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Density functional theory is used to determine the stabilization
mechanisms of LaFeOj3 (010) surfaces over a range of surface
oxygen stoichiometries. For the stoichiometric LaO surface,
and for reduced surface terminations, an electron-rich surface is
needed for stabilization. By contrast, in the case of the stoic-
hiometric FeO, surface and oxidized surface terminations with
low-coordinated oxygen atoms, a hole-rich surface is needed for
stabilization. The calculations further predict that low coordi-
nated oxygen atoms are more stable on LaO-type surface
terminations than on FeQ,-type surface terminations due to
relatively strong electron transfer. In addition to these electronic
effects, atomic relaxation is found to be an important contrib-
utor to charge compensation, with LaO-type surface termina-
tions exhibiting larger atomic relaxations than FeO,-type
surface terminations. As a result, there is a significant contri-
bution from the sublayers to charge compensation in LaO-type
surface terminations.

I. Introduction

ABO;-TYPE perovskites containing La, Ba, and Sr on the A sites
and transition metals, such as Mn, Fe, Co, and Ni, on the B sites
are candidate materials for cathodes in solid oxide fuel cells
(SOFCs). An important feature of SOFC cathode materials is
their ability to reversibly adsorb oxygen on the surface and to
incorporate it into the lattice. This adsorption occurs through
changes in the oxidation state of multivalent atoms within the
material without altering the overall bulk crystal structure.'s
LaFeOs-based perovskites (LFOs), especially La;_,Sr.Co,
Fe,;_,05_s (LSCF), have been considered for use as cathode
materials in so-called intermediate-temperature (IT) SOFCs that
operate at temperatures of 500°~700°C, which are low compared
with standard devices (700°-1000°C). The IT SOFCs rely, in
part, on the high catalytic activity of the cathode for oxygen
reduction reactions, and a high ionic and electronic conductivity
compared with cathode materials for standard SOFCs, such
as La;_,Sr,MnO;_s (LSM). While LFO is itself an insulator,
the presence of dopants such as Sr and Co yields a conductive
system.
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In this work, the structure of the LFO (010) (1 x 1) surfaces
with various terminations are determined, with particular atten-
tion paid to the role of electronic redistribution and atomic
relaxation on surface stability. The results can be used in the
future to quantify the contributions of dopants on performance.
Differences in the compensation mechanisms of surface termi-
nations with and without low-coordinated surface oxygen atoms
(O1ow) are also analyzed.

II.

(1) Density Functional Theory Calculations

The density functional theory (DFT) calculations are carried out
using the Vienna Ab initio simulation Package.®* Projector-
augmented wave potentials are used with valence configurations
of 5s25p65d' 652, 3p63d 545%, and 2s22p4 for La, Fe, and O atoms,
respectively. The spin-polarized generalized gradient approxi-
mation (GGA) functional parameterized by Perdew, Burke, and
Ernzerhof is used to describe exchange and correlation energies
of electrons.” The magnetic moments of Fe atoms are treated
collinearly.

Based on convergence tests of the total energy and lattice
constant of bulk LFO, plane waves with an energy cutoff of
600 eV are used for expanding the electronic wave functions.
3x3x3 and 3x3x1 k-points Monkhorst-Pack® meshes are
used for integrations over the Brillouin zone of bulk LFO and
the (010) surface, respectively. The ionic relaxation is performed
until the Hellmann-Feynman force on each atom is less than
0.01 eV/A. The density of states (DOS) is broadened by Gauss-
ian smearing with a width of 0.1 eV. As is typical in purely DFT
calculations; the results reported here are for zero Kelvin and
perfect vacuum.

DFT calculations with the Hubbard correction for Coulomb
repulsion (DFT+U method)’ are often used in calculating the
electronic structures of many bulk oxides.® However, the
validity of DFT+U for predicting the stabilities of oxide
surfaces is still not well established,'® and therefore this
approach is not used here.

