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We present and discuss density functional theory calculations addressing the electronic structure and
energetics of isolated oxygen ad-atoms at the (001) surfaces of PbTiO; (PTO) and LaMnOsz (LMO) cubic
perovskites. Both AO- and BO,-type of surface terminations are considered for each perovskite. Difference
electron density analysis has been carried out for each surface to probe local electronic charge redistribution
upon oxygen adsorption. Our results show that the (001) surfaces of the two perovskites behave quite
differently towards oxygen adsorption. In the case of the PTO (001) surfaces, the adsorbate oxygen atom was
found to form a peroxide-type molecular species along with a surface lattice oxygen atom on both PbO- and
TiO,-terminated surface facets. On the other hand, the most stable oxygen adsorption site for the LMO (001)
surfaces corresponds to the one expected from a natural continuation of the perovskite lattice. Moreover, the
dissociative adsorption of molecular oxygen varies from being only slightly exothermic on the PTO (001)
facets to being highly exothermic on the LMO (001) facets. The AO-terminated facets, in general, showed a
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stronger binding to the adsorbed oxygen.
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1. Introduction

Apart from their importance in many technological applications
such as sensors and photocatalysis, perovskite oxides (with the
generic chemical formula given as ABO3) have received considerable
attention as high temperature oxygen ion and proton conductors
for their use in solid oxide fuel cells (SOFC) and electrochemical
applications [1-5]. Recently, they have also been reported to bear
catalytic properties superior to the conventional Pt-based catalysts for
the deNOj process (i.e. removal of NO, gases) in catalytic convertors of
auto exhausts [6,7]. The underlying processes in both such applica-
tions involve interaction of the perovskite surface with the gas phase
oxygen. Therefore, acquiring a fundamental understanding of the
nature of the interaction between oxygen and the perovskite surfaces
is crucial to explain the role of oxygen in such technological processes.

The ability of a perovskite surface to undergo reversible oxygen
chemisorption represents a key feature of its catalytic activity towards
any oxidation reactions and is usually associated with the mixed
valence states of the transition metal ion B. One may expect such an
oxidation reaction to proceed through several elementary steps each
involving either oxygen vacancies or ad-atoms or both. However,
many reports in the literature suggest that the formation of an oxygen
vacancy in a pure ABOs; perovskite is a highly endothermic process
[8-13] and therefore only a very low concentration of equilibrium
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oxygen vacancies is expected even at high temperatures in a pure
ABOs perovskite (we however note that significant oxygen vacancy
concentration can be achieved even at lower temperatures by
chemical doping at the A or B cation sites with a metal ion having
a lower oxidation state [14-16]). Moreover, molecular oxygen has a
strong tendency for getting adsorbed on a surface vacancy site and
thereby annihilating it and forming a surface adsorbed O ad-atom. A
second route for the formation of O ad-atom is provided through
the dissociative adsorption of O, on the oxide surface. Therefore, it
has been postulated that the atomic form of oxygen adsorbed on the
surface is the active species in the case of a higher temperature
intrafacial catalysis [17].

A necessary prerequisite for the atomic scale understanding of
oxygen dynamics on a perovskite surface is the knowledge of the
electronic structure and the local environment of the active sites on
the surface. The difficulties associated with distinguishing between
surface adsorbed and lattice oxygen have significantly limited
interpretation of available experimental data. Furthermore, experi-
mental studies to date are still unable to identify the active sites for
the oxygen reduction reaction at the perovskite surfaces. Density
functional theory (DFT) calculations may be a powerful approach to
elucidate the oxygen-surface interactions and can provide details
about the electronic structure, geometrical parameters, and energetics
of the bulk and adsorbed intermediate species.

Despite the broad technological implications, first principles
studies aimed at modeling oxygen adsorption on perovskite surfaces
are very scarce in the literature. Recently, density functional theory
(DFT) calculations by Piskunov et al. [18] and Guhl et al. [19]
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confirmed the formation of molecular peroxide (03 2) species
suggested by experimental spectroscopic and kinetic investigations
[20,21] on both of the regular terminations of SrTiO3 (001) surfaces. A
detailed DFT study exploring mechanisms of oxygen reduction on
highly polar (110) surfaces of cubic LaMnOs (LMO) was reported by
Choi et al. [22] showing that the oxygen dissociation occurs with small
reaction barriers or without any barrier at both perfect and defective
LMO surfaces and involves superoxo- or peroxo-like intermediate
species. Another DFT study by Kotomin et al. [23] for the low
temperature orthorhombic LMO (001) surface facets demonstrated
that the dissociative adsorption of O, molecules from the gas phase is
energetically favorable on the Mn surface ions even on a defect-free
surface.

