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a b s t r a c t
Doping of oxide surfaces with Ag atoms could improve their catalytic properties, e.g. for solid oxide fuel cell and
oxygen permeation membrane applications. We present results of the ab initio calculations of Ag adsorption on
the LaMnO3 (LMO) (001) surfaces. The energetically most favorable adsorption sites for low coverage of Ag atoms
and monolayer on both MnO2- and LaO-terminations have been determined. The electron charge transfer
between Ag and substrate and interatomic distances have been analyzed. The Ag atom migration along the
MnO2 surface is ~0.5 eV which could lead to a fast clustering of adsorbates at moderate temperatures whereas
the adhesion energy of silver monolayer is relatively low which could indicate its mechanical instability.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Solid oxide fuel cells (SOFCs) are of a great technological interest
as they offer high efﬁciency for energy conversion in a clean way [1].
This interest in SOFC technology is driven by their potential for high
efﬁciency energy conversion with reduced emission of greenhouse
gases compared to other more conventional power generation
routes [2,3] and is also used in combined heat and power applications [4,5].
Different methods have been used to prepare functionalized
composite cathodes with improved electrochemical performance
and long term stability at reduced operating temperature [6]. In
particular, metallic silver is a potential component for the SOFC
cathode operated below 800 °C as well as oxygen permeation
membranes (OPM) because of its good catalytic activity, high
electrical conductivity, and relatively low cost. However, even far
below its melting point, silver atoms are mobile and (describe the
problem: form clusters and/or move out from the cathode or
something else). Therefore, silver dopant properties should be
addressed prior to a long-term application of silver-based cathodes
in SOFC or permeation membranes.
Recently, (La0.8Sr0.2)0.95Ag0.05MnO3 − δ was suggested as a high
performance intermediate temperature cathode material, in which Ag
serves as an effective catalyst through an intercalation/deintercalation
mechanism [7]. Under cathodic polarization, Ag moves out of cathode
to be deposited in a form of small nanoclusters, leaving the remaining
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(La0.8Sr0.2)0.95MnO3 − δ (LSM) as a catalyst carrier. The Ag nanoclusters
with size of 5–15 nm are very active and stable in catalyzing the cathode
reaction even at reduced temperatures. Under anodic polarization, the
Ag moves back into the deﬁcient sites of the LSM. This could permit a
regeneration method to restore Ag nanoclusters, which may otherwise
become degraded over time by fusing together, thereby losing the
activity. According to recent experiments [8–10], Ag/LMO system has
also been reported to be a prominent catalyst for the oxygen
reduction reaction in SOFC applications. Elucidating the mechanisms
of oxygen reduction on Ag/LMO (001) surfaces is beneﬁcial for
understanding the limitations of the currently used materials in SOFC
technology and supporting the development of higher performance
materials [11].
However, the Ag/LMO system is poorly studied compared with
e.g. Ag/CeO2. We are familiar with the only theoretical investigation
on the silver and oxygen adsorption on the LMO (001) surfaces [11].
This study has, however, serious limitations: the supercell is
assumed cubic and is quite small so the defect density is unrealistically large (per surface unit cell 0.5 atom Ag), and only one surface
termination was considered. In this paper, we discuss adsorption
mechanisms on Ag/LMO (001) catalyst surfaces using ﬁrst-principles
Density Functional Theory (DFT)-based calculations on. As the ﬁrst
step, the electronic properties and interaction between Ag atom
and LaO and MnO2-terminated surfaces are studied here, in order
to study silver effects on oxygen reduction reaction in the next
paper. For the energetically most favorable structures of catalyst/
cathode material solid solutions the analysis of local structure
around catalyst atoms will be carried out, in order to recognize
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Table 1
Optimization of lattice constants (Å) with ﬁxed experimental positions of atoms inside the
orthorhombic unit cell of 40 atoms. Ecoh — cohesive energies for four different magnetic
orderings.

Expt [21]
FM
A-AF
C-AF
G-AF

a, Å

b, Å

c, Å

Ecoh (eV/cell)

5.7473
5.7787
5.7724
5.7683
5.7734

7.6929
7.7349
7.7265
7.7210
7.7278

5.5367
5.5669
5.5618
5.5569
5.5609

30.3
31.80
31.82
31.78
31.79

possible migration pathway along the surface and the Ag diffusion
barrier.