Computational Details

(2) LaFeOj; Surface Structure

Because of the effect of surface composition on oxygen reduc-
tion reactions,'! it is necessary to characterize the stabilities of
various cathode surfaces, including nonideal, off-stoichiometric
surface terminations that may be stabilized by the operating
conditions of the SOFCs. In particular, it is possible that surface
terminations with Oy, atoms may be preferentially stabilized at
intermediate operating temperatures. Indeed, it has been re-
ported for several metal oxides that ideal stoichiometric
surface terminations are favorable only at low Py, and/or
high temperatures.'>'*
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Electronic structure calculations are powerful tools to inves-
tigate the stabilities of different surface stoichiometries because
the geometry of the system can be fully controlled at the atomic
level. Using a combination of DFT and thermodynamics, Ko-
tomin ez al.'® showed that the MnO,-terminated cubic LaMnO;
(001) surface with adsorbed O atoms is energetically stable un-
der typical SOFC -operating temperatures and Pp,. Recently,
Mastrikov e al.'® predicted that the O,-terminated (011) surface
and MnO,-terminated (001) surface of cubic LaMnO; are the
most stable of eight different surface terminations of (001),
(110), and (111) planes.'

Liu er al.'” reported from DFT calculations that surface
Fe on the FeO,-terminated surface of LFO (010) is the most
favorable site for O, adsorption. Additionally, Lee er al.'®
calculated the energetics of oxygen—perovskite interactions,
such as adsorption energy and formation energy of surface
oxygen vacancies. They also explored the effects of the
Hubbard correction and magnetic state of the oxide to these
energetics.'® However, to the best of our knowledge, no studies
have yet analyzed the combination of electronic structure,
stochiometry, and surface atomic relaxation associated with
the LaO- and FeO,-type terminations of LFO, as is carried
out here.

LFO has the Pnma structure (P 2;/n 2;/m 2,;/a, space group
#62) as indicated in Fig. 1(a). The Pnma structure is derived
from the ideal cubic perovskite with Pm3m structure (#221).
In the Pnma structure, the oxygen octahedra are tilted with
respect to their neighbors in a repeating pattern.'” This
octahedral tilting both breaks the symmetry of the Pm3m
<001y directions and increases the size of the unit cell from
one formula unit (5 atoms) to four formula units (20 atoms).
The [100] and [001] directions of the Pmma unit cell are
aligned with the [101] and [101] directions in the Pm3m cubic
perovskite structure. The [010] directions in the two structures
are the same, as illustrated in see Fig. 1(b). Thus, in the Pnma
space group the three surfaces with alternating AO and BO,
layers are (101), (101), and (010). For the studies described here
we choose the (010) surface. In the (010) surface, each atomic
layer contains two LaO or two FeO, units, as indicated in
Fig. 1(b).

Although their dimensions are slightly different due to the
octahedral tilting, the (101) and (101) surfaces can be expected
to be similar. The corresponding surfaces in various other
perovskites, including BaTiO;, SrTiO;, and LaAlOs, have
been extensively examined experimentally and theoretically.?® 2

The surface slab models are built with a (1 x 1) surface unit
cell within the plane of the surface. To determine the energy
dependence on surface unit cell size, we compare the total
energies of the LaO surface termination with (1 x 1) and
(2 x 2) surface unit cells, where each slab has a thickness of 11
atomic layers. The resultmg surface energy difference between
the two systems is 0.1 meV/A2 Considering that surface energy
is on the order of 1.0 eV/A2 and the differences in the surface
energies of the structures considered are >0.2 meV/A2 this
difference is sufficiently small to justify the use of the (1 x 1)

(&)

Fig.1. (a) Schematic of LaFeO; unit cell. (b) Relative direction of or-
thorhombic unit cell (solid line) of LaFeO; to pseudo-cubic cell (dotted
line). The oxygen octahedra are shaded light blue.
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surface unit cell in the work shown here. The surface energy, w is
defined in the usual manner as

_ 1 slab

where G*'*® is the Gibbs-free energy of the surface slab, which is
equivalent to the total energy from the DFT calculations in
these zero Kelvin and zero pressure calculations in the absence
of vibrational contributions. In q. (1), 4 is the surface area; the
index i runs over all atomic species in the system (in this case,
La, Fe, and O), y; is the chemical potential of the i-th component
in the bulk unit from which the surface is constructed, and N; is
the number of each atomic species. The factor of 1/2 arises be-
cause the symmetric slab contains two equivalent surfaces. The
chemical potential of oxygen is determined in the same way as in
He and colleagues.?”*®

Each surface termination considered is built as a symmetric
surface slab with a thickness of more than nine atomic layers.
The positions of all of the atoms in the system are fully relaxed
with the exception of the atoms in the center layer of each slab,
which are held fixed.

