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The stability of LaMnO3 surfaces: a hybrid exchange
density functional theory study of an alkaline fuel cell
catalyst

E. A. Ahmad,*ab G. Mallia,ab D. Kramer,ac A. R. Kucernaka and N. M. Harrisonabd

LaMnO3 is an inexpensive alternative topreciousmetals (e.g.platinum)as a catalyst for theoxygen reduction

reaction in alkaline fuel cells. In fact, recent studies have shown that among a range of non-noble metal

catalysts, LaMnO3 provides the highest catalytic activity. Despite this, very little is known about LaMnO3 in

the alkaline fuel cells environment, where the orthorhombic structure is most stable. In order to

understand the reactivity of orthorhombic LaMnO3 we must first understand the surface structure. Hence,

we have carried out calculations on its electrostatically stable low index surfaces using hybrid-exchange

density functional theory, as implemented in CRYSTAL09. For each surface studied the calculated

structure and formation energy is discussed. Among the surfaces studied the (100) surface was found to

be the most stable with a formation energy of 0.98 J m�2. The surface energies are rationalised in terms

of the cleavage of Jahn–Teller distorted Mn–O bonds, the compensation of undercoordination for ions in

the terminating layer and relaxation effects. Finally, the equilibrium morphology of orthorhombic

LaMnO3 crystals is predicted, allowing us to speculate about likely surface reaction sites.
I Introduction

LaMnO3 belongs to a class of ABO3 perovskites, which are well
known for their magnetic properties and applications in solid
oxide fuel cells (SOFCs).1–3 These materials are also used in
magnetic refrigeration,4 metal-air batteries5 and alkaline fuel cells
(AFCs).6 Although the use of perovskites-type oxides as oxygen
reduction reaction (ORR) catalysts wasrst explored in 1970,7until
the last decade, this class of material had not been studied for
alkaline fuel cell (AFC) applications. In 2004, LaMnO3 was identi-
ed as a viable ORR catalyst for alkaline fuel cells (AFCs),6 with
activity comparable toPt.A reviewofalkaline fuel cell cathodes8has
subsequently shownthat theperformanceofLaMnO3 isamong the
highest of non-noble metal catalysts. Furthermore, a systematic
study of the variation in catalytic activity with the d-electron
occupancy of various perovskite oxides has shown that LaMnO3

has optimal catalytic activity for the ORR reaction.9 It is claimed
that this is because LaMnO3 possesses an ideal d-electron occu-
pancy (d4), with neither too weak nor too strong O2 interactions.9

There have been extensive theoretical and experimental
studies of the structure and properties of bulk LaMnO3 (see our
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previous work10 and the references therein). At low temperature,
the structure is orthorhombic with an A-type antiferromagnetic
(AAF) insulating ground state.11 This is due to a Jahn–Teller (J–T)
distortion that breaks the degeneracy of theMn3+ 3d4 orbitals. At
high temperature (750K) the geometry adopts cubic symmetry as
the thermal vibrations li the J–T distortion.12 In contrast with
the bulk, relatively little is known about the surface structures
and properties of LaMnO3. To the best of our knowledge, there
have been no experimental studies on the structure and prop-
erties of the surfaces and terminations of LaMnO3, in either the
high temperature cubic phase or the low temperature ortho-
rhombic phase. However, various theoretical works, based on
density functional theory (DFT), have been carried out to calcu-
late the formation energies and structures of the surfaces.13–15

The consensus from these studies is that the MnO2 terminated
(001) surface is the most stable in both phases (in the ortho-
rhombic case this corresponds to the surface perpendicular to
longest lattice parameter, i.e. in the Pnma setting this is the (010)
surface). These calculations also predict that the surface is
sensitive to environmental conditions15 and adsorbed species,16

which can lead to alternate low energy surfaces.
The adsorption of oxygen on the surface of LaMnO3 has been

simulated,16–18 focusing mainly on the high temperature (cubic)
surface for SOFC applications. These studies conclude that
oxygen is most likely to adsorb on the Mn sites, and that disso-
ciative adsorption is more favourable than molecular adsorp-
tion; this is contrary to what is observed on the isomorphic
material SrTiO3, where calculations show that the adsorbing O
atoms prefer the bridge position between Ti and O ions.16 A
This journal is ª The Royal Society of Chemistry 2013
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mechanism has also been proposed for the adsorption, disso-
ciation and diffusion of O on LaMnO3 surfaces, in which the
adsorbedOpasses through superoxide (O2

�) andperoxide (O2
2�)

states before dissociating into O ions that are incorporated into
the lattice.17 Finally, the adsorption of various ORR intermedi-
ates on the (001) surfaces of LaMnO3, LaCrO3 and LaFeO3 has
indicated that LaMnO3 is optimal for ORR activity.19 This is
based on the binding strength of the intermediates, calculated
using hybrid methods, being neither too strong nor too weak
compared to the other materials.

Previous theoretical work on the structure of the LaMnO3

surface has mainly concentrated on its application in SOFCs,
which is not directly applicable to AFCs as the ORR follows
different pathways in thedifferent fuel cell types. O2 is reduced to
O2� ions that diffuse into a solid electrolyte in the SOFC, while in
the AFC O2 reacts with H2O to form OH� ions that pass into a
liquid electrolyte. Furthermore, the AFC operating temperature
is signicantly lower than that of SOFCs, meaning that LaMnO3

is stable in the orthorhombic rather than cubic phase. Theoret-
ical studies relevant to low temperature systemsmust, therefore,
consider the more complex orthorhombic system. The bulk
crystal of the orthorhombic phase of LaMnO3 consists of an
ordered array of J–T distorted MnO6 octahedra. Studies of the
surface atomic structure must therefore take into account the
effects of local J–Tdistortions of the octahedra and their ordering
in the near surface region.10,20,21 Tang et al. have reported DFT
calculations that show the effects of J–T distortion on the surface
of orthorhombic LaMnO3,22 where they reported the %
displacement of the surface atoms upon relaxation with respect
to theunrelaxed geometry cut from theoptimizedbulk.However,
their study was limited to the (001) surface only. No compre-
hensive study of the range of surfaces and terminations that are
possible with orthorhombic LaMnO3 has been published.