2. Computational details
Periodic DFT calculations were performed using the program VASP
5.3.3 [12] with Projector Augmented Wave (PAW) pseudopotentials
and the exchange–correlation PBE functional of the GGA-type [12,13].
We tested preliminarily [14] three types of PAW pseudopotentials for
the inner electrons—La, Mn_pv, O, where the lower index pv means
that p states are treated as valence states and s stands for soft
pseudopotentials with reduced cutoff energy and/or reduced number
of electrons. As a result, we used a set of pseudopotentials, which
provides a good combination of computational resources and
accuracy [15,16]. In our test calculations we compared LMO rhombohedral and (experimentally observed) orthorhombic phases and
different values of the cutoff energy. After these tests, we implemented orthorhombic phase for the further calculations, and used
the kinetic energy cutoff at 520 eV. For the surface calculations the
Brillouin zone was sampled with the 4 × 4 × 1 Monkhorst–Pack
scheme [13]. Since the difference in energy between the different
magnetic states is much less than those of the process under study,
we used ferromagnetic (FM) state in all our surface calculations, as
the most stable one [17].
To study the magnetic ordering in LMO, the so-called broken
symmetry approach was adopted [18]. It allows us to deduce the
magnitude of the magnetic coupling data making spin-polarized
calculations for different magnetic orderings of transition metal
atoms. LMO bulk crystal at moderate temperatures reveals the
orthorhombic structure comprising four formula units, with
the space group 62 (in Pbnm and Pnma settings the largest
orthorhombic lattice translation vector is directed along the z or y
axis, respectively; in this paper, the Pbnm setting is chosen). The
effective atomic charges are calculated using the Bader (topological)
analysis [19,20].
In our surface model, we used a slab inﬁnite in two (x, y) dimensions
and containing a ﬁnite number of planes along the z axis normal to the
surface. The orthorhombic surface unit cell has an area twice as large as
for the cubic unit cell. A large vacuum gap of 19.8 Å between slabs
periodically repeated along the z axis was used, in order to prevent

Fig. 1. DOS of the perfect LMO: a) perfect FM bulk, b) A-AF bulk, c) LaO-termination, and
d) MnO2-termination surfaces. The Fermi energy is taken as zero.

an interaction between the two surfaces through the vacuum region.
The structure optimization performed with surface Ag concentration, which varied between 1 atom Ag until monolayer per 8 surface
unit cells. The adsorption energy is calculation according to the
equation:
Eads ¼ E½Ag=slab −E½Ag −E½slab ;

ð1Þ

Table 2
Optimization of lattice constants (Å) orthorhombic and rhombohedral unit cell of 40 atoms. Ecoh — cohesive energies for four different magnetic orderings. The numbers in bracket are the
experimental data for orthorhombic [21] and rhombohedral [25] phases. Atomic coordinates in the supercells were also optimized.
Orthorhombic phase

FM
A-AF
C-AF
G-AF

Rhombohedral phase

a, Å
(5.7473)

b, Å
(7.6929)

c, Å
(5.5367)

Ecoh (eV/cell)
(30.3)

a, Å
(5.5285)

c, Å
(13.3348)

Ecoh (eV/cell)

5.6304
5.8718
5.9334
5.6765

7.8649
7.6575
7.6864
7.6756

5.5496
5.5565
5.5231
5.6944

31.84
31.65
31.12
30.70

5.4786
5.5102
5.5521
5.5376

13.3956
13.3317
13.3624
13.3754

31.76
31.65
31.53
31.40
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where E[Ag/slab] and E[slab] are the calculated total electronic energies
of the adsorbed silver species on the surface and a clean surface. The
adsorption energy is a criterion to determine the stability of Ag
atoms and to estimate their surface mobility. The binding energy of
Ag monolayer was calculated as the difference of the total energies
of bound and separate systems.