Here we report periodic DFT calculations aimed at a study of the
energetics and local electronic structure of oxygen adsorption on the
(001) surfaces of PbTiO3 (PTO) and LMO. The choice of PTO and LMO
as model systems is motivated by the fact that these are intrinsically
different in terms of the oxidation states displayed by their A (Pb™?
and La*3) and B (Ti**and Mn™3) site cations. Furthermore, the (001)
facets in PTO (terminated by either the PbO or TiO, layers) are non-
polar while the LMO (001) facets (terminated by either the LaO
or MnO, layers with nominal charges +1 e per layer in a (1x1)
supercell) represent polar surfaces. Moreover, unlike Ti in PTO, Mn in
LMO is more flexible towards supporting variable oxidation states.

Also, keeping in mind the associated high operating temperatures
in applications such as SOFC and catalytic convertors in auto-exhausts,
the high temperature cubic perovskite phase is considered in the
present study. Thus, even though the first principles calculations
presented here are performed at 0 K, the fixed cubic symmetry can
provide useful results for the high temperature cubic phase of both
PTO and LMO.

2. Computational and model details

DFT calculations were performed with the periodic supercell
plane-wave basis approach implemented in the Vienna Ab initio
Simulation Package (VASP) [24]. The interactions between the
valence and the frozen core electrons were simulated with the
projector augmented wave (PAW) method, [26] and electron
exchange and correlation were treated within the local density
approximation (LDA) [25]. In keeping with a large number of prior
studies of PTO using the LDA, [27-32] we continue with this
approximation in the present work as well. Tests using the
generalized gradient approximation (GGA) instead of LDA, however
did not yield any qualitative differences with respect to the
conclusions concerning O chemistry that arrived at in the present
study. Plane waves were included to a cutoff of 500 eV and the O 2s
and 2p, the Ti 3s, 3p, 3d and 4s, the Mn 3p, 4s and 3d, the Pb 5d, 6s, and
6p, La 5s, 5p, 5d and 6s electrons were included in the valence states.
Spin-polarized calculations were adopted to properly describe
magnetism inherent to LMO based systems (bulk and surfaces)
and the triplet ground state of oxygen molecule. A Monkhorst-Pack
k-point mesh [33] of 8 x8 x 8 yielded well converged bulk results.

Within these approximations the calculated PTO and LMO bulk
lattice constants in the cubic phase are predicted to be 3.887 A
and 3.802 A, respectively, underestimated with respect to their
corresponding experimental values of 3.97 A [34] and 3.947 A [35].
These calculated bulk lattice constants were then further used to
construct surface models in the form of slab geometries. The PTO and
LMO (001) surfaces both in the absence and the presence of O ad-
atoms were modeled using symmetric slabs (with respect to the
central mirror plane) consisting of nine alternating AO and BO, layers.
Geometry optimization of all slabs (both in the absence and the
presence of O ad-atoms) was accomplished by requiring the forces
experienced by each atom to be smaller than 0.04 eV/A. A vacuum of
approximately 12 A was placed above the slabs in order to avoid any

spurious interaction between adjacent slabs along the slab surface
normals. The average surface energy of AO- and BO,-terminated clean
(001) surfaces fluctuated within 0.1 meV/A? going from nine layers to
eleven layers for both the PTO and LMO.

To model surface oxygen adsorption, O ad-atoms were placed
symmetrically on both sides of the slab, thus preventing the
possibility of any non zero dipole moment perpendicular to the sur-
face. For each of the AO- and BO,-terminated surfaces, five different
adsorption sites for O ad-atoms were considered. These are shown
schematically in Fig. 1. In each case, a (2x2) supercell was used to
model a dilute-limit coverage of O ad-atoms on the surface of interest.
A Monkhorst-Pack k-point mesh of 4 x4 x 1 was employed to produce
converged results for all such slabs.