In this study, the structure andenergetics of the orthorhombic
(Pnma) LaMnO3 surfaces are investigated systematically by
constructing and relaxing all of the possible low index surfaces –
(hkl), with |h|, |k| and |l| # 1 – using hybrid-exchange DFT with
theBecke, three-parameterLee–Yang–Parr (B3LYP) functional (as
implemented in CRYSTAL09 (ref. 23 and 24)). The factors
affecting the stability of the surfaces (J–T distortion, transition
metal ion coordination at the surface and relaxation effects) are
also studied in detail. The B3LYP functional is adopted for this
study, as it provides an accurate description of the electronic
structure of systems in which strong electron–electron interac-
tions result in electron localisation and orbital ordering (partic-
ularly for transition metal oxides),20,25–34 and has recently been
shown to provide quantitative agreement between calculated and
experimental formation energies for the Mn-oxides.10

Thispaper isorganisedas follows.Themethodology isprovided
in Section II and III contains the computational details. The results
are presented in Section IV. Here the structure of the studied
surfaces before and aer relaxation is discussed, followed by a
detailed analysis into the effects of J–T distortion, bond cleavage,
the compensation of ion undercoordination and relaxation effects
on the surface formation energies. Electron density difference
maps are used to highlight the polarisation of the under-
coordinated ions and aWulff construction is used to analyse the%
This journal is ª The Royal Society of Chemistry 2013
coverage of the surfaces in the equilibrium crystal morphology.
Finally Section V summarises the main ndings of this study.
II Methodology

The surfaces of orthorhombic LaMnO3 have been studied by
adopting a slab model, which is periodic in two directions and
consists of a sequence of atomic layers – parallel to the planes
dened by the Miller indices (hkl) – cut from the optimized bulk
geometry that has been reported previously.10 In order to assess
the stability of the various surfaces, the surface formation
energy per unit area, Es, is:

Es ¼ 1

2A
ðEslab � nEbulkÞ (1)

where Eslab is the total energy of the slab per unit cell of area A
containing n formula units, and Ebulk is the total energy per
formula unit in the bulk. Eqn (1) does not take into account the
inuence of the chemical environment, and is only applicable
to slabs with bulk stoichiometry.

All of the low index surfaces of the orthorhombic (Pnma)
LaMnO3 phase, as determined by cleaving the relaxed bulk
structure,10 are listed in Table 1. These surfaces can be analysed
and classied according to the charge q (assuming formal
charges for all ions) of each atomic layer and the dipole moment
perpendicular to the surface mz of a stoichiometric repeat unit of
atomic layers.35 Upon examining the atomic layers of the planes
in Table 1, it is evident that orthorhombic (Pnma) LaMnO3

cannot formany low index Tasker Type 1 surfaces, since there are
no neutral atomic layers (qs 0).35 However, it is possible to take
the charged atomic layers and construct symmetric slabs so that
there is no dipole moment perpendicular to the surface (mz ¼ 0),
corresponding to Tasker Type 2 surfaces. This is achieved by
choosing the appropriate terminating atomic layer, restrictingus
to the options listed in Table 2 for unreconstructed surfaces.

The (010), (011) and (111) surfaces are Tasker Type 3 and
cannot form Tasker Type 2 by choosing a suitable terminating
layer. This type of surface is characterised by adipolemoment (mz
s 0) and results in a surface energy that is innite, based on
purely electrostatic considerations.35 Reconstructions, chemical
adsorptions and charge transfer can quench the macroscopic
dipole and stabilise a Tasker Type 3 surface. The focus of this
study, however, is on the surface energetics and relaxation of the
orthorhombic phase of LaMnO3, the features of which can be
more easily isolated on the less complex unreconstructed stoi-
chiometric surfaces listed in Table 2.
III Computational details

All calculations have been performed using the CRYSTAL09 (ref.
24) code, based on the expansion of the crystalline orbitals as a
linear combination of a local basis set (BS) consisting of atom
centred Gaussian orbitals. The Mn and O ions are described by
a triple valence all-electron BS: an 86-411d(41) contraction (one
s, four sp, and two d shells) and an 8-411d(1) contraction (one s,
three sp, and one d shells), respectively; the most diffuse sp(d)
exponents are aMn ¼ 0.4986(0.249) and aO ¼ 0.1843(0.6)
J. Mater. Chem. A, 2013, 1, 11152–11162 | 11153
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Table 1 The atomic layer sequences of the low index surfaces of orthorhombic (Pnma) AAF LaMnO3. In the column “Sequence”, the stacking sequence of the atomic
layers in the non-periodic direction (z) is indicated for the repeat unit of the slab; as regards notation, 2O–2La 2O–2O–2Mn, for instance, corresponds to a sequence of
four layers as separated by hyphens. n-layers and n-atoms give the number of layers and of atoms in the repeat unit

Miller indices Sequence n-Layers n-Atoms Area (Å2) a (Å) b (Å)

