce two oxygen atoms with an exother-
micity of 7.36 eV, proving that the adsorption/dissociation
process on the perfect LaMnO2 surface is energetically
favorable. Our extensive NEB calculations show that the
process may occur without barrier except for the small
reaction barriers for the isomerization process from the
superoxo- to peroxo-like species. The atomic-charge calcula-
tions of each intermediate and product clearly demonstrate
that as the adsorption/dissociation process proceeds via the
two active sites (La and Mn sites), the charge becomes more
negative.

On the DefectiVe LaMnO3 Surface.Similar to the perfect
LaMnO3 surface, we carried out a mechanistic study for the
molecular adsorption pathway at the defective LaMnO3

surface as discussed in the previous section. As shown in
Figure 4 and Table 3, we failed to locate the peroxo-like
species at the La cation site; thus, we considered only the
Mn cation pathway. The mechanistic result will be compared
with our future study on a La1-xSrxMnO3 (LSM) surface.21,62

As depicted in Figure 6, the first step is the formation of
either superoxo-likeMn-c-V or peroxo-likeMn-c-d-V with
exothermicities of 1.82 or 2.70 eV, respectively. As seen in
Table 3, they have distinct vibrational frequencies of 1265
and 861 cm-1. Because of the further charge transfer from
the surface to the adsorbate, superoxo-likeMn-c-V can also
isomerize to the peroxo-likeMn-c-d-V intermediate after
overcoming a 0.1 eV reaction barrier ofTSv, leading to a
lengthening of the O-O bond distance from 1.301 to 1.445
Å (see Figure 4). Comparing the energetics,Mn-c-V and
Mn-c-d-V are more exothermic than those at the perfect

Figure 4. Geometrical parameters for the adsorbed oxygen species on LaMnO-terminated LaMnO3 (110) with an oxygen vacancy. The bond lengths and
angles are in Å and deg.V and dashed circles represent a doubly charged oxygen vacancy and adsorbed oxygen species on the surface, respectively.

Figure 5. Potential energy profiles at 0 K for the oxygen reduction reaction on the perfect LaMnO3 surface. The values in brackets are the sum of the
estimated atomic charges ofO1 andO2.
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LaMnO3 surface, suggesting that the adsorption/dissociation
process at the defective LaMnO3 surface is energetically more
favorable than at perfect LaMnO3. Then, one of the oxygen
atoms of the peroxo-likeMn-c-d-V species is incorporated
into the doubly charged oxygen vacancy (VO

••) while break-
ing the O-O bond without barrier, producing LaMnO3 +
Oads, P-v-V with an exothermicity of 6.99 eV. The mona-
tomic oxygen species absorbed at the Mn cation diffuses to
a more stable site (labeled as Products in Figure 4), which
is 2.32 eV more stable thanP-v-V.

As compiled in Tables 2 and 3 and Figures 5 and 6,
adsorbed di- or monatomic oxygen species become nega-
tively charged, characteristic of a charge transfer from the
substrate to the adsorbates. We found that the very presence
of an oxygen vacancy influences diffusion at the surface,
with the lowest-energy sites occurring in the neighborhood
of the vacancy. The sum of atomic charges on the defective
surface is more negative than that on the perfect surface,
suggesting a greater extent of charge transfer at the defective
substrate. On the basis of the quantitative analysis in terms
of the energetics and atomic charges, defective LaMnO3 is
more favorable for the overall process than perfect LaMnO3.

According to the mechanistic studies, there may be
relatively small barriers for isomerization of the superoxo-
to peroxo-like intermediate, but there are no barriers for
adsorption, incorporation into the bulk, and diffusion on the
surface, demonstrating that La-based ABO3 materials have
fast O2 kinetics. Furthermore, the computed vibrational
frequencies for the O-O stretching of peroxo- and superoxo-
like oxygen species are 1143-1265 or 861-1017 cm-1,
respectively, depending on configurations and computational
methods. To the best our knowledge, only one study64

reported experimental oxygen absorption bands on La-based
materials, that is, 802 and 820 cm-1, which may be attributed

to peroxo-like species. Thus, we can only qualitatively assign
the adsorbed oxygen species due to the lack of experimental
data.65,66The predicted vibrational frequencies in this study,
however, will be verified by surface vibrational spectroscopy
similar to O2-CeO2 measurements.20,61