We constructed the 16 different (010) surface terminations
summarized in Table I: seven surface terminations based on the
stoichiometric LaO surface termination and nine based on the
stoichiometric FeO, surface termination. The nomenclature
used to describe the various surfaces is based on the number
of O atoms that are added to or removed from the topmost LaO
and FeO, layers. In particular, terminations are denoted
LaO+x0, and FeO,+x0O where x describes the number of
added or removed O atoms at the surface per one LaO/FeO,
molecular unit. As there are two FeO, or LaO units in each layer
of the (1 x 1) surface unit cell, if there is one Oy, on the FeO,
layer, for example, the corresponding surface termination is
designated as FeO,+0.50,,,. The initial positions for added and
removed O atoms are determined from the Wyckoff positions of
the corresponding O atoms in bulk LFO. Figs. 2(a)—(c) illustrate
the LaO, LaO+0.50,,,, and LaO+1.50,,,, surface termina-
tions. Figs. 2(d)—(f) show the FeO,, Fe0,+0.50,,,, and
FeO,+1.50,,,, surface terminations. Hereafter, surfaces with
LaO+x0/0yw and FeO,+x0/Oy,,, surface terminations will
be simply designated as LaO-type and FeO,-type surface termi-
nations, respectively. In all cases, the topmost FeO, or LaO
layer in contact with the vacuum region is designated as the first
layer. For surface terminations with an overlayer of Oy, atoms,
the Oy, atoms are designated as being in layer zero.

(3) Charge Compensation

It is instructive to construct line diagrams in which the top layers
of stoichiometrically different surface terminations are aligned
by their layer charges, as is shown in Fig. 3. First, we consider a
simple line diagram for the top layer charge, o5, (Fig. 3(a)),
where the superscript indicates layer charge before charge com-
pensation. All layer charges in Fig. 3 are calculated based on

Table I. Possible Surface Terminations of LFO (010) plane
Type of surface terminations
LaO-type FeO,-type
FeO,-2.00
FeOfl .50
LaO-1.00 FeO,-1.00
La0-0.50 FeO,-0.50
LaO FeO,
LaO+0.5010W F602+0.5010W
LaO+1.00,, FeO,+1.00,0,
LaO+1 -SOlow FCOz"‘ 1 .SOlow
La0+2.00,,, FeO,+2.00,0,
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Fig.2. Schematics of LaO-type surface terminations (a) LaO, (b)
LaO+0.50,,y, and (c) LaO+1.50;,y; and FeO,-type surface termina-
tions: (d) FeO,, (e) FeO,+0.50,4y, and (f) FeO,+1.50,,. Dotted circles
are possible Wyckoff positions for O atoms based on the bulk LFO
symmetry.

ideal ionic charges of La, Fe, and O in the bulk LFO (La:+3e,
Fe:+3e, and O: —2e).

Surface terminations are categorized as terminations with
positive or negative o5,. All reduced surface terminations
have positive or zero of, and all oxidized surface terminations
have negative or zero G5. Stoichiometric LaO and FeO, surface
terminations have o5, of +1.0e and —1.0e, respectively.

The LFO (010) surface is categorized as a type-III polar
surface®® because the LaO and FeO, layers have nonzero ionic
charges (c#0) and each repeat unit (LaO-FeO, bilayers) bears
a nonzero dipole moment (n#0); type-I surfaces have zero layer
charge (o = 0) and zero dipole moment (i = 0) and type-1I sur-
faces have nonzero layer charge (c#0) and zero dipole moment
(1= 0). Type-III polar surfaces with ideal layer charges are un-
stable because the electrostatic potential, V/, between the surfaces
monotonically increases with surface thickness due to the non-
zero electrostatic field per repeat unit. The corresponding elec-
trostatic energy is significant and is the source of surface
instability.