(1 0 0) O–La–2O–2O–La–O–2Mn 7 10 43.425 5.614 7.735
(0 1 0) 2O–2La 2O–2O–2Mn 4 10 33.740 5.614 6.010
(0 0 1) La–O–2O–2O–O–La–2Mn 7 10 46.483 6.010 7.735
(1 1 0) O–La–O–O–O–O–La–O–2Mn 9 10 54.992 5.614 9.795
(1 0 1) 2O–La–La–O–2O–O–4Mn–O–2O–O–La–La–2O 13 20 63.611 7.735 8.224
(0 1 1) 2O–2O–2La–2O–2Mn–2O–2La–2O–2O–2Mn 10 20 57.437 6.010 9.558
(1 1 1) O–O–O–La–La–O–O–O–2Mn 9 10 72.005 8.224 9.558

Table 2 The sequence of atomic layers of the low index surfaces of the orthorhombic (Pnma) LaMnO3 phase simulated as Tasker Type 2 slabs in this work. The
notation is as in Table 1

Miller indices Sequence n-Layers n-Atoms Thickness (Å)

(1 0 0) 2O–La–O–2Mn–O–La–2O 7 10 2.893
(0 0 1) 2O–O–La–2Mn–La–O–2O 7 10 2.523
(1 1 0) O–O–La–O–2Mn–O–La–O–O 9 10 2.197
(1 0 1) 2O–La–La–O–2O–O–4Mn–O–2O–O–La–La–2O 13 20 3.753
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Bohr�2.36 The La basis set includes a pseudopotential to
describe the core electrons, while the valence part consists of a
411p(411)d(311) contraction scheme (with three s, three p and
three d shells); the most diffuse exponent is aLa ¼ 0.15 Bohr�2

for each s,p and d.20

Electron exchange and correlation are approximated using
the B3LYP hybrid-exchange functional, which, as noted above, is
expected to be more reliable than the local density approxima-
tion (LDA) or generalised gradient approximation (GGA)
approaches in this system.25,28,37 The exchange and correlation
potentials and energy functional are integrated numerically on
an atom centred grid of points. The integration over radial and
angular coordinates is performed using Gauss–Legendre and
Lebedev schemes, respectively. A pruned grid consisting of 99
radial points and 5 sub-intervals with (146, 302, 590, 1454, 590)
angular points has been used for all calculations (see the
XXLGRIDoption inCRYSTAL09 (ref. 24)). This grid converges the
integrated charge density to an accuracy of about �10�6 elec-
trons per unit cell. The Coulomb and exchange series are sum-
meddirectly and truncatedusingoverlap criteriawith thresholds
of 10�7, 10�7, 10�7, 10�7 and 10�14 as described previously.24,38

Reciprocal space sampling was performed on a Pack–Monkhorst
net with a shrinking factor of IS¼ 8 (corresponding to an 8� 8�
8 grid in the reciprocal cell for the bulk and an 8� 8 grid for the
slabs). The self consistent eld procedure was converged up to a
tolerance in the total energy of DE ¼ 1 � 10�7 Eh per unit cell.

The internal coordinates of the slab have been determined by
minimisation of the total energy within an iterative procedure
based on the total energy gradient calculated analytically with
respect to the nuclear coordinates. Convergence was determined
from the root-mean-square (rms) and the absolute value of the
largest component of the forces. The thresholds for the
11154 | J. Mater. Chem. A, 2013, 1, 11152–11162
maximumand the rms forces (themaximumand the rms atomic
displacements) have been set to 0.00045 and 0.00030 (0.00180
and 0.0012) in atomic units. Geometry optimisation was halted
when all four conditions were satised simultaneously.
IV Results and discussion

The Type 2 surfaces listed in Table 2 and the surface formation
energies Es are analysed in terms of bond cleavage, local
geometry, relaxation and octahedral distortions. The different
contributions to Es can be disentangled by comparing the
unrelaxed and relaxed slabs and dening the relaxation energy
ERelaxation as the energy difference between them, which is
normalised with respect to the surface area. The energy of the
unrelaxed slab is used to rationalise the cost of cleavage by
focusing on cleaved bonds and the truncation of octahedra at
the surface terminations (note that by “bond” we do not imply a
covalent bond but an Mn–O contact). For the relaxed slab
we can focus on the specic local relaxations that increase
ERelaxation and thus contribute to the stability of the surface.

In Fig. 1 the unrelaxed and relaxed Es are presented as a
function of slab thickness. The Es value, converged with respect
to the slab thickness for each surface, is also given in Table 3,
where the surfaces are listed in the order of Es. Both the unre-
laxed and relaxed surfaces show the same order of stability,
although the (001) and (101) surfaces become very similar in
energy upon relaxation, due to the large relaxation of the (001)
surface. The terminating oxygen layer of the (001) surface is also
characterised by the greatest inward relaxation Dz of all the
surfaces studied.

The average coordination of Mn at the termination of each
surface is also included in Table 3. Surface cleavage reduces the
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 The unrelaxed and relaxed surface formation energies Es with increasing
slab thickness, indicated as a function of the number of formula units of LaMnO3

per slab. The unrelaxed and relaxed energies are indicated by the empty and filled
points, respectively.