The oxygen ad-atom binding energy with respect to a free oxygen
molecule in the gas phase is defined as

1
Eb = 2 Esurffoad _Esurf_EOZ (gas)] (1)

where Egro,,, Esur and Eo, (gas) represent the total energy of the
relaxed adsorbate covered surface system, the total energy of the
clean surface and the total energy of an O, molecule in the gas phase,
respectively. A negative value of E, indicates that the dissociative
adsorption of the O, molecule is exothermic on the surface. A factor of
2 in the denominator arises from the fact that the Oyy is adsorbed
symmetrically on both sides of the slab. The binding energy thus
obtained using the above equation is referenced to a gas phase O,
molecule in its spin-triplet ground state.

3. Results and discussion
3.1. PTO surfaces

The most stable geometric structure produced due to the oxygen
adsorption on each of the four different surfaces considered here is
shown in Fig. 2. In the case of the PTO (001) surfaces, for both PbO-
and TiO,-terminations, the adsorbate binds to a surface lattice oxygen
atom forming a peroxide-type (052) molecular species. Recently
similar phenomenon has also been reported for the SrTiOs (001)
surfaces [18,19]. On the PbO-termination PTO (001) surface, the
oxygen ad-atom (Ogq) is adsorbed exothermically on a Pb-O bridge
site with a binding energy E, = —0.89 eV. The directly coordinated
lattice oxygen is pulled out of the surface while the underlying Ti atom
is pressed into the bulk, thereby stretching the Ti-O bond from
1.945 A to 2.09 A. The bond length between the O, and the lattice
oxygen was found to be 1.45 A which is quite close to the 0-O bond
length in the H,0, molecule and is a characteristic of molecular
peroxide species [36]. The distance between the Oyq and the nearest
surface Pb atom is 2.26 A and the surface O,-O bond is tilted
with respect to the surface normal with an O,4-O-Ti angle of 124°
(c.f. Fig. 2a).

Although the Pb-0 bridge site is the most energetically favored
site, the resulting configuration due to the O,4 adsorption at the 3-fold
site, being only 0.09 eV higher in energy, is almost equally ener-
getically favored and can simply be obtained by a 45° rotation of
the dioxygen complex around the surface normal. The O4,-O bond
length and O,4-O-Ti bond angle in this configuration are essentially
the same as those mentioned above for the Pb-O bridge site
adsorption. Therefore,the tilt direction of the dioxygen moiety on
the PbO-terminated (001) surface, with a negligible barrier towards a
90° rotation around the surface normal, is expected to exhibit some
dynamics at high temperatures.

At the TiO,-terminated surface, the O,y binds exothermically at the
Ti-O bridge site. However, the binding is weaker by 0.36 eV than on
the more ionic PbO-terminated surface. The relaxed geometry for the
adsorbate system is shown in Fig. 2b. The Oq4-0 bond length is 1.43 A,
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Fig. 1. Schematic top view of five possible adsorption sites considered in the present study on (a) AO- and (b) BO,-terminated (001) surfaces.

again falling in the range expected for the molecular peroxide species.
Showing a similar behavior to the PbO-terminated surface, the O,y on
this surface binds close to the lattice O and is tilted towards one of the
adjacent surface Ti atom such that the Ti-044-0 and O-Ti-O,4 angles
and the Ti-O,4 bond length are 74.8°, 42.5° and 1.88 A, respectively.
Despite the Ti-O bridge site being the most energetically preferred
adsorption site, the O-ontop adsorption site is only 0.39 eV higher in
energy and serves as a saddle point for a flipping motion of the
dioxygen moiety towards the other neighboring surface Ti atom. The
computed barrier (0.39 eV) for the flipping motion compares well
with that reported for the TiO,-terminated surface of SrTiO3 (0.30 eV)
[19].

To visualize the charge rearrangements upon the O,4-surface bond
formation, we further carried out the difference electron density [37]
analysis presented in Fig. 3. The difference electron density is obtained
by subtracting the electron charge density of both an isolated O atom
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Fig. 2. The most stable O adsorption geometries on the PbO-terminated (a) and TiO,-
terminated (b) facets of PTO, and on the LaO-terminated (c) and MnO,-terminated
(d) facets of LMO. The O is indicated by an arrow in each of the four panels.

and a clean surface from that of the relaxed surface with an O ad-
atom. To highlight only the local rearrangements in the electronic
charge density occurring due to the Oy4-surface bonding, the atomic
positions of the clean surface and the O,4 are taken to be same as those
of the relaxed adsorbate-surface system.