The contribution of the electrostatic potential to surface in-
stability can be understood by considering a macroscopic sur-
face model, which is illustrated in Fig. 4.°%3! In particular, we
consider polar surfaces consisting of repeat units of bilayers with
+op and —op as their layer charge per unit area, respectively,
as is shown in Fig. 4(a). The assumptions for the macroscopic
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Fig.3. (a) Line diagram for charges (o) in the surface layers; (b) Line
diagram of Ac} = (o, — %) of top layers. For (b), “need electrons
(holes)”” means additional electrons (holes) are required to compensate
top layer charge to A}y = 0. Here, all layer charges are calculated based
on ideal ionic charges of La, Fe, and O in the bulk LFO.
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surface model are that the discrete atomic structure inside each
layer parallel to the surface can be neglected (e.g., no surface
rumpling is considered), and that the electron density in the
layers is localized with no charge overlap between the layers.
Using this model, the averaged electrostatic field per repeat unit,
(EY, s % and is nonzero. As a result, V increases by 6V = “f—R
per repeat unit of thickness R and increases monotonically with
increasing surface thickness, which leads to system instability.
Charge compensation of the layer charge cause ( E) to be equal
to ZGE‘T;"B, which goes to zero when

OB
Olst = &~
2

2
where op is the layer charge of bulk system, and o is the
compensated charge of the first layer. Under these conditions,
which are illustrated in Fig. 4(b), there is no monotonic increase
in potential across the slab. The electronic redistribution in the
top surface layer is the largest, but charge compensation in lower
layers can still occur, leading to the more general form:**!

m
2o
i=1

where o; is the layer charge associated with the ith layer, and m
is the number of outer layers for which the layer charges are
modified !

This analysis makes clear that Ac{y = (o}, — %) is more
useful than o9 for understanding surface charge compensation,
as Fig. 3(b) also indicates. If Aoy is positive, then additional
electrons with magnitude of |A6‘l’stf are needed to achieve charge
compensation. On the other hand, if ‘Ac‘l’st is negative, addi-
tional holes that are equivalent in charge to |Acj,| are needed.

_lo

B|
- )

III. Results and Discussion

(1) Bulk LFO

The calculated lattice constants agree well with experimental
values and a previous DFT study.'”? In comparison with
experimental lattice constants, the largest deviation is an over-
estimate by 1.725% for the lattice parameter in the a direction.
Such overestimates are typical for calculations based on the
GGA functional

Figure 5 illustrates the DOS of bulk LFO. The radii for Wig-
ner—Seitz cells for all DOS results in this paper are determined
based on Shannon ionic radii: r,=1.16 A, rp.=0.65 A
(high-spin configuration), and ro=1.4 A;* from Fig. 5, it
can be seen that the Fe ions have electrons in high-spin
configurations. The calculated Kohn-Sham gap is 1.0 eV, which
is less than the experimental band gap of 2.1 eV.** Nonetheless,
the DFT calculations correctly predict LFO to be insulating,
which is consistent with the findings of previous DFT
studies. >’

To establish that DFT can correctly determine the structural
and magnetic ground states of the system, we compare the total
energies of bulk LFO with the P63cm, Pm3m, R3¢, and Pnma
space groups, with various magnetic states including ferromag-
netic, A-type antiferromagnetic (A-AF), C-type antiferromag-
netic (C-AF), and G-type antiferromagnetic (G-AF) (see Fig. 6).
For P6;cm, A-AF, G-AF, and ferromagnetic states are consid-
ered based on the magnetic orderings of YMnQO3, which has the
same space group.>® DFT predicts the structural and magnetic
ground state of bulk LFO to be Pnma with G-AF, which is
consistent with reported experimental results.?”-3>4°

Experimentally, it has been reported that LFO only experi-
ences structural transitions from orthorhombic to rho-
mbohedral (Pnma — R3c¢) at 1278 +5 K,*' which corresponds
to the maximum operating temperature of standard SOFCs.
The cubic Pm3m symmetry is not available for pristine LFO.
This phase transition trend can be understood by the structural
order illustrated in Fig. 6, which shows that the energy differ-
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ence between ferromagnetic Pm3m and G-AF Pnma is 0.33 eV/
LFO. This is much larger than the energy difference between
Pnma and R3¢ with G-AF, which is 0.06 eV/LFO.