Table 3 The surface formation energies Es of the stoichiometric Type 2 surfaces
of orthorhombic (Pnma) AAF LaMnO3. Mncoord is the average coordination of the
Mn in the surface layer. The inward/outward relaxation of the terminating
oxygen is reported with a negative/positive Dz. EUnrelaxeds and ERelaxeds are the
surface formation energies for the unrelaxed and relaxed surfaces, respectively;
ERelaxation is the difference in energy between them, i.e. the surface area nor-
malised energy of relaxation

Miller
indices Mncoord Dz (Å)

ERelaxation

(J m�2)
EUnrelaxeds

(J m�2)
ERelaxeds

(J m�2)

(1 1 0) 4.5 0.028 0.69 2.67 1.98
(0 0 1) 5 �0.376 1.13 2.52 1.39
(1 0 1) 5.5 �0.038 0.89 2.25 1.36
(1 0 0) 5 �0.200 0.49 1.47 0.98

Fig. 2 The unrelaxed and relaxed slabs of the (110) surface are displayed and
the corresponding formation energy reported. Large and small spheres corre-
spond to the La and O ions, respectively. The Mn–On unit is represented by a black
polyhedron. Incomplete octahedra at the unrelaxed slab terminations indicate
cleavage of Mn–O bonds. After relaxation, incomplete octahedra may also indi-
cate a strong distortion by means of Mn–O bond elongation significantly beyond
the largest bulk bond distance (the apical bond – 2.31 Å).
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Mncoordination from the bulk value of 6. It has been argued that
transitionmetal coordination to oxygen is thedominant factor in
determining Es and that Es scales linearly with the loss of coor-
dination.39,40However, for the surfaceswehave studied, it is clear
that the scaling of Es is not linear with the Mn coordination, and
that the (100) and (001) surfaces have a large difference in
formationenergydespitehaving the sameMncoordination. This
behaviour is analysed further in Sections IV B and IV C.

The unrelaxed and relaxed structure of each surface are
shown in Fig. 2–5 and discussed in detail in the following
sections. The discussion is based on the comparison with the
bulk geometry, which can be considered as a packing of corner-
sharing MnO6 octahedra with interstitial La ions. The octahedra
are distorted due to the J–T effect, which breaks the degeneracy
of the eg states of Mn3+. Specically, in each octahedron the
Mn–O bond is elongated along a local apical axis (2.31 Å) and
contracted in the equatorial planes (1.99 Å and 1.92 Å).10 The
interaction of these local distortions produces the orbital
ordering observed in the bulk structure, which is correctly
reproduced in our calculations.10,21

The relaxed octahedra at each surface are displayed in
Fig. 2–5. On careful examination, it is evident that with respect
to the bulk geometry there are signicant surface relaxations,
This journal is ª The Royal Society of Chemistry 2013
which further distort the octahedra via additional rotation and
tilt, and further shortening and lengthening of the Mn–O
bonds. These effects also propagate through the sub-surface
layers by means of the corner-sharing octahedra: geometrical
changes which affect O ions linking octahedra lead to distor-
tions that spread from the surfaces into the substrate.

Before we proceed to analyse each surface in more detail
(from the highest to lowest Es), it is important to note that a
comparison with previous literature is not straightforward,
since the Miller indices referring to a particular surface depend
on the space group setting. For orthorhombic LaMnO3, the
standard space group setting is Pnma (no. 62), but in some of
the previous works the Pbnm setting has been adopted;13,15 in
this case the set of lattice vectors abc of the Pnma setting are
transformed into cab, i.e. the (110) surface of the Pnma setting
adopted here corresponds to (011) of the Pbnm setting.41,42
A structure and energetics

1 The (110) surface. The (110) surface layer is characterized
by 4- and 5-coordinated Mn ions and an La ion, as can be seen
from Fig. 2. When this surface is relaxed, the truncated octahe-
dron centred at the 4-coordinatedMn is heavily distorted relative
to the bulk, while the octahedron centred at the 5-coordinated
Mn does not change signicantly. There is also a slight outward
movement of the La ions. In Fig. 2–5 the octahedron in the
relaxed slab are only depicted as complete if the Mn–O bond
distances are equal or less than the largest bulk Mn–O distance
(2.31 Å for the apical bond). The incomplete octahedra in the sub-
surface layers of the relaxed slab, therefore, indicate cases where
the Mn–O distances have signicantly increased. The elongated
J. Mater. Chem. A, 2013, 1, 11152–11162 | 11155
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Mn–Obonds are 2.40 and 2.51 Å for the incomplete octahedra in
the sub-surface layer nearest to the termination. The subsequent
octahedrahave elongatedbonds that are 2.32 and2.37 Å andonly
return to the bulk value of 2.31 Å 32 atomic layers (8.19 Å) below
the surface. The relaxation of the terminating oxygen layer
documented in Table 3 indicates an unusual expansion of the
(110) surface. If we consider the atomic coordinates of the
terminating atoms, it is evident that this surface exhibits a
weak rumpling, where the outermost oxygen ion moves inward
(by �0.02 Å) and the subsequent oxygen ion moves outward (by
0.07 Å) becoming the terminating ion. Overall the relaxation
reduces the formation energy by 0.69 J m�2.

The (110) surface of the orthorhombic phase has been
previously studied by using an empirical electrostatic shell-
model potential.43 In this study, several terminating layers were
studied and it was concluded that the Mn termination was the
most stable. However, it is also reported that upon relaxation
the La ions are promoted to the surface layer and thus the
relaxed structure, which is otherwise dominated by Mn and O
ions, will also contain La ions. This description of the relaxed
surface is mostly in agreement with our ndings.

