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Ab initio investigation of O2 adsorption on Ca-doped
LaMnO3 cathodes in solid oxide fuel cells

Albert Aniagyei, © @ Nelson Y. Dzade, @ *°¢ Richard Tia, @ 2 Evans
Adei,? C. R. A. Catlow® and Nora H. de Leeuw be

We present a Hubbard-corrected density functional theory (DFT+U) study of the adsorption and reduction
reactions of oxygen on the pure and 25% Ca-doped LaMnO3 (LCM25) {100} and {110} surfaces. The effect
of oxygen vacancies on the adsorption characteristics and energetics has also been investigated. Our
results show that the O2 adsorption/reduction process occurs through the formation of superoxide and
peroxide intermediates, with the Mn sites found to be generally more active than the La sites. The
LCM25{110} surface is found to be more efficient for O2 reduction than the LCM25{100} surface due to its
stronger adsorption of O2, with the superoxide and peroxide intermediates shown to be energetically more
favorable at the Mn sites than at the Ca sites. Moreover, oxygen vacancy defect sites on both the {100} and
{110} surfaces are shown to be more efficient for O2 reduction, as reflected in the higher adsorption

energies calculated on the defective surfaces compared to the perfect surfaces.

We show from Lowdin population analysis that the O adsorption on the pure and 25% Ca-doped
2

LaMnO3 surfaces is characterized by charge transfer from the interacting surface species into the adsorbed

oxygen pg orbital, which results in weakening of the O-O bonds and its subsequent reduction. The
elongated O-O bonds were confirmed via vibrational frequency analysis.

1. Introduction for commercial zirconia-based electrolyte SOFCs, owing to its
stability, good electrical conductivity ffigient catalytic activity for

The urgent need for low-cost, clean, sustainable energy for the futbee oxygen reduction reaction, and relatively low dbtLay

has stimulated interest in the development of alternative eneggy,MnO3z 4 (x = 0.2-0.3) has also been actively used as a mixed
sources- Solid oxide fuel cells (SOFCs) have been con-sidered iefic-electronic conducting (MIEC) cathode in SOFCs.

one of the potential future energy power generation sourcessgecau gxperimental studiéf 12 of the oxygen reduction reaction at the

of their high-energy féiciency and good fuel flexibilit)g. The interface of a porous cathode/electrolyte or near triple-phase
development of reliable, low-cost anffigent SOFCs is, however, boundaries (TPBs), i.e. where the cathode, electrolyte, and oxygen
one of the critical scientific challenges in fuel cell applicationsSPecies meet, propose that the ORR consists of many elementary
These requirements may be achieved by reducing the operasig@s involving the adsorption of oxygen as super-oxide )(Or
temperature, which, however, results in internal loss at Ig#roxide (Qz)species, dissociation of adsorbed

temperatureso500 1C)‘.1 O2 to either O or 6, and the incorporation of oxygen species into

Platinum (Pt) is widely used as a cathode electro-catalyst, owihg bulk materia?.’g'loExperimental techniques, such as
to its h|5gh catalytic reactivity toward the oxygen reduc-tion reactignpedance spectroscopyand secondary ion mass spectrometry
(ORR).” However, the high cost of Pt is a major limitation for it§SIMS), for probing the surface catalytic activity provide useful
application, and reducing the Pt content and improving the ORR riatermation about cathode performance. It is, however, extre-mely
at the cathode remains a challenge for the development of flifficult to interpret the detailed information on elementary steps
cells® Strontium-doped lanthanum manganite (k&xMnOz ¢) is INvolved in the surface processes due to the complexity of the
used as the cathode material electrochemically active interfacé@.

In an experimental stu&? of the A-site doping of LaMng)
carried out to establish the relative interfacial reactivity between the
La1 xSxMnO3 ¢ and yttria-stabilized zirconia (YSZ) for the dopants
b ) o ) ) (A = Ca and Sr), it was reported that whilst a reaction was observed
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The authors reported little fflerence in the performance of eithewhich permits the examination of the oxygen reduction at bath L
material as a cathode for SOFC applications. The tem-peraturgr Mn cation sites. For all the stable &@isorption configurations,
which the CaZr@ phase was formed is above the general operatithg vibrational frequencies and the Lo"wdin population analyses of
temperatures of fuel cells and therefore does not present tieyadsorbed surface oxygen species are also reported and discussed.
fundamental problems.

The fundamental aspects of the reaction processes, including the
geometries of the adsorbed superoxide or peroxide com-plexes, . .
adsorption energies, and structural parameters remain unclear. s’zbchomputatlonaI details
information cannot be obtained directly from experimental work and
the underlying physical driving forces that control reactivity of thEne calculgtions were carried out within the KeBham DFT
oxygen species with LaMngbased surfaces are stil poorlyformalism, using a plane-wave basis set as implemented in the
understood. However, with electronic structure calculations base ntum-ESPRESSO coa%.'l'he PerdewBurke-Ernzerhof (PBE)

the density functional theory (DFT), it is possible to Stucgleneralized gradient approximation (GGA) was employed for the
computationally fundamental properties and processes that %ff%thhange antc:] corrtela}tltzn terﬁ?s];he T_Iane-vzja\t/ﬁ basis settggoffs

. : - . : . ._far the smooth part of the wave function and the augmen en
largely inaccessible experi-mentally, including the |nteract|oY(\%,ere set to 40 and 420 Ry, respectively, which ensured comeerge

between crystal surfaces and adsorbates, as they are capab f
y ' y P o‘? tﬂe total energy to within 0.01 eV R The Brillouin zone for the

accurately predicting . .

lowest-energy adsorption geometries and identifying charge trané’l’élrk IE?M”Q; was_samp_led using a 4 4 4 M.onkheFEa.ck k-points

and other electronicgigects 18 For example, theo- mgsh. We have !nvestl-gated the symmetfioBm cubic structure
(Fig. 1), because it

retlcall stfggsg have predmtgd lonic transport through 4B@e is stable under SOFC operating conditions (above 500 1C in ambient
materials, whereas Choi and co-workers have employed %Pr) 3233 5| calculations were spin-polarized in order

initio calculations to investigate the interactions betweep @, gescribe accurately the magnetic properties of the pure, Ca-doped
molecules and the I;/I3rp_€term|nated (100) surfaces of (La,SHMAO | aMnOz structure, and the triplet ground state of oxygen. The
cathqde matgrial%z.' Chen et al. have employeq spin-polarizeg)g .4+ approacf'\“ with a st value of 4.0 eV for Mn ions was
density functional theory and molecular dynamics (MD) calcymployed to correct the large self-interaction error inherent in
lations to study the kinetic behaviour of the oxygen reductiQihndard DFT-GGA methods for middate first-row transition
reaction and diffusion mechanisms on 25% Sr-doped LaMnQeia) oxides™® 6 The effect of the implementa-tion of DFT+h