However, the magnetic state of LFO can be changed from the
G-AF to the ferromagnetic state within the range of SOFC op-
erating temperatures due to its Néel temperature of ~ 740 K.*
Nonetheless, G-AF is chosen as the magnetic state of the bulk
and surfaces of the LFO in this work. This is supported by the
fact that the energetics of the cubic (Pm3m) LFO surface for the
G-AF and ferromagnetic state have been reported to be similar
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Fig.5. Electronic DOS of bulk LaFeO;. Electrons in Fe atom have
high-spin configuration in which electrons are aligned in the upward
direction (majority). Ef is set to zero (vertical dotted line).

with the GGA functional.'® In particular, it has been reported
that the formation energy of an oxygen vacancy on the FeO,
surface with the G-AF state is higher than that within the fer-
romagnetic state by ~0.32 eV. This indicates that the surface
electronic redistribution caused by the generation of the vacancy
would be similar at a FeO, surface for both G-AF and ferro-
magnetic states. However, it must be pointed out that further
investigation will be required to fully determine the effect of
magnetic and structural ground states on the surface electronic
redistribution of the LFO surface.

Relative total energy (e\//LFO)

C-AF A-AF G-AF  Ferromagnetic

Fig.6. Total energy comparison of bulk LFO with different space
groups relative to space group Pnma and magnetic ground state G-AF,
which is chosen to be the zero.
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(3) Stabilization Mechanisms of the LFO (010) Surface

Three factors will be examined to investigate how the LFO (010)
surface is stabilized: (i) the contribution of each atomic species
to charge compensation; (ii) the contribution of sublayers; and
(iii) the contribution of atomic relaxation.

(A) Contribution of Atomic Species to Charge Compensa-
tion:  Bader topological analysis** is performed on the calcu-
lated charge densities of bulk LFO and all surface terminations.
The calculated Bader charges of La, Fe, and O atoms in
bulk LFO are found to be ¢PuKLFO =2.09¢, ¢2ukLFO = | 66e,
and ¢@FC = _1.25¢, respectively. The layer charges (o) are
calculated as the sum of Bader charges of atoms in the layer. For
example, ¢ of first layer of LaO+0.50,,,, surface termination is
Gist = qLa,ist + 90,15t + 0.5¢0 jow- As seen from Table II, all sur-
face terminations satisfy the condition for surface charge compen-
sation given in Eq. (3) with a maximum deviation of about 8%.

To investigate the contribution of each atomic species (La,
Fe, and O) to charge compensation, Bader charges of each
atomic species are analyzed in terms of (Ag> ={g—¢™" k0>
where ¢ and ¢°"*F© are Bader atomic charge at the surface and
the corresponding Bader atomic charge from bulk LFO <...>
denotes the average over the surface layer. Atoms with negative
<{Ag> have additional electrons relative to their bulk counter-
parts, while atoms with positive (Ag> have fewer electrons.
Figures 7 and 8 illustrate {Ag> for the cations in the first and
second layers, and for the anions in the zeroth and first layers
of the relaxed LaO-type and FeO,-type surface terminations,
respectively.

For reduced surface terminations and stoichiometric LaO
surface terminations where electrons are needed for charge com-
pensation (see Fig. 3(b)), the contribution of La and Fe cations
is dominant. As indicated in Fig. 7, the La and Fe cations in the
relaxed stoichiometric LaO-terminated surface are slightly neg-
ative relative to cations in the bulk. This is because there are
fewer oxygen anions to accept electrons. In particular, the co-
ordination number of the La in the first layer of the stoichio-
metric surface is 5, while the coordination of bulk La is 8; the
corresponding surface and bulk values for Fe are both 6. When
the surface is reduced, there are even fewer oxygen anions avail-

b}

Table II. Comparison Between the Sum of Surface Layer
Charges (‘Z;Sloro i ) and Half of Layer Charge of
Bulk LFO (%))

S ol

LaO-type surface terminations

X m Deviation (%)

-1.0 6 0.413 —1.37
—0.5 6 0.420 0.19
0.0 5 0.439 5.20
0.5 6 0.422 0.66
1.0 4 0.428 2.20
1.5 6 0.428 2.24
2.0 5 0.413 —1.17
FeOx-type surface terminations