2 The (001) surface. The (001) surface layer is terminated by
O ions, which belong to truncated octahedra centered at
5-coordinated Mn ions. From Fig. 3, it can be seen that the
truncated octahedra are tilted relative to the surface normal, and
that the interstitial La ions are also exposed.Upon relaxation, the
cleaved octahedra at the surface tilt and adopt a different
orientation to the bulk. In order to allow this, theMn–Obonds of
the corner sharing octahedra in the sub-surface layers distort
relative to the bulk. This occursmost notably in the third layer of
Mn octahedra for the elongated apical Mn–O bond, which
undergoes an increase from 2.31 Å to 2.33 Å, as indicated by the
truncated octahedra in the relaxed slab of Fig. 3. These relaxation
effects result in the largest inward displacement of the
Fig. 3 The unrelaxed and relaxed slabs of the (001) surface. The unit cell of this
surface has been repeated laterally for a clearer depiction of the octahedra. It is
terminated by two Mn ions, one of which is symmetric to and hidden from view
by the visible one. Remaining details are as in Fig. 2.

11156 | J. Mater. Chem. A, 2013, 1, 11152–11162
terminating oxygen layer (0.376 Å) among all of the surfaces
studied (see Table 3), as well as the largest ERelaxation. Interest-
ingly, the relaxation mostly affects the coordination and orien-
tation of the Mn octahedra, while the La ions do not move
signicantly nor have any noticeable effect on their neighbour-
ing O ions.

To the best of our knowledge, there are no previously pub-
lished studies of the (001) surface of orthorhombic (Pnma)
LaMnO3.

3 The (101) surface. The (101) surface layer has fewer
incomplete octahedra per unit cell than either the (110) or (001)
surfaces, and this is reected in its lower EUnrelaxeds , since fewer
bonds have been cleaved. As evident in Fig. 4, only half of the
terminating octahedra are incomplete, each exposing a 5-coor-
dinated Mn. A unique feature of this surface is that the
incomplete surface octahedron exposes the 5-coordinated Mn
in a trough between two La ions. The remaining features of the
surface are otherwise similar to the other surfaces considered,
being terminated by O and exposing La ions.

Upon relaxation of the (101) surface, the only signicant
change occurs on the terminal layer, where an apical Mn–O
bond belonging to the terminating 6-coordinated octahedron is
lengthened to 2.42 Å (as indicated by the newly truncated
octahedron in the relaxed slab of Fig. 4). Since this relaxation
occurs perpendicular to the surface normal, it is expected that
the relaxation (in z) of the terminating oxygen layer would not
be large (�0.038 Å, as reported in Table 3). The relaxation
energy is, however, relatively high at 0.89 J m�2, implying that
the relaxation of the terminating oxygen layer is not necessarily
an indicator of the relaxation energy of a surface.

The (101) surface of orthorhombic (Pnma) LaMnO3 is
equivalent to the (110) surface in the Pbnm setting. Using this
alternative setting, previous studies have been published using
a variety of approximations (unrestricted Hartree-Fock (UHF)
linear combination of atomic orbitals (LCAO),13 hybrid B3PW
LCAO, generalised gradient approximation-plane wave (GGA-
PW),44 and GGA-PW91 (ref. 15)). Comparison of the data
computed here is not possible as there is an apparent discrep-
ancy in the description of the surface: the (110) atomic layer
sequences in the previous studies do not correspond to the
orthorhombic phase of LaMnO3. The Pbnm (110) surface is
reported with an atomic layer sequence of LaMnO–2O–LaMnO–
2O, whereas the correct sequence (for Pnma (101)) is 2O–La–La–
O–2O–O–4Mn–O–2O–O–La–La–2O (as reported in Table 2). The
sequence in the previous studies appears to instead belong to
the (110) surface of the cubic phase.

4 The (100) surface. The (100) surface is similar to the (001)
surface (compare Fig. 3 and 5); the terminating layers of both
contain 5-coordinated Mn, and the corresponding truncated
octahedra share a similar orientation relative to the surface
normal. Nevertheless EUnrelaxeds , of the (100) surface is much
lower than that calculated for the (001) surface, and also signif-
icantly lower than the (101) surface, which actually has less Mn
under-coordination. This result disagrees with the previously
proposed model, which rationalises that the surface formation
energies of oxides are dominated by the degree of metal coor-
dination loss.39,40 The energetics of the LaMnO3 surfaces are
This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 The unrelaxed and relaxed slabs of the (101) surface. This surface is terminated by four Mn ions, two of which are symmetric to and obstructed from view by the
visible two. Remaining details are as in Fig. 2.

Fig. 5 The unrelaxed and relaxed slabs of the (100) surface. The unit cell of this
surface has been repeated laterally for a clearer depiction of the octahedra. It is
normally terminated by two Mn ions, one of which is symmetric to and hidden
from view by the visible one. Remaining details are as in Fig. 2.

This journal is ª The Royal Society of Chemistry 2013
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governed by more complex phenomena than simple bond
cleavage, as discussed in detail in the following section.

Upon relaxation, the terminating Mn octahedra do not tilt to
the same degree observed on the (001) surface, but a set of
apical Mn–O bonds in sub-surface layer are lengthened. This
leads to an energy of relaxation and inward displacement
roughly half of that for the (001) surface (see Table 3). As with
the (001) surface, to the best of the authors knowledge there are
no previous studies of the (100) surface of orthorhombic Pnma
LaMnO3.