24 . .
(LSM).”" They showed from their results that the @dsorption/ | 5\ino; was checked by calculating the projected density of states

reduction process through the superoxide and peroxide in%%[- . .
mediates is energetically more favorable at the Mn sites than at h@os) of the bulk LaMn@ system with and without DFT+U
rrection, as shown in Fig. 2. The PDOS of LaMrgbows a half-

Sr sites. In addition, higher adsorption energies were reportechfor®

adsorbed at the Mn sites on the (110) surface than on the (188§llic ferromagnetic structure with a band gap between the
. . - lence band maximum (VBM) and conduction band minimum
surface, which suggests that the former is more efficient for

) . BM) calculated at 2.66 eV with standard DFT and 3.66 eV with
reduction than the latter. Oxygen vacan-cies were shown to enh%lﬁ?JrU This behaviour is

O2 reduction kinetics, whereas O-ion migration through the bulk
was found to be dominant over O-ion migration on the surfatieeof
LSM cathode. Surprisingly, to date no systematic theoretical study

has been conducted on the chemical activity of Ca-doped LgMnO
based cathode materials towards oxygen reduction reactions, which
makes this investigation timely.

In the present study, we have employed Hubbard-corrected DFT
calculations to study the electronic and magnetic proper-ties of pure
and Ca-doped LaMn® {100} and {110} surfaces, before
subsequently unravelling the energetics of the oxygen adsorption
and reduction at the surfaces. The {100} and {110} surfaces were

considered for the ©reduction reactions, because they are the most
stable surfaces of LaMrfO according to surface-stability
calculationsz.5 Furthermore, it has been reported that ionfEudiion

occurs along the {110} directiof? The LaMnQ{100} surface can
be LaO- or MnO-terminated, but we have considered only the MnO- Cc

terminated surface for the2Cadsorption calculations, because in
ABO3 cathode materials the B cation sites are known to be more
active than A cation sites toward oxygen reducfibfor the {110}

surface, the LaMnO-termination was considered for thg O
adsorption calculations Fig. 1 Structure of LaMnO3 in terms of MnOe and LaO4 octahedra.




DOS [arb. units]

Fig. 2 Projected density of states of (PDOS) of LaMnO3 without (a) and with (b) Hubbard U correction.

consistent with the prediction from previous studicg®we
have considered different possible magnetic orderings at the

Mn3* site in the 25% Ca-doped LaMg®tructure and found

that the ferromagnetic (FM) ordering is 0.3 eV more stable than
the antiferromagnetic (AFM) ordering. The predicted lattice con-
stant of the defect-free Ca-doped|7@Ca.29VIn03 is slightly
reduced (3.865 A) compared to pure LaMn@®.869 A), which is

in agreement with the experimental observation that the lattice
constant decreases with increasing dopant cotftente
observe further reduction in the lattice parameter of the oxygen

deficient Ca-doped LaMngxontaining surface oxygen vacancy
(3.793-3.806 A).

The {100} and {110} surface structures were created |
the fully optimized bulk structure using the METADISE cd e,
which ensures the creation of surfaces with zero dipole moment

perpendicular to the surface plane, as is required for reliable anc
realistic surface calculatiodé.The fully relaxed bulk structures
were used to create the surfaces in order to eliminate the preser

of fictitious forces during surface relaxation. The surfaces were
modelled using a slab model comprising of eight atomic layers

with a vacuum size of 12 A introduced in the z-direction, which is

large enough to avoid any spurious interaction between periodic

slab images. Similar to previous studtésll surface calcula-

tions for the interactions between molecular oxygen species

and La.79Ca.29MIn0O3 surfaces were performed by relaxing the

top three layers while keeping the bottom five layers fixed at the
bulk parameters.

The adsorption energy was calculated according to the

relation:

E =E

ads

(E

surface+Q ~ surface

+E)

02

where EBurface+@ is the total energy of the substraaedsorbate
system in the equilibrium state, anguFaceand Eo2 are the
total energies of the substrate (clean surface) and adsorbate
(free @ molecule in the spin triplet state), respectively. The

O2 bond length (O-0O) and stretching vibrational frequency
n(O-0) were calculated at 1.235 A and 1558]crrespectively,

1)

both of which are in good agreement with experimental results
(1.207 A and 1550 ch)*>** as well as with other DFT

between the @molecule and the interacting surface species
were analyzed with the Lo"wdin population scheme.

3. Results and discussions
3.1 Characterization of Ca-doped LaMn€urfaces

Experimentally, the defective surface structures af kAxMnO3 d
are known to be dependent on partial pressure of oxygen and

temperaturé‘.7 Hence, a simplified surface model ofd &Ce0.25
MnOz2.75 (LCM25) was constructed by substituting alaon by
c&*in the {110} and {100} LaMnQ@ surfaces, which leads to

four possible models, as shown in Fig. 3. Both {110} and {100}

supercells of 25% Ca-doped LaMa@ontain a total of 20 ions
(3La, 1 Ca, 4 Mn, and 12 O ions). Additionally, we have calcu-

lated the formation energy of an oxygen vacancy locatdtein t
top layer, based on the reaction ot |z78Cay.25MnO3 surface -

Lap.75Cap.25Mn03 x + 1/2Cp(g) using the relation:

DEf = E(defective) + 1/2fD2) E(perfect) 2

where E[defective], E[perfect] and®] are the total energies of

defective surface, the perfect Ca-doped LaNIsOrface and the
triplet oxygen molecule, respectively. Summarized in Table 1
are the calculated energies for oxygen-vacancy formation at the

CaMnO-terminated {110} and the Mn@erminated {100} LCM25

surfaces. Relatively low vacancy formation energies were com-
puted for the doped surfaces compared to the pure surfaces,

which indicated that Ca doping may facilitate the oxygen-vacan
formation in LaMn@. For the pure LaMn@®surface model, an
oxygen deficient surface was generated by removing an oxygel
anion (O2 ), from the top layer.