-2.0 6 0.450 7.65
-1.5 6 0.443 6.12
-1.0 5 0.411 —1.77
-0.5 6 0.431 3.29
0.0 5 0.421 0.56
0.5 6 0.418 0.00
1.0 5 0.429 2.34
1.5 6 0.420 0.57
2.0 6 0.420 0.62

x indicates the stoichiometry of the surface, and m—1 is the number of layers
over which the sum is carried out. All charges are determined by Bader analysis.
For x>0.0, the layer number is counted from zero as layers consisting of Oy,
atoms are designated as zeroth layers. For x>0.0, m = a means there are a+1
surface layers before center bulk layer. For x<0.0, m = g means there are « num-
ber of surface layers.
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Fig.7. Averaged relative Bader charge ((Ag> = (g—¢™*FO%) of
surface atoms for relaxed LaO+x0/O,,, surface terminations.

able, and so the charge on the surface cations becomes even
more negative relative to the bulk, i.e., the surface La and Fe
ions are less ionized than in the bulk. This is illustrated by a
reduction in coordination to 3 for La and 5 for Fe for the most
reduced surface. The surface La and Fe ions achieve a minimum
value of about —0.6e. In other words, the reduced and stoic-
hiometric LaO-type surfaces achieve neutrality by countering
positive Ac, with a redistribution of charge such that the sur-
face is electron rich.

For relaxed oxidized LaO-surface terminations, there is an
excess of oxygen ions at the surface and their relative Bader
charges are more positive than those of oxygen anions in the
bulk, as indicated in Fig. 7. This is because the oxygen ions are
undercoordinated to cations and thus have accepted fewer elec-
trons than their bulk counterparts. In the case of the zeroth layer
O\, 10ns, they are slightly more undercoordinated than the first
layer oxygen ions (their coordination numbers are 2 and 3,
respectively). Therefore, their relative Bader charges are the
same as, or more positive than, the oxygen ions in the first
layer. Stated another way, the oxidized LaO-type surfaces
achieve neutrality by countering negative Acj, with a redistri-
bution of charge such that the surface is hole-rich.

These effects are similar to the proposed charge compensa-
tion mechanism for the (\/§ X \/§)R26.6° surface reconstruc-
tion (RTS5) of the LaAlOz (001) surface, which contains La
vacancies in the LasOs (Vi,LasOs) surface unit cell.>> The
charge distribution at the V ,La,Os surface is found to be dom-
inated by oxygen ions that are less negatively charged than bulk
oxygen ions. The atomic ratio of the La and O atoms in the top
layer, Vi ,La 05 is analogous to the LaO+0.250,,,, surface ter-
mination under consideration here.

In the case of the fully stoichiometric FeO, surface termina-
tion, the relative charges on the Fe and La ions are approxi-
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Fig.8. Averaged relative Bader charge ((Ag)> = {g—¢""*FO3) of
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mately zero relative to the bulk, as indicated in Fig. 8; the sur-
face as a whole is slightly positive relative to the bulk. When the
surface is reduced, however, there is a substantial difference in
the responses of the Fe and La surface cations. The La cations
are slightly negative as they are unable to donate all of their
electrons to oxygen ions; they achieve a minimum relative
charge of about —0.2¢. However, the relative charges on the
surface Fe cations decrease precipitously to achieve an average
value of about —1.6e¢ when the surface is fully reduced. This
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difference is due to the multivalent nature of the Fe, which exists
as Fe*? in LFO but can convert to Fe*? under these types of
reducing conditions. As a result, the Fe cations at the reduced
surfaces donate even fewer electrons to oxygen ions than bulk
Fe. In other words, the reduced surfaces again achieve neutrality
by countering positive Ac{, with a redistribution of charge that
leads to an electron-rich surface.

In the case of the oxidized FeO,-type surface terminations,
the charges on the first layer oxygen ions are only slightly
positive relative to bulk oxygen ions because, even under fully
oxidized conditions, they are sufficiently coordinated by cations
(their coordination number is 4). The Oy, ions, however, are
more undercoordinated than in the case of the LaO-type surface
terminations (their coordination number is 1), and thus have
relative Bader charges that are high relative to bulk oxygen ions.
Stated differently, charge compensation to counter negative
Aciy is achieved that results in a hole-rich surface.