B The Jahn–Teller effect and transition metal ion
undercoordination

In order to fully explain the trend of surface formation energy
for the orthorhombic AAF phase of LaMnO3, it is necessary to
consider not only the average Mn coordination at the surface
when it is cleaved from the bulk, as described above, but also
the type of Mn–O bond cleaved, the presence of under-
coordinated Mn and O ions in the same octahedron and the
polarisation of the undercoordinated ions. These factors
were not considered in the previous works,39,40 but are of
similar importance to the number of cleaved transition metal to
oxygen bonds.
J. Mater. Chem. A, 2013, 1, 11152–11162 | 11157
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The different types of bonds cleaved (apical and equatorial),
the total number of Mn ions per cell in the surface layer and Es
are given in Table 4. A comparison of the (100) and (001)
surfaces can be used to illustrate the difference that the type of
bond cleaved makes to the surface energy. In Fig. 6 the arrows
indicate the direction of the apical bonds; it is clear that the
orientation of the octahedra is such that, upon cleavage of the
(100) surface, a relatively weak (the longer apical) bond is
cleaved. This requires less energy than cleaving the (001)
surface, where a relatively strong (the shorter equatorial) bond
is cleaved. Hence, the (100) surface has a lower Es than the (001)
surface, despite having the same number of cleaved Mn–O
bonds overall.

The order of stability of the studied surfaces is in general
agreement with the assumption that cleaving an apical Mn–O
bond is more facile than cleaving an equatorial Mn–O bond.
The (110) surface has the highest Es with 1 equatorial and 2
apical bonds cleaved, and the second highest Es corresponds
to the (001) surface with 2 equatorial bonds cleaved. The
remaining two surfaces both have 2 apical bonds cleaved and
therefore are the lowest in energy. However, there is large
discrepancy between their energies, which cannot be
Table 4 The unrelaxed surface formation energy EUnrelaxeds of the stoichiometric
Type 2 surfaces of orthorhombic (Pnma) AAF LaMnO3. NMn is the number of Mn
ions at the termination, Apcleaved is the number of cleaved apical Mn–O bonds at
the surface and Eqcleaved is the number of cleaved equatorial Mn–O bonds.
Remaining notation is as in Table 3

Miller indices NMn Mncoord Apcleaved Eqcleaved
EUnrelaxeds

(J m�2)

(1 1 0) 2 4.5 2 1 2.67
(0 0 1) 2 5 0 2 2.52
(1 0 1) 4 5.5 2 0 2.25
(1 0 0) 2 5 2 0 1.47

Fig. 6 The slabs of the unrelaxed (100) and (001) surface, with arrows indicating
the direction of the elongating apical (longest Mn–O bonds) J–T distortion. The
shortening equatorial J–T distortion occurs perpendicular to the arrows.
Remaining details are as in Fig. 2.

11158 | J. Mater. Chem. A, 2013, 1, 11152–11162
rationalised by considering only the type of Mn–O bond
cleaved at the surface. The difference in energy between the
(101) and (100) surfaces can be further analysed in terms of the
cleavage costs of the bonds, which can be approximated by
the unrelaxed surface formation energy normalised with
respect to the number of bonds rather than the surface area.
The (001) surface energy implies an equatorial bond cleavage
energy of 5.85 � 10�19 J per bond. The energies of apical bond
cleavage are 3.20 � 10�19 J per bond and 7.14 � 10�19 J per
bond, when evaluated from the (100) and (101) surface ener-
gies, respectively. The (110) surface contains both apical and
equatorial bonds; if we substitute the equatorial bond energy
obtained from the (001) surface, the resulting apical bond
cleavage energy is determined as 4.42 � 10�19 J per bond. This
suggests that the energy of the apical bond cleavage for the
(101) surface is exceptionally high.

Thehigher cost of apical bondcleavage and the corresponding
higher surface formation energy of the (101) surface can be
studied further by considering the differences in the local struc-
ture at the surface terminations. Upon cleaving the (101) surface
(see Fig. 4), undercoordinated Mn ions and undercoordinated O
ions are exposed, with each undercoordinated ion in a separate
octahedron. The cleavage of the (100) surface, instead, produces
an undercoordinated O and undercoordinated Mn in the same
octahedron (see Fig. 5). This is the main reason for the higher
bond cleavage energy of the (101) surface. A simple ionic model
can be used to rationalise the differences in energy, based on the
electrostatics of the cleavedoctahedra. If anoctahedron is cleaved
so that an O ion is le monocoordinated (O ions normally coor-
dinate to 2 Mn ions), the O ion polarises, maximising the attrac-
tive interaction with the remaining Mn ion and increasing its
effective coordination. Similarly, if an octahedron is cleaved so
that an Mn is 5-coordinated, the Mn ion will polarise and maxi-
mise the attractive interactionwith the remainingO ions in order
to increase its effective coordination. In the instance that an
octahedron contains both an undercoordinated O and Mn, as in
the (100) surface, then the polarisation of both ions works coop-
eratively so that the coordination loss of both of the ions is effi-
ciently compensated, resulting in a lower cost of cleavage. This
compensationmechanism is present in all of the surfaces, except
the (101) surfacewhere theundercoordinated ions are in separate
octahedra.
C Electron density difference maps