With respect to the Ca-doped LaM#{®@10} and {100} sur-
faces, models L1 with the Ca ion in/near the topmost layers
(Fig. 3a and b) were found to possess the lowest oxygen-yacar
formation energies and they are therefore the surfaces used fol
the oxygen adsorption calculations. The O-vacancy formation
energies calculated in the present study for the Ca-doped
LaMnOs surfaces are similar to those reported for Sr-doped

LaMnO3 surface€® Shown in Fig. 4 are the top and side views ¢
the Ca-doped LaMng)110} and {100} surface models, showing
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results: The nature of the bonding and charge transfel the dff erent adsorption sites explored fog &lsorption.



(a) —(110) surface

pure doped-L1

(b) —(100) surface

pure doped-L1 doped-L2 doped-L3 doped-L4

Fig. 3 Pure and Ca-doped LaMnO3 surface models; (a) L1 is CaMnO-terminated and L2-L4 are LaMnO-terminated (110) surface structures, (b) MnO2-
terminated (100) LCM25 surface structures. Colour code: green = La, blue = Ca, purple = Mn, and red = O.

Table 1 Calculated oxygen vacancy formation energies (in eV) with
(bracket) and without Hubbard U correction at the (1 1) CaMnO-terminated (a)-(110) surface (b)-(100) surface
(110) and MnO2-terminated (100) LCM25 surfaces models in Fig. 2 :

Surface model {110} {100}

L1 4.23 (3.52) 3.25(1.83
L2 4.45 (3.87) 3.68 (2.30
L3 4.53 (3.73) 3.97 (2.71
L4 4.54 (3.86) 4.12 (2.98
LaMnO3 4.56 (4.23) 4.31 (3.61

3.2 @ adsorption on the undoped perfect and
oxygen-deficient LaMn@{110} surfaces

We have considered both molecular and dissociative adsorp-tion of

02 on the selected (1 1) and (2 1) surface models at 0.5 ML afd 0.2
ML coverages, respectively, where a monolayer (ML) is defined as
one oxygen molecule per surface cation. For the adsorption of

molecular oxygen on the pure LaMpOsurfaces, we have

considered two initial adsorption modes; the end-on type, where ) ) ! !

) ) P . yp he F(|)g. 4 Schematic representation of the side and top views of the (1 1) slab
vertically binds to the surface atom, and a side-on typereM¥® model of (a) LCM25{110} and (b) LCM25{100} supercells showing the
binds parallel to the surface atom. In all calculations, the surface ai@rent adsorption sites explored. Colour code: green = La, blue = Ca,

adsorbate atoms were free to move purple = Mn, and red = O.



Table 2 Calculated adsorption energy (Eads), charge (q), relevant bond IS Calcula.ted for @adsqrbed side-on at the-iMn brl(_:lge Slte_ (Fig.
distances (d) of molecular (Oz2) oxygen on perfect and defective {110}-(1 1) 2. M5), with an adsorption energy of 3.58 eV. The interacting@
surface of pure LaMnOs; O-O stretching vibrational frequency (n) of the ~and G-Mn interatomic distances are calcu-lated at 2.33 Aand 1.99 A
adsorbed O2; and calculated gas phase d(O-0) = 1.229 A and the n(0-0)  respectively.

— 1
= 1558 cm In all the molecularly adsorbed 20structures, we observe

Eads al d(0-Mn)? d(O—La)b d(0-0) n(0-0) elongation of the ©0 bonds, which indicates that they are

weakened. IM1 andM2, the G-O bond is calculated at 1.30 A and

Config (eV) (&) (&) A A (cmh

Perfect M1 096 004 1.832 _ 1313 1118 140 A, respectively, compared to 1.24 A for the gas phase O
M2 1.07 0.06 1.853 — 1.404 774  molecule. Similarly, forM3 and M4 adsorption configura-tions at
M3 079 0.06 — 2200  1.323 705  the La site, the @0 bond is calculated at 1.32 A and 1.41 A,

M4 1.60 0.06 2.275 1.408 759

M5 358 006 1987 5327 1491 511 respectively. The largest-@ bond elongation (1.49 A) is observed

in the M5 configuration, where the Omolecules adsorb at the
b1 1.63 010 1597 lres — o bridge La-Mn site. From Lo "wdin population analysis, we found that
Defective M1 134 0.04 1.834 — 1.353 949

M2 232 006 1.844 _ 1445 636 the adsorption of @is characterized by a small net charge transfer
M3 114 004 — 2.174 1.315 1108 (0.04-0.10 e ) from the inter-acting topmost bound La and Mn
M4 184 006 — 2130  1.483 497  cations, which is responsible for the elongation of th&@Mond
M5 453 008 1.911 2.348  1.515 439 lengths reported in Table 2. The elongatedOObonds were

M6 350 0.04 — — 1.300 416 ) . . .
D1 643 009 1.653 o - o confirmed through vibrational frequency analysis, where we found

lower O-O stretching frequency for the adsorbegdd@mpared to the

gas phase molecule. The-O stretching vibrational frequencies for
O2 adsorbed end-on and side-on at the top Mn and La cation sites
and bridge-LaMn sites are assigned to 1118, 774, 705, 769 an

D2 8.89 0.10 1.874 2.329 — —

@ The shortest distance between an adsorbed oxygen spetigsavn ions.
b The shortest distance between an adsorbed oxygenspadi¢a ions.

511 cm 1, respectively, all of which are lower than in the gas phase

during the geometry optimization to obtain the lowest e;nergn . i
. olecule (1558 crr]i). Based on the calculated stretching frequencies
structure after relaxation.
and the ©0 bond lengths of the

The calculated adsorption energies, atomic charges, opti-mized o 1 361 35 A) and (1.401.49 A), which are similar to

interatomic bond distances and vibrational frequencies are ] 48.49
summarized in Table 2. Generally, we found the side-gift of the Qion (1.33 A) and @ (1.44)***we deduced that the

configurations are energetically more favorable than the endastsorbed molecular oxygen species on the pure LajlriO}
configurations. The adsorption energy of the side-aratthe Mn surfaces are superoxo £0) and peroxo (& ) species. The
site (Fig. 5M2) is calculated at 1.07 eV compared to 0.96 eV for tffégnificant elongation of the -@ bond of the lowest-energyls
end-on @ at the Mn site (Fig. M1). The O-Mn interatomic bond structure sugge§ts th_at. this molecular adsorbed state is a likely
distances between the interacting oxygen atom (O) and the surface """ for @dissociation on the pure LaMB110}.