3. Results and discussion
The orthorhombic bulk lattice constant calculations were ﬁrst
performed and compared with the previous calculations and
experimental value [11,14,17,21], which conﬁrm that the chosen calculation parameters give realistic results. Table 1 presents three optimized
lattice parameters of the low-temperature orthorhombic phase and the
cohesive energies for four different magnetic orderings. Depending on
the four Mn spin orientations in the orthorhombic unit cells of 40
atoms, there are four possible magnetic orderings: ferromagnetic (FM,
all spins are parallel), as well as A-, G-, and C-type antiferromagnetic
(A-AF, G-AF, and C-AF). In the A-AF case the Mn spins are parallel in
basal plane and antiparallel from plane to plane; in the G-AF each
nearest neighbor pair of Mn spins is antiparallel, and in the C-AF each
nearest neighbor pair of Mn spins is antiparallel in the basal plane and
parallel along the z axis. The cohesive energies were calculated as the
difference of the VASP unit cell total energy and the sum of the atomic
energies of the constituent atoms. The atomic coordinates in the unit
cell were ﬁxed according to the experimental data [21]. In agreement
with the experiment, the lowest energy corresponds to the A-AF
structure.
Table 2 presents the optimized lattice parameters of the
orthorhombic and possible rhombohedral phase and the cohesive
energies for four above-mentioned different magnetic orderings.
Along with lattice constants, the atomic coordinates in the supercells
were also optimized. The FM state in orthorhombic cell is energetically more favorable than that in the rhombohedral one, whereas
the A-AF energies in both phases reveal the same energies. In
contrast to the experimentally observed ground state, the A-AF
structure in our calculations is slightly higher in energy than FM
structure [22,23].
We calculated also the density of states (DOS) for the perfect
ferromagnetic (FM) and anti-ferromagnetic (A-AF) bulk, as well as
defect-free LaO-and MnO2-terminated slabs (Fig. 1). As one can see
here, in agreement with experiments, only in A-AF state LMO has a

non-zero gap (0.5 eV). Also in agreement with previous studies, the
valence band is a mixture of O 2p states with Mn 3d states, which
form also the conduction band bottom, whereas La states lie at higher
energies. Based in these results, one can conclude that the GGA
approximation could reproduce basic experimental results on the LMO
bulk and thus will be used in this paper.
Note that as was shown earlier [24], MnO2-terminated surface is
energetically more favorable than LaO-one under normal operational
condition.
3.1. Ag atom adsorption on the LaO terminated (001) surface
Full slab geometry optimization was performed. For Ag adsorption, we considered two possible sites on LaO (001) surface:
“hollow-1” and “hollow-2” positions (Fig. 2a and Table 3). The
calculated adsorption energies are 2.03 eV and 1.76 eV, respectively.
The effective atomic (Bader) charges in Table 3 show that La ions
have a charge close to + 2e, instead of a formal charge + 3e, whereas
O also has a charge much smaller than a formal − 2e. This demonstrates considerable covalency of the LMO chemical bonding. There
is also considerable charge transfer from substrate towards Ag
adatoms which are negatively charged.
For further understanding the effect of Ag adsorption on the
electronic structure of LaO (001) surface, we have calculated the DOS
for a defect-free surfaces, before Ag adsorption (Fig. 1c), and Projected
DOS (PDOS) after Ag adsorption—with coverage of one Ag atom per 8
surface unit cells (Fig. 3a) and 2 Ag atoms per 1 surface unit cell
(monolayer) (Fig. 3b). The Ag states overlap strongly with the valence
band, which explains observed charge transfer from O 2p to adsorbed
Ag atoms. The PDOS for Ag monolayer reﬂects formation of the
metallic band.
3.2. Ag atom adsorption on the MnO2-terminated (001) surfaces
The energetically most stable position of the adsorbed Ag atom is a
“bridge O–O” site — see Fig. 2b and Table 4 where the effective atomic
charges are also listed. The hollow position is very close in energy.
Note that Ag gets a considerable charge transfer (0.56 e) from adsorbate
only at the hollow position, whereas both Mn and O charges indicate a
considerable covalency of their chemical bonds.
To further understand the effect of the Ag adsorption on the
electronic structure of MnO2 (001) surface, we also calculated DOS