The polarisation of the electron density on the unrelaxed
surfaces due to loss of ion coordination can be explored by
mapping the electron density difference with respect to a
superposition of the spherical charge density of the ions (Mn3+,
O2+), as presented in Fig. 7.† At both the (100) and (101)
† The difference maps in Fig. 7 are all generated using 50 contours. For (a) the
unrelaxed 5-coordinated Mn on the (100) surface the isovalue range, measured
in e/Bohr3, is: �0.30 to �0.02 (decrease in electron density) and 0.02 to 0.21
(increase in electron density). The maps for the unrelaxed 6-coordinated Mn on
the (101) surface (b) have an isovalue range of: �0.30 to �0.02 and 0.02 to 0.15.
Lastly, (c) the maps for the unrelaxed 5-coordinated Mn on the (101) surface
have an isovalue range of: �0.30 to �0.02 and 0.02 to 0.15.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 7 Difference maps (increase and decrease) between the electron density of the Mn centred octahedra at the (100) and (101) surfaces and a spherical reference
density of ionic superpositions (Mn3+ and O2�). a) is the unrelaxed 5-coordinated Mn on the (100) surface, with the oxygen atoms in the plane of the electron density
slice labelled from 1 to 3. b) is the unrelaxed 6-coordinatedMn on the (101) surface, with the oxygen atoms in the plane of the electron density slice labelled 1 to 4. c) is
the unrelaxed 5-coordinated Mn on the (101) surface, with the oxygen atoms in the plane of the electron density slice labelled 2, 4 and 5, referring to the O ions
bridging the 6-coordinated Mn (2 and 4) and an additional O (5). The bond distances before – >after relaxation are given along the bonds in Å.
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surfaces, it is evident that the Mn ions polarise in order to
reduce the electron density in the planes of the short equatorial
bonds – this decreases the strong repulsion between Mn 3d
electrons and the equatorial O ions. Consequently, the Mn
electron density along the longer apical bond direction
increases – where the repulsion from the apical O ions is lower.
This behaviour is simply a consequence of the Mn3+ d4 J–T
distortion and is also seen in the bulk crystal.
This journal is ª The Royal Society of Chemistry 2013
In addition to the polarisation due to the J–T distortion,
undercoordinated surface ions polarise in order to increase
their effective coordination, and thus offset some of the cost of
cleavage. On the difference map of the (100) surface there are 2
notable features:

1. The electron density of the 5-coordinated Mn spreads out
towards the region le vacant by the cleaved apical O ion,
evident by the enlarged contours above the Mn ion and the
J. Mater. Chem. A, 2013, 1, 11152–11162 | 11159
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smaller contours in the direction of the remaining apical Mn–O
bond. This reduces the repulsion between the Mn 3d electrons
and the remaining apical oxygen ion (labelled as “2” in Fig. 7a),
and is related to the reduction in bond length from 2.31 Å to
2.19 Å upon relaxation.

2. The electron density of the monocoordinated O along
its remaining bond is reduced (see O “1” in le of Fig. 7a),
which, in combination with the polarisation of the Mn ion,
results in a signicant decrease in repulsion between the
Mn 3d electrons and the O ion. This is related to the
shortening of this equatorial bond from 1.92 Å to 1.86 Å
upon relaxation.

Both of these effects result in polarisation that works to
increase the effective coordination of the undercoordinated
ions and thus stabilising the surface. The difference maps of the
(101) surface are displayed in Fig. 7b for the octahedron con-
taining the monocoordinated O (O “1”), and Fig. 7c for its
neighbouring octahedron containing the 5-coordinated Mn.
The polarisation effects present on this surface are more
complex than the (100) surface, because the undercoordinated
ions (5-coordinated Mn and monocoordinated O) occupy
separate (neighbouring) octahedra. The notable features of the
maps are detailed below:

1. The polarisation of the monocoordinated O of the (101)
surface is different to that in the (100) surface as it does not
involve a decrease of the O electron density along the O–Mn
bond (see O “1” in le of Fig. 7b). This is likely to be due to the
absence of any cooperative polarisation from the 6-coordinated
Mn, which does not require an increase in coordination. Since
the O ion is unable to polarise to increase its effective coordi-
nation, the cleavage of the surface becomes more costly. The
absence of any attractive polarisation from the mono-
coordinated O is evident by the relatively minor change in the O
“1”-Mn bond distance upon relaxation.

2. The electron density difference around the 6-coordinated
Mn on the (101) surface remains constrained and symmetric
(Fig. 7b), behaving similar to that of the bulk Mn ion, while the
electron density difference around its neighbouring 5-coordi-
nated Mn (Fig. 7c) is similar to that of the 5-coordinated Mn on
the (100) surface (Fig. 7a). Notably, there is a comparable
reduction in the bond length between the 5-coordinated Mn
and the remaining apical O, labelled as “5” in Fig. 7c (2.310 Å to
2.115 Å upon relaxation). The 5-coordinated Mn on the (101)
surface is therefore also able to polarise to offset some of the
cost of cleavage.

3. The strong polarisation of the 5-coordinated Mn is
favourable, however, it also results in additional repulsive
interactions for the neighbouring 6-coordinated Mn. The O
labelled as “4” in Fig. 7b and c bridges the two Mn ions and
polarises its electron density to reduce its repulsion to that of
the 5-coordinated Mn. As a result, the O electron density is
shied towards the 6-coordinated Mn (note the shape of the O
“4” electron density in Fig. 7b), signicantly increasing the
repulsion between itself and the 3d electrons of the 6-coordi-
nated Mn. This repulsion will contribute to the higher cost of
cleavage and is evident by the large increase in the length of this
bond from 2.310 Å to 2.415 Å upon relaxation.
11160 | J. Mater. Chem. A, 2013, 1, 11152–11162
These effects further make it clear that undercoordinated
ions polarise to increase their effective coordination. In partic-
ular, it evident from the (101) surface that, if a surface is cleaved
so that undercoordinated counterions do not share the same
octahedron, the polarisation of the ions can cause a disruptive
electron repulsion that destabilises the surface and results in a
higher cost of cleavage. The relaxation of such a surface will
then work to restore the effective coordination of the under-
coordinated ions to the bulk level.