Mn cation forM1 and M2 are calculated at 1.83 A and 1.85 A, Compared to th#5 structure, the dissociative adsorption of O

respectively. When adsorbed at the La cation site, the adsorption i )
energies for the end-on and side-on configurations (Fii3and ©n the pure LaMng{110} is found to be less exothermic 4 =

M4) of Oz are calculated at 0.79 eV and 1.60 eV, respectively. Th&3 €V). which suggests that the LaMf10} favours molecular

O-La interatomic bond distances between the interacting 0Xyg(g?_]adsorption rather than dissociative adsorption. The dissocidted O
atom (O) and the surface La cation site fd8 and M4 are lons adsorb preferentially at top-La and Mn sites (FigD3), and

calculated at 2.20 A and 2.28 A, respectively. The Iowest-gnegraw a combined charge of 0.10 e from the interacting surface La
. : ' ' ' Zhd Mn cation sites.
adsorption structure

bl

Epge==096 eV E,o=-107eV E,=-079eV  E,y=-160 eV E,=-358 eV  E,4 = -1.63 eV

Fig. 5 Side views of the optimized geometry structures of oxygen molecule on (1 1) undoped perfect LaMnO3{110}. Colour code: green = La, purple = Mn,
and red = O.



Eesie g

Eno=-134eV Ego=-232eV  E,=-1.14 eV E,. =184 eV

TR s

Eys=-459 eV  E,g=-330eV E,g =-643eV  E, =-8.89 eV

Fig. 6 Side views of the optimized geometry structures of oxygen molecule on (1 1) undoped defective LaMnO3 x{110}. Colour code: green = La, purple =
Mn, and red = O.

Similar to the perfect LaMngd110} surface, we have con- Similar to the perfect undoped {110} surface, we assignedrexpe
sidered several adsorption geometries and sites at the defedfz) and peroxo (& ) species based on the calcu-lated stretching
LaMnOg3 x{110} surface, containing an O-vacant site at the sur-fadegquencies and the-@ bond lengths of the adsorbed (1.32 -
in order to determine the lowest-energy adsorption struc-tures. Tt@5 A) and (1.45 - 1.48 A), which are similar to that of theid
optimized adsorption structures are shown in Fig. 6, whereas th&3 A) and @7 (1.44)*®*° Compared to the perfect surface, the
calculated adsorption energies, atomic charges, Opt'm%ﬁigsociative @ adsorption structures (Fig. B1 and D2) on the

interatomic bond distances and vibrational frequen-cies are liste . .
a defective LaMn@ x{110} are found to be energetically more

Table 2. The adsorption energies for the end-on and side: ;
P g favoured than molecular adsorption on the perfect {110} surface,

configurations of @ bound at the top Mn cation sites (Fig.M1  githough all adsorptions energies are highly exothermic. IrDthe
andM2) are calculated at 1.34 eV and 2.32 eV, respectively. Tg'[?ucture, one of the dissociatetf @ns is incorporated into the
interatomic MR-O; O-O bond distances for£bound end-on at the gxygen vacancy site, whereas the other one is adsorbed at a top Mn
top-Mn sites are calcu-lated to be 1.834 A; 1.35 AMdrand 1.844 site, releasing an energy of 6.43 eV in the process. When both
A; 1.45 A forM2. For the end-on and side-on configurations of Qlissociated A ions are incorporated at the vacancy sii®)( an
bound at the top La cation sites (FigM3 andM4), the adsorption even larger adsorption energy is released of 8.89 eV.

energies are calculated at 1.14 and 1.84 eV, respectivelytheith

inter-acting GLa interatomic bond distances 3 andM4 calcu-

lated at 2.17 A and 2.13 A, respectively. As on the perfet®}1 3.3 Qg adsorption on the undoped perfect and

surface, the lowest-energy adsorption structure was obtainedzforo& gen-deficient LaMn@{100} surfaces

adsorbed side-on at the LaMn bridge site (FigViB), releasing an Two stable adsorption configurations were obtained for the

adsorption energy of 4.59 eV. The interactingl® and GMn interaction of @ with the perfect LaMn@{100}: end-on and side-on

interatomic distances are calculated at 2.348 A and 1.911 A5 top Mn-site (Fig. M1-perf andM2-perf). Listed in Table 3 are

respectively. When ©is adsorbed end-on at the O-vacant site, #ine calculated adsorption energies and relevant interatomic bond

adsorption energy of 3.50 eV is calculated, with th@Qnteratomic distances. The adsorption energies fora@sorbed end-on and side-

bond slightly elongated (1.24 A - 1.30 A). on at a top Mn-site are calculated at 1.43 and 1.37 eV, respgctive
indicating the small energetic



i

M1-perf M2-perf
E,4s=-1.43 eV E,4s=-1.37eV
ME-det DA1-def
Eags=-1.34 eV Eg4s=-1.97 eV E,gs =-3.20 eV E,, = ~5.65 eV

Fig. 7 Side views of the optimized geometry structures of oxygen molecule on (1 1) undoped perfect (top) and defective (down) LaMnO3{100}. Colour
code: green = La, purple = Mn, and red = O.

Table 3 Calculated adsorption energy (Eads), charge (g), relevant bond energies and relevant interatomic bond distances. The adsorp-tion of

distances (d) of molecular (O2) oxygen on the on perfect and defective O, py inserting it end-on into the oxygen vacancy site (Fig13;
{100}-(1 1) surface of pure LaMnQO3; O-O stretching vibrational fre-quency def) released an adsorption energy of 3.20 eV.
(n) of the adsorbed O2; and calculated gas phase d(O-O) = 1.229 A and
the n(0-0) = 1558 cm *

= LaMnOz3 x{100} is found to be highly exothermic ggs= 5.65 eV),

Furthermore, the dissociative adsorption of @ the defective

a
] 2 lal d(O-M)* d(0-0) n(&f)) which suggests that the defective LaMnQ{100} favours

Surface _ Config (V) €) (A) (A) €M) gissociative @ adsorption rather than molecular adsorp-tion, similar
Perfect M1 1.43 0.04 1.838 1.282 1211 to the findings on the defective LaMaG({110} surface. The

M2 137 00z  1.853 1.364 919  gissociated © ions at the defective LaMrOx{100} adsorb
Defective M1 134 002 1.748 1.272 1320  preferentially at top-Mn sites and in the oxygen vacancy sites{Fig.