Fig. 2. Atomic Ag adsorption on the LaMnO3 (001) surface a) stable adsorption sites on the LaO-terminated: 1—“hollow-1” position and 2—“hollow-2” position. b) Stable adsorption sites
on the MnO2-terminated: 1—atop Mn, 2—atop O, 3—“bridge Mn–O” position, 4—“hollow” position, and 5—“bridge O–O” position. Green, purple, and red balls denote La, Mn, and O ions,
respectively.
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Table 3
Calculated adsorption properties for Ag atom on the LaO-terminated (001) surface.
Ads. Site

Eads, eV

Distance, Å
Ag–O

“Hollow-1”
“Hollow-2”
Monolayer

2.03
1.76
0.31

3.48
3.33
3.58

Charge, e
Ag–La
3.35
3.34
3.01

Ag
−0.69
−0.68
−0.78

O
−1.29
−1.29
−1.54

La
1.97
1.91
1.85
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Table 4
Calculated adsorption properties for Ag atom on MnO2-terminated (001) surface. The
numbers in brackets are calculations [11] for per surface unit cell 0.5 atom Ag coverage.
Ads. site

Atop Mn
Atop O
“Bridge Mn–O”
“Hollow”
“Bridge-O–O”
Monolayer

Eads, eV

1.10 (1.72)
1.03 (1.80)
1.04
1.60
1.65 (2.10)
0.88

Distance, Å

Charge, e

Ag–O

Ag–Mn

Ag

O

Mn

3.38
2.50
2.86
2.37
2.65
3.24

2.59
2.87
2.62
3.11
2.79
2.98

0.01
0.08
0.04
0.57
0.56 (−0.33)
0.01

−1.16
−1.17
−1.18
−1.16
−1.18
−0.98

1.59
1.61
1.58
1.65
1.57
1.65

before Ag adsorption surface (Fig. 1d), and PDOS after Ag adsorption
surface (Fig. 3c–h). Both defect-free and adsorbed MnO2 surfaces are
metallic, with Ag peak overlapping the O 2p valence band.

3.3. Silver monolayer adsorption
We calculated also the energy of Ag monolayer adsorption on the
LaO surface (Fig. 4a), which is quite low, about 0.3 eV per atom
(Table 3). This is much smaller than the adsorption energy for single
Ag atoms because in metal layer the strongest interaction occurs between Ag atoms rather between Ag and adsorbate. This is a reason
why Ag monolayer could be mechanically unstable and easily removed
from the LMO surface.
Ag monolayer adsorption on the MnO 2 -terminated surface
(Fig. 4b) was modeled by placing atoms at two possible sites:
hollow and Mn. After atomic optimization Ag atoms shifted from
the initial positions as shown in Fig. 4. The adorption energy of Ag
monolayer turned out to be 0.88 eV per atom (Table 4), smaller
than for a single Ag atom but larger than for Ag monolayer on LaO
surface.

4. Conclusions
1. The energetically most favorable positions for Ag atom
adsorption on both the LaO- and MnO2-terminated orthorhombic
(001) LaMnO 3 surfaces are hollow and bridge O–O sites,
respectively with the binding energies 2.03 eV and 1.65 eV,
respectively.
2. The Ag migration energy on the MnO2 surface is quite low, ca. 0.5 eV
which allows easy silver clusterization.
3. A small cohesive energy of Ag monolayer has been observed on both
the LaO- and the MnO2-terminated surfaces. On the LaO-terminated
surface Ag atoms occupy hollow positions with the energy 0.31 eV
per single Ag atom. On the MnO2-terminated surface Ag atoms are
located close to Mn and hollow sites, slightly shifted from them
along the same direction. For this termination, adsorption energy is
slightly higher, 0.88 eV per single Ag atom. The obtained energies
show that Ag monolayer could be easily removed from the (001)
LMO surface.
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Fig. 4. Adsorption of Ag monolayer on the (001) LaMnO3 surface: a) LaO-terminated and b) MnO2-terminated. Green, purple, red, and gray balls denote La, Mn, O, and Ag ions, respectively.
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