D. MD Simulations on LaMnO-Terminated LaMnO 3-
(110). To simulate SOFC conditions on the LaMnO-
terminated LaMnO3 surface models, MD simulations at 1073
K were carried out. In this study, onlyMn-c andMn-c-V
intermediates on the perfect and defective LaMnO3 surfaces,
respectively, were used to generate a reactant gas-phase
oxygen by elongating the distance between an O2 molecule
and the surface at approximately 4 Å. Then similar to the
surface calculations, only the O2 species and three top layers
of the surface were fully relaxed. While the simulations were
carried out using the NVT ensemble with the Nose´-Hoover
thermostat,67 the equations of motion were integrated using
the Verlet algorithm68 with a time step of 2 fs. The
calculations were iterated until they reached an equilibrium
state.

MD Simulations on the Perfect Surface at 1073 K.Figure
7a shows the snapshots of configurations calculated accord-
ing to time evolution, representing the adsorption and
dissociation of a triplet gas-phase oxygen molecule, while
Figure 7b displays the change of the energy profile and O-O

(64) Wang, W.; Zhang, H.-b.; Lin, G.-d.; Xiong, Z.-t.Appl. Catal. B2000,
24, 219.

(65) As Hehre and coworkers reported (see ref 66), a large number of
comprehensive experimental values are needed to obtain reliable
correction factors for estimated vibrational frequencies.

(66) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A.Ab initio
molecular orbital theory; John Wiley & Sons, Inc.: New York, 1986.

(67) Palmer, M. S.; Neurock, M.; Olken, M. M.J. Am. Chem. Soc.2002,
124, 8452.

(68) Verlet, L.Phys. ReV. 1967, 159, 98.

Figure 6. Potential energy profile at 0 K for the oxygen reduction reaction on the defective LaMnO3 surface. The values in brackets are the sums of the
estimated atomic charges ofO1 andO2.
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distance. As the oxygen molecule moves toward the surface,
the energies are initially oscillating with a small fluctuation
of the O-O bond length. The bond distance of the reactant
oxygen molecule is 1.241 Å, which is close to the predicted
bond length of a triplet O2 at 1.235 Å. We placed an oxygen
molecule in a configuration similar to that ofMn-c; therefore,
one of the oxygen atoms,O1, is slightly closer to the surface
thanO2. As time evolves, it rotates and becomes parallel to
the surface as shown in Figure 7a. The initial energy barriers
from 0 fs to∼135 fs may result from thermal equilibration
since we used the structures optimized at 0 K. The adsorption
with a superoxo-like configuration occurs approximately in
150 fs. While its OO bond length of 1.785 Å is considerably
longer than that ofMn-c (1.314 Å) optimized at 0 K (see
Figure 3), the distance betweenO1 and the surface is also
not significantly longer. After the configuration change with
a significant energy decrease, the superoxo-like species
converts to a peroxo-like species in∼60 fs with an energy
difference of approximately 0.43 eV, which is in agreement
with that estimated at 0 K (0.44 eV). Then, the peroxo-like
species dissociates while diffusing on the surface. However,
we found that the barrier at∼670 fs is due to the surface
diffusion of the adsorbed oxygen species, not due to the
dissociation as we verified in the previous section using the
NEB method. As displayed in Figure 5, the most stable di-
oxygen configuration is the intermediate just before dis-
sociation. All the processes from adsorption to dissociation
may take place in 650 fs under SOFC operating conditions
via this reaction pathway. On the basis of the MD modeling
at 1073 K, the O2 dissociation after adsorption at the perfect
LaMnO3 surface occurs in approximately 450 fs.

MD Simulations on the DefectiVe Surface at 1073 K.As
illustrated in Figure 8b, compared with the perfect LaMnO3

surface, the dissociation kinetics become faster on the
defective surface. As shown in Figure 8a, the molecular
adsorption of a superoxo-like species occurs in 100 fs. Then,
one of the oxygen atoms of the adsorbed species moves
toward the oxygen vacancy with energy stabilization and
charge transfer, which takes place in approximately 130 fs.
After the incorporation process in an additional 30 fs, the
adsorbed oxygen monatomic species at Mn cations diffuses
to a more stable site atO-II (see Figures 2c and 4). The
time from adsorption to dissociation (with incorporation) was
220 fs.