M2 197 006 1.810 1.391 820  Di-def).

M3 3.20 0.08 — 1.529 421

D1 5.65 0.10 1.590 — — 3.4 @ adsorption on the perfect and oxygen-deficient

@The shortest distance between an adsorbed oxygemsped a Mn ion.  LCM25{110} surfaces

3.4.1 @ adsorption on perfect LCM25{110} surface. Shown in

) . . . Fig. 8 are the optimized adsorption structures b0 the Ca-doped
preference for ar.l end-onz@onfiguration. The |nteratom|c'|\A{D perfect {110} surface, whereas the calculated adsorp-tion energies
and O-O bond distances for Obound end-on at top-Mn sites argyq the optimized interatomic bond distances are summarized in
calculated to be 1.853 A and 1.28 A, respectively. For thewsideTapie 4. The adsorption energies of the end-on and side-on
top-Mn O configuration_, the two interacting M@ distances are configurations (Fig. 8M1 andM2) of Op adsorbed at the top Mn
1.838 and 1.842 A with the -@ bond converged at 1.36 A‘sites are 0.84 eV and 0.72 eV, respectively. The formafidbfl and
compared to 1.24 A for the gas phagenmlecule. M2 intermediates on the perfect LCM25{110} surface is

On the defective LaMn®x{100} surface, the side-on adsorp-accompanied by the lengthening of theGDbond, calculated at 1.30
tion of Op at the top-Mn site (Fig. M2-def) is found to be bound A and 1.41 A, respectively, compared to the gas phase disténce

more strongly by 0.63 eV than the end-on top-Mn site (Fig. 7, ML.24 A. The interatomic @Mn bond distances between the
def). Summarized in Table 4 are the calculated adsorption interacting oxygen atom and



Table 4 Calculated adsorption energy (Eads), charge (q), relevant bond distances (d) of molecular (O2) oxygen on perfect and defective {110}-(1 1)
surface of LCM25; O-O stretching vibrational frequency (n) of the adsorbed O2; and calculated gas phase d(O-O) = 1.229 A and the n(O-O) = 1558 cm
1 The {110}-(2 1) values are given in parenthesis

Surface Config Eads(eV) lal (e) d(0O-Mn)2 (A) do-caf () d(0-0) (A) n(0-0) (cm?)

Perfect M1 0.84 ( 0.97) 0.26 1.850 (1.941) — 1.303 (1.328) 1163
M2 0.72( 1.22) 0.44 1.860 (1.816) — 1.408 (1.453) 691
M3 0.94 ( 1.26) 0.33 — 2.319 (2.283) 1.310 (1.348) 1138
M4 2.40 ( 3.36) 0.53 1.874 (1.892) 2.268 (2.177) 1.422 (1.451) 710
D1 +0.1C ( 3.70) 0.40 1.598 (1.622) 2.229 (2.113) — —

Defective M1 1.30 ( 1.38) 0.44 1.902 (2.199) 1.406 (1.455) 1284
M2 2.14 ( 3.67) 0.47 1.829 (1.94) (2.272) 1.436 (1.525) 615
M3 1.12 ( 3.37) 0.50 — 2.256 1.347 (1.510) 979
M4 3.2¢ 0.65 1.847 2.280 1.478 532
M5 2.9¢ 0.76 — — 1.510 433
D1 5.79 ( 5.77) 0.91 1.632 (1.654) — — —
D2 3.52( 3.82) 1.00 — 2.168 (2.103) — —
D3 6.95 ( 7.50) 1.26 1.584 (1.778) 2.152 (2.296) — —

@The shortest distance between an adsorbed oxygen spettiadvin or Ca ion on (110) surface.

ekt

D1
E 4 = -0 84 eV E.4s = -0 72 eV Eys = -0 94 eV Eys = -2 40 eV E,4s = +0.10 eV

Fig. 8 Side views of the optimized geometry structures of oxygen molecule on perfect (1 1) Lao.75Ca0.25sMn03{110}. Colour code: green = La, blue = Ca,
purple = Mn, and red = O.

the surface Mn cation foM1 and M2 structures are calculated afThe stretched G0 bond weakening of molecularly adsorbed
1.85 A and 1.86 A, respectively. No stable end-on confitjorra Structures is confirmed via vibrational frequency analysis, where the
was obtained at the top-Ca site as it converts to a sidestretching frequencies forzCadsorbed in thMl, M2, M3, andM4
configuration during geometry optimization (Fig. ®3), with an adsorption modes are assigned to 1163, 691, 1138, andrﬁ’fo
exothermic adsorption energy of 0.94 eV. TheCaQ inter-atomic respectively, all of which are lower than that of the gas phase
distance is calculated at 2.319 A whereas th®© @ond length is molecule (1558 crﬁ).
obtained at 1.31 A. When adsorbed in a side-on con-figuralion We have also investigated thef ect of coverage by emp|0y-ing a
bridge CaMn sites (Fig. 8M4), an adsorption energy of 2.40 eMarger (2 1) supercell, with a coverage of 0.25 ML. We generally
was released, with the -GQa and OMn interatomic distances found that larger adsorption energies were released at the (2 1) cells
calculated at 2.268 A and 1.874 A, respec-tively. TR® @ond is compared to the (1 1) cell with a coverage of 0.50 ML (phssis
significantly elongated in the bridg€a-Mn adsorption mode, values in Table 4). For instance, the molecular adsorption energies
calculated at 1.42 A compared to 1.24 A for the gas phase molecutg. O adsorbed end-on and side-on at top-Mn sites on the (2 1)
surface were calculated at 0.97 and 1.22 eV, respectivelypazeoh

The dissociative adsorption of2®n the perfect LCM{110} is to 0.84 and 0.72 eV at the (1 1) surface. Similarly, largsomption
found to be endothermic §gs= +0.10 eV), which suggests that th&nergies were calculated for the side-on adsorption at top Ca and
perfect LCM{110} favors molecular © adsorption rather than Pridge CaMn sites at the (2 1) surface compared to the (1 1)
dissociative adsorption. The dissociated> Oons  adsorb surface.. Th? Iarg(_er (2 1) supe_rcell also  favored disso-ciative
preferentially at top-Ca and Mn sites (Fig. 8, (2t} Lo"wdin adsorption with a highly exothermic energy ( 3.70 eV) comptoed