To summarise, the main factors that affect the surface
formation energy are:

� The strength and number of Mn–O bonds cleaved at the
surface (equatorial vs. apical)

� Whether undercoordinated counterions are bound to each
other to compensate for coordination loss (undercoordinated
Mn and O sharing the same octahedron)

� The relaxation of the surface resulting from the polar-
isation of the electron density of the undercoordinated ions
(aimed at restoring the effective coordination).
D Crystal shape and manganese sites

The computed surface energies have been used to predict the
equilibrium crystal morphology based on a Wulff construction
(see Fig. 8). It is important to highlight here that this Wulff
construction is based on the restricted set of low-index surfaces
and non-polar unreconstructed terminations. A crystallite in the
AFC environment can potentially exhibit other surfaces, termi-
nations and stoichiometries. Using this simplied representa-
tion we are able to study the effects of Jahn–Teller distortion,
mechanisms of surface stabilisation and the nature of reaction
sites in a controlled environment. This also provides the basis
for systematic studies of other surfaces and terminations in
the future.

The plot shows that the (100) surface is dominant, contrib-
uting 32% surface area (see Table 5). This is as expected, since
the (100) surface has the lowest formation energy. The (001) and
(101) surfaces also make a contribution to the area in propor-
tion to their formation energies. It is notable that due to its
orientation, the (110) surface contributes a large area (27.8%),
even though it has the highest formation energy.

As part of a study on an AFC catalyst surface, it is useful to
classify the various types of reaction (Mn) sites that are
available on the surfaces, where the ORR can take place.8,9 All
of the surfaces studied are characterised by 5-coordinated Mn
adsorption sites; 4-coordinated Mn adsorption sites also exist,
but are present on only the (110) surface. In the equilibrium
crystal morphology 18.6% of the Mn sites available are 4-
coordinated (2/3 of the (110) sites, see Table 5), while the
remainder (81.4%) are 5-coordinated. The sites are also
distinguished by the changes in Mn–O bond distance due to
J–T distortion and surface relaxation. If we take only the J–T
distortion into consideration, we are le with four distinct
Mn sites: MnOAp

4 , MnOEq
4 , MnOAp

5 and MnOEq
5 , where the

labelling is based on the bond distance of the O ion cleaved
to make the site. It is expected that the equatorial sites will
bind adsorbates strongly while the apical sites will bind
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 Wulff plot showing the equilibrium crystal morphology based on the
relaxed surface formation energies.

Table 5 The Mn sites, % surface area (from the plot in Fig. 8) and formation
energies Es (in J m�2) of the stoichiometric Type 2 surfaces of orthorhombic
(Pnma) AAF LaMnO3. The superscripts Ap and Eq refer to apical and equatorial
bindings sites respectively (i.e. the type of O ion cleaved to form the site)

Miller indices ERelaxeds

Surface
area (%) Mn sites

(1 1 0) 1.98 27.8 1 MnOAp
5 & 1 MnOAp+Eq

4

(0 0 1) 1.39 19.9 2 MnOEq
5

(1 0 1) 1.36 20.1 2 MnOAp
5

(1 0 0) 0.98 32.3 2 MnOAp
5
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adsorbates weakly. The types of site available on each surface
are presented in Table 5, and the total contribution of each
site is: MnOAp

5 – 61.7%, MnOEq
5 – 19.9%, MnOAp

4 – 9.3%,
MnOEq

4 – 9.3%.
The activity of a reaction is likely to be critically dependant

on the strength with which a reactant adsorbs on a catalyst site,
where a balance between strong and weak adsorption is sought.
This has been shown to be the case for the ORR reaction on a
This journal is ª The Royal Society of Chemistry 2013
range of perovskites where the binding strength between the
transition metal site and O2 has been found to be near optimal
on a LaMnO3 powder sample prepared via a co-precipitation
method.9 In this study, however, the range of adsorption sites
available on the LaMnO3 powder and the differences in binding
strength that J–T distortion could introduce were not consid-
ered. Based on the current work it is likely that a further
distinction related to the type of site is possible. The investi-
gation of these adsorption sites is key to the optimisation of
ORR catalysis in AFCs. Once the best adsorption sites have been
identied, using our understanding of the surface thermody-
namics it may be possible to tailor the LaMnO3 crystal
morphology and increase the proportion of sites which are
more active.10,39
V Conclusions

In this work we have presented a detailed investigation into the
structure and energetics of the unreconstructed stoichiometric
surfaces of orthorhombic AAF LaMnO3 using hybrid-exchange
density functional theory. We have determined the order of
stability for the surfaces to be (low energy) (100) < (101) < (001) <
(110) (high energy). The calculated equilibrium crystal
morphology indicates that the surface area contribution of the
(100) surface is dominant (32.3%), followed by the contribution
of the (110) surface (27.8%). The most widely available
adsorption site for the oxygen reduction reaction is an apically
cleaved MnO5 octahedra, making up to 61.7% of the Mn sites.
The second most widely available site is an equatorially cleaved
MnO5 octahedra, at 19.9% of the Mn sites.

Analysis of the surface terminations with respect to the
surface formation energies has revealed that the Mn coordina-
tion is insufficient to explain the relative stability of the
surfaces, contrary to previous work.39,40 It is also necessary to
consider; (1) the strength and number of cleaved Mn–O bonds,
(2) the compensation of undercoordinated ions at the termi-
nations and (3) the relaxation from the bulk geometry.

These factors form the basis for rationalising the surface
formation energy in transition metal oxides. Equally, the crystal
morphology and predicted adsorption sites provide the
groundwork for analysing the catalytic activity of LaMnO3.
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