The analysis of the electron density redistribution due to the Ogqy
adsorption for the PbO- and TiO,-terminated (001) surfaces is shown
in Fig. 3a and b, respectively, which further confirms the formation
of a quasi-molecular species between O,y and a directly coordinated
lattice O atom. We note that the O,y bonding induced electronic
charge redistribution on both of the (001) facets of PTO is quite locally
confined in the vicinity of O3 2 molecular species and the charges on
all other atoms remain virtually unaffected due to the bonding. A clear
donation of charge from the lattice O to the O is visible. Bader charge
analysis [38,39] further shows that the charge surplus at the lattice
oxygen is somewhat evenly distributed between the O atoms forming
the peroxide-like O-O,4 moiety (0.82 e and 0.94 e on PbO-terminated
and 0.75 e and 0.52 e on TiO,-terminated surfaces, respectively) after
adsorption.

The suggested formation of the O3 2 molecular species on the PTO
(001) surfaces is further supported by an analysis of the local density
of states obtained by projecting the total density of states (DOS) of the
relaxed adsorbate-surface system on to the surface O,4ice—0qq MoOiety
for both PbO- and TiO,-terminated surfaces (cf Fig. 4a and b,

(@)  PbO-terminated (b)  TiO,terminated
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Fig. 3. Difference electron density maps highlighting the electron charge density
redistribution due to the O, adsorption for the (a) PbO-, (b) TiO,-, (c) LaO- and
(d) MnO,-terminated (001) cubic perovskite surfaces. An isosurface corresponding to
an electron charge density of 0.02 e/A* is shown in each of the panels. Red and blue
colors have been used to represent depletion and accumulation of charge, respectively.
The representation of atoms is same as that used in Fig. 1.
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Fig. 4. Density of states analysis supporting the formation of 0-O,4 peroxide moiety at
PbO- and TiO,-terminated surfaces. The top two panels show the DOS projected onto
the 2s and 2p states of O,4 and the directly coordinated lattice O for PbO- (a) and TiO,-
termination (b), identifying two sharp states above and below the O 2s group as
fingerprints of the formed peroxide moiety. The same O projected DOS of an H,0,
molecule exhibiting essentially the same characteristic is shown in panel (c). The
occupied and unoccupied levels are shaded green and red, respectively.

respectively). The corresponding local DOS when compared with the
oxygen projected DOS of an H,0, molecule (Fig. 4c), in which 052
species occurs naturally, shows clear fingerprints of a peroxide-like
dioxygen moiety formation at each of the surface.

3.2. LMO surfaces

Unlike the non-polar regular terminations of PTO (001) facets,
an LMO (001) surface may display one of the two terminations of
opposite polarity with effective charges of +1 e (LaO-terminated)
or —1 e (MnO, terminated), respectively, owing to the nominal
charge states of +3, +3 and —2, respectively, for La, Mn and O in
LMO. We also note that while the top of the valance band in PTO
is mainly generated by oxygen 2p states, [40] f-states of La and d
states of Mn (with only a small contribution from oxygen 2p states)
contribute largely to the formation of electronic bands near the
fermi level in LMO (which is a metal unlike PTO) [41]. Owing to the
distinctly different oxidation states of the transition metals in the case
of LMO (relative to PTO), the consequent polarity (and unsaturations)
of the LMO surfaces, and the underlying electronic structure, the most
preferred oxygen adsorption sites on LMO (001) surfaces are expected
to be those simply dictated by the natural extension of the perov-
skite lattice, in contrast to that on PTO (001) surfaces.