. . . tBe endothermic adsorption obtained on the (1 1) surface.igherh
population analysis (Table 4) reveal a net charge gain upon
adsorption, which is responsible for the observed elongated & exothermic adsorption/dissociation energies calculated in the (2 1)

bonds. The ® molecule gained a charge of 0.26, 0.44, 0.33, aﬁgls compared to the (1 1) cell can be attributed the lowedyerage

0.53 e in thevil, M2, M3, andM4 adsorption modes, respectively(Y = 0.25 ML) in the (2 1) simulation cell, which minimizes
In the dissociated state, a combined charge of 0.40 e is drawn ffeRtlIsive interactions
the interacting surface Ca and Mn cations.



between the periodic images of the @olecule or its disso-ciated Ofor theM2 mode is consistent with its stronger calculated adsorption
ions compared to the high coverage (Y = 0.5 ML) in the (tell) compared to th#11 binding mode.
The strong oxygen binding in the (2 1) simulation cell may lead to a For the @ molecule adsorbed end-on at the top-Ca site, it was
high coverage of dissociated oxygen, effec-tively passivatiey bpserved that the initial configuration is converted to a side-on top-
active surface sites. However, seeing thatbdding energy at ¥= Ca configuration after geometry optimization (Fig. 9, M3) with an
0.5 ML is smaller than Y = 0.25 ML, under operating conditiongxothermic adsorption energy of 1.12 eV. The interactingeD
where a monolayer © coverage can be attained, the bindin'@teratomic distance is calculated at 2.256 A and th® ®ond at
energies may even be weaker due to increased repulsive interactibl®, A. A net charge of 0.50 e is gained by thebOund to the Ca
thus preventing passivating the active surface sites. cation, which resulted in the-©@ bond elongation. When :Ois
adsorbed end-on at the vacancy site (ddj; an adsorption energy
3.4.2 @ adsorption on the oxygen-deficient LCM25{110}of 2.94 eV was released, with the @ bond significantly elongated
surface. Similar to the perfect LCM25 surface, we have con-sidefed..51 A compared to 1.24 A in the gas phase. Consistentheith t
several adsorption geometries and sites at the oxygen-deficfér® bond elonga-tion, we show from our Lo"wdin population
LCM25{110} surface in order to determine the lowest-energnalysis that the Pmolecule draws a large charge of 0.76 e upon
adsorption structures. The optimized adsorption structures are shadsorption at the surface oxygen vacancy.
in Fig. 9, whereas the calculated adsorp-tion energies and the
optimized interatomic bond distances are summarized in Table 4.Sjmijlar adsorption characteristics were calculated fog O
The adsorption energies for the end-on and side-on configusatigysorbed side-on at bridge -®én sites (Fig. 9,M5), with an
(Fig. 9M1 andM2) of Oz adsorbed at the top Mn cation sites weradsorption energy of 3.28 eV and a net charge of 0.6&ined) by
calculated at 1.30 eV and 2.14 eV. The interactingM® the & molecule. The interacting -@a and OMn interatomic
interatomic distance is calcu-lated at 1.902 A for Méfand 1.829 distances were calculated at 2.280 A and 1.847 A, respectively, with
A for defM2, with the O-O bond lengthening from 1.24 A to 1.41the O-O bond elongated to 1.48 A. Elongation of theGDbonds
and 1.44 A, respectively. Lo"wdin charge analysis revealstiieat was confirmed by the calculated —O stretching vibrational
O2 adsorbed in thé11 andM2 modes draws a net charge of 0.4fequencies: 1284, 615, 979, 433, and 532 Yefor the M1-M5
and 0.47 e , respectively, from the surface Mn cations.shbeler modes, respectively. The adsorbed molecular oxygen species on the
bond distance (1.829 A) and greater extent of charge transfer ( 0.8xygen-deficient LCM25{110} surface can therefore be assigned as
) superoxo (@) and peroxo

M1-def M2-def M3-def M4-def
E,g = —1.30 eV E,ys = -2.14 eV E,s=-1.12 eV E,gs = -2.94 eV

M4-def D1-def D2-def D3-def
E,4 = -3.28 eV E,4 = -5.79 eV E,4 = -3.52 eV E,s = —6.93 eV

Fig. 9 Side view of the optimized geometry structures of oxygen molecule on defective (1 1) Lao.75Ca0.25sMnO3 x{110}. Colour code: green = La, blue =
Ca, purple = Mn, and red = O.



(Oz2 ) species, based on the calculated stretching frequencies the (2 1) surface release an adsorption energy of 7.50 eV campare
and the GO bond lengths of (1.35 A) and (1-41148 A), which are to 6.93 eV on the (1 1) surface.

similar to that of the ®ion (1.33 A) and @ (1.44)*84° , o
3 ﬁ O adsorption on the perfect and oxygen-deficient

Three dissociative adsorption scenarios were investigated, wit
LCM25{100} surfaces

the dissociated Bions adsorbing at top-Mn and vacancy sites (Fig.
9, D1) or at top-Ca and vacancy sites (FigD®) or at vacancy sites  3-5-1 @ adsorption on perfect LCM25{100} surface. Eadand
bridging Mn and Ca sites (Fig. ®3). The adsorption energies ofSide-on configurations were examined for the adsorption of
the D1, D2, andD3 modes in Fig. 9 were calculated at 5.79, 3.5molecular @ on the LCM25{100} surface (Fig. 11). Summarized in
and 6.93 eV, respectively, all of which are more exothermicttiean Table 5 are the calculated adsorption energies, the optimized
molecular adsorbed structurdd1(-M5) and therefore suggest thainteratomic bond distances, vibrational frequencies and Lo wdin
the oxygen-deficient LCM25{110} surface favours dissociativeharges for adsorbed2Cat 0.50 ML and 0.25 ML coverages. We
adsorption over molecular adsorption. have considered a side-orp @dsorption at top-Mn site, but found
that it converts to the end-on top-Mn configuration after geometry
In addition to @ adsorption on the (1 1) surface, we have alggtimization. The calculated adsorption energies pathe top-Mn
calculated the adsorption characteristics on a larger (2 1) surfgige is 0.35 eV at 0.50 ML coverage. The shortest interatomic
with coverage of 0.25 ML as shown in Fig. 10. Listed in paresighedistance between the interacting oxygen atom and the surface Mn
in Table 4 are the relevant calculated adsorption energies andctit®on (O-Mn) is calculated at 1.958 A. The calculation was also
optimized interatomic bond distances. Although similar adsorpticepeated on a supercell with coverage of 0.25 ML, where aisorp
geometries were obtained on the (2 1) surface as on the (1 Lesurknergies of 1.79, 1.43 and 1.37 eV were calculated ford3orbed
the adsorption energies calculated on the (2 1) surface are genesalliyon at top-Mn site, side-on at the top-Mn site and bridigeMn
larger than on the (1 1) surface. For @&lsorbed side-on at top-Casites, respectively (parenthesis values in Table 5). When the O
cation, end-on at the vacant sites and side-on at bridge-CaMn sitefecule is adsorbed dissociatively on the two Mn cation dbés (
on the (2 1) surface, the adsorption energies were calculated at F88 11), a more negative adsorption energy of 2.04 eV wassezle
3.37 and 3.67 eV, respectively, compared to 1.12, 2.94328 eV,
respectively, on the (1 1) surface. Similarly, the lowest-energy3.5.2 @ adsorption on the oxygen-deficient LCM25{100}
dissociative adsorption modes on surface. On the oxygen-deficient LCM25{100}, the adsorption of O
end-on at the top-Mn site (Fig. 12) is found to bind

M1 M2 | M3
E,. = -1.38 eV E,. = -3.67 eV E,q = -3.37 eV

L N -

D1 D2 D3
E,y = -5.77 eV E,q = -3.82 eV E,y = -7.50 eV

Fig. 10 Side view of the optimized geometry structures of oxygen molecule on defective (2 1) Lao.75Ca0.25sMnO3 x{110}. Colour code: green = La, blue =
Ca, purple = Mn, and red = O.
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Fig. 11 Side view of the optimized geometry structures of oxygen molecule on perfect (2 1) Lao.75Ca0.2sMn0O3{100}. Colour code: green = La, blue = Ca,

purple =Mn, and red = O.

Table 5 Calculated adsorption energy (Eads), charge (q), relevant bond distances (d) of molecular (O2) oxygen on perfect and defective {100}-(1 1)
surface of LCM25; O-O stretching vibrational frequency (n) of the adsorbed O2; and calculated gas phase d(O-0) = 1.229 A and the n(O-O) = 1558 cm

1 The {100}-(2 1) values are given in parenthesis

Config Eads(eV) lal (e) d(0-Mn)2 (&) d(0-0) (&) n(0-0) (cmY)
Perfect M1 0.35( 1.79) 0.03 1.958 (1.927) 1.260 (1.284) 1382
M2 ( 1.43) (1.952) (1.381)
M3 (1.37) (1.924) (1.390)
D1 ( 2.04) (1.662)
Defective M1 0.90 ( 2.66) 0.08 1.870 (1.892) 1.282 (1.479) 1280
M2 0.71( 2.97) 0.15 2.088 (1.716) 1.300 (1.393) 812
M3 2.10( 3.87) 0.53 — (1.568) 1.490 496
D1 3.74 ( 4.81) 0.65 1.580 (1.844)
@ The shortest distance between an adsorbed oxygen spetiasvn ion.
(1x1) LCM(100)
8 (Ctel) ~
M1 M2 D1
E,qs = =0.90 eV Eypgs = =0.71 eV E,gs = =2.10 eV E,gs=-3.74 eV

(2x1) LCM(100)

M1
Eypys = =2.66 eV

E,gs = =2.97 eV

Eygs = =481 eV

Eyqs = =3.87 eV

Fig. 12 Side view of the optimized geometry structures of oxygen molecule on defective Lao.75Ca0.25sMnO3 x{100}. Colour code: green = La, blue = Ca,

purple = Mn, and red = O.

0.19 eV more strongly than at the side-on top-Mn site (Fig. 12,
M2), which is consistent with the shorter M bond calcu-
lated for the top-Mn (1.87 A) than the side-on top-Mn (2.09 A

sitele(@plHowever, a larger charge is drawn by the O
adsorbed side-on (0.15 e ) than in the end-on configurations
( 0.08 e), as both oxygen atoms draw charge from the



interacting surface Mn sites in the side-on adsorption configu-rat®® Gibbs free energies DG(T,p) of the &isorption/
compared to the end-on configuration. Far &lsorbed end-on atdissociation
the surface o>|<yg|en (;/acazn% s\l/tez (Flg-hM’S), tp(e) 5asfjsor_pt|on In order to estimate the applicability of the calculated adsorp-
energy was caicu atg at2.10 ev. n(?t ¢ a.rge 0 A em tion/dissociation energies for typical operating temperatures in
by the @ molecult_a in the end-on configuration, which results in §opcq (500900 1C), we have calculated the Gibbs free energies
calculated elongation of the adsorbeddCbond to 1_.49Acqmpar_ed (T) of the adsorption/dissociation on these surfaces at typical
to the gas phase bond length of 1.24 A. The dissociative (Fig. .

i o ) FC operating temperatures and pressures. In the case of
D1) adsorption of @on the oxygen-deficient LCM25{100} is found ;s mtion of a gas species on a solid surface, the Gibbs afergy
to be highly exothermic @as= 3.74 eV), which suggests that thgeaction may be written as:
oxygen-deficient LCM25{100} surface favours dissociativee O
adsorption rather than molecular adsorp-tion. The dissociafed O D Gads= Gsurt+adsorba@Ssut -~ N Mgas (3)
ions, which adsorb preferentially at top-Mn sites and the oxyg&Rere N is the number of molecules adsorbed in the reaction. By
vacancy sites (Fig. 11) draw a combined charge of 0.65 e fromyssuming that the presence of the adsorbate does not significantly
the surface. change the enthalpy nor the entropy of the solid itself, these terms

In a larger (2 1) supercell with 0.25 ML coverage, adsorp-tigancel out. The only contributions to the entropy of the

energies of 2.66 eV and 2.97 eV were calculated foad@sorbed at surface/adsorbate is then the vibrational entropy of the adsorbates,
the oxygen vacancy sites (Fig. 1@1) and side-on at the bridge-sadsvib, and the coverage dependent configura-tional entropy,

Mn-Mn sites (Fig. 12M2). When Q is placed side-on or end-on aps’cont. The vibrational entropy of the adsorbates may be written as:
top-Mn site, it was observed that after geometry optimization the

initial configuration is dissociated and incorporated into doubly sads be
charged surface oxygen vacancies to g (Fig. 12). Similarly, vib ¥2 NkB 359 1in 1 eve 4

W_hen @ is dissociatively adsorbed on the two Mn cation SIS (00 1 = 1/BT and €% Phn is the total vibrational energy of
Fig. 12), the process releases an energy of 3.87 eV (Table 5). i
the adsorbent obtained from normal-mode analysis DFT calcu-

To provide atomic-level insight into théfect of Ca-doping on lations, and the coverage dependent configurational entropy enay b

the electronic structures of LaMgQurfaces and their implicationincluded as:

for catalytic reactivity, we have plotted the pro-jected density of

states (PDOS) for the undoped and Ca-doped Lad{ri@) surface S Inl y 5)

as shown in Fig. 13. It is evident from the PDOS plots that, Ls ion

contribute negligible states at the Fermi level compared to the Mn ) D cont Y k8 y ) )
ions. Since the density of states around the Fermi energy I&¥Bere Y is the surface coverage. The expression for the Giblgyen

roughly determines the avail-ability of electrons for a give®f adsorption then becomes:
reaction‘L,30 it can be inferred that the catalytic activity of the
LaMnO3(110) surface should be primarily linked to the surface Mn
d-states. This helps to explain why the Mn sites are more active than NkT In(p/po) (6)

the La sites for @adsorption. It can also be seen from Fig. 13 thafith the adsorption energy defined as®t= EV™C, ESUTNE®2, p

Ca doping resulted in to a decrease in the Mn-d states aroend=th 2 and § = 1 atm. Correction for errors in the binding energy of

Fgrml level relatl\./e_ to the undoped surface. As the Mn-d Stfagzswas accounted for by adding 1.36 eY/@btained from the fitting
dictates the reactivity of the LaMr110) surface, a decrease inyt gxperimental formation enthalpy and calcu-lated oxide foomati

their intensity signifies weaker ZObinding. This helps to explain gnergie! The zero-point vibrational energy (ZPE) is calculated as
why the Ca-doped surfaces have weakerbidding energies than the diference between the ZPE correction of the adsorbate on the

DG(T,p) = DE®+ DEpE™ dHr%Sy TOSon? +Si?® 9%

the undoped surfaces. surface and in the gas phase according to eqn (7):
X X
d 3n hﬂ 3n M
DEZPE™Y: |, 21 i, 2! @)
(a) l,JndOped ; 7 . (b)CaTdOPed — - Ya surf Ya gas

as where h is the Planck constant andare the vibrational
frequencies. Shown in Fig. 14 is the plot of predicted Gibbs gnerg
of oxygen against temperature for the most stable molecular/
dissociative structures of 20 It is evident from Fig. 14 that

DGadS(T,p) is always negative, suggesting that the oxygen reduc-tion
Ay b d reaction is feasible at any of the typical operating tem-peratures of
¥ EZ%F [eov] « %y SOFCs. It is also worth noting that BﬁT,p) values become more
negative with increasing temperature, indicating that the oxygen
reduction reaction is more feasible

DOS [arb. units]
DOS [arb-‘ units]

L

T 3 02
E-E, [eV]
Fig. 13 Projected density of states of (PDOS) for the undoped and 25%

Ca-doped LaMnO3(110).



(a) O,@undoped surface over dissociative adsorption on the perfect LaMn@nd

N S N B 2R U A A A A LCM25{110} surfaces. However, dissociative adsorption is
energetically favored over molecular adsorption on the oxygen-
deficient {100} and {110} surfaces of pure LaMg@nd LCM25.
On the extended surfaces with coverage of 0.25 ML, dissociative
adsorption becomes favoured over molecular adsorption on koth th
perfect and oxygen-deficient surfaces of {100} and {110} LCM25.
Lo wdin population analysis reveals that the adsorption of oxygen on

-10F .
12\ the pure and Ca-doped LaMpGsurfaces is charac-terized by

significant charge transfer from the interacting sur-face species

AG [eV]

-14+ - - A which resulted in significant elongation of the-@ bonds of the
500 ' 660 ' 760 , 860 ' 96() ' 1()10()' 1100 —g adsorbed @ molecule. We have compared our calculated O
Temperature [K] == D  adsorption energies at the 25% Ca-doped LapIn(@QCM25)
(b) O,@Ca-doped surface E surfaces with other AB®type cathode materials such as 25% Sr-
. ' ! 1 : g doped LaMn@.24 Generally, the adsorption energies obtained in the

0
_2\ present work are more exothermic than those predicted at the 25%
_4\' Srdoped LaMn@, suggesting that Ca-doping can improve the
—6j\\\ - oxygen reduction activity of LaMngsurfaces more than Sr-doping.

Cadoping is shown to facilitate oxygen-vacancy formation bette

AG [eV]

'Sf ] than Sr-doping on the basis of smaller oxygen-vacancyafiom
-10j ) energies calculated at the 25% Ca-doped LaMs@faces than at
-12_— 1 the 25% Smidoped LaMnQ.24 Information on the active sites,
.14+ ] adsorption geometries and the nature of the surfaces (perfect or
500 600 700 800 900 1000 1100 defective) towards ©reduction would be hard to obtain from purely

Temperature [K] in situ experimental measurements. The molecular-level insights
! : ! m derived from this work shows that first-principles DFT calculations
Fig. 14 Gibbs free energies DG(T,p) of the most stable molecular ("'O2) and . . . . . . .
dissociative (d02) structures O2 at the pure (top) and 25% Ca-doped LaMnO3 can play a vital role in the rational deS|gn of active and efficient
surfaces (down). (Colour code: A = MO2@perfect(110); B = 902@perfect(110);, ABO3 type cathode materials for SOFCs. Future investigations will
C = Mop@defective(110); D = Y02@defective(110); E = MO2@perfect(100); F = expand the work presented here to include thermodynamic stability
MO2@defective(100); and G = Y02@defective(100).) analysis for the @LCM25 surface which will enable us to
determine the Kkinetics for oxygen adsorption and dissociation
processes as well as predict the optimal range of adsorption energies

at higher temperatures, which is consistent with the high telrrr11-02_|_CM25 systems.

peratures employed in operating conditions of SOFCs.
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