Even though the NEB calculations determined two path-
ways via superoxo- and peroxo-like species without a
reaction barrier, the MD simulations with our surface models
suggested that the most probable reaction pathway is the
formation of superoxo-like species and then conversion to
peroxo-like species with a small reaction barrier. Thus, we
can write out two possible routes without (I ) and with (II )
oxygen vacancies on the LaMnO3-based surfaces.21 We
summarize the most probable pathway for the oxygen-
reduction mechanism based on the DFT/MD modeling in
Scheme 1, where (g), (ads), (super), (per), and (lc) represent
gas, molecular adsorption, superoxo-like species, peroxo-
like species, and lattice, respectively.

E. Implications for Phenomenological Modeling.It may
not be necessary to wait for the development of advanced
surface characterization techniques to experimentally assess
the DFT/MD results presented here. Instead, the likely
mechanism can be incorporated into a phenomenological/
continuum framework and assessed against macroscopic
experiments such as electrochemical tests. Qualitatively, the
most salient aspect of this work is the fact that the energy

Figure 7. MD simulations for the oxygen reduction on the perfect LaMnO3

surface at 1073 K. (a) Top views of configurations. (b) The variation of
energetics and O-O distance.

Figure 8. MD simulations for the oxygen reduction on the defective
LaMnO3 surface at 1073 K. (a) Top views of configurations. (b) The
variation of energetics and O-O distance.
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barriers for all steps are low or nonexistant. MD simulations
confirm the fast kinetics of the adsorption, dissociation, and
incorporation steps. We can therefore expect that reaction
rates will be dominated by the variational transition state of
the adsorption process according to the variational transition-
state theory (VTST) formalism.69

Our MD simulations show that the superoxo adsorbate has
a very limited lifetime (60 fs) before becoming further
reduced to the peroxo molecule. We may therefore write

where O′′2 is the peroxo-like adsorbate, h• is an electron
hole, ands is an unoccupied surface adsorption site. It is
also the case that dissociation from peroxo-like species to
atomic oxygen is a fast process (450 fs); however, this
reaction also involves an additional surface site. At the high
coverage that we can expect at moderate oxygen pressures
due to the high exothermicity of the adsorption and dis-
sociation process, site availability may become low. There-
fore, we must separately consider the dissociation reaction:

where O′ is an adsorbed oxygen atom. As written, this does
not seem to be a charge-transfer step; however, inasmuch
as the location of the atomic charge with respect to the
surface changes in the reaction, the surface potential will
have some effect on (and be affected by) reaction 3.

Incorporation of oxygen in the presence of an oxygen
vacancy is also a very fast process, for both atomic and
molecular species, with the latter undergoing dissociation
and adsorption in the presence of a vacancy in what is
tantamount to a single step. The resulting rates are again
dependent mostly on the availability of vacancies. The
reactions may be written as

and

where OO
X denotes a neutral oxygen ion in a solid-state

oxygen site. All of these reactions are, phenomenologically,
charge-transfer reactions between the material and the
surface. As such, the nonequilibrium reaction rate equations
must take into account the deviation of the surface potential

∆ø from its equilibrium value.70 For example, in the case of
the adsorption reaction 2:

whereγ is the total site coverage,ch is the concentration of
electron holes at the surface,θ is the site coverage of
superoxo,R is the transfer coefficient, and the subscript 0
represents the equilibrium value.kads

0 is the exchange rate
constant,

whereΓ, kBads, andkAads are the total concentration of surface
sites and forward and reverse rate constants, respectively.

In a continuum model,∆ø is calculated by relating charge
densities, calculated in terms of atomic charge through first-
principles calculations, to potential through Poisson’s equa-
tion. The forward and reverse rate constants for this reaction
can be calculated by using the VTST formalism.69 However,
detailed rate-constant predictions based on the potential
energy profiles are not straightforward because an enormous
amount of computational time is needed to map out the
variational transition state along the MEPs.