Our findings for the optimal geometries for O adsorbed LMO
surfaces are consistent with the above expectations. The LaO-
terminated surface adsorption of the O,y atom at the La-La bridge
site results in the most energetically favorable configurations with a
La-0 bond length of 2.15 A, much shorter than the bulk La-O bond
length 0f 2.69 A. As a result of 0,4 atom adsorption, a significant surface
relaxation takes place on the surface through tilting of the neighboring
MnO, octahedra away from the O,y atom around an axis parallel to the
[010] direction (c.f. Fig. 2c) with a tilt angle of 11.5°. Unlike the PTO
(001) surfaces discussed above, where the charge redistribution due to
the O,q atom binding on the surface is quite confined to regions close to
the adsorbate, the O,y atom approaching to the LMO surface can be
described as an oxygen ion carrying two holes which tend to delocalize
by hopping down the surface giving rise to a strong bond.

This view point is further strengthened by the difference electron
density plot in Fig. 3c, where a significant charge redistribution in the
penultimate MnO,, layer is clearly evident after O,y atom binds at the
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topmost LaO surface layer. A combined effect of the adsorption
induced surface relaxations through MnO, octahedra tilting as well as
the stabilization through a long range charge delocalization gives rise
to a highly exothermic binding energy of E,=—4.57 eV on this
surface. This large exothermicity may also be understood in terms of
the coordinative unsaturation prevalent at the LaO-terminated
surface (as this surface may be viewed as sub-stoichiometric with
respect to the parent oxide of La, namely, La;05).

The MnO,-terminated surface shows a strong preference for Oy
adsorption over the surface Mn ion with a Mn-0,4 bond length of
1.60 A. As shown in Fig. 2d, due to the surface bond formation the Mn
ion is pulled out of the surface, resulting in a significant stretching of
its bond with the O lying in the second topmost layer (with a Mn-0
bond length of 2.25 A as compared to that of 2.02 A for a clean surface
in the absence of O,y). The oxygen binding energy E,, is calculated to
be -1.75 eV. Our results are qualitatively similar to those reported for
the MnO,-terminated surface of the low temperature orthorhombic
phase of LMO, with a Mn-O, bond length of 1.63A and E, of
—1.07 eV [23]. The Bader charge analysis reveals that a total of 0.63 e
charge is transferred to the adsorbed Og4, 0.17 e of which comes from
the directly coordinated Mn ion and 0.28 e is contributed by the four
nearest O ions on the surface. This is also readily evident from the
difference electron density plot in Fig. 3d, where a charge accumu-
lation on the O,y and the corresponding depletion at the surface Mn
and four neighboring O ions is clearly depicted as a result of the Oy
adsorption on the surface.

4. Conclusions

In conclusion, we have presented a density functional theory study
of oxygen adsorption on the (001) facets of cubic PTO and LMO. On
both of the regular terminations of the (001) PTO surface, the
preferred adsorption site for an O ad-atom is the bridge site between a
surface metal ion and surface lattice oxygen. The adsorbed O is found
to form a quasi-molecular peroxide-like species with the lattice
oxygen. Owing to the stoichiometric charge neutral non-polar nature
of these terminations, the charge density redistribution induced by
the adsorbed O is found to be quite local, confined in the vicinity of the
formed dioxygen moiety. On both the PTO (001) facets the
dissociative adsorption O, is energetically favored with adsorption
at the PbO-terminated facet (—0.89 eV) being slightly more exother-
mic than that at the TiO,-terminated facet (—0.53 eV).

In contrast to the PTO (001) surfaces, the most preferred O
adsorption sites on the polar LMO (001) surfaces are given by those
which would have been naturally occupied by oxygen if we were to
further extend the perovskite lattice, i.e. the La-La bridge site on the
LaO-terminated facets and the Mn-ontop site for the MnO,-terminated
surface. A long range charge delocalization in the penultimate layer,
adsorbate induced surface relaxations and most importantly, coordina-
tive unsaturations due to the sub-stoichiometric nature of this surface
result in a highly exothermic oxygen binding on the LaO-terminated
surface (-4.57 eV). On the MnO,-terminated surface, charge redistribu-
tions are mainly confined to the surface Mn and four neighboring
surface O atoms, and O binding is much less exothermic (—1.75 eV).

The drastically different manners of O ad-atom binding (in terms
of binding modes, sites and energetics) to the two different perovskite
surfaces are a natural consequence of the very different nominal
oxidation states of the transition metals involved, and the variation in
the electronic structure of the two ABO3 systems. A detailed
understanding of such differences may enable us to optimize the
reactivity and possible catalytic activity of such systems.
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