The O, relative charges for relaxed, oxidized FeO,-type
surface terminations are so much higher than in the case of their
LaO-type surface termination counterparts because the surface
region at the LaO surface termination is more electron rich than
that at FeO, surface termination. Fig. 3(b) illustrated that the
FeO, surface termination has fewer electrons than the LaO sur-
face termination. Therefore, when additional undercoordinated
Ojow ions are added to the FeO,-terminated surface during
oxidation, there are fewer electrons available to them from
the cations.

(B) Contributions of Sublayers to Charge Compensa-
tion: To investigate the contributions of subsurface layers
(sublayers) to charge redistribution and compensation after sur-
face relaxation, the Bader charges of all of the surface termina-
tions are analyzed in terms of Acy(= oy — oY) and
—Acy (=1op — ofy) (see Fig. 9). Here, layer charges are mea-
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Fig.10. Relative interlayer spacing of LaO-type and FeO,-type surface terminations with respect to bulk interlayer spacing on (010) direction
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x 100), where dj; is the interlayer spacing between i-th and j-th layers and d*"'8LFO s interlayer spacing of bulk LFO, 1.972 A).

Positive (negative) relaxation means expansion (contraction) of interlayer spacing. Ac{, of each surface termination is determined by ideal ionic charges
of La, Fe, and O in the bulk LFO. (a) Surface terminations with Ao}y = 2.5¢. (b) Surface terminations with Ac{, = 1.5e. (c) Surface terminations with
Aciy = 0.5e. X-axis shows layer numbers used for calculating Adj;. For example, y value for x =12 is Adj; for first and second layers.
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sured based on Bader charges. As —Ac?, is the charge required
to achieve charge compensation, and Ac g is the change of the
charge within the first layer after electronic relaxation, we can
define 1,4 = i"(‘%ﬁ % 100 (%) as a measure of the contribution of
st

the first layer to the surface electronic redistribution. A .. 18
calculated based on the ideal ionic charges of La, Fe, and O in
bulk LFO, while Acj, is based on the Bader charges of these
elements in the bulk.

Figure 9 indicates that reduced and stoichiometric LaO-type
surface terminations have Ty that is less than 40%, while the
reduced FeO,-type surface terminations have 1, that range from
50% to 70% over the same range of Acj values. This indicates
that the contribution of sublayers to the charge compensation at
the surface is more important for LaO-type than FeO,-type sur-
face terminations. For oxidized surfaces, the Ty of LaO-type
surface terminations is consistently less than or equal to those of
FeO,-type surface terminations with the same Acf,.

This contribution of electrons from the sublayers to the LaO-
terminated surfaces lessens the extent to which the relative Bader
charges of the Oy, ions are positive relative to bulk oxygen ions.
However, based on Fig. 3(b) the contribution of the sublayers to
charge compensation of the FeO, surface termination with Oy,
atoms should be larger in magnitude than that of the LaO
surface termination with Oy, atoms. The reason is because
the surface region of the stoichiometric FeO, surface termina-
tion is electron poor relative to the bulk region after charge
redistribution.

In summary, the contribution of sublayers to charge compen-
sation depends on surface stoichiometry. The contribution of
sublayers to charge compensation is larger in reduced LaO-type
surface terminations than in reduced FeO,-type surface termina-
tions (with positive Aci,). For oxidized surfaces (with negative
Aciy), the contribution of sublayers to charge compensation in
LaO-type surface terminations is greater than, or equal to, that in
FeO,-type surface terminations.

(C) Contribution of Atomic Relaxation to Charge Com-

pensation. Atomic relaxation is described by the relative
di/_idbulkLF()

change in the interlayer spacing, Adj(%) = "mmro— x 100.
Here, dj; is the distance between the /-th and j-th layers along
[010] direction; @®*FO = 1.972 A is the interlayer spacing along
the [010] in bulk LFO. Figures 10 and 11 show how the layers of
the surface slabs contribute to charge compensation. Acf of
each surface in the Figs. 10 and 11 is calculated based on the
ideal ionic charges of La, Fe, and O in the bulk LFO. As illus-
trated in Fig. 10, the Adj; of LaO-type surface terminations are
larger than those of the FeO,-type surface terminations. Con-
sidering that the contribution of the sublayers to the charge
compensation of reduced LaO-type surface terminations is
larger than that of reduced FeO,-type surface terminations, it
can be deduced that the contributions of the sublayers to charge
compensation is facilitated by atomic relaxation. For oxidized
surface terminations, the interpretation of the contribution of
atomic relaxation to surface charge compensation is not
straightforward (see Fig. 11). For surface terminations with
Aoy = —0.5e¢ and —2.5e, the Adj; of LaO-type surface termina-
tions are larger than those of FeO,-type surface terminations
with the same Acfj,. For surface terminations with
Aoy = —1.5¢ and —3.5e, Adj; of LaO-type surface terminations
are similar to those of FeO,-type surface terminations. Conse-
quently, atomic relaxation is generally larger for LaO-type sur-
face terminations than for FeO,-type surface terminations.
The strong atomic relaxation of LaO surface termination can
be understood by a consideration of atomic packing and bond
breaking at the surface. Based on Shannon radii, the LaO layer
has a lower packing ratio (= 0.66) than the FeO, layer (= 0.84).
Also, the stoichiometric LaO-terminated surface loses three
bonds relative to the bulk when the surface is created (coordi-
nation number of La is reduced from 8 to 5), compared with the
FeO»-terminated surface, which loses one bond relative to the
bulk (coordination number of Fe is reduced from 6 to 5). There-
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fore, we would expect the LaO-terminated surface to relax more,
which is what the calculations yield.

Nevertheless, the contribution of atomic relaxation is not al-
ways large for the LaO-type surface terminations. For instance,
surfaces with Ao}, = —1.5¢ and —3.5e (x = 1.0 and 2.0), the Adj;
of LaO-type and FeO,-type surface terminations are similar.
Figures 11(b) and (d) indicate that some surfaces with a higher
number of Oy, ions have less surface relaxation, which suggests
that the Oy, configurations may be influencing the relaxation
process. However, additional study is required to fully deter-
mine this relationship.

IV. Conclusions

In conclusion, by changing the oxygen stoichiometry of the LFO
(010) surface, we have dissected the stabilization of LFO (010)
surfaces in terms of three factors: charge redistribution at the
surface, the contribution of sublayers to charge compensation,
and the contribution of atomic relaxation to charge compensa-
tion. All these factors are interrelated, but the results indicate
that in the case of LaO-type surfaces, atomic relaxation is the
most important factor because it facilitates charge redistribution
of LaO-type surfaces. In the case of FeO,-type surfaces, the
ability of the Fe ion to modulate its valence makes charge re-
distribution at the surface more important.

The mechanisms identified allow two important predictions
for the surface composition of the LFO (010) surface. First, the
charge of La can change less easily than the charge of Fe and
oxygen reduction should occur more readily on the FeO, surface
termination than on the LaO surface termination. This may be
one of the reasons that in ABO3 perovskite cathode materials of
SOFC, B site cations are catalytically more active than A site
cations for oxygen reduction reactions.** This prediction pro-
vides us two possible strategies to promote oxygen reduction on
the LFO (010) surfaces. One is to increase the stability of the
FeO,-type surfaces over the LaO-type terminations so that the
FeO,-type terminations are dominant during SOFC operating
conditions, while the second is to improve the catalytic activity
of the LaO surface by increasing the concentration of oxygen
vacancies at the surface.

Even though this work focuses on pristine LFO surfaces, ac-
tual SOFC cathode materials are conductors due to the presence
of dopants such as Sr and Co, which are likely to influence the
electronic structure. To truly understand their contribution to
the surface electronic redistribution, it requires analysis of the
electronic structure of the doped surface. However, the analysis
presented here allows us to make some qualitative predictions of
the effect of these dopants on the LFO (010) surface. Assuming
charge states for Sr and Co of 2+, the substitution of these do-
pants for cations will provide extra electrons to the material
(Sr'r, and Co'g,). As a result, the Ac’, values would be expected
to become more negative than those of pristine LFO. Conse-
quently, for surfaces with positive Ac{,, such as reduced termi-
nations, fewer electrons would be required to achieve charge
compensation in comparison with pure material. Therefore, it is
likely that reduction is promoted by the presence of the dopants.
Additionally, more holes would be needed for charge compen-
sation at surfaces with negative Acf, such as oxidized surfaces,
which would weaken electron transfer to the Oy, atoms. This
would serve to destabilize oxidized surfaces of doped LFO.
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