Given the high equilibrium constants for adsorption and
non-vacancy-mediated dissociation, it is likely that the
surface coverage on the LSM surface will be large, consisting
mostly of atomic oxygen. Such a situation should lead to
reconsideration of the Langmuir isotherm typically employed
in phenomenological modeling of LSM,71-75 perhaps in favor
of a new model which accounts, in some way, for lateral
adsorbate interaction. It is this interaction model, along with
a consideration of site statistics that are distinct for each
crystal face, which may lead to a particular form of the rate
equations for reactions 2-5.

4. Conclusion

O2-LaMnO3 interactions were predicted using periodic
DFT/MD calculations. It was found that the oxygen reduction
can occur via molecular and dissociative adsorption. Surface
species on La, Mn, and Osub sites were identified at 0 K as
superoxo- or peroxo-like species based on their estimated
geometries and vibrational modes (O-O stretching bands
at 1143-1265 or 861-979 cm-1, respectively), depending
on configurations. However, the whole process occurred with
small reaction barriers or without barrier at both perfect and
defective LaMnO3 surfaces, suggesting fast kinetics for
oxygen reduction on the surfaces. It was also found that

(69) Laidler, K. J.Chemical Kinetics, 3rd ed.; Harper and Row: New York,
1987.

(70) Mebane, D. S.; Liu, M.J. Solid State Electrochem.2006, 10, 575.
(71) Adler, S. B.; Lane, J. A.; Steele, B. C. H.J. Electrochem. Soc.1996,

143, 3554.
(72) Svensson, A. M.; Sunde, S.; Nisancioglu, K.J. Electrochem. Soc.1997,

144, 2719.
(73) Coffey, G. W.; Pederson, L. R.; Rieke, P. C.J. Electrochem. Soc.

2003, 150, A1139.
(74) Williford, R. E.; Singh, P.J. Power Sources2004, 128, 45.
(75) Mebane, D. S.; Liu, Y.; Liu, M. L.J. Electrochem. Soc.2007, in press.

Scheme 1. Mechanism of the Oxygen Reduction Reaction on
the LaMnO3 Cathode Materialsa

a The superscript values are the atomic charges in the unit ofeestimated
from the Bader analysis.54,55

O2 + s f O′′2 + 2h• (2)

O′′2 + s f 2O′ (3)

O′′2 + VO
•• f OO

X + O′ + h• (4)

O′ + VO
•• f ÃO

X + h• (5)

rads) kads
0[ 1 - γ

1 - γ0
exp(-RF∆ø

RT ) -

θch
2

θ0ch,0
2

exp((1 - R)F∆ø
RT )] (6)

kads
0 ) kBadsPO2

Γ(1 - γ0) ) kAadsΓθ0ch,0
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oxygen vacancies influence the oxygen reduction kinetics.
The O2 adsorption ofLa-a-v is less strong than that ofMn-c
(-1.51 vs-1.76 eV, respectively), tentatively showing that
B cation sites are more active toward oxygen reduction.
However, to verify the experimental observations,21 a
comparative computational study of different B cations has
to be carried out. More accurate prediction of reaction
barriers and molecular parameters for kinetic studies may
be possible using the GGA+ U approach reported by Wang
and co-workers,76 in which more reliable oxidation energies
of various transition metal oxides were predicted. The
oxygen-vacancy formation energy of LaMnO3 will therefore
also be evaluated using the GGA+ U method76 in a future
study. In addition, it may be desirable to examine the reaction
on orthorhombic LaMnO3 (Pnma) to estimate how the Jahn-
Teller distortion may affect oxygen reduction. The DFT/MD
modeling is useful for elucidating the oxygen reduction
mechanism at the SOFC cathode surfaces; these and similar
results for other electrode materials may aid in the develop-
ment of more efficient and cheaper electrodes. On the basis
of our conclusions, it is possible to develop a continuum
framework that includes the prediction of atomic charges of
each possible species and product, which will be applied in
subsequent macroscopic modeling. To fully understand the
oxygen reduction reaction under the SOFC conditions, further

in situ spectroscopic and theoretical investigations will be
